
����������
�������

Citation: Föger-Samwald, U.;

Kerschan-Schindl, K.; Butylina, M.;

Pietschmann, P. Age Related

Osteoporosis: Targeting Cellular

Senescence. Int. J. Mol. Sci. 2022, 23,

2701. https://doi.org/10.3390/

ijms23052701

Academic Editors:

Emanuele Marzetti and Anna Picca

Received: 21 January 2022

Accepted: 25 February 2022

Published: 28 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Age Related Osteoporosis: Targeting Cellular Senescence
Ursula Föger-Samwald 1,*, Katharina Kerschan-Schindl 2 , Maria Butylina 3 and Peter Pietschmann 3

1 Medical Science and Human Medicine Study Programme, Karl Landsteiner University of Health Sciences,
3500 Krems an der Donau, Austria

2 Department of Physical Medicine and Rehabilitation, Medical University of Vienna, 1090 Vienna, Austria;
katharina.kerschan-schindl@meduniwien.ac.at

3 Department of Pathophysiology and Allergy Research, Medical University of Vienna, 1090 Vienna, Austria;
maria.butylina@meduniwien.ac.at (M.B.); peter.pietschmann@meduniwien.ac.at (P.P.)

* Correspondence: ursula.foeger@kl.ac.at

Abstract: Age-related chronic diseases are an enormous burden to modern societies worldwide.
Among these, osteoporosis, a condition that predisposes individuals to an increased risk of fractures,
substantially contributes to increased mortality and health-care costs in elderly. It is now well accepted
that advanced chronical age is one of the main risk factors for chronical diseases. Hence, targeting
fundamental aging mechanisms such as senescence has become a promising option in the treatment
of these diseases. Moreover, for osteoporosis, the main pathophysiological concepts arise from
menopause causing estrogen deficiency, and from aging. Here, we focus on recent advances in the
understanding of senescence-related mechanisms contributing to age-related bone loss. Furthermore,
treatment options for senile osteoporosis targeting senescent cells are reviewed.
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1. Introduction

It is common clinical knowledge that geriatric patients typically suffer from several
diseases such as atherosclerosis, diabetes mellitus, cataracts, cognitive impairment, sarcope-
nia, osteoarthritis, and osteoporosis. Osteoporosis is the most frequent type of metabolic
bone diseases and may lead to fragility fractures and associated morbidity and mortality [1].
Although the above-mentioned age-related diseases affect distinct organ systems and lead
to very different disease manifestations, over time comprehensive pathophysiologic con-
cepts emerged. As examples of such concepts, inflammaging and the acquisition of a
“senescence-associated phenotype” (SASP) by aging cells should be mentioned [2–4]. In
this narrative review, we introduce the reader to the biology and pathophysiology of bone
with a special focus on cellular senescence. In the final part of our manuscript, we discuss
how age-related osteoporosis could be treated by targeting the SASP.

2. Bone Biology

The human skeleton is defined as an adaptive structure, which undergoes remodeling
throughout the whole life. This process is important for maintaining bone strength, as
old and micro damaged bone is exchanged with mechanically stronger one. In general,
trabecular and cortical bone can be distinguished. Trabecular bone is composed of a
honeycomblike network, comprising trabecular plates and rods. In contrast, cortical bone
is solid, dense, and surrounds the marrow space. Both types of bone comprise four types
of different cells: osteoblasts, osteocytes, bone lining cells, and osteoclasts [5–7].

2.1. Bone Cells

Mature osteoblasts are located along the bone surface and are responsible for bone
formation by secretion of bone matrix proteins and guidance of mineralization (Figure 1).
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These cuboidal cells originate from pluripotent mesenchymal stem cells (MSCs) and com-
prise 4–6% of the total resident bone cells. Two major signalling pathways, activated by
wingless-related integration site (Wnt) proteins and bone morphogenic proteins (BMPs),
are responsible for osteoblast differentiation. In contrast, Dickkopf-1, sclerostin, IL-6, and
TNFα are known to be negative regulators of bone forming cells After finishing bone
formation, a subset of mature osteoblasts differentiates into osteocytes, which are encap-
sulated within the newly formed bone matrix [5,7–9]. Osteocytes lie in so called lacunae
throughout mineralized bones, where they are responsible for supporting bone structure
and metabolism (Figure 1). Mechanosensation is described to be their main function, as
osteocytes transduce stress signals from bending or stretching bone into biologic activity.
They are considered as the most abundant type of cells (90%) found within the matrix or
on bone surfaces. Furthermore, osteocytes express macrophage colony-stimulating factor
(M-CSF) and receptor activator of nuclear factor-kB ligand (RANKL), which stimulate
preosteoclast proliferation and induce osteoclast differentiation, and they express scle-
rostin, an inhibitor of osteoblastogenesis [5,7]. Osteoblasts, which have completed bone
matrix-synthesis, but have not been encapsulated, undergo apoptosis or become inactive
bone-lining cells (Figure 1) [5,7–9]. These flat shaped cells cover the quiescent surface of
the bone, where neither bone resorption nor bone formation occurs. They are involved in
osteoclast differentiation as they produce osteoprotegerin (OPG) and RANKL. Furthermore,
bone lining cells are able to block the immediate interaction between osteoclasts and the
bone matrix, when bone should not be degraded [5,7,8].
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Figure 1. (A) Toluidine blue staining of a mouse femur showing osteoblasts (arrows) and osteocytes
(triangles) (female, 8 weeks of age, original magnification 400×). (B) TRAP and toluidine blue staining
of a mouse tibia, showing bone lining cells (arrows) and osteocytes (triangles) (female, 18 weeks of
age, original magnification 400×).

Multinucleated osteoclasts are the primary cells involved in bone resorption (Figure 2).
M-CSF and RANKL are considered as two important cytokines involved in osteoclast
formation, differentiation, and survival. Furthermore, IL-1, IL-6, IL-17, and TNF-α enhance
osteoclast generation and bone resorption. In contrast, RANKL decoy receptor OPG, IFN-γ,
IL-3, IL-4, IL-10, and IL-12 are known as negative regulators of bone resorbing cells. A
dysregulated activity of osteoclasts leads either to an increased or reduced bone mass [7,8].



Int. J. Mol. Sci. 2022, 23, 2701 3 of 15Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 16 
 

 

 

Figure 2. TRAP and toluidine blue staining of a Sprague-Dawley rat tibia, showing osteoclasts with 

positive TRAP staining (arrows) (female, 10–12 weeks of age, original magnification 400×). 

2.2. Bone Modelling and Remodelling 

Bone modelling is responsible for bone development and bone growth and is per-

formed by osteoblasts and osteoclasts, which function independently. Osteoblasts are re-

sponsible for bone formation and osteoclasts for resorption, which leads to a shape alter-

ation of existing bone. The process of modelling occurs predominantly during skeletal 

growth before achievement of peak bone mass [7,10]. 

Additionally, bone is remodeled throughout the entire life. Bone remodeling is char-

acterized as a highly complex process during which old bones are renewed for maintain-

ing bone strength and mineral homeostasis. Responsible for bone remodeling is the tightly 

linked action of osteoblasts and osteoclasts. The remodeling cycle is initiated by the deg-

radation of old bone by multinucleated osteoclasts, a process that requires about 2–4 

weeks. In the following reversal phase osteoclasts undergo apoptosis, whereas osteoblasts 

synthesize the organic extracellular bone matrix and coordinate its mineralization. The 

whole bone formation process takes about four to six months to achieve. Fracture healing, 

preservation of bone mechanical strength by replacing older and micro-damaged bones 

with healthier ones, skeleton adaptation to mechanical use, and calcium and phosphate 

homeostasis are described as the main functions of bone remodeling. Underlining its im-

portance, imbalances of bone resorption and formation during the process of bone remod-

eling may lead to several bone diseases, such as, for example, osteoporosis [5,7,11,12]. 

2.3. Age-Related Osteoporosis 

Osteoporosis is defined as “a frequent age-related disease, which is associated with 

a low bone mineral density (BMD) and a systemic impairment of bone mass and microar-

chitecture that predisposes a person to an increased risk of fracture” [13]. It initially pro-

ceeds asymptomatic, until fractures of the hip, wrist, and vertebrae occur, which are con-

sidered as the typical clinical manifestation of osteoporosis. They are not only painful and 

cause deformity and disability, but also increase mortality [1,9,11,14]. According to the 

World Health Organization (WHO), osteoporosis is defined as a BMD that is 2.5 standard 

deviations (SD) below the mean for young healthy adults of the same sex (T-score < −2.5)”. 

T-scores in the range of −1 and −2.5 indicate osteopenia and affected persons show an 

increased risk of developing osteoporosis [1,15]. 

Generally, osteoporosis can be divided into primary and secondary osteoporosis. The 

first one can be further divided into postmenopausal and senile or age-related osteoporo-

sis. Osteoporosis occurs in all age groups, gender, and races, but is more frequently found 

in women and older men. Whereas postmenopausal osteoporosis arises due to estrogen 

deficiency, senile osteoporosis is associated with aging processes including inflammatory 

processes, increased parathyroid hormone levels, calcium and vitamin D insufficiency, or 

osteoblast dysfunction. Secondary osteoporosis is related with bone loss due to a second-

ary underlying condition or intake of specific medication [1,15–17].  

The diagnosis of osteoporosis comprises several steps, including medical history, 

physical examination, undergoing a bone density test, and the performance of blood and 

Figure 2. TRAP and toluidine blue staining of a Sprague-Dawley rat tibia, showing osteoclasts with
positive TRAP staining (arrows) (female, 10–12 weeks of age, original magnification 400×).

2.2. Bone Modelling and Remodelling

Bone modelling is responsible for bone development and bone growth and is per-
formed by osteoblasts and osteoclasts, which function independently. Osteoblasts are
responsible for bone formation and osteoclasts for resorption, which leads to a shape
alteration of existing bone. The process of modelling occurs predominantly during skeletal
growth before achievement of peak bone mass [7,10].

Additionally, bone is remodeled throughout the entire life. Bone remodeling is charac-
terized as a highly complex process during which old bones are renewed for maintaining
bone strength and mineral homeostasis. Responsible for bone remodeling is the tightly
linked action of osteoblasts and osteoclasts. The remodeling cycle is initiated by the degra-
dation of old bone by multinucleated osteoclasts, a process that requires about 2–4 weeks. In
the following reversal phase osteoclasts undergo apoptosis, whereas osteoblasts synthesize
the organic extracellular bone matrix and coordinate its mineralization. The whole bone
formation process takes about four to six months to achieve. Fracture healing, preservation
of bone mechanical strength by replacing older and micro-damaged bones with healthier
ones, skeleton adaptation to mechanical use, and calcium and phosphate homeostasis are
described as the main functions of bone remodeling. Underlining its importance, imbal-
ances of bone resorption and formation during the process of bone remodeling may lead to
several bone diseases, such as, for example, osteoporosis [5,7,11,12].

2.3. Age-Related Osteoporosis

Osteoporosis is defined as “a frequent age-related disease, which is associated with a
low bone mineral density (BMD) and a systemic impairment of bone mass and microarchi-
tecture that predisposes a person to an increased risk of fracture” [13]. It initially proceeds
asymptomatic, until fractures of the hip, wrist, and vertebrae occur, which are considered
as the typical clinical manifestation of osteoporosis. They are not only painful and cause
deformity and disability, but also increase mortality [1,9,11,14]. According to the World
Health Organization (WHO), osteoporosis is defined as a BMD that is 2.5 standard devi-
ations (SD) below the mean for young healthy adults of the same sex (T-score < −2.5)”.
T-scores in the range of −1 and −2.5 indicate osteopenia and affected persons show an
increased risk of developing osteoporosis [1,15].

Generally, osteoporosis can be divided into primary and secondary osteoporosis. The
first one can be further divided into postmenopausal and senile or age-related osteoporosis.
Osteoporosis occurs in all age groups, gender, and races, but is more frequently found
in women and older men. Whereas postmenopausal osteoporosis arises due to estrogen
deficiency, senile osteoporosis is associated with aging processes including inflammatory
processes, increased parathyroid hormone levels, calcium and vitamin D insufficiency, or
osteoblast dysfunction. Secondary osteoporosis is related with bone loss due to a secondary
underlying condition or intake of specific medication [1,15–17].

The diagnosis of osteoporosis comprises several steps, including medical history,
physical examination, undergoing a bone density test, and the performance of blood and
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urine tests. Assessment of bone mineral density is usually conducted by dual-energy
absorptiometry (DXA), which is considered as gold standard in osteoporosis diagnosis.
Another diagnostic tool is the so-called Fracture Risk Assessment Tool (FRAX), which is
available online. It identifies appropriate patients for treatment by considering risk factors
such as age, race, gender, body mass index, prior personal, or parental history of fractures,
and many others. In clinical practice, FRAX is used in addition to other diagnostic tools
such as DXA, but is known to have some limitations [1,16,18].

3. Cellular Senescence

Cellular senescence describes a state of irreversible or stable cell arrest maintained
even in the presence of mitogenic stimuli. It was first discovered by Hayflick and Moorhead
70 years ago, when they described that in vitro serially cultured primary human fibroblasts
stop dividing after a certain number of passages [19,20]. This observation of a limited
potential to replicate is now well known as “Hayflick limit” or replicative senescence. Since
then, the concept of cellular senescence has been gradually expanded and now encompasses
a highly heterogeneous phenomenon of irreversible or stable cell arrest driven by multiple
mechanisms. Moreover, it is now well established that senescent cells play key roles in
physiological as well as pathological processes with both beneficial and detrimental effects
(for review see [3,4]).

A common feature of senescent and quiescent cells is the loss of proliferative capacity.
However, what distinguishes these states of cell cycle arrest is that quiescent cells can
re-enter the cell cycle in response to appropriate mitogenic signals, whereas in senescent
cells, the non-proliferative state in most cases is an irreversible one. An exception to this is
seen in senescent tumor cells, which, given certain circumstances, are capable of resuming
proliferative activity [21–25]. Another key feature distinguishing senescent form quiescent
cells is halted proliferation combined with still ongoing cell growth. Senescent cells are
characterized by an increased cell size but also increased metabolic and lysosomal activity.
Moreover, senescent cells acquire a “senescence-associated secretory phenotype” (SASP).
They release a mixture of secreted factors, e.g., proinflammatory cytokines, chemokines,
growth modulators, angiogenic factors, or matrix metalloproteases. Thereby, they interact
with and influence surrounding cells in a situation-dependent manner and initiate vari-
ous effects including tissue repair, tissue regeneration, promotion of stemness and tissue
plasticity, or clearance by cells of the immune system (for review see [3,4]).

The factors released by senescent cells can also reinforce senescence in an autocrine
fashion or activate senescence in neighboring cells in a paracrine fashion, a state referred to
as paracrine senescence [26]. Thus, senescent cells, in contrast to cells undergoing apoptosis,
remain active for a long period of time before being eliminated. They are transformed
into cells with increased metabolic activity capable of changing their microenvironment
and, thereby, actively influencing physiological processes. Recent data suggest that the
senescent cell secretome impacts not only its microenvironment but also regions more
distant. In addition to being released into the direct surrounding of cells, SASP-components
have been shown to be part of small exosome-like extracellular vesicles (EVs) [27]. Thereby,
information can be passed in a cell-to-cell or organ-to-organ manner in a process termed
EV trafficking. A role of EVs in cell-to-cell communication has been shown in various
models [28,29]. A role of EVs in distant communication between organs has only recently
been demonstrated by Jiang et al. [30]. They provided evidence for hepatocyte-derived
miR-1 packed into and transferred via EVs to promote endothelial inflammation and
facilitate atherogenesis.

3.1. Different Types of Cellular Senescence

Depending on the triggering stimulus, different types of senescence are usually de-
fined. Progressive telomere shortening associated with DNA end-replication is the underly-
ing mechanism of the type of senescence observed by Hayflick and Moorhead [19,20] and
is now referred to as replicative senescence. Shortening of chromosomes as a result of recur-
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ring cell divisions activates the DNA damage response (DDR) and, finally, leads to cell cycle
arrest. DNA damage triggering a senescent state in cells can, besides changes in telomers,
have many reasons and non-telomeric DNA damage-induced senescence is referred to as
stress-induced cellular senescence. It includes, for example, oncogene-induced senescence
(OIS), therapy-induced senescence (TIS) in tumor cells, senescence induced by epigenetic
changes, or senescence linked to mitochondrial dysfunction. Finally, the presence of senes-
cent cells in developing organs suggests a role in organic and embryonic development, and
the type of senescence seen in this context is referred to as programmed cell senescence (for
review see [3,4]). Irrespective of the triggering stimulus, a central molecular mechanism
of cellular senescence is the increased expression of the cyclin dependent kinase (CDK)
inhibitors p21Wafl and p16INK4a, which in turn activates the retinoblastoma (RB) family of
proteins and initiates cell cycle arrest (for review see [3]). The SASP, playing a key role in
mediating beneficial as well as detrimental effects of senescent cells, varies considerably in
composition and strength, depending, e.g., on the initial trigger, the type of cell undergoing
senescence, or on whether the cell is in an early or late stage of senescence. Likewise, mech-
anisms leading to and regulating the SASP are also highly heterogeneous and complex.
Two transcription factors, NF-κB and CEBPβ, have emerged as key players and regulators
of SASP protein expression, with proinflammatory cytokines IL-6 and IL-8 being the most
robustly expressed (for review see [3]). However, an in-depth understanding of the highly
dynamic process of SASP protein expression is essential for successful manipulation of
senescence-associated processes for therapeutic purposes. A valuable contribution to a
comprehensive characterization of context specific SASP components was only recently
provided by Basisty et al. with a “SASP Atlas”, a first proteome-based database of soluble
proteins and exosomal cargo proteins that are part of the SASP [31].

3.2. Aging and Senescence

Several studies provide evidence for an accumulation of senescent cells in tissues
of aging organisms [32], suggesting a role of senescence in tissue dysfunction and age-
related pathologies such as, e.g., cancer, osteoarthritis, osteoporosis, or Alzheimer’s disease.
Another hallmark of aging is a chronic low-grade inflammation even in the absence of acute
infection [2]. The predominantly proinflammatory nature of the SASP is thought to link
senescence with this state of “inflammaging” by persistently releasing proinflammatory
cytokines. An additional link between senescence and the immune system proposes a
per se protective role of senescence and a growing inefficiency of the immune system in
aging organisms leading to a failure in removing senescent cells from tissues. A persistent
presence of senescent cells finally turns initially favorable into unfavorable effects and
leads to pathologies. Taken together, an aging immune system fails to clear tissues from
senescent cells, which, in turn, promotes a state of chronic inflammation [4,33,34]. The
direct involvement of senescent cells in chronic low-grade inflammation and age-related
pathologies has been demonstrated in several murine models [35–42]. Jeon et al. for
instance, provided evidence for attenuation of post-traumatic osteoarthritis by clearance
of senescent cells in p16-3MR transgenic mice [37]. In a very recent study of Childs et al.,
clearance of senescent cells in the Ldlr−/− mouse model of atherosclerosis reinforced
fully deteriorated fibrous caps that normally prevent atherogenic plaque rupture [41].
Collectively, these findings support the usefulness of senescent cells as therapeutic targets
for the treatment of age-related pathologies.

3.3. Age-Related Osteoporosis and Senescence

As in other age-related diseases, research in the last decade has clearly provided
evidence for a role of senescence in age-related osteoporosis (for review see [43–48]). In
pioneering work by Farr et al. [49] the expression of the senescent cell biomarker p16Ink4

was shown to increase in bone-derived B cells, T cells, myeloid cells, osteoprogenitors,
osteoblasts, and osteocytes from young versus old male and female mice. Moreover,
osteocytes and myeloid cells were identified as the cell populations with the most pro-
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nounced upregulation of SASP factors within the bone environment [49]. Accumulation of
senescent cells in the context of age-related and radiotherapy-related bone loss was since
then confirmed by others [50,51], and was also shown in bone biopsy samples from older
postmenopausal compared to younger premenopausal women [49]. A causative role of
senescent cells in mediating age-related bone loss was finally evidenced by pharmaco-
logical clearance of senescent cells in old mice or genetic clearance of senescent cells by
inducible elimination of p16Ink-4a-expressing senescent cells using INK-ATTAC transgenic
mice [42]. The positive effect on bone microarchitecture and bone strength observed in
these models after clearance of senescent cells was shown to be mediated partly by the
elimination of senescent osteocytes. Moreover, increased bone formation by osteoblasts
and a reduction in bone marrow adipose tissue was seen, and thereby supported a shift in
bone marrow-derived mesenchymal stem cell (BMSC) differentiation from osteoblasts to
adipocytes as mechanism of senescence mediated age-related bone loss [42].

Mechanisms underlying senescent induced changes in MSCs have since then been
addressed in multiple studies, identifying important mediators of MSC senescence [52–63].
For instance, several miRNAs have been identified that are involved in regulating senescence
and the balance between osteoblastic and adipocytic differentiation of BMSCs [52,55,60,61].
Lian et al. investigated an involvement of miR-29a in age-related bone loss [61]. Knockout
and overexpression of miR-29a was associated with exacerbated and reduced bone loss, re-
spectively, in old mice. Oxidation resistance protein-1 (Oxr1) and forkehead box O3 (FoxO3)
were identified as target genes, suggesting an antioxidative effect of miR-29a associated
with reduced osteoblast senescence [61]. A miRNA thought to be involved in regulating the
shift between osteogenic and adipogenic differentiation is miR-499 [60]. Wu et al. revealed
a central role of the long coding RNA zing finger antisense 1 (ZFAS1) in this process by
showing that ZFAS1 knockdown in BMSCs facilitated osteogenic differentiation and at the
same time suppressed cell senescence. Moreover, they identified downregulation of miR-
499 and consequently upregulation of ephrin type-A receptor 5 (EPHA5) as downstream
events targeted by ZFAS1 and promoting the adipogenic potential of BMSCs. In vivo,
ZFAS1 knockdown was associated with increased bone mass [60]. Finally, two groups
investigated mechanisms involved in regulating osteogenesis and adipogenesis in BM-
SCs in vitro and identified miR-363-3p [54] and miR-245a [55] as regulators of senescence.
miR-363-3p targets tumor necrosis factor receptor-associated factor 3 (TRAF3), which pro-
motes BMSCs differentiation to osteoblast and suppresses senescence and differentiation
to adipocytes [54]. miR-145a was shown to be upregulated by p53, a positive regulator of
senescence and negative regulator of osteogenic differentiation of BMSCs [55].

Ubiquitin-conjugating enzyme E2E3 (UB3E2E3) in vitro knock-down in young BMSCs
accelerated cellular senescence and inhibited osteogenic differentiation [58]. In addition,
knockdown of Bmi-1, an important epigenetic regulator of stem cell self-renewal, leads
to cellular senescence in young MSCs and overexpression to rejuvenation of old MSCs.
Moreover, Bmi-1 expression in MSCs was shown to be downregulated by elevated levels
of the SASP component IL-1α in the aged bone marrow microenvironment [59]. Another
mediator of BMSC senescence recently investigated is leucine-rich repeat containing 17
(LRRc17) [57]. LRRc17 knockdown in BMSCs promoted osteogenic over adipogenic differ-
entiation and activated mitophagy via inhibition of the mTOR/PI3K pathway. Autophagy
preventing mitochondrial dysfunction was therefore suggested to be the mechanism lead-
ing to rejuvenation of senescent cells by LRRc17. An in vivo contribution of LRRc17 in
promoting bone loss was suggested by an increased ovariectomy (OVX)-induced bone loss
seen with old BMSCs transfected with shLRRc17 [57]. Moreover, results from Guo et al. [62]
underline the role of mitophagy and BMSCs by suggesting a link between the accumulation
of advanced glycation end products (AGEs) and BMSC senescence via Sirtuin-3 (SIRT3)-
mediated mitophagy. Further, a contribution of this mechanism to bone loss is suggested
by showing that in vivo Sirt3 overexpression in SAMP6 mice reduces BMSC senescence
and senile osteoporosis.
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In a very recent study Li et al. [63] provide evidence for the accumulation of proin-
flammatory and senescent subtypes of immune cells in the bone marrow of aging rats and
mice. These cells were shown to secrete granalcin, which in turn represses osteogenesis
and promotes adipogenesis [63], thereby underlining the crucial interplay between the
immune system and senescence in promoting age-related phenotypes. In another study
Guo et al. [62] support a link between the accumulation of advanced glycation end prod-
ucts (AGEs) and BMSCs senescence by suggesting Sirt3-mediated mitophagy as regulatory
mechanism of this process. Finally, two recent studies provide evidence for the important
role of extracellular vesicles in the crosstalk of senescent cells of the bone compartment
and non-bone cells [53,64]. Fulzele et al. have shown that EVs from mouse myoblasts and
primary human myotubes with elevated levels of miR-34a induced senescence in primary
mouse BMSCs. Moreover, an increased expression of the senescence-associated miR-34a
was observed in skeletal muscle and serum extracellular vesicles of old versus young
C57BL6 mice [53]. In another study by Lu et al., it was shown that exosome-mediated
miR-139-5p derived from senescent osteoblasts regulates endothelial cell function [64]. This
observation serves a better understanding of the widely accepted interplay of angiogenesis
and osteogenesis in the pathology of osteoporosis.

Taken together, a major focus in recent research has been on the role of senescence
in BMSC proliferation and differentiation, and major progress has been made in eluci-
dating potential regulators of senescence-mediated bone loss in age-related osteoporosis.
This knowledge provides an important foundation for an in-depth understanding of the
application of already existing senescence-based therapeutic options in the treatment of
osteoporosis. Furthermore, by closing the gaps, in future, novel therapeutic options with a
more specific and individualized approaches may arise.

4. Treatment Options to Target Osteoporosis and Senescence
4.1. Osteoporosis-Specific Medication

Several osteoporosis-specific drugs are available. A meta-analysis of randomized
controlled trials or post hoc analyses revealed a reduced incidence of vertebral fractures
(RR = 0.43), non-vertebral fractures (RR = 0.84), and hip fractures (RR = 0.75) in the age
group 75+ taking antiresorptives [65]. The limited data of patients 85 years or older suggest
a continued efficacy of antiresorptives as well as teriparatide with an adverse reaction
profile as in younger subjects [66]. Concerning the only drug available with a dual mode
of action, romosozumab, up to now no post hoc analyses exist, but in the ARCH (Active
Controlled Fracture Study of Postmenopausal Women with Osteoporosis at High Risk)
study, half of the patients were 75 years or older [67]. Since patients included in the
pivot trials of the osteoporosis-specific drugs supplemented calcium and vitamin D, co-
administration of these two drugs is generally recommended. Vitamin D deficiency, as
well as hypocalcemia, has to be resolved before starting a bone-specific medication. During
bisphosphonate therapy, according to Reid [68], calcium supplementation may not be
necessary, but denosumab and anabolic drugs should be prescribed.

All the above-mentioned drugs are approved for the treatment of osteoporosis. How-
ever, besides their action on bone metabolism, they may also have off-target effects. Fifteen
years ago, a reduction in mortality was found in hip fracture patients receiving zoledronate
(HR 0.72) [69]. A recent review described several potential positive non-skeletal effects of
bisphosphonates besides overall mortality: a reduction in cardiovascular events and mor-
tality as well as cancer incidence and mortality [70]. The center and co-authors suggested
that the mechanisms leading to the extension of life expectancy are multifactorial including
immunomodulatory effects [71].

Besides bone-specific medications, strategies targeting cellular senescence may be a
treatment option for osteoporosis in the future. Elimination of senescent cells by a genetic
approach in aged mice [35,42] led to the aim of therapeutically targeting the detrimental
effects of senescence. That may be achieved by two different strategies: inhibition of
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the secretion of the senescence-associated secretory phenotype (SASP) or pharmacologic
elimination of senescent cells.

4.2. Senostatics/Senomorphics

Senostatics modulating the proinflammatory senescence secretome are the so-called
generalized senostatics. Ruxolitinib, an inhibitor of the Janus kinase pathway (JAKi)
approved for the treatment of certain bone marrow disorders, suppresses multiple SASP
components. The treatment of ruxolitinib led to amelioration of bone microarchitecture and
increased bone strength in 22-month-old mice [42]. However, as SASP factors also have
non-senescence related functions, negative off-target effects may accompany continuous
inhibition of the SASP.

Inhibiting only the components of the SASP with deleterious effects may be superior.
Thus, the components must be categorized according to their functions before precision
senostatics can be taken into account for treatment. Up to now, precision senostatics have
not been considered as therapeutic strategy for delaying age-related diseases.

4.3. Senolytics: Pre-Clinical Studies

In contrast to senostatics, senolytics—drugs that selectively promote apoptosis of
senescent cells—may be given intermittently. Temporary suppression of pathways, which
enable senescent cells to resist the pro-inflammatory and pro-apoptotic factors they se-
crete themselves, leads to the elimination of senescent cells. Several senolytics have been
described by now [72]. Some of them may decrease age-associated bone loss (Table 1).

Table 1. Selected pre-clinical and clinical studies on bone effects of senolytics.

Agent Setting Intervention Main Effects Reference

Pre-clincial

Dasatinib In vitro Human BMSCs 2–5 nM, 7 or 21 d
Tyrosine kinases (PDGFR-ß, c-SRC,

c-Kit) ↓, canonical Wnt signaling
pathway ↑

Garcia-Gomez et al. [73]

Dasatinib In vitro Human PBMCs 2–2.5 nM, 7 or 14 d
Oc differentiation↓ (c-Fos ↓, NFATc1
↓), Oc function ↓ (cathepsin K ↓,

αVß3 integrin ↓, CCR1 ↓)
Garcia-Gomez et al. [73]

Dasatinib In vivo Young mice 2.5 or 10 mg/kg p.o., 3
or 7 we

Serum levels of ALP ↑, Oc ↑, and
TRAP5b ≈, osteoblast-like cells ↑,

trabecular structure ↑
Garcia-Gomez et al. [73]

Quercetin In vitro Rat BMSCs 33.8 µg/mL, 24 h
senescent BMSCs ↓, BMSCs

proliferation ↑, osteogenic potential
↑ (osterix ↑, RUNX2 ↑)

Zhang et al. [74]

Quercetin In vivo Rat model
Quercetin release

system on
titanium implants

Osseointegration ↑ Wang et al. [75]

Dasatinib + quercetin In vivo Aged C57BL/6 J mice
Dasatinib 5 mg/kg +

quercetin 50 mg/kg p.o.
per month, 4 months

Senescent osteocytes ↓,
osteoclasts ↓, osteoblasts ≈,

trabecular microarchitecture at
spine and femur ↑, cortical

microarchitecture at femur ↑

Farr et al. [42]

Dasatinib + quercetin In vivo C57BL/6 J mice

Dasatinib 5 mg/kg +
quercetin 50 mg/kg p.o.
0 and 14 d after FRT of
femur; bones harvested

42 d post FRT

P1NP ↑, CTX ≈, osteoblasts ↑,
OCN ≈, RUNX2 ≈, BV/TV ↑,

connectivity density ↑, BFR/BS ↑
Chandra et al. [51]

Dasatinib + quercetin In vitro BMSCs of young and
old mice

Dasatinib 0.2 µM +
quercetin 20 µM, 24 h

SABG + BMSCs ↓, BMSC
proliferation ↑, OCN ↑, bone

sialoprotein ↑
Zhou et al. [76]

Dasatinib + quercetin In vivo Immunodeficient mice

Old BMSCs: dasatinib
0.2 µM + quercetin

20 µM, 24 h =>
implanted into
calvarial defect

TRAP ↑, ALP ↑, osteogenic capacity
of aged BMSCs ↑ Zhou et al. [76]

Dasatinib + quercetin In vitro Mouse MSCs
Induction of senescence
=> Dasatinib 200 nM +
quercetin 50 µM, 24 h

Senescence in MSCs ↓ Saul et al. [77]
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Table 1. Cont.

Agent Setting Intervention Main Effects Reference

Dasatinib + quercetin In vivo Mice
Dasatinib 5 mg/kg +
quercetin 50 mg/kg

p.o., 5 w
MSCs ↑, senescent MSCs ↓ Saul et al. [77]

Dasatinib + quercetin In vivo Mice

Dasatinib 5 mg/kg +
quercetin 50 mg/kg
once => induction of

fracture p.o. =>
Dasatinib 5 mg/kg +
quercetin 50 mg/kg

p.o., 5 w

SASP in callus ↓, fracture healing
time ↓, maximal torque after 2 w ↑ Saul et al. [77]

Navitoclax In vitro Radiation induced
senesent HUVECs

100 nM to 1 uM up to
3 d

Apoptosis ↑; no effect on
non-senesent cells Zhu et al. [78]

Navitoclax In vivo

Young sublethally
irradiated and aged
p16-3MR transgenic

mice and C57/BL6 mice

50 mg/kg/d p.o.,
2 cycles of 7 d, 2 w
break in between

Number of HSCs and HPCs ≈,
rejuvenates aged HSCs (for instance
persistent DNA damage ↓); SASP ↓

Chang et al. [36]

Navitoclax In vitro
Osteoprogenitor cells

of old
Osx1-Cre;TdRFP mice

5 µM, 5 d Apoptosis of BMSCs ↑
SASP ↓, RANK L ↓ Kim et al. [79]

Navitoclax In vitro Human BMSCs 10 µM, 3 d Senescent human BMSCs ↓ Grezella et al. [80]

Fisetin In vitro

BMSCs of 3–5 week-old
C57/BL6 mice,

osteoclast precursors
Raw264.7 cells

1–10 µM, 7/4 d

TRAP ↓, CTR ↓, MMP9 ↓, cathepsin
K ↓, NF-kB pathway ↓, p38

MAPK/JNK ↓, c-FOS/NFATc1 ↓,
MKP-1 ↑ => osteoclastogenesis ↓

Léotoing et al. [81]

Fisetin In vivo Young C57/BL6 mice
5–50 mg/kg p.o., 1 w =>

OVX => 5–25 mg/kg
p.o., 4 w

BMD ↑, BV/TV ↑, TbN ↑, TbTh ↑ Léotoing et al. [81]

Fisetin In vivo Young C57/BL6 mice
LPS s.c. 1/w for 3 w

and fisetin
5–50 mg/kg p.o.

BMD ↑, BV/TV ↑, TbN ↑ Leotoing et al. [81]

Fisetin In vitro MC3T3-E1
mouse preosteoblasts 0–800 nM, 14 d

ALP ↑, RUNX2 ↑, Col1α1 ↑, OSX ↑,
OCN ↑, BMP4 ↑ =>

osteoblastogenesis ↑
Molagoda et al. [82]

Fisetin In vitro MC3T3-E1
mouse preosteoblasts

0–800 nM, 12 d after 2 d
of 20 µM prednisolone

Osteoblast-specific gene expression
restored, anti-osteoblastic genes

(NFATc1, ACP, DC-STAMP,
cathepsin K) downregulated

Molagoda et al. [82]

Fisetin In vivo Zebrafish larvae 3 dpf 50, 100, and 200 µM
until 9 dpf

RUNX2a ↑, RUNX2b ↑, Col1α1 ↑,
OSX ↑, OCN ↑, BMP4 ↑ => number

of vertebrae ↑
Molagoda et al. [82]

Clinical

Dasatinib + quercetin,
fisetin In vivo 120 females 70+

Dasatinib+quercetin vs.
fisetin p.o,

intermittently, 20 w.

Ongoing (outcome
measures: BTMs) NCT04313634

ACP: acid phosphatase; ALP: alkaline phosphatase; BFR/BS: bone formation rate per bone surface; BMP4: bone
morphogenic protein 4; BMSCs: bone marrow mesenchymal stem cells; BTMs: bone turnover markers; BV/TV:
bone volume per tissue volume; CCR1: C-C chemokine receptor 1; c-FOS: key transcription factors; Col1α1:
collagen type 1 alpha 1; CTR: calcitonin receptor; d: days; DC-STAMP: dendritic cell-specific transmembrane
protein; dpf: days post-fertilization; FRT: focal radiation treatment; HPCs: hematopoietic progenitor cells; HSCs:
hematopoietic stem cells; HUVECs: human umbilical vein epithelial cells; JNK: c-jun-N-terminal kinase; MKP-1:
MAPK phosphatase 1; MMP9: matrix metalloproteinase 9; MSCs: mesenchymal stromal cells; NFATc1: nuclear
factor of activated T cells 1; NF-kB: nuclear factor kB; NTX: N-telopeptide; Oc: osteoclast; OCN: osteocalcin;
OSX: osterix; OVX: ovariectomy; p38 MAPK: p38 mitogen-activated protein kinase; PBMCs: peripheral blood
mononuclear cells; RANKL: receptor activator nuclear factor kB; RUNX2: runt-related transcription factor 2;
SABG: senescence-associated beta-galactosidase; SASP: senescence-associated secretory phenotype; TRAP: tartrate
resistant acid phosphatase; w: weeks; ↓: decreased; ↑: increased; => leads to.

Dasatinib, an inhibitor of multiple tyrosine kinases, used for treating cancers [83]
has been identified as a bone-modifying agent. The concomitant promotion of osteogenic
differentiation as well as function and inhibition of osteoclast formation leads to a positive
effect on bone in vivo shown by increased trabecular microarchitecture [73].

The flavonoid quercetin, which is present in foods (for instance, fruit, vegetables, tea,
and wine), triggers apoptosis via the BCL-2 pathway. Quercetin showed to significantly
reduce senescent rat BMSCs in vitro and to increase the osteogenic potential while decreas-
ing the adipogenic potential [74]. According to two recent review articles, quercetin and
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its derivates ameliorate BMD and microarchitecture leading to an increase in maximum
load [84,85]. These positive effects are reached by several different pathways. An inter-
esting approach is the use of quercetin to improve osseointegration of implants under
osteoporotic conditions; according to a rat model, it works [75].

Since dasatinib and quercetin target different molecular mechanisms in senescent cells,
combining the two of them increases efficiency [86]. A calvarial defect model recently
showed that this senolytic cocktail enhances the osteogenic potential of aged BMSCs [76].
An animal study detected the alleviation of radiation-induced bone loss by dasatinib and
quercetin [51].

Navitoclax (ABT-263), a specific inhibitor of the anti-apoptotic proteins BLC-2 and
BCL-xL, which are upregulated in senescent cells, proved to have senolytic effects in vitro
and in vivo. It reduced the viability of some radiation-entailed senescent cell types [78],
and it decreased the amount of aged or by total-body irradiation depleted senescent
hematopoietic stem cells in mice [36]. Novitoclax-induced amelioration of apoptosis in
BMSCs was underlined by the reduction in SASP in aged mice [79]. In human BMSCs, the
senolytic effect was moderate [80].

Fisetin, a naturally occurring flavonoid with less toxicity than navitoclax [87] also
proved to protect bone. Repression of osteoclasts [81] and promotion of osteoblast differ-
entiation [82] seem to be the pathways responsible for the positive effects on BTMs, BMD,
and bone microarchitecture.

4.4. Senolytics: Clinical Studies

Because of the positive results of senolytic agents in pre-clinical studies, translation
into clinical interventions started. An open-label clinical study evaluating the combination
of dasatinib and quercetin, which are known to influence bone metabolism in vitro as well
as in mice, is ongoing (https://clinicaltrials.gov/ct2/show/NCT02848131; accessed on
24 February 2022). Preliminary data are already published: Oral intake of 100 mg dasatinib
and 1000 mg quercetin for three days reduced blood SASP components and decreased the
number of senescent cells in patients with diabetic kidney disease [88].

Another open-label phase 2 trial investigating the effect of senolytics on skeletal
health is registered (https://clinicaltrials.gov/ct2/show/record/NCT04313634; accessed
on 24 February 2022). One-hundred and twenty elderly women will be randomized to one
of two experimental groups receiving either 100 mg dasatinib for two days and 1000 mg
quercetin for three consecutive days starting every 28 days (five total dosing periods) or
20 mg/kg fisetin for three consecutive days on an intermittent schedule starting every
28 days (five total dosing periods), or a control group without any intervention. Primary
outcome measures of this study are percent changes in serum levels of the bone resorption
marker C-terminal telopeptide of type I collagen (CTX) and the bone formation marker
amino-terminal propeptide of type I collagen (P1NP) within 20 weeks. Results for this
study are not yet available.

4.5. Possible Adverse Effects of Senolytic Agents

Senescent cells have different (physiologic) functions including tumor suppression
and beneficial effects on tissue repair, for instance, wound healing [89]. Thus, suppressing
SASP as well as promoting apoptosis of senescent cells may have deleterious side effects.
Unfortunately, navitoclax is toxic for platelets inducing transient thrombocytopenia and
thrombocytopathy [90]. Galacto-conjugation of navitoclax seems to be an effective strategy
increasing senolytic specificity and, thus, reducing platelet toxicity [91]. The clearance of
senescent cells by dasatinib and quercetin given after inducing femoral fractures eliminated
senescent cells and decreased SASP markers in the fracture callus, which are physiologically
increased during fracture healing, but luckily did not impair, even accelerated fracture
healing [92]. Dasatinib plus quercetin augmented bone regeneration of defects in rat
calvaria after lipopolysaccharide sustained-release gelatin sponge (LS-G) implantation,
which is supposed to increase stress-induced premature senescence (SIPS) cells [93].

https://clinicaltrials.gov/ct2/show/NCT02848131
https://clinicaltrials.gov/ct2/show/record/NCT04313634
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Of course, we also have to be aware that the dosing regimen is important and not
fully investigated. High concentrations of quercetin inhibited osteoblast differentiation
in vitro and, thus, may induce an adverse effect on bone metabolism [77]. A recent study
treating aged mice continuously with novitoclax (50 mg/kg/day) for two weeks, rather
than intermittently, caused trabecular bone loss [94].

Exercise may be a non-pharmacologic senolytic without such adverse effects. It
increases osteoblast and osteocyte function while reducing osteoclast activity; supposed
modes of action discussed are SASP suppression as well as improved ROS (reactive oxygen
species) defense [95].

5. Conclusions

Osteoporosis is a frequent age-related disease that results from a dysregulation of the
activities of osteoclasts and osteoblasts. One of the hallmarks of aging is the accumulation
of senescent cells; as in almost all tissues, also the cells of bone acquire a “senescence-
associated secretory phenotype” (SASP). Since components of the SASP are involved in the
pathophysiology of age-related osteoporosis, cellular senescence is a promising treatment
target. In preclinical studies senolytic drugs showed favorable bone effects; translation into
clinical interventions currently is under investigation.

Author Contributions: All authors equally contributed to the concept and design of the article. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: Katharina Kerschan-Schindl has received research support and/or remuner-
ation from Amgen GmbH, Lilly GmbH, Merck, Sharp and Dohme GmbH, Stada GmbH, Roche
Austria, and Servier Austria. Peter Pietschmann has received research support and/or honoraria
from Amgen GmbH, Biomedica GmbH, DePuySynthes, Eli Lilly GmbH, Fresenius Kabi Austria,
Meda Pharma/Mylan GmbH, Shire Austria GmbH, TAmiRNA GmbH, and UCB Biopharma Srl/UCB
Pharma. All other authors have no conflict of interest to declare.

References
1. Pietschmann, P. (Ed.) Principles of Bone and Joint Research; Springer International Publishing: Cham, Switzerland, 2017.
2. Franceschi, C.; Bonafè, M.; Valensin, S.; Olivieri, F.; De Luca, M.; Ottaviani, E.; De Benedictis, G. Inflamm-aging. An evolutionary

perspective on immunosenescence. Ann. N. Y. Acad. Sci. 2000, 908, 244–254. [CrossRef] [PubMed]
3. Kumari, R.; Jat, P. Mechanisms of Cellular Senescence: Cell Cycle Arrest and Senescence Associated Secretory Phenotype. Front.

Cell Dev. Biol. 2021, 9, 645593. [CrossRef] [PubMed]
4. Davan-Wetton, C.S.A.; Pessolano, E.; Perretti, M.; Montero-Melendez, T. Senescence under appraisal: Hopes and challenges

revisited. Cell. Mol. Life Sci. 2021, 78, 3333–3354. [CrossRef] [PubMed]
5. Florencio-Silva, R.; Sasso, G.R.; Sasso-Cerri, E.; Simões, M.J.; Cerri, P.S. Biology of Bone Tissue: Structure, Function, and Factors

That Influence Bone Cells. Biomed. Res. Int. 2015, 2015, 421746. [CrossRef] [PubMed]
6. Le, B.Q.; Nurcombe, V.; Cool, S.M.; van Blitterswijk, C.A.; de Boer, J.; LaPointe, V.L.S. The Components of Bone and What They

Can Teach Us about Regeneration. Materials 2017, 11, 14. [CrossRef] [PubMed]
7. Clarke, B. Normal bone anatomy and physiology. Clin. J. Am. Soc. Nephrol. 2008, 3 (Suppl. S3), S131–S139. [CrossRef]
8. Bellido, T.; Plotkin, L.I.; Bruzzaniti, A. Bone cells. In Basic and Applied Bone Biology; Burr, D., Allen, M., Eds.; Elsevier: Amsterdam,

The Netherlands, 2014; pp. 27–45.
9. Pietschmann, P.; Mechtcheriakova, D.; Meshcheryakova, A.; Föger-Samwald, U.; Ellinger, I. Immunology of Osteoporosis: A

Mini-Review. Gerontology 2016, 62, 128–137. [CrossRef]
10. Gasser, J.A.; Kneissel, M. Bone Physiology and Biology. In Bone Toxicology. Molecular and Integrative Toxicology; Smith, S., Varela,

A., Samadfam, R., Eds.; Springer: Cham, Switzerland, 2017. [CrossRef]
11. Pietschmann, P.; Rauner, M.; Sipos, W.; Kerschan-Schindl, K. Osteoporosis: An age-related and gender-specific disease—A

mini-review. Gerontology 2009, 55, 3–12. [CrossRef]
12. Langdahl, B.; Ferrari, S.; Dempster, D.W. Bone modeling and remodeling: Potential as therapeutic targets for the treatment of

osteoporosis. Ther. Adv. Musculoskelet. Dis. 2016, 8, 225–235. [CrossRef]
13. NIH Consensus Development Panel on Osteoporosis Prevention, Diagnosis, and Therapy. Osteoporosis prevention, diagnosis,

and therapy. JAMA 2001, 285, 785–795. [CrossRef]
14. Patsch, J.M.; Deutschmann, J.; Pietschmann, P. Gender aspects of osteoporosis and bone strength. Wien. Med. Wochenschr. 2011,

161, 117–123. [CrossRef]

http://doi.org/10.1111/j.1749-6632.2000.tb06651.x
http://www.ncbi.nlm.nih.gov/pubmed/10911963
http://doi.org/10.3389/fcell.2021.645593
http://www.ncbi.nlm.nih.gov/pubmed/33855023
http://doi.org/10.1007/s00018-020-03746-x
http://www.ncbi.nlm.nih.gov/pubmed/33439271
http://doi.org/10.1155/2015/421746
http://www.ncbi.nlm.nih.gov/pubmed/26247020
http://doi.org/10.3390/ma11010014
http://www.ncbi.nlm.nih.gov/pubmed/29271933
http://doi.org/10.2215/CJN.04151206
http://doi.org/10.1159/000431091
http://doi.org/10.1007/978-3-319-56192-9_2
http://doi.org/10.1159/000166209
http://doi.org/10.1177/1759720X16670154
http://doi.org/10.1001/jama.285.6.785
http://doi.org/10.1007/s10354-011-0891-9


Int. J. Mol. Sci. 2022, 23, 2701 12 of 15

15. Sipos, W.; Pietschmann, P.; Rauner, M.; Kerschan-Schindl, K.; Patsch, J. Pathophysiology of osteoporosis. Wien. Med. Wochenschr.
2009, 159, 230–234. [CrossRef] [PubMed]

16. Tu, K.N.; Lie, J.D.; Wan, C.K.V.; Cameron, M.; Austel, A.G.; Nguyen, J.K.; Van, K.; Hyun, D. Osteoporosis: A Review of Treatment
Options. Pharm. Ther. 2018, 43, 92–104.

17. Qadir, A.; Liang, S.; Wu, Z.; Chen, Z.; Hu, L.; Qian, A. Senile Osteoporosis: The Involvement of Differentiation and Senescence of
Bone Marrow Stromal Cells. Int. J. Mol. Sci. 2020, 21, 349. [CrossRef]

18. Schmolke, B. Labordiagnostik der Osteoporose [Laboratory diagnosis of osteoporosis]. Orthopade 2001, 30, 425–436. (In German)
[CrossRef] [PubMed]

19. Hayflick, L.; Moorhead, P.S. The serial cultivation of human diploid cell strains. Exp. Cell Res. 1961, 25, 585–621. [CrossRef]
20. Hayflick, L.; Moorhead, P.S. The limited in vitro lifetime of human diploid cell strains. Cell Res. 1965, 37, 614–636. [CrossRef]
21. Roberson, R.S.; Kussick, S.J.; Vallieres, E.; Chen, S.Y.; Wu, D.Y. Escape from therapy-induced accelerated cellular senescence in

p53-null lung cancer cells and in human lung cancers. Cancer Res. 2005, 65, 2795–2803. [CrossRef]
22. Elmore, L.W.; Di, X.; Dumur, C.; Holt, S.E.; Gewirtz, D.A. Evasion of a single-step, chemotherapy-induced senescence in breast

cancer cells: Implications for treatment response. Clin. Cancer Res. 2005, 11, 2637–2643. [CrossRef]
23. Milanovic, M.; Fan, D.N.Y.; Belenki, D.; Däbritz, J.H.M.; Zhao, Z.; Yu, Y.; Dörr, J.R.; Dimitrova, L.; Lenze, D.; Monteiro Barbosa,

I.A.; et al. Senescence-associated reprogramming promotes cancer stemness. Nature 2018, 553, 96–100. [CrossRef]
24. Saleh, T.; Tyutyunyk-Massey, L.; Gewirtz, D.A. Tumor Cell Escape from Therapy-Induced Senescence as a Model of Disease

Recurrence after Dormancy. Cancer Res. 2019, 79, 1044–1046. [CrossRef] [PubMed]
25. Santos-de-Frutos, K.; Djouder, N. When dormancy fuels tumour relapse. Commun. Biol. 2021, 4, 747. [CrossRef] [PubMed]
26. Nelson, G.; Wordsworth, J.; Wang, C.; Jurk, D.; Lawless, C.; Martin-Ruiz, C.; von Zglinicki, T. A senescent cell bystander effect:

Senescence-induced senescence. Aging Cell 2012, 11, 345–349. [CrossRef] [PubMed]
27. Lehmann, B.D.; Paine, M.S.; Brooks, A.M.; McCubrey, J.A.; Renegar, R.H.; Wang, R.; Terrian, D.M. Senescence-associated exosome

release from human prostate cancer cells. Cancer Res. 2008, 68, 7864–7871. [CrossRef]
28. Takasugi, M.; Okada, R.; Takahashi, A.; Virya Chen, D.; Watanabe, S.; Hara, E. Small extracellular vesicles secreted from senescent

cells promote cancer cell proliferation through EphA2. Nat. Commun. 2017, 8, 15729. [CrossRef]
29. Borghesan, M.; Fafián-Labora, J.; Eleftheriadou, O.; Carpintero-Fernández, P.; Paez-Ribes, M.; Vizcay-Barrena, G.; Swisa, A.;

Kolodkin-Gal, D.; Ximénez-Embún, P.; Lowe, R.; et al. Small Extracellular Vesicles Are Key Regulators of Non-cell Autonomous
Intercellular Communication in Senescence via the Interferon Protein IFITM3. Cell Rep. 2019, 27, 3956–3971.e6. [CrossRef]

30. Jiang, F.; Chen, Q.; Wang, W.; Ling, Y.; Yan, Y.; Xia, P. Hepatocyte-derived extracellular vesicles promote endothelial inflammation
and atherogenesis via microRNA-1. J. Hepatol. 2020, 72, 156–166. [CrossRef]

31. Basisty, N.; Kale, A.; Jeon, O.H.; Kuehnemann, C.; Payne, T.; Rao, C.; Holtz, A.; Shah, S.; Sharma, V.; Ferrucci, L.; et al. A proteomic
atlas of senescence-associated secretomes for aging biomarker development. PLoS Biol. 2020, 18, e3000599. [CrossRef]

32. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of aging. Cell 2013, 153, 1194–1217. [CrossRef]
33. Ovadya, Y.; Landsberger, T.; Leins, H.; Vadai, E.; Gal, H.; Biran, A.; Yosef, R.; Sagiv, A.; Agrawal, A.; Shapira, A.; et al. Impaired

immune surveillance accelerates accumulation of senescent cells and aging. Nat. Commun. 2018, 9, 5435. [CrossRef]
34. Karin, O.; Agrawal, A.; Porat, Z.; Krizhanovsky, V.; Alon, U. Senescent cell turnover slows with age providing an explanation for

the Gompertz law. Nat. Commun. 2019, 10, 5495. [CrossRef] [PubMed]
35. Baker, D.J.; Wijshake, T.; Tchkonia, T.; LeBrasseur, N.K.; Childs, B.G.; van de Sluis, B.; Kirkland, J.L.; van Deursen, J.M. Clearance

of p16Ink4a-positive senescent cells delays ageing-associated disorders. Nature 2011, 479, 232–236. [CrossRef] [PubMed]
36. Chang, J.; Wang, Y.; Shao, L.; Laberge, R.M.; Demaria, M.; Campisi, J.; Janakiraman, K.; Sharpless, N.E.; Ding, S.; Feng, W.; et al.

Clearance of senescent cells by ABT263 rejuvenates aged hematopoietic stem cells in mice. Nat. Med. 2016, 22, 78–83. [CrossRef]
[PubMed]

37. Jeon, O.H.; Kim, C.; Laberge, R.M.; Demaria, M.; Rathod, S.; Vasserot, A.P.; Chung, J.W.; Kim, D.H.; Poon, Y.; David, N.; et al.
Local clearance of senescent cells attenuates the development of post-traumatic osteoarthritis and creates a pro-regenerative
environment. Nat. Med. 2017, 23, 775–781. [CrossRef]

38. Bussian, T.J.; Aziz, A.; Meyer, C.F.; Swenson, B.L.; van Deursen, J.M.; Baker, D.J. Clearance of senescent glial cells prevents
tau-dependent pathology and cognitive decline. Nature 2018, 562, 578–582. [CrossRef]

39. Patil, P.; Dong, Q.; Wang, D.; Chang, J.; Wiley, C.; Demaria, M.; Lee, J.; Kang, J.; Niedernhofer, L.J.; Robbins, P.D.; et al. Systemic
clearance of p16INK4a -positive senescent cells mitigates age-associated intervertebral disc degeneration. Aging Cell 2019, 18,
e12927. [CrossRef]

40. Cai, Y.; Zhou, H.; Zhu, Y.; Sun, Q.; Ji, Y.; Xue, A.; Wang, Y.; Chen, W.; Yu, X.; Wang, L.; et al. Elimination of senescent cells by
β-galactosidase-targeted prodrug attenuates inflammation and restores physical function in aged mice. Cell Res. 2020, 30, 574–589.
[CrossRef]

41. Childs, B.G.; Zhang, C.; Shuja, F.; Sturmlechner, I.; Trewartha, S.; Fierro Velasco, R.; Baker, D.; Li, H.; van Deursen, J.M. Senescent
cells suppress innate smooth muscle cell repair functions in atherosclerosis. Nat. Aging 2021, 1, 698–714. [CrossRef]

42. Farr, J.N.; Xu, M.; Weivoda, M.M.; Monroe, D.G.; Fraser, D.G.; Onken, J.L.; Negley, B.A.; Sfeir, J.G.; Ogrodnik, M.B.; Hachfeld,
C.M.; et al. Targeting cellular senescence prevents age-related bone loss in mice. Nat. Med. 2017, 23, 1072–1079, Erratum in Nat.
Med. 2017, 23, 1384. [CrossRef]

43. Farr, J.N.; Khosla, S. Cellular senescence in bone. Bone 2019, 121, 121–133. [CrossRef]

http://doi.org/10.1007/s10354-009-0647-y
http://www.ncbi.nlm.nih.gov/pubmed/19484205
http://doi.org/10.3390/ijms21010349
http://doi.org/10.1007/s001320170073
http://www.ncbi.nlm.nih.gov/pubmed/11515180
http://doi.org/10.1016/0014-4827(61)90192-6
http://doi.org/10.1016/0014-4827(65)90211-9
http://doi.org/10.1158/0008-5472.CAN-04-1270
http://doi.org/10.1158/1078-0432.CCR-04-1462
http://doi.org/10.1038/nature25167
http://doi.org/10.1158/0008-5472.CAN-18-3437
http://www.ncbi.nlm.nih.gov/pubmed/30803994
http://doi.org/10.1038/s42003-021-02257-0
http://www.ncbi.nlm.nih.gov/pubmed/34135460
http://doi.org/10.1111/j.1474-9726.2012.00795.x
http://www.ncbi.nlm.nih.gov/pubmed/22321662
http://doi.org/10.1158/0008-5472.CAN-07-6538
http://doi.org/10.1038/ncomms15728
http://doi.org/10.1016/j.celrep.2019.05.095
http://doi.org/10.1016/j.jhep.2019.09.014
http://doi.org/10.1371/journal.pbio.3000599
http://doi.org/10.1016/j.cell.2013.05.039
http://doi.org/10.1038/s41467-018-07825-3
http://doi.org/10.1038/s41467-019-13192-4
http://www.ncbi.nlm.nih.gov/pubmed/31792199
http://doi.org/10.1038/nature10600
http://www.ncbi.nlm.nih.gov/pubmed/22048312
http://doi.org/10.1038/nm.4010
http://www.ncbi.nlm.nih.gov/pubmed/26657143
http://doi.org/10.1038/nm.4324
http://doi.org/10.1038/s41586-018-0543-y
http://doi.org/10.1111/acel.12927
http://doi.org/10.1038/s41422-020-0314-9
http://doi.org/10.1038/s43587-021-00089-5
http://doi.org/10.1038/nm.4385
http://doi.org/10.1016/j.bone.2019.01.015


Int. J. Mol. Sci. 2022, 23, 2701 13 of 15

44. Kaur, J.; Farr, J.N. Cellular senescence in age-related disorders. Transl. Res. 2020, 226, 96–104. [CrossRef]
45. Khosla, S.; Farr, J.N.; Tchkonia, T.; Kirkland, J.L. The role of cellular senescence in ageing and endocrine disease. Nat. Rev.

Endocrinol. 2020, 16, 263–275. [CrossRef] [PubMed]
46. Pignolo, R.J.; Law, S.F.; Chandra, A. Bone Aging, Cellular Senescence, and Osteoporosis. JBMR Plus 2021, 5, e10488. [CrossRef]

[PubMed]
47. Chandra, A.; Rajawat, J. Skeletal Aging and Osteoporosis: Mechanisms and Therapeutics. Int. J. Mol. Sci. 2021, 22, 3553.

[CrossRef] [PubMed]
48. Zupan, J.; Strazar, K.; Kocijan, R.; Nau, T.; Grillari, J.; Marolt Presen, D. Age-related alterations and senescence of mesenchymal

stromal cells: Implications for regenerative treatments of bones and joints. Mech. Ageing Dev. 2021, 198, 111539. [CrossRef]
49. Farr, J.N.; Fraser, D.G.; Wang, H.; Jaehn, K.; Ogrodnik, M.B.; Weivoda, M.M.; Drake, M.T.; Tchkonia, T.; LeBrasseur, N.K.; Kirkland,

J.L.; et al. Identification of Senescent Cells in the Bone Microenvironment. J. Bone Miner Res. 2016, 31, 1920–1929. [CrossRef]
50. Piemontese, M.; Almeida, M.; Robling, A.G.; Kim, H.N.; Xiong, J.; Thostenson, J.D.; Weinstein, R.S.; Manolagas, S.C.; O’Brien,

C.A.; Jilka, R.L. Old age causes de novo intracortical bone remodeling and porosity in mice. JCI Insight 2017, 2, e93771. [CrossRef]
51. Chandra, A.; Lagnado, A.B.; Farr, J.N.; Monroe, D.G.; Park, S.; Hachfeld, C.; Tchkonia, T.; Kirkland, J.L.; Khosla, S.; Passos,

J.F.; et al. Targeted Reduction of Senescent Cell Burden Alleviates Focal Radiotherapy-Related Bone Loss. J. Bone Miner Res. 2020,
35, 1119–1131. [CrossRef]

52. Okada, M.; Kim, H.W.; Matsu-ura, K.; Wang, Y.G.; Xu, M.; Ashraf, M. Abrogation of Age-Induced MicroRNA-195 Rejuvenates the
Senescent Mesenchymal Stem Cells by Reactivating Telomerase. Stem Cells 2016, 34, 148–159. [CrossRef]

53. Fulzele, S.; Mendhe, B.; Khayrullin, A.; Johnson, M.; Kaiser, H.; Liu, Y.; Isales, C.M.; Hamrick, M.W. Muscle-derived miR-34a
increases with age in circulating extracellular vesicles and induces senescence of bone marrow stem cells. Aging 2019, 11,
1791–1803. [CrossRef]

54. Wang, D.; Cai, G.; Wang, H.; He, J. TRAF3, a Target of MicroRNA-363-3p, Suppresses Senescence and Regulates the Balance
Between Osteoblastic and Adipocytic Differentiation of Rat Bone Marrow-Derived Mesenchymal Stem Cells. Stem Cells Dev. 2020,
29, 737–745. [CrossRef] [PubMed]

55. Xia, C.; Jiang, T.; Wang, Y.; Chen, X.; Hu, Y.; Gao, Y. The p53/miR-145a Axis Promotes Cellular Senescence and Inhibits Osteogenic
Differentiation by Targeting Cbfb in Mesenchymal Stem Cells. Front. Endocrinol. 2021, 11, 609186. [CrossRef] [PubMed]

56. Deng, P.; Yuan, Q.; Cheng, Y.; Li, J.; Liu, Z.; Liu, Y.; Li, Y.; Su, T.; Wang, J.; Salvo, M.E.; et al. Loss of KDM4B exacerbates bone-fat
imbalance and mesenchymal stromal cell exhaustion in skeletal aging. Cell Stem Cell 2021, 28, 1057–1073.e7. [CrossRef] [PubMed]

57. Liu, F.; Yuan, Y.; Bai, L.; Yuan, L.; Li, L.; Liu, J.; Chen, Y.; Lu, Y.; Cheng, J.; Zhang, J. LRRc17 controls BMSC senescence via
mitophagy and inhibits the therapeutic effect of BMSCs on ovariectomy-induced bone loss. Redox Biol. 2021, 43, 101963. [CrossRef]
[PubMed]

58. Liu, Y.; Cai, G.; Chen, P.; Jiang, T.; Xia, Z. UBE2E3 regulates cellular senescence and osteogenic differentiation of BMSCs during
aging. PeerJ 2021, 9, e12253. [CrossRef] [PubMed]

59. Zheng, X.; Wang, Q.; Xie, Z.; Li, J. The elevated level of IL-1α in the bone marrow of aged mice leads to MSC senescence partly by
down-regulating Bmi-1. Exp. Gerontol. 2021, 148, 111313. [CrossRef]

60. Wu, J.; Lin, T.; Gao, Y.; Li, X.; Yang, C.; Zhang, K.; Wang, C.; Zhou, X. Long noncoding RNA ZFAS1 suppresses osteogenic
differentiation of bone marrow-derived mesenchymal stem cells by upregulating miR-499-EPHA5 axis. Mol. Cell Endocrinol. 2022,
539, 111490. [CrossRef]

61. Lian, W.S.; Wu, R.W.; Chen, Y.S.; Ko, J.Y.; Wang, S.Y.; Jahr, H.; Wang, F.S. MicroRNA-29a Mitigates Osteoblast Senescence and
Counteracts Bone Loss through Oxidation Resistance-1 Control of FoxO3 Methylation. Antioxidants 2021, 10, 1248. [CrossRef]

62. Guo, Y.; Jia, X.; Cui, Y.; Song, Y.; Wang, S.; Geng, Y.; Li, R.; Gao, W.; Fu, D. Sirt3-mediated mitophagy regulates AGEs-induced
BMSCs senescence and senile osteoporosis. Redox Biol. 2021, 41, 101915. [CrossRef]

63. Li, C.J.; Xiao, Y.; Sun, Y.C.; He, W.Z.; Liu, L.; Huang, M.; He, C.; Huang, M.; Chen, K.X.; Hou, J.; et al. Senescent immune
cells release grancalcin to promote skeletal aging. Cell Metab. 2021, 33, 1957–1973.e6, Erratum in Cell Metab. 2022, 34, 184–185.
[CrossRef]

64. Lu, Q.; Qin, H.; Tan, H.; Wei, C.; Yang, X.; He, J.; Liang, W.; Li, J. Senescence Osteoblast-Derived Exosome-Mediated miR-139-5p
Regulates Endothelial Cell Functions. Biomed. Res. Int. 2021, 2021, 5576023. [CrossRef]

65. Wang, Q.Y.; Ding, N.; Dong, Y.H.; Wen, Z.X.; Chen, R.; Liu, S.Y.; Liu, H.; Sheng, Z.F.; Ou, Y.N. Pharmacological Treatment of
Osteoporosis in Elderly People: A Systematic Review and Meta-Analysis. Gerontology 2021, 67, 639–649. [CrossRef] [PubMed]

66. Sfeir, J.G.; Pignolo, R.J. Pharmacologic Interventions for Fracture Risk Reduction in the Oldest Old: What Is the Evidence? JBMR
Plus 2021, 5, e10538. [CrossRef] [PubMed]

67. Saag, K.G.; Petersen, J.; Brandi, M.L.; Karaplis, A.C.; Lorentzon, M.; Thomas, T.; Maddox, J.; Fan, M.; Meisner, P.D.; Grauer,
A. Romosozumab or Alendronate for Fracture Prevention in Women with Osteoporosis. N. Engl. J. Med. 2017, 377, 1417–1427.
[CrossRef] [PubMed]

68. Reid, I.R. Osteoporosis: Evidence for vitamin D and calcium in older people. Drug Ther. Bull. 2020, 58, 122–125. [CrossRef]
69. Lyles, K.W.; Colón-Emeric, C.S.; Magaziner, J.S.; Adachi, J.D.; Pieper, C.F.; Mautalen, C.; Hyldstrup, L.; Recknor, C.; Nordsletten,

L.; Moore, K.A.; et al. Zoledronic acid and clinical fractures and mortality after hip fracture. N. Engl. J. Med. 2007, 357, 1799–1809.
[CrossRef]

http://doi.org/10.1016/j.trsl.2020.06.007
http://doi.org/10.1038/s41574-020-0335-y
http://www.ncbi.nlm.nih.gov/pubmed/32161396
http://doi.org/10.1002/jbm4.10488
http://www.ncbi.nlm.nih.gov/pubmed/33869998
http://doi.org/10.3390/ijms22073553
http://www.ncbi.nlm.nih.gov/pubmed/33805567
http://doi.org/10.1016/j.mad.2021.111539
http://doi.org/10.1002/jbmr.2892
http://doi.org/10.1172/jci.insight.93771
http://doi.org/10.1002/jbmr.3978
http://doi.org/10.1002/stem.2211
http://doi.org/10.18632/aging.101874
http://doi.org/10.1089/scd.2019.0276
http://www.ncbi.nlm.nih.gov/pubmed/32111144
http://doi.org/10.3389/fendo.2020.609186
http://www.ncbi.nlm.nih.gov/pubmed/33505358
http://doi.org/10.1016/j.stem.2021.01.010
http://www.ncbi.nlm.nih.gov/pubmed/33571444
http://doi.org/10.1016/j.redox.2021.101963
http://www.ncbi.nlm.nih.gov/pubmed/33865167
http://doi.org/10.7717/peerj.12253
http://www.ncbi.nlm.nih.gov/pubmed/34820159
http://doi.org/10.1016/j.exger.2021.111313
http://doi.org/10.1016/j.mce.2021.111490
http://doi.org/10.3390/antiox10081248
http://doi.org/10.1016/j.redox.2021.101915
http://doi.org/10.1016/j.cmet.2021.08.009
http://doi.org/10.1155/2021/5576023
http://doi.org/10.1159/000514449
http://www.ncbi.nlm.nih.gov/pubmed/33823511
http://doi.org/10.1002/jbm4.10538
http://www.ncbi.nlm.nih.gov/pubmed/34693190
http://doi.org/10.1056/NEJMoa1708322
http://www.ncbi.nlm.nih.gov/pubmed/28892457
http://doi.org/10.1136/dtb.2019.000063
http://doi.org/10.1056/NEJMoa074941


Int. J. Mol. Sci. 2022, 23, 2701 14 of 15

70. Billington, E.O.; Reid, I.R. Benefits of Bisphosphonate Therapy: Beyond the Skeleton. Curr. Osteoporos. Rep. 2020, 18, 587–596.
[CrossRef]

71. Center, J.R.; Lyles, K.W.; Bliuc, D. Bisphosphonates and lifespan. Bone 2020, 141, 115566. [CrossRef]
72. Robbins, P.D.; Jurk, D.; Khosla, S.; Kirkland, J.L.; LeBrasseur, N.K.; Miller, J.D.; Passos, J.F.; Pignolo, R.J.; Tchkonia, T.; Niedernhofer,

L.J. Senolytic Drugs: Reducing Senescent Cell Viability to Extend Health Span. Annu. Rev. Pharmacol. Toxicol. 2021, 61, 779–803.
[CrossRef]

73. Garcia-Gomez, A.; Ocio, E.M.; Crusoe, E.; Santamaria, C.; Hernández-Campo, P.; Blanco, J.F.; Sanchez-Guijo, F.M.; Hernández-
Iglesias, T.; Briñón, J.G.; Fisac-Herrero, R.M.; et al. Dasatinib as a bone-modifying agent: Anabolic and anti-resorptive effects.
PLoS ONE 2012, 7, e34914. [CrossRef]

74. Zhang, D.; Yu, K.; Yang, J.; Xie, S.; Yang, J.; Tan, L. Senolytic controls bone marrow mesenchymal stem cells fate improving bone
formation. Am. J. Transl. Res. 2020, 12, 3078–3088. [PubMed]

75. Wang, B.; Chen, L.; Xie, J.; Tang, J.; Hong, C.; Fang, K.; Jin, C.; Huang, C.; Xu, T.; Yang, L. Coating Polyelectrolyte Multilayers
Loaded with Quercetin on Titanium Surfaces by Layer-By-Layer Assembly Technique to Improve Surface Osteogenesis Under
Osteoporotic Condition. J. Biomed. Nanotechnol. 2021, 17, 1392–1403. [CrossRef] [PubMed]

76. Zhou, Y.; Xin, X.; Wang, L.; Wang, B.; Chen, L.; Liu, O.; Rowe, D.W.; Xu, M. Senolytics improve bone forming potential of bone
marrow mesenchymal stem cells from aged mice. NPJ Regen. Med. 2021, 6, 34. [CrossRef]

77. Casado-Díaz, A.; Anter, J.; Dorado, G.; Quesada-Gómez, J.M. Effects of quercetin, a natural phenolic compound, in the differentia-
tion of human mesenchymal stem cells (MSC) into adipocytes and osteoblasts. J. Nutr. Biochem. 2016, 32, 151–162. [CrossRef]
[PubMed]

78. Zhu, Y.; Tchkonia, T.; Fuhrmann-Stroissnigg, H.; Dai, H.M.; Ling, Y.Y.; Stout, M.B.; Pirtskhalava, T.; Giorgadze, N.; Johnson, K.O.;
Giles, C.B.; et al. Identification of a novel senolytic agent, navitoclax, targeting the Bcl-2 family of anti-apoptotic factors. Aging
Cell 2016, 15, 428–435. [CrossRef]

79. Kim, H.N.; Chang, J.; Shao, L.; Han, L.; Iyer, S.; Manolagas, S.C.; O’Brien, C.A.; Jilka, R.L.; Zhou, D.; Almeida, M. DNA damage
and senescence in osteoprogenitors expressing Osx1 may cause their decrease with age. Aging Cell 2017, 16, 693–703. [CrossRef]
[PubMed]

80. Grezella, C.; Fernandez-Rebollo, E.; Franzen, J.; Ventura Ferreira, M.S.; Beier, F.; Wagner, W. Effects of senolytic drugs on human
mesenchymal stromal cells. Stem Cell Res. Ther. 2018, 9, 108. [CrossRef]

81. Léotoing, L.; Wauquier, F.; Guicheux, J.; Miot-Noirault, E.; Wittrant, Y.; Coxam, V. The polyphenol fisetin protects bone by
repressing NF-κB and MKP-1-dependent signaling pathways in osteoclasts. PLoS ONE 2013, 8, e68388. [CrossRef]

82. Molagoda, I.M.N.; Kang, C.H.; Lee, M.H.; Choi, Y.H.; Lee, C.M.; Lee, S.; Kim, G.Y. Fisetin promotes osteoblast differentiation and
osteogenesis through GSK-3β phosphorylation at Ser9 and consequent β-catenin activation, inhibiting osteoporosis. Biochem.
Pharmacol. 2021, 192, 114676. [CrossRef]

83. Montero, J.C.; Seoane, S.; Ocaña, A.; Pandiella, A. Inhibition of SRC family kinases and receptor tyrosine kinases by dasatinib:
Possible combinations in solid tumors. Clin. Cancer Res. 2011, 17, 5546–5552. [CrossRef]

84. Huang, Y.Y.; Wang, Z.H.; Deng, L.H.; Wang, H.; Zheng, Q. Oral Administration of Quercetin or Its Derivatives Inhibit Bone Loss
in Animal Model of Osteoporosis. Oxid. Med. Cell Longev. 2020, 2020, 6080597. [CrossRef] [PubMed]

85. Wong, S.K.; Chin, K.Y.; Ima-Nirwana, S. Quercetin as an Agent for Protecting the Bone: A Review of the Current Evidence. Int. J.
Mol. Sci. 2020, 21, 6448. [CrossRef] [PubMed]

86. Zhu, Y.; Tchkonia, T.; Pirtskhalava, T.; Gower, A.C.; Ding, H.; Giorgadze, N.; Palmer, A.K.; Ikeno, Y.; Hubbard, G.B.; Lenburg,
M.; et al. The Achilles’ heel of senescent cells: From transcriptome to senolytic drugs. Aging Cell 2015, 14, 644–658. [CrossRef]
[PubMed]

87. Zhu, Y.; Doornebal, E.J.; Pirtskhalava, T.; Giorgadze, N.; Wentworth, M.; Fuhrmann-Stroissnigg, H.; Niedernhofer, L.J.; Robbins,
P.D.; Tchkonia, T.; Kirkland, J.L. New agents that target senescent cells: The flavone, fisetin, and the BCL-XL inhibitors, A1331852
and A1155463. Aging 2017, 9, 955–963. [CrossRef] [PubMed]

88. Hickson, L.J.; Langhi Prata, L.G.P.; Bobart, S.A.; Evans, T.K.; Giorgadze, N.; Hashmi, S.K.; Herrmann, S.M.; Jensen, M.D.; Jia,
Q.; Jordan, K.L.; et al. Senolytics decrease senescent cells in humans: Preliminary report from a clinical trial of Dasatinib plus
Quercetin in individuals with diabetic kidney disease. EBioMedicine 2019, 47, 446–456, Erratum in EBioMedicine 2020, 52, 102595.
[CrossRef]

89. Schmitt, R. Senotherapy: Growing old and staying young? Pflugers Arch. 2017, 469, 1051–1059. [CrossRef]
90. Schoenwaelder, S.M.; Jarman, K.E.; Gardiner, E.E.; Hua, M.; Qiao, J.; White, M.J.; Josefsson, E.C.; Alwis, I.; Ono, A.; Willcox,

A.; et al. Bcl-xL-inhibitory BH3 mimetics can induce a transient thrombocytopathy that undermines the hemostatic function of
platelets. Blood 2011, 118, 1663–1674. [CrossRef]

91. González-Gualda, E.; Pàez-Ribes, M.; Lozano-Torres, B.; Macias, D.; Wilson, J.R., 3rd; González-López, C.; Ou, H.L.; Mirón-
Barroso, S.; Zhang, Z.; Lérida-Viso, A.; et al. Galacto-conjugation of Navitoclax as an efficient strategy to increase senolytic
specificity and reduce platelet toxicity. Aging Cell 2020, 19, e13142. [CrossRef]

92. Saul, D.; Monroe, D.G.; Rowsey, J.L.; Kosinsky, R.L.; Vos, S.J.; Doolittle, M.L.; Farr, J.N.; Khosla, S. Modulation of fracture healing
by the transient accumulation of senescent cells. Elife 2021, 10, e69958. [CrossRef]

http://doi.org/10.1007/s11914-020-00612-4
http://doi.org/10.1016/j.bone.2020.115566
http://doi.org/10.1146/annurev-pharmtox-050120-105018
http://doi.org/10.1371/journal.pone.0034914
http://www.ncbi.nlm.nih.gov/pubmed/32655832
http://doi.org/10.1166/jbn.2021.3115
http://www.ncbi.nlm.nih.gov/pubmed/34446142
http://doi.org/10.1038/s41536-021-00145-z
http://doi.org/10.1016/j.jnutbio.2016.03.005
http://www.ncbi.nlm.nih.gov/pubmed/27142748
http://doi.org/10.1111/acel.12445
http://doi.org/10.1111/acel.12597
http://www.ncbi.nlm.nih.gov/pubmed/28401730
http://doi.org/10.1186/s13287-018-0857-6
http://doi.org/10.1371/journal.pone.0068388
http://doi.org/10.1016/j.bcp.2021.114676
http://doi.org/10.1158/1078-0432.CCR-10-2616
http://doi.org/10.1155/2020/6080597
http://www.ncbi.nlm.nih.gov/pubmed/33194005
http://doi.org/10.3390/ijms21176448
http://www.ncbi.nlm.nih.gov/pubmed/32899435
http://doi.org/10.1111/acel.12344
http://www.ncbi.nlm.nih.gov/pubmed/25754370
http://doi.org/10.18632/aging.101202
http://www.ncbi.nlm.nih.gov/pubmed/28273655
http://doi.org/10.1016/j.ebiom.2019.08.069
http://doi.org/10.1007/s00424-017-1972-4
http://doi.org/10.1182/blood-2011-04-347849
http://doi.org/10.1111/acel.13142
http://doi.org/10.7554/eLife.69958


Int. J. Mol. Sci. 2022, 23, 2701 15 of 15

93. Honda, Y.; Huang, A.; Tanaka, T.; Han, X.; Gao, B.; Liu, H.; Wang, X.; Zhao, J.; Hashimoto, Y.; Yamamoto, K.; et al. Augmentation
of Bone Regeneration by Depletion of Stress-Induced Senescent Cells Using Catechin and Senolytics. Int. J. Mol. Sci. 2020, 21,
4213. [CrossRef]

94. Sharma, A.K.; Roberts, R.L.; Benson RDJr Pierce, J.L.; Yu, K.; Hamrick, M.W.; McGee-Lawrence, M.E. The Senolytic Drug
Navitoclax (ABT-263) Causes Trabecular Bone Loss and Impaired Osteoprogenitor Function in Aged Mice. Front. Cell Dev. Biol.
2020, 8, 354. [CrossRef] [PubMed]

95. Little-Letsinger, S.E.; Rubin, J.; Diekman, B.; Rubin, C.T.; McGrath, C.; Pagnotti, G.M.; Klett, E.L.; Styner, M. Exercise to Mend
Aged-tissue Crosstalk in Bone Targeting Osteoporosis & Osteoarthritis. Semin. Cell Dev. Biol. 2021, 123, 22–35. [CrossRef]
[PubMed]

http://doi.org/10.3390/ijms21124213
http://doi.org/10.3389/fcell.2020.00354
http://www.ncbi.nlm.nih.gov/pubmed/32509782
http://doi.org/10.1016/j.semcdb.2021.08.011
http://www.ncbi.nlm.nih.gov/pubmed/34489173

	Introduction 
	Bone Biology 
	Bone Cells 
	Bone Modelling and Remodelling 
	Age-Related Osteoporosis 

	Cellular Senescence 
	Different Types of Cellular Senescence 
	Aging and Senescence 
	Age-Related Osteoporosis and Senescence 

	Treatment Options to Target Osteoporosis and Senescence 
	Osteoporosis-Specific Medication 
	Senostatics/Senomorphics 
	Senolytics: Pre-Clinical Studies 
	Senolytics: Clinical Studies 
	Possible Adverse Effects of Senolytic Agents 

	Conclusions 
	References

