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Chapter

Cellular Senescence in Bone

Danielle Wang and Haitao Wang

Abstract

Senescence is an irreversible cell-cycle arrest process induced by environmental,
genetic, and epigenetic factors. An accumulation of senescent cells in bone results in
age-related disorders, and one of the common problems is osteoporosis. Deciphering
the basic mechanisms contributing to the chronic ailments of aging may uncover
new avenues for targeted treatment. This review focuses on the mechanisms and the
most relevant research advancements in skeletal cellular senescence. To identify new
options for the treatment or prevention of age-related chronic diseases, researchers
have targeted hallmarks of aging, including telomere attrition, genomic instability,
cellular senescence, and epigenetic alterations. First, this chapter provides an over-
view of the fundamentals of bone tissue, the causes of skeletal involution, and the
role of cellular senescence in bone and bone diseases such as osteoporosis. Next, this
review will discuss the utilization of pharmacological interventions in aging tissues
and, more specifically, highlight the role of senescent cells to identify the most
effective and safe strategies.

Keywords: bone, senescence, osteoporosis, bone remodeling, telomere dysfunction,
senolytic drug

1. Introduction

Aging is an inevitable physiological condition that comes with organ and tissue
function impairment. It is the most significant risk factor for developing chronic dis-
eases, including cancer, cardiovascular disease, metabolic dysfunction, osteoarthritis,
and osteoporosis. Osteoporosis originated from the Greek word for porous bones, is
one of the most common metabolic diseases. Associated with advancing chronologi-
cal age, it affects more than 200 million patients worldwide and increases morbidity,
mortality, and creates a significant burden of economic expenditures [1, 2]. Given
that the population segment with the most rapid growth is the elderly in many
countries, osteoporosis could present a global challenge impacting affected individu-
als’ health quality and life span. Characteristics of aging bone are low bone mineral
density and deterioration of bone architecture, producing weakened bone prone to
fractures. Thus, osteoporosis presents severe global health concerns, disposing to over
9 million fractures every year [3]. Senescent cells play a crucial role in aging bone;
therefore, it is essential to understand the cellular and molecular mechanisms to
develop treatments to prevent age-related diseases and maximize a healthy life span.
This chapter provides a comprehensive treatise of senescence in bone and emerging
therapeutic approaches to treatment.
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2. Physiology of bone tissue

The skeletal system is one of the most complex structures in mammals and
is essential for storing and maintaining the homeostasis of the body’s minerals.
Composed of various bones, cartilages, ligaments, tendons, and other tissues, it pro-
vides the framework for the body, supports locomotion, and protects vital organs such
as the brain and bone marrow. It is commonly thought that the metabolic functions
are carried out primarily by trabecular bone and the mechanical functions mainly by
cortical bone. Bone, specifically, is a complex tissue that exhibits four types of cells:
osteoclasts, bone lining cells, osteocytes, and osteoblasts. In addition, it houses bone
marrow and serves as the main reservoir for the body’s calcium and phosphate.

Bone is a highly dynamic tissue that adapts to change and is constantly shifting
throughout life. The most rapid rate of bone modeling occurs during childhood and
adolescence, where bones are architecturally modified to support skeletal functions.
Moreover, human skeletal tissue is in a constant state of remodeling throughout life
[4]. A retained net bone mass is needed for homeostasis.

3. Senescence in bone

Discovered more than five decades ago by Hayflick and Moorhead [5], cellular senes-
cence has played a significant role in our understanding and advancement in science. By
definition, cellular senescence is a permanent state of cell cycle arrest characterized by
specific phenotypic changes [6]. Characteristics include distinct cellular morphological
alterations, gene expression, chromatin structure, cell signaling, and the senescence-
associated secretory phenotype (SASP). Cellular senescence is found in bone and pro-
motes age-related diseases such as osteoporosis [7]. In addition, senescent cells damage
bone remodeling by impairing bone formation and osteoblast progenitor cell function,
thus promoting osteoclastogenesis [8]. This is triggered by various stressors, including
oxidative stress, genomic instability, and telomere shortening (replicative senescence).
Telomeres protect chromatins and help maintain replication and genome stability.

The various physiological and pathological processes such as remodeling, aging,
and injury can cause cells to become senescent. With aging, more cells become senes-
cent and accumulate in tissues, including bones. A prominent characteristic of cell
senescence is the SASPs, which are proinflammatory proteins that are primary contrib-
utors to their disease-inducing properties. Cyclin-dependent kinase inhibitors (CDKis)
such as p16, p21, p27, the release of cytokines, chemokines, and soluble factors, causes
this impaired microenvironment known as SASP. The SASP increases proinflammatory
factors and upregulates NF-kB, contributing to aging bone disease [9].

As a hallmark of aging, it is essential to understand cellular senescence to
effectively identify novel drugs to treat osteoporosis. Moreover, targeting cellular
senescence has emerged as a therapeutic target for preventing or treating age-related
diseases. Clearing these cells in mouse models has delayed tissue and organ dysfunc-
tions [10]. In addition, senescence has been shown to have antiproliferative effects, a
fundamental key to identifying novel drugs to treat osteoporosis.

4. Etiology of bone senescence

Bone loss is a part of the natural aging process in both men and women [11].
Developmental, genetic, and lifestyle factors (lack of physical activity, injuries,
2
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Figure 1.

Pathogenesis of osteoporosis. Aging and various environmental exposures can induce DNA damage and instability,
oxidative stress, telomere attrition, dysfunction at the molecular level, and cell cycle arvest and senescence at the
cellular level. These will break the remodeling process of bone formation and resorption, decrease bone mineral
density, and progress to osteoporosis.

medication use, smoking, poor diet) contribute to bone fragility in older people. The
skeletal system goes through progressive bone loss, where changes in bone quality
and quantity will occur. An accumulation of weakened skeletal bone may result in
osteoporosis. Advancing chronological age is one of the significant risk factors for
osteoporosis [12]. Characteristics of aging bone include low bone mineral density and
weakened bone architecture, significantly increasing the risk of fractures for affected
individuals (Figure1).

5. Osteocyte and osteoblast differentiation

Throughout life, old bone is replaced by new bone, a process termed bone
remodeling. This continuous cycle is necessary for fracture healing and adaptation to
mechanical strains such as exercise. Bone regeneration occurs within bone cavities to
target and replaces bone with accumulated microfracture fatigue.

3



Mechanisms and Management of Senescence

On a cellular level, the well-balanced actions of three main specialized cell types,
osteoclasts, osteoblasts, and osteocytes, regulate bone homeostasis [4]. Osteoclasts
resorb damaged bone, and osteoblasts subsequently refill the resorbed area with an
equal amount of new bone matrix. Osteocytes are mechanosensory cells that act as
the central coordinators of this balanced process in transmitting signals needed to
sustain mechanical loads [13, 14]. Disruption among the actions of this repertoire can
turn to bone pathological conditions such as osteoporosis and rheumatoid arthritis.
On a subcellular level, the bone matrix is changed by rearrangement of trabecular
struts, changes in calcium deposition, subperiosteal expansion, and enlargement of
the medullary cavity. Unrepaired micro-damaged bone reduces bone health, resulting
in the mechanical failure of the tissue (fracture). The remodeling process is the same
in cortical and trabecular bone.

Under normal physiological conditions, the amount of bone resorbed and replaced
is equal, maintaining the bone mass. This process relies on having an adequate supply
of osteoblasts, which comes from the generation of stimulatory signals for osteoblast
formation produced by osteoclasts and osteocytes released during resorption [15].
Osteocytes regulate this fundamental bone regeneration process by sending signals
to osteoclasts and osteoblasts to control their actions [16]. Furthermore, there is an
association between lower osteocyte density in human central cancellous bone and
increased surface remodeling [17], an independent contributor to bone fragility [18].
Therefore, a primary strategy in finding therapeutic targets to treat osteoporosis
involves targeting osteoclasts [19].

Several molecular mechanisms concur to regulate osteoblast/osteoclast/osteocyte
activity. The main one involves the receptor activator of nuclear factor-kappa-B
ligand (RANKL) of tumor necrosis factor (TNF) superfamily ligand 11 (TNFSF11)
[20]. This cytokine is expressed on the surface of osteoblasts and osteocytes. On the
membrane of osteoclast precursors and mature osteoclasts, RANKL binds to its recep-
tor RANK, a ligand-receptor binding process termed the critical paracrine system,
regulating osteoclast function. This process can be inhibited by osteoprotegerin
(OPG), a decoy of RANKL produced by osteoblasts and osteocytes.

Moreover, osteocytes regulate bone formation by secreting modulators of the
wingless-type mouse mammary tumor virus [MMTV] integration site members
(Wnt) signaling pathways. These include activators nitric oxide and ATP, inhibitors
sclerostin SOST, as well as dickkopf-related protein 1 (DKK1)). Wnts modulate cell
proliferation, differentiation, and stem cell remodeling [21]. Previous studies have
found that the activation of Wnts impacts osteoblasts and osteoblast lineages by
increasing quantities and enhancing the functionality of osteoblasts [22]. Recently,
studies were done in vivo to test whether the Fzd-Lrp receptor with Wnt mimetics can
activate Wnt/f-catenin signaling and promote rapid bone growth [23]. It was found
that within 2 weeks after treatment with selected Wnt mimetics, bone mineral density
and vertebral cortical and trabecular bone growth increased significantly [23]. This
could provide a therapeutic therapy used to target bone diseases such as osteoporosis.

However, with aging, the bone remodeling process is affected. Osteoporosis occurs
when bone metabolism is perturbed. In addition, chronic diseases such as estrogen
deficiency, malignant disease, and chronic inflammation also cause the uncoupling
of osteoclasts and osteoblasts [24, 25]. As a result, less new bone is formed relative
to the resorption of old bone, ending in a net bone loss. The cortical and trabecular
thinning thereby leads to an overall bone loss and fragility. Thus, bone remodeling
causes a drastic loss of bone mass and strength over prolonged periods, eventually
osteoporosis.
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6. Sex steroid deficiency

The process of senescence in bone begins after peak bone mass is reached. This
is generally during the third decade of life but varies between sexes. Estrogens and
androgens are hormones that play crucial roles in skeletal homeostasis during growth
and adulthood.

Estrogen is the primary hormonal regulator of bone metabolism, inhibiting osteo-
blast and osteocyte apoptosis [26, 27]. Therefore, a decrease in androgen and estrogen
levels negatively affects bone remodeling by causing the uncoupling of osteoclasts
and osteoblasts [28]. Hormonal withdrawal also contributes to mineral disturbances
with calcium absorption [29].

The association between a decline of estrogen levels in postmenopausal women
and the onset of osteoporosis was first noted by Fuller Albright in 1940. Since then,
estrogen deficiency has become the primary cause of bone loss in older women [11].
An accelerated decrease occurs in the perimenopausal period when there is rapid
bone remodeling. As a result, women experience the loss of whole trabecular com-
ponents and combined with a negative remodeling balance, the bone loses mass and
strength. In addition, estrogen levels affect T cells by increasing tumor necrosis factor
secretion, promoting RANKL-induced osteoclastogenesis [30]. In men, a loss of both
estrogens and androgens is associated with a loss of bone mass and the development
of osteoporosis [31]. Small increases in estrogen levels can improve bone health
without some of the adverse effects of conventional-dose estrogen therapy [32]. Sex
steroids can regulate osteoclastogenesis and the survival of osteoclasts [33].

7. Pathology

Cellular senescence has been identified as a response to multiple stressors.
Common denominators of aging include telomere attrition, genotoxic agents, oxida-
tive stress, chromosome instability, and oncogene activation. Skeletal involution
results from the accumulation of poor nutrition, immobility, and the effects of
treatments, all of which often come with old age. Mediated with bone remodeling, the
progressive and cumulative pathologies of these factors contribute to the pathogen-
esis of osteoporosis.

7.1 SASP

Bone homeostasis is a balanced equilibrium between osteoblast and osteoclast
activities. In senescent cell microenvironments, osteocytes control myeloid lineage
cells [34]. Therefore, the SASP can be the cause of some of the severe effects of
senescent cells. With aging, more osteocytes become senescent that acquire a new
phenotype. As a result, they secrete various factors, including proinflammatory
cytokines, growth modulators, which collectively comprise the SASP. Regulated at
epigenetic, transcriptional, and posttranscriptional levels, SASP plays a critical role in
contributing to various outputs of senescence [35]. For example, SASP factors medi-
ate developmental senescence, wound healing, and tissue plasticity. In addition, the
SASPs secrete signals that are communicated and amplified by neighboring myeloid
lineage cells (such as B cells, osteoblasts, and T cells), resulting in the overproduction
of proinflammatory cytokines. As a result, it contributes to chronic inflammation and
creates a toxic local microenvironment that contributes to age-related bone loss.
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7.2 DNA damage

DNA damage is considered to be the root of aging-associated multimorbidity [36].
It is caused by exposure to harmful exogenous factors (such as chemical compounds
in the environment, chemotherapy, and UV radiation from the sun) and endogenous
factors (such as reactive oxygen species and metabolic by-products). Consequences
of accumulated DNA damage happen on the cellular and molecular levels. With
aging, there are impaired cell and organ functions, inflammation, and cancer [36].
On the cellular level, DNA damage induces permanent cell-cycle arrest. It molecularly
triggers genome instability with chromosome aberrations and mutations. Irreparable
DNA damage accumulation in tissues and organs leads to cellular senescence, one of
the main driving forces of aging [37].

7.3 Telomeres

Telomere dysfunction is induced in response to DNA damage. About half of the
DNA damage foci in senescent cells localize to telomeres. Accumulated and progres-
sive telomere shortening is a senescence biomarker and drives the aging process, a
concept first discovered in the late 1980s [38]. Telomeres are short DNA sequences
found at the ends of eukaryotic chromosomes that determine cellular life span [39].
Telomeric TTAGGG repeats and compound proteins make up the ends of chromo-
somes or the cap. The cap protects the telomere ends from appearing as double-break
strands and prevents chromosome fusion and genome degradation.

During each cell replication, DNA polymerase cannot fully replicate chromosome
ends, resulting in a loss of DNA. Accumulation of DNA damage at telomeres causes
uncapping. With each cell division, telomeres shorten in length, and cell proliferation
is restricted [40], a phenomenon termed replicative senescence [41]. To counteract
telomere shortening, a specialized ribonucleoprotein enzyme called telomerase
synthesizes new telomeric DNA [42].

The result of telomere shortening is telomeric DNA loop destabilization and
telomere uncapping, which produces telomere dysfunction-induced foci (TIFs). This
further activates the DNA damage repair (DDR), which recognizes double-strand
breaks and activates the p53/p21 and p16 pathways [43]. These factors result in the
pre-senescent cells withdrawing from the cell cycle and becoming senescent, which
increases with age [44]. Furthermore, through inflammatory cytokines and impaired
growth signaling, DDR results in replicative senescence [43].

7.4 Oxidative stress/ROS

Oxidative stress is a potential cause of results from various diseases and an impor-
tant mechanism in bone degradation. Aging causes an increase in reactive oxygen
species (ROS), which results in an imbalance of ROS and antioxidant defenses.
Increased reactive oxygen species influence numerous cellular processes, including
the timing of death by apoptosis, and have been linked to aging and the development
of age-related diseases. It can damage DNA and contribute to aging. It has been found
that oxidative stress increases with age in the bone of female or male C57BL/6 mice
[33]. Oxidative stress alters the bone remodeling process by disrupting osteoclast and
osteoblast activity. This can result in low bone mineral density, the characteristics of
osteoporosis.
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7.5 Oncogene stress

DNA damage is also responsible for oncogene-induced senescence (OIS).
Oncogenic stress is commonly known as a critical mechanism of cancer. Oncogene
activation is genetic stress and phenotypic changes that induce senescence. With acti-
vated oncogenes, there are high levels of replication. Pathways such as the ataxia
telangiectasia and Rad3-related (ATR), ataxia-telangiectasia mutated (ATM), and
p53 converge with the cyclin-dependent kinase inhibitors p16, p21, and p27 and
hyperphosphorylation of the retinoblastoma protein, thereby triggering withdrawal
from the cell cycle [45].

7.6 Glucocorticoid-induced osteoporosis

Glucocorticoids are drugs used to suppress allergic, autoimmune, and inflamma-
tory diseases. However, prolonged use of glucocorticoids can result in complications
such as glucocorticoid-induced osteoporosis (GIO). Glucocorticoids cause senes-
cence in various cell lines and have been found to stimulate the p21 gene expression.
During the initial treatment, this drug increases bone resorption with an enhance-
ment of osteoclast maturation and differentiation. However, long-term use inhibits
osteoclastogenesis by promoting apoptosis of osteoblasts and osteocytes [46, 47].
Dexamethasone, a type of glucocorticoid, was found to promote cell senescence and
activate parts of SASP through inhibition of osteoblast function [48]. This resulted
in decreased bone formation and increased bone resorption. Other effects include
suppressing insulin-like growth factor 1, which promotes bone formation and further
causes collagen degradation and osteoblast apoptosis [48].

7.7 Chronic inflammatory diseases

Chronic inflammatory diseases are associated with bone loss, which increases
bone resorption and decreases bone formation, resulting in a bone deficit [24, 49].

The summary of the pathological factors that induce cellular senescence is pro-
vided in Table 1.

Pathological factors Causes Mechanisms

SASP Aging Chronic inflammation

DNA damage Aging, environmental factors Cellular senescence

Telomere dysfunction DNA damage Telomere uncapping, activates the p53/p21 and
pl6 pathways

Oxidative stress / ROS Aging imbalance of ROS and antioxidant defenses

Oncogene stress DNA damage (i.e. cancer) oncogene-induced senescence. Inhibits,
osteoclastogenesis

Glucocorticoid Glucocorticoid drugs stimulate the p21 gene expression, Osteoblast
apoptosis

Chronic-inflammation Chronic-inflammatory Increase osteoclast function, decrease osteoblast

diseases (i.e. arthritis function
Table 1.

Summarized mechanisms of bone senescence.
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8. Treatment

Both nonpharmacological (lifestyle factors, supplements) and pharmacological
(antiresorptive and anabolic) treatments exist. The chapter also highlights the ongo-
ing advancements of senescence research on aging-bone diseases (Figure 2).
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Treatments of osteoporosis. Antivesorptive and anabolic and senolytic treatments of osteoporosis. These treatments
tavget different pathways. Anabolic treatment options include teriparatide (A), strontium ranelate (B), and
romosozumab (C). The antiresorptive treatment includes bisphosphonates (D), calcitonin (E), denosumab (F),
cathepsin K inhibitors (G), and SERMs (H). With particular regard, senolytic drugs treatment includes Fisetin,
Dasatinib, quercetin, and D + Q.
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9. Nonpharmaceutical

Optimizing lifestyle factors by diet and physical exercise is beneficial to bone
health. Physical exercise and an active lifestyle have a significant impact on bone
health. During the muscular activity, the mechanical forces produced are sensed by
osteocytes and promote bone growth. In response to exercise, skeletal muscle also
secretes myokines, which are molecules that directly affect bone metabolisms, such
as irisin, myostatin, and insulin-like growth factor-1 [50]. Exercise also restores body
coordination and balance, decreasing the risk of falls, especially among older people.
On the other hand, limited physical movement and muscle atrophy with old age result
in osteoporosis [51].

In addition, an increase in nutrient intake, specifically vitamin D, protein, cal-
cium, and vitamin K2, will slow osteoporotic regression. Vitamin D has a critical role
in regulating calcium homeostasis and bone metabolism. In addition, calcium and
vitamin D can suppress serum levels of parathyroid hormones and stimulate bone
growth, making them have an antiresorptive effect. The daily calcium intake recom-
mendation is between 800 and 1200 mg, and vitamin D intake is 800 IU per day for
men and women over 50 [52].

Vitamin D insufficiency and low serum calcium levels are widespread in elderly
people, contributing to lower BMD and increased bone fragility [53]. Dietary sources
are the preferred option, but supplementation is beneficial, especially in elderly
people. With daily calcium and vitamin D supplements, fracture risk drops signifi-
cantly, making them essential in aging-bone disease treatments [54]. In most clinical
studies testing the efficacy of antiresorptive and anabolic therapies, calcium and
vitamin D have been used. When given together, they have been found to have been
effective in preventing fractures [53, 55]. However, in most clinical cases, calcium
supplementation is subsidiary to bisphosphonates or anti-RANKL drugs [56].

Nutraceuticals are substances including isolated nutrients, dietary supplements,
herbal products, and medical foods. For example, higher intakes of antioxidants, phy-
toestrogens (plant compounds that function like estrogen agonist-antagonists), and
other minerals such as phosphorus can be markers for a healthy lifestyle [57, 58].
Phosphorus is another critical factor in preventing aging-bone diseases such as
osteoporosis. It is an essential nutrient for bone formation, but too much of it harms
bone health [58].

Physical exercise and muscle fitness have a dramatic impact on bone health.
Muscle secretes a set of molecules, known as myokines, directly affecting bone
metabolisms, such as irisin, myostatin, and insulin-like growth factor-1. During
activity that produces mechanical force, osteocytes sense this and convert it into bone
deposition. On the contrary, disuse or muscle atrophy results in osteoporosis.

10. Pharmaceutics

The search for armamentariums targeting metabolic bone diseases is increasing.
Currently, various antiresorptive and anabolic therapies are available as treatments
for osteoporosis [23]. Antiresorptive therapies are the most common pharmacological
tools to prevent osteoporosis progression. These drugs inhibit osteoclast proliferation
and the recruitment and differentiation of its precursors [54]. It is suggested for early
menopausal women or patients with moderate osteoporosis. Anabolic therapies are
another option for treatment that targets osteoblasts to stimulate bone mineralization.

9
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In comparison to antiresorptive medications, anabolic agents reduce fracture risk
more efficiently. Thus, these should be considered first-line therapy for patients at
very high risk or with a history of vertebral fracture [59]. In addition, pharmaceutical
medications seek to improve bone fidelity and architectural foundation for long-term
skeletal health. Therefore, the search for armamentariums targeting skeletal diseases
is increasing. Currently, various antiresorptive and anabolic therapies are available as
treatments for osteoporosis [23].

Bone homeostasis is a balanced equilibrium between osteoblast and osteoclast
activities. In senescent cell microenvironments, osteocytes control myeloid lineage
cells [34]. With aging, more osteocytes become senescent that produces SASP signals.
These signals are communicated and amplified by neighboring myeloid lineage cells
(such as B cells, osteoblasts, and T cells), resulting in the overproduction of proin-
flammatory cytokines. As a result, a toxic local microenvironment is created that
contributes to age-related bone loss.

The antioxidant NAC, coupled with estrogens or androgens in male and female
mice, prevents a gonadectomy-induced increase in oxidative stress, bone loss, osteo-
blast, and osteocyte apoptosis. So, sex steroids can regulate osteoclastogenesis and the
survival of osteoclasts via antioxidant actions [33].

10.1 Antiresorptive

Antiresorptive therapy is the most common pharmacological tool to prevent osteo-
porosis progression. These drugs inhibit osteoclasts’ proliferation and the recruitment
and differentiation of their precursors [54].

Bisphosphonates (BPs) are the primary therapeutic options used to inhibit
osteoclast-mediated bone resorption. These nitrogen-containing drugs have a strong
affinity for bone apatite in vitro and in vivo. BPs bind to hydroxyapatite crystals on
bone surfaces and inhibit the mevalonate pathway in osteoclasts, increasing apop-
tosis. This preferentially occurs in sites with accelerated skeletal turnover rates. BPs
have been shown to increase bone mineral density (BMD), reduce bone turnover
markers, and reduce the risk of osteoporotic fractures. Some drug options include
alendronate, risedronate, and zoledronic acid. Currently, they are the most common
and effective drugs used for osteoporosis, Paget’s disease, and inflammation-related
bone loss [60].

Denosumab, an anti-RANKL antibody;, is a fully human monoclonal antibody to
the RANKL, which blocks its binding to RANK. The prevention of RANKL and its
receptor RANK interaction thereby inhibits osteoclast differentiation [61]. Presently,
denosumab is the only FDA-approved monoclonal antibody to treat osteoporosis.
These antiresorptive agents have been most influential in decreasing the risk of verte-
bral fractures by more than 50%, nonvertebral fractures by 20-25%, and hip fractures
by 40-50% [62].

Selective Estrogen Receptor Modulators (SERMs) are an alternative for estrogen
and are used primarily in postmenopausal women of younger age. SERMs rely on
their tissue-selective estrogen receptor agonist or antagonist activity and their inter-
action with the estrogen receptor. They interact with the RANKL/RANK/OPG system
and downmodulate osteoclast function [63]. This process allows for the treatment of
vasomotor systems and the prevention of osteoporosis [64]. Various SERMs, includ-
ing raloxifene, which represents dual agonistic and antagonistic properties in estro-
genic pathways, have decreased bone fragility. In postmenopausal women with low
BMD, raloxifene has been shown to reduce vertebral fracture risk by 30-50% [63].
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In particular, this drug is recommended for patients with a family history of breast
cancer, as it has also significantly demonstrated reduced risks of breast cancer in
women [29].

Calcitonin receptors are found on osteoclasts and osteoblasts and serve as regula-
tors of osteoclast function and maturation. Calcitonin is a naturally occurring peptide
hormone that binds to specific receptors primarily on the surface of osteoclasts to
inhibit bone resorption activity strongly. It has been used to treat osteoporosis for
many years, especially for patients with acute osteoporotic fractures and postmeno-
pausal women [65].

Cathepsin K (CatK) is one of the most potent proteases in the lysosomal cysteine
proteases family. CatK’s primary function is to mediate bone resorption, making it
a strategic target for osteoporosis treatments. The only CatK inhibitor candidate,
Odanacatib (ODN), was developed by Merck & Co. Phase III clinical trials; it showed
high therapeutic efficacy in patients with postmenopausal osteoporosis but was
terminated due to the cardio-cerebrovascular adverse effects. As of now, there is
no available drug approved by the FDA that targets cathepsin k but is an ongoing
direction for osteoporosis treatment [66].

10.2 Anabolics

PTHrP is required for normal bone development. Teriparatide is a bioactive form
of the parathyroid hormone of recombinant human PTH 1-34 fragment thPTH
(1-34) [67]. It is the first and only available therapeutic agent that activates and
stimulates osteoblasts. In contrast with antiresorptive therapy, teriparatide increases
bone formation by inhibiting sclerostin production in osteocytes and increases bone
resorption by stimulating RANKL production by osteoblasts and osteocytes. In addi-
tion, PTH inhibits pl6Ink4a and thereby downregulates senescence [68]. Intermittent
administration of PTH increases osteoblast amounts and activities, thereby improv-
ing skeletal architecture at both trabecular and cortical bone sites [69].

Furthermore, this drug provides some remediation of the architectural defects in
the osteoporotic skeleton [70]. Daily injections of teriparatide in patients with severe
osteoporosis can reduce hip fractures by 56% [71]. Abaloparatide, a 34 amino acid syn-
thetic analog of parathyroid hormone-related protein analog drug, is an FDA-approved
drug to treat postmenopausal osteoporosis.

Wnht signaling pathways modulate cell proliferation, differentiation, and stem cell
remodeling [21]. Activation of Wnts impacts bone remodeling by increasing quanti-
ties and enhancing the functionality of osteoblasts. The discovery of this pathway
has opened the way to new anabolic treatments. For example, sclerostin is a protein
secreted primarily by osteocytes and protects against the excessive bone formation.
Anti-sclerostin antibodies stimulate osteoprotegerin production, leading to decreased
bone resorption and uncoupling of osteoclast and osteoblast activity [4]. In addi-
tion, romosozumab, an anti-sclerostin monoclonal antibody that binds sclerostin,
has favorable dual effects on bone by increasing bone formation and reducing bone
resorption [72]. In studies done with postmenopausal women prone to osteoporosis,
a dose of 210 mg romosozumab monthly amounts resulted in significantly increased
BMD and was more effective than daily teriparatide or weekly alendronate doses [73].
Thus, it is considered another emerging therapeutic for skeletal aging.

Strontium ranelate is a relatively novel drug currently approved in Europe for
the treatment of postmenopausal osteoporosis. It has dual effects of inhibiting bone
resorption and promoting bone formation [74, 75]. It can stimulate the differentiation
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of pre-osteoblasts into osteoblasts and promotes osteoblast release of OPG. This can
act as a decoy receptor for RANKL and thereby interfere with osteoclast differentia-
tion. In every gram of bone, strontium is naturally occurring in trace amounts at
around 100 pg. In other words, the therapeutic strategy with strontium ranelate is
producing more strontium available to incorporate into bone [76]. In other words, the
therapeutic approach with strontium ranelate is producing more strontium available
to incorporate into bone [76].

Dual acting treatments that can coordinately stimulate osteoblasts and inhibit
osteoclasts have significantly improved bone quality compared with monotherapy
[77]. For example, a combination of teriparatide and denosumab generated more
significant increases in BMD and bone strength than independent use of either drug
[77]. In addition, the combination of Wnt mimetics and current clinical treatments
has been found to improve bone mass and strength [23]. Thus, compared with
monotherapy, sequential therapy can improve bone health and serve as an emerging
option for treatment. Compared with monotherapy, dual-acting treatments that can
coordinately stimulate osteoblasts and inhibit osteoclasts have significantly improved
bone quality [67]. For example, the combination of Wnt mimetics and current clinical
treatments has been found to improve bone mass and strength [23]. Thus, in com-
parison to monotherapy, sequential therapy has the potential to improve bone health
significantly.

10.3 Senolytic drugs

Interest in targeting senescence to halt or prevent age-related diseases, also known
as senotherapy, has grown. Senolytic drugs are SASP modulators that eliminate cell
senescence. More cells become senescent with advancing age and accumulate in
tissues, suggesting that targeting the senescent cells is a promising treatment. Hence,
several studies have explored senescent cells and their role in aging-bone diseases.
The first thorough evidence showing senescence in mammalian bone cells was found
in 2016 [78]. Osteocytes have the vital role of orchestrating bone remodeling, and
osteocytes with senescence attributes contribute to osteoporosis [78]. To build off
of this, another study found that genetically eliminating senescent cells and their
SASP could prevent age-related osteoporosis [79]. In addition, the elimination of
pl6Inka-senescent cells improved bone quality. To build on this finding, research-
ers performed another study and found that genetically eliminating senescent cells
and their SASP could prevent age-related osteoporosis [79]. Also, the elimination of
pl6Inka-senescent cells improved bone quality [10]. In mice, senolytic intervention
improved bone mass, strength, and microarchitecture [7]. Novel drugs that use this
strategy include Dasatinib (D), Quercetin (Q), D + Q [80], and Fisetin [81]. Senolytic
drugs have shown a positive impact on bone metabolism by preventing bone loss and
increasing health span.

11. Conclusion

The cellular morphological changes that come with aging dramatically affect bone
health and increase the risk of developing age-related bone diseases. The sequelae
of osteoporosis include decreased bone mass and increased pronation to fractures,
a significant concern for the aging population. Recent literature is addressing uti-
lizing new pharmaceutical targets to reverse or treat the adverse effects of aging.
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For example, cell senescence in bone paves the way for developing new therapeutic
targets. With improved knowledge of the pathophysiology of osteoporosis and new
targets, potential new treatments are being investigated. The use of pharmaceuticals
and nonpharmaceuticals appears promising in preventing or treating aging bone
diseases, including osteoporosis.
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