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A B S T R A C T

Cellular senescence refers to a process induced by various types of stress that causes irreversible cell cycle arrest
and distinct cellular alterations, including profound changes in gene expression, metabolism, and chromatin
organization as well as activation/reinforcement of anti-apoptotic pathways and development of a pro-in-
flammatory secretome or senescence-associated secretory phenotype (SASP). However, because of challenges
and technical limitations in identifying and characterizing senescent cells in living organisms, only recently have
some of the diverse in vivo roles of these unique cells been discovered. New findings indicate that senescent cells
and their SASP can have acute beneficial functions, such as in tissue regeneration and wound healing. However,
in contrast, when senescent cells accumulate in excess chronically at sites of pathology or in old tissues they
drive multiple age-associated chronic diseases. Senotherapeutics that selectively eliminate senescent cells
(“senolytics”) or inhibit their detrimental SASP (“senomorphics”) have been developed and tested in aged
preclinical models. These studies have established that targeting senescence is a powerful anti-aging strategy to
improve “healthspan” – i.e., the healthy period of life free of chronic disease. The roles of senescence in med-
iating age-related bone loss have been a recent focus of rigorous investigation. Studies in mice and humans
demonstrate that with aging, at least a subset of most cell types in the bone microenvironment become senescent
and develop a heterogeneous SASP. Furthermore, age-related bone loss can be alleviated in old mice, with
apparent advantages over anti-resorptive therapy, by reducing the senescent cell burden genetically or phar-
macologically with the first class of senolytics or a senomorphic. Collectively, these findings point to targeting
senescence as a transformational strategy to extend healthspan, therefore providing strong rationale for iden-
tifying and optimizing senotherapeutics to alleviate multiple chronic diseases of aging, including osteoporosis,
and set the stage for translating senotherapeutics to humans, with clinical trials currently ongoing.

1. Introduction

Population growth, longer human lifespan, and unhealthy lifestyles
will lead to a serious global problem of late-life chronic diseases, which
will create a significant economic burden worldwide. Indeed, advanced
chronological age is the greatest risk factor for most of the world's
chronic diseases, but our understanding of the fundamental biological
mechanisms that drive aging has not kept pace. Characterized by pro-
gressive tissue and cellular functional decline over time, the aging
process is a universal feature of virtually all biological organisms that
affects multiple organ systems leading to the development of several
degenerative pathologies. Recent mounting evidence, however, sug-
gests that mammalian aging can perhaps be delayed by targeting fun-
damental aging mechanisms that contribute to a host of age-associated
pathological conditions such as metabolic syndrome, frailty, cardio-
vascular disease, neurological disorders, macular degeneration, os-
teoarthritis, and osteoporosis as well as many others [1]. This concept

of targeting fundamental aging mechanisms to improve “healthspan” –
i.e., the period of life free of chronic disease, has emerged as a poten-
tially transformational approach, that if successful, should be extended
to the general population as a whole. One such modifiable basic aging
mechanism that has gained considerable attention in bone and in es-
sentially every other tissue is cellular senescence [2–5]. This review
focuses on the biological roles of senescent cells, their in vivo char-
acterization and identification, their causal roles in mediating chronic
diseases, including age-related bone loss, and how their selective
elimination may lead to new therapeutic approaches to treat osteo-
porosis and other chronic diseases of aging as group (instead of one at a
time) to extend healthspan in the elderly population.

2. Hallmarks of senescent cells

Cellular senescence refers to a process induced by various types of
stress (e.g., oncogenic or metabolic insults) that causes essentially
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irreversible proliferative cell cycle arrest and distinctive cellular phe-
notypic alterations, including profound changes in gene expression,
metabolism, and chromatin organization as well as activation/re-
inforcement of anti-apoptotic pathways and development of a complex
pro-inflammatory secretome [2,5]. Senescence is established and sus-
tained at least by the p53/p21Cip1 (p53 is upstream of p21Cip1) and
p16Ink4a/pRB tumor suppressor senescence effector pathways (Fig. 1)
[2–5], although additional senescence pathways are likely to be dis-
covered. Further, it should be noted that p16Ink4a expression has also
been linked to quiescence [6]; thus, moderate and temporary p16Ink4a

expression has beneficial effects in restraining unnecessary cell pro-
liferation. By contrast, in response to, for example, severe stress,
p16Ink4a expression becomes irreversible resulting in a permanent se-
nescent cell growth arrest [2–5]. Much of the early work on the causes
of cellular senescence was based on cell culture experiments whereby
extensive serial passaging (replicative senescence) or exposure to var-
ious types of oncogenic or metabolic stress, such as radiation, oncogene
activation, exposure to high glucose or bioactive lipids, chemotherapy,
reactive oxygen species (ROS), and DNA damage, were shown to cause
a cellular senescence growth arrest in vitro [3,4]. Many of these and
other stressors (Fig. 1) have since been hypothesized as in vivo inducers
of senescence, including DNA damage, oncogenic mutations, reactive
metabolites, mitogens, insulin-like growth factor 1 (IGF-1), telomere

erosion, epigenetic stress, proteotoxic stress, and damage-associated
molecular pattern proteins (DAMPs) [5]. Depending on the type of
stress, senescence can take weeks to become fully established; never-
theless, despite their dysfunctional intra- and extra-cellular environ-
ments, these cells have heightened survival and metabolic activity,
making them highly viable in culture for prolonged periods and re-
sistant to apoptosis. Additional in vitro observations have revealed that
senescent cells can also trigger senescence of their normal, neighboring
counterparts; i.e., via the senescence-induced bystander effect [7,8].
The cause of this phenomenon, regardless of the initial stress or trigger
of senescence, is activation of a unique program in senescent cells that
revs up their production and secretion of cytokines, chemokines, and
extracellular matrix degrading proteins, termed the senescence-asso-
ciated secretory phenotype (or SASP) [9–11]. Regulators and re-
inforcers of the SASP in senescent cells include IL-1α, IL-6, NFκB, C/
EBPβ, ROS, or GATA4 (Fig. 1) [2–5]. Over time, the SASP creates a
complex pro-inflammatory milieu that varies by senescent cell type
[12–14] and depending on the setting can have diverse functions, both
with beneficial or detrimental consequences [15–21]. Resistance to
apoptosis in senescent cells is necessary to protect these cells from their
own pro-apoptotic SASP. To achieve this protection, senescence cells
upregulate several senescent cell anti-apoptotic pathways (SCAPs –
summarized in Fig. 1) – e.g., B cell lymphoma 2 family inhibitors (BCL-

Fig. 1. Inducers and mediators of senescence, SCAPs, the SASP, and effects of senescent cells. Cellular senescence refers to a process induced by various types of
stress, including DNA damage, oncogenic mutations, reactive metabolites, mitogens, insulin-like growth factor 1 (IGF-1), telomere erosion, epigenetic stress, pro-
teotoxic stress, and damage-associated molecular pattern proteins (DAMPs). A common feature of senescent cells is development of the senescence-associated
secretory phenotype (SASP). Regulators and reinforcers of the SASP in senescent cells include IL-1α, IL-6, NFκB, C/EBPβ, ROS, or GATA4. “Senomorphics” block the
detrimental effects of the SASP (depicted as red X on SASP factors). Resistance to apoptosis, via upregulation of senescent cell anti-apoptotic pathways (SCAPs), in
senescent cells is necessary to protect these cells from their own pro-apoptotic SASP. SCAPs constitute the “Achilles' heel” of senescent cells and thus are the targets of
“senolytics” that selectively kill senescent cells by disabling the SCAPs (depicted as red X on apoptosis resistance).
Source: Adapted from [2,5].
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2, BCL-XL, BCL-W), PI3K/Akt pathways, p53/p21Cip1/serpine path-
ways, dependence receptors/tyrosine kinases, HIF-1α, HSP-90 (re-
viewed in [5,22]). These networks and other emerging SCAPs constitute
the “Achilles' heel” of senescent cells and led to the initial discovery and
development of the first class of senolytic drugs [23], reviewed below
(see – Senescent cells as therapeutic targets to delay aging and extend
healthspan).

The multifaceted nature of cellular senescence in vivo has been ra-
pidly evolving in recent years, but our understanding of the diverse
biological functions of senescent cells remains far from complete. What
is becoming clear, however, is that in addition to the well-established
mechanism of tumor suppression to protect against unrestricted growth
of damaged cells and prevent cancer [15,16], senescent cells and their
SASP have important roles in, for example, fine-tuning embryonic de-
velopment [17,18] and promoting tissue remodeling in response to
injury [19–21]. In the latter context, the inflammation resulting from
the SASP appears to serve as a signal to chemo-attract immune cells to
sites of tissue damage in order to initiate the natural processes of wound
healing and tissue regeneration.

In contrast to these acute beneficial biological functions, it has also
become irrefutably clear that senescent cells accumulate in excess
chronically at sites of pathology (e.g., in the setting of diabetes [24,25])
and in a range of various old tissues [26] where they have been hy-
pothesized to drive age-related tissue dysfunction and the accrual of
chronic diseases in old age [2–5]. Whether this accumulation is due to
an accelerated rate of senescent cell production with aging [26], the
resistance of senescent cells to apoptosis [27], or the inability of the
aged immune system to efficiently clear senescence cells [28] (or any
combination thereof) is unclear. Regardless, despite the current chal-
lenges in identifying senescence-specific biomarkers and obstacles in
quantifying senescent cells in vivo, combinations of tools that measure
various senescent cell characteristics and features have convincingly
demonstrated in humans and numerous other mammalian species that
detrimental senescent cell populations accumulate excessively in mul-
tiple tissues with advancing chronological age [2–5].

These detection methods (summarized in Table 1) or indicators of
senescence include, but are not limited to, high levels of p16Ink4a and/or
p21Cip1 [2–5], senescence-associated distension of satellites (SADS; i.e.,
unraveled centromeres) [29,30], telomere-associated foci (TAFs; i.e.,
sites of DNA damage within telomeres) [31], lipofuscin (GL13) [32],
cytoplasmic chromatin fragments (CCFs) [33], and/or CENP-A [33,34])
as well as loss of nuclear high-mobility group box 1 (HMGB1) [35] or

reduced lamin B1 [36]. In addition, monitoring of senescent cell ac-
cumulation as well as tracking of senescent cell clearance can be ac-
complished in vivo using transgenic mice with senescent cell reporters,
such as p16Ink4a luciferase (p16-LUC) [37] or in p16Ink4a trimodality
reporter (p16-3MR) [21,38], or p16INK4a-linked apoptosis through tar-
geted activation of caspase (INK-ATTAC) [39] mice. Whereas the p16-
LUC model [37] consists of a knock-in at the p16Ink4a locus to permit in
vivo whole-body imaging of senescent cells using luciferase, p16-3MR
[38] and INK-ATTAC [39] are transgenic mouse models that permit
monitoring of p16Ink4a-positive senescent cells based on markers such as
monomeric red fluorescent protein (mRFP) (p16-3MR) or enhanced
green fluorescent protein (EGFP) (INK-ATTAC) as well as FLAG (INK-
ATTAC) that allow for their in vivomonitoring/tracking (e.g., using real-
time quantitative polymerase chain reaction [rt-qPCR]/im-
munohistochemistry [IHC]/immunofluorescence [IF]), sorting (fluor-
escence-activated cell sorting [FACS]), or that permit for their further
characterization (e.g., proliferative capacity, changes in morphology,
etc.). In addition to senescent cell monitoring, the p16-3MR [21,38] and
INK-ATTAC [39] mouse models also have similar, yet non-identical,
transgenic senescent cell killing systems that are activated in an in-
ducible manner upon administration of a unique “activator” molecule.
For example, p16-3MR mice contain a truncated herpes simplex virus
thymidine kinase (HSV-TK) that is driven by a truncated p16Ink4a pro-
moter causing ganciclovir (GCV – an activator molecule that when
administered to p16-3MR mice has a high affinity for HSV-TK but low
affinity for the cellular TK) to be converted into a toxic metabolite,
subsequently resulting in mitochondrial DNA (mtDNA) damage and
caspase-dependent apoptosis of p16Ink4a-positive senescent cells
[21,38]. However, in regards to bone, given its relatively large mole-
cular size, it will be important in future studies to determine whether
GCV is capable of penetrating into bone to kill, for example, senescent
osteocytes. On the other hand, in the INK-ATTAC mouse model [39], an
FK506-binding protein (FKBP)-CASP8 fusion protein is driven by a
2617-base pair fragment of the p16Ink4a promoter that is tran-
scriptionally active in senescent cells and triggers their selective death
upon administration of AP20187 (a small inducible synthetic “acti-
vator” molecule with no known off-target effects) to INK-ATTAC mice,
by causing dimerization of the FKBP-CASP8 fusion protein and sub-
sequent caspase-mediated apoptosis of p16Ink4a-positive senescent cells
(Fig. 2).

Traditionally, and still commonly today in vitro, cellular senescence
was measured in vivo in non-skeletal tissues, such as skin and adipose

Table 1
Detection methods of cellular senescence.

Criteria Key factors Detection method

Senescence effectors p16Ink4a, p21Cip1, transgenes (e.g. p16-LUC, INK-ATTAC [EGFP, FLAG], 3MR
[mRFP])

FACS, rt-qPCR, Mass Cytometry, Western blot, IHC/IF

SASP Examples include: IL-6, IL-8, IL1-α, IL1-β, MCP-1, Pai-1, Pai-2, MMPs, Activin A,
TNFα, TGFβ, NFκB, CEBPβ, GATA4, etc.

rt-qPCR (tissue or FACS cell populations), IHC/IF, Western
blot, immunoassays, multiplex assays

Anti-apoptosis SCAPs, Bcl-2, Bcl-xL, Bcl-w, etc. rt-qPCR (tissue or FACS cell populations), IHC/IF
DNA damage γH2AX, TAFs (co-localization of DNA damage with telomeric repeat sequences),

phosphorylated p53
IHC/IF, Western blot

Cell cycle arrest p16Ink4a, p21Cip1, DNA synthesis rate FACS, rt-qPCR, Mass Cytometry, Western blot, IHC/IF, BrdU/
EdU-incorporation assays

Lysosomal dysfunction Lysosomal β-galactosidase quantity and activity at pH 6.0 Senescence-associated β-galactosidase (SA-β-Gal) staining
Mitochondrial accumulation Mito-trackers and shape (fusion/fission) Membrane potential and electronic microscopy (EM)
Morphological alterations Enlargement, flattening, granularity, karyomegaly, heterochromatinization,

chromosomal missegregation, high CCFs
IHC/IF, FACS, SADS, SAHFs, CO-FISH

Other biomarkers Presence of lipofuscin (GL13 staining); Loss of HMGB1 and decreased Lamin B1 IHC/IF, rt-qPCR

Legend: Given the lack of senescent-specific markers and the heterogeneity of senescent cells, multiple key factors and detection methods in combination are
encouraged for the detection of senescent cells. Key: LUC= luciferase; INK-ATTAC= p16Ink4a-linked apoptosis through targeted activation of caspase);
3MR= trimodality reporter; SASP= senescence-associated secretory phenotype; EGFP= enhance green fluorescent protein; mRFP=monomeric red fluorescent
protein; FACS= fluorescence-activated cell sorting; rt-qPCR= real-time quantitative polymerase chain reaction; IHC= immunohistochemistry;
IF= immunofluorescence; γH2AX= γH2A histone family member X; TAF= telomere-associated foci; SADS= senescence-associated distension of satellites;
SAHFs= senescence-associated heterochromatic foci; CCFs= cytoplasmic chromatin fragments; CO-FISH= chromosome-orientation fluorescent in situ hybridiza-
tion; HMGB1=nuclear high-mobility group box 1.
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tissue, using senescence-associated β-galactosidase (SA-β-Gal) staining
[40], although this approach is problematic in bone sections both due
to a high background confounding and potentially false-positive
staining in osteoclasts [41]. Moreover, the alternative of using an anti-
β-gal antibody is not viable, since for senescence, it is not the absolute
level of β-gal expression but rather the activity of the enzyme at pH 6.0
that identifies SA-β-gal-positive activity [40]. For these reasons, SA-β-
Gal staining in bone should not be used as an approach to identify se-
nescent cells in vivo, but can be useful as an in vitro indicator of, for
example, bone cell senescence. In contrast, for in vivo detection of se-
nescent cells, the use of multiple other senescence detection methods
should be applied in combination (Table 1). Although this approach
represents current best practices, the cellular senescence phenotype can
be highly variable with mechanisms underlying the phenotype that are
not widely conserved; thus, there is a still a great need for technological
advancements and development of systematic approaches to identify
universal hallmarks of senescent cells [42]. Given that senescent cell-to-
cell variability exists [14] and the known heterogeneity of the SASP of
different types of senescent cells [12,13], it will be important in future
studies to determine the efficiency by which senotherapeutics, in-
cluding those that selectively eliminate senescent cells (“senolytics”) or
those that inhibit the SASP (“senomorphics”), can target different types
of senescent cells and their unique corresponding SASP.

3. Old bone

Bone is a complex tissue sculpted by coordinated actions of three
major cell types: the relatively short-lived bone-forming osteoblasts and
bone-resorbing osteoclasts as well as the terminally differentiated os-
teocytes, which are former osteoblasts embedded within the miner-
alized matrix. In addition, bone is rich in a heterogeneous population of
marrow cells, including hematopoietic precursors capable of forming
multinucleated osteoclasts as well as a very small population of plur-
ipotent mesenchymal stem cells (MSCs), capable of not only becoming
bone (i.e., by differentiating into osteoblasts and eventually osteocytes)
but also other tissues such as cartilage and fat. Furthermore, recent
studies have identified additional stem cell pools including a human
skeletal stem cell (hSSC) that can differentiate into bone, cartilage or
stroma (although not fat) and undergo, for example, local expansion in
response skeletal injury [43] as well as a unique periosteal stem cell
(PSC) that, among other biological functions, has an important role in
mediating intramembranous bone formation [44]. Therefore, bone
serves as a host to one of the largest progenitor pools in the body. This
permits bone to be highly plastic and therefore capable of adapting to
exercise and injury as well as many other stimuli – all of which depend
on the complex interplay among the cells residing in the bone micro-
environment.

Throughout life, the skeleton is continuously turned over via a self-
renewal process termed bone “remodeling” whereby old damaged bone
that has accumulated microfracture fatigue is resorbed by osteoclasts

and under normal conditions is replaced with an equal amount of new
bone by osteoblasts. These actions are coordinated by osteocytes – the
“master regulators” of bone remodeling that coordinate the actions of
osteoblasts and osteoclasts through, for example, secretion of endocrine
and signaling factors and by acting as mechanosensory cells [45,46].
With aging, however, these actions are disrupted leading to decreased
bone formation (less new bone laid down) relative to resorption (more
old bone removed), and ultimately negative bone balance. Over pro-
longed periods of time, these adverse events cause dramatic bone loss,
resulting in osteoporosis – a very common, devastating skeletal fragility
syndrome causing>9 million worldwide fractures annually [47]. In
fact, an estimated one in three women and one in five men over the age
of 50 will suffer a fracture resulting from osteoporosis in their re-
maining lifetime [48–50].

At the tissue level, skeletal aging is characterized by bone loss and
the accumulation of bone marrow adipose tissue (BMAT). This is also
apparent at the cellular level, where aging is associated with a con-
comitant reduction in bone formation and increase in marrow adipo-
genesis. Indeed, histologically measured mean wall thickness, a mea-
sure of the work done by osteoblasts in the basic multicellular unit
(BMU), declines with advancing chronological age in both sexes [51].
The rate of bone formation depends on the level of availability of MSC
progenitor pools and sufficient recruitment of MSCs from those pools as
well as the activity of individual osteoblasts on bone surfaces [52].
While circulating levels of bone formation markers steadily decline
with age in men [53,54], they generally increase in older women be-
cause the menopause causes marked estrogen deficiency, which leads to
the activation of more BMUs, and thus a higher bone turnover state,
albeit with negative bone balance because at the cellular level bone
formation is drastically reduced relative to osteoclastic bone resorption
[55]. Therefore, aging results in a defect in bone formation in both
women and men. Whether marrow fat exerts direct negative effects on
bone formation is not completely clear, but is certainly probable since
marrow adipocytes and osteoblasts share a common precursor – i.e., the
MSC, and given their inverse relationship, age-related increases in
marrow fat could be directly linked to decreases in osteoblasts and/or
vice versa (reviewed in [56]).

As in humans, aging in both female and male mice is associated with
loss of bone and increased BMAT, although in contrast to women, older
female mice do not undergo menopause, but rather retain functional
levels of estrogens despite becoming acyclic [57]. Nonetheless, both
female and male mice develop several aspects of skeletal aging that
mimic osteoporosis in humans, including reduced bone formation due
to lower numbers of osteoblasts, as well as increased osteoclasts par-
ticularly on endocortical surfaces [58], leading to negative bone bal-
ance [57]. Like humans, defective bone formation with aging in mice
may be due to a reduction in MSC progenitor pools, defective activation
or differentiation of these progenitors, or alterations in allocation to-
wards the adipogenic lineage, the net result of which is decreased bone
formation and increased BMAT [59]. Thus, old age causes hallmarks of

Fig. 2. Clearance of p16Ink4a-positive senescent cells in
INK-ATTAC mice delays aging-associated chronic dis-
eases and improves healthspan. Schematic of the INK-
ATTAC construct showing the mechanism of apoptosis
activation in p16Ink4a-positive senescent cells upon ad-
ministration of AP20187 to INK-ATTAC mice.
Source: Adapted from [39].
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skeletal aging that are common to both mice and humans.
Although the mechanisms that cause these changes with aging, both

acting directly on MSCs and indirectly on other cell types in the bone
microenvironment, are not completely understood, it has be hypothe-
sized that the accumulative age-related molecular and cellular damage
from genomic instability, epigenetic alterations, telomere attrition, loss
of proteostasis, mitochondrial dysfunction, deregulated nutrient sen-
sing, altered intercellular communication, stem cell exhaustion, and
cellular senescence – hallmarks of aging that cause functional decline in
essentially every tissue throughout the body [1] – are responsible for
causing age-related dysfunction in bone. Our current understanding has
established that these hallmarks of aging, which are interconnected,
linked, and overlap, manifest in old bone to varying degrees where they
contribute to the bone loss that occurs with natural, chronological aging
(reviewed recently in greater detail elsewhere [60]). Thus, greater ef-
fort is needed to understand how these fundamental mechanisms of
skeletal aging cause age-related bone loss and the extent to which they
can be manipulated to prevent or treat osteoporosis. But unfortunately,
while we know that skeletal aging leads to dramatic increased fracture
risk, the causes of age-related bone loss are far less clear than the
consequences. By defining the causes, we can then identify novel
therapeutic targets for prevention and treatment. Using this approach
to date, based on past and recent mounting data, cellular senescence
has emerged as a plausible candidate.

4. Cellular senescence in bone – lessons learned from accelerated
aging models

One of the primary hallmarks of aging that triggers cellular harm is
genomic instability [61]. Indeed, damage to the genome, including
DNA lesions and double-strand breaks, limits the ability of cells to re-
pair the damage so in order to limit damage cells have developed ways
to respond by activating specific programs resulting in at least one of
two cellular fates: apoptosis or senescence [62]. Abnormalities in DNA
repair mechanisms can result in the development of several human
progeroid syndromes such as Bloom syndrome, Cockayne syndrome,
Seckel syndrome, trichothiodystrophy (TTD), Werner syndrome, or
xeroderma pigmentosum – each of which present with features of ac-
celerated aging [63]. Furthermore, several of these progeroid syn-
dromes caused by genomic instability are characterized by skeletal
abnormalities, e.g., low bone density and an increased incidence of
fractures, and have been modeled in, for example, transgenic mice that
age prematurely and display low bone mass. Although use of such
models has shed light on the underlying mechanisms linking genomic
instability to bone loss in vivo, the often premature death of these ani-
mals in many instances limits their study with regards to the natural
skeletal aging process. One perhaps exception to this, is in excision
repair cross-complementary group 1 (Ercc1−/Δ; null on one allele, hy-
pomorphic on the other) mutant mice as the ERCC1-XPF endonuclease
is required for multiple DNA repair pathways; thus, these mice develop
a well-characterized accelerated aging phenotype (by ~5–7months of
age) that models human XFE progeria [64]. With regards to bone, six-
month-old progeroid Ercc1−/Δ mice have decreased bone mass relative
to their wild-type littermates, resulting from reduced histologically
assessed bone formation rates and enhanced bone resorption, mediated
at least in part by increased NFκB signaling [65]. Interestingly, when
bone marrow stromal cells (BMSCs) from Ercc1−/Δ mice were put into
culture they displayed compromised osteoblast differentiation as well
as increased markers of DNA damage (γH2AX) and cellular senescence
(p16Ink4a). In addition, the conditioned medium (CM) derived from
cultured BMSCs derived from Ercc1−/Δ mice was found to contain
higher levels of multiple SASP factors, including IL-6 and TNFα, which
is consistent with a pro-inflammatory bone microenvironment capable
of supporting the higher levels of osteoclasts observed histologically in
the bones of Ercc1−/Δ mice in vivo. Taken together, these results es-
tablish that DNA damage causes cellular senescence in bone and a low

bone mass phenotype in progeroid Ercc1−/Δ mice through an NFκB-
mediated mechanism [65]. The extent to which these findings are ap-
plicable to natural skeletal aging remains to be seen, but nonetheless
they provide plausibility for the role of genomic instability in driving
cellular senescence and age-related bone loss.

Another primary hallmark of aging that initiates cell damage in
several premature aging syndromes and with normal, chronological
aging is telomere attrition, which can lead to activation of the cellular
senescence program in vivo [1]. The ability to maintain the length of
telomeres, which are the protective ends of chromosomes, is co-
ordinated by the specialized enzyme – telomerase – as well a complex of
protective proteins [66]. Skeletal aging is accelerated in mice with
deleted telomerase reverse transcriptase (Terc−/−) as these mice have
reduced numbers of osteoblasts in combination with increased numbers
of osteoclasts; the latter results from a pro-inflammatory bone micro-
environment [67,68]. Although the source of this inflammatory re-
sponse is not known, it could come at least in part from senescent cells
as MSCs derived from these animals with defects in telomere main-
tenance molecules not only display impaired osteoblast differentiation,
but also increased p53/p21Cip1 signaling [69]. Thus, telomere attrition
impairs osteoblast differentiation and perhaps contributes to skeletal
aging due to increased cellular senescence of skeletal MSCs. However,
similar to the direct role of genomic instability in mediating skeletal
aging, the extent to which this phenomenon also occurs in bone with
natural, chronological aging is still unclear at this time. Furthermore,
since the majority of studies examining telomere length in bone rely on
cultured cells or mouse models, and given the fundamental differences
in mouse and human telomere biology [70], as well as the lack of data
on tracking of MSCs with human aging, the relevance of telomere dy-
namics in aging human bone remains to be established. Notwith-
standing, while some have proposed relatively slow osteoprogenitor
cycling [71], studies of human bone marrow stromal stem cells
(BMSSCs) have postulated asymmetrical divisions to facilitate bone
remodeling [72]. Collectively, these findings suggest that telomere at-
trition has a role for at least some subsets of cells (e.g., hematopoietic
progenitors) in bone during the in vivo aging process.

5. Identification of senescent cells in the bone microenvironment
with natural aging

While the studies in accelerated aging models with shortened life-
span and early onset of multiple comorbidities, including osteoporosis,
provided evidence that senescent cells accumulate at the time and lo-
cation of bone loss, for many years it was not known whether cellular
senescence had a causal role in the bone loss that occurs in natural,
chronologically aged animals or humans. To begin to address this, our
group [73] asked the following: 1) Do senescent cells accumulate in the
bone microenvironment with natural aging?; 2) What type(s) of cells
within the bone microenvironment become senescent with natural
aging?; and 3) Do any of these populations of various senescent cell
types produce a SASP? Thus, to address these questions, we first mea-
sured in young (6-month) and old (24-month) C57BL/6 wild-type (WT)
mice senescence and SASP markers in vivo using rt-qPCR in enriched
populations of B cells (CD19+), T cells (CD3ε), myeloid cells (CD14+),
osteoprogenitors (Lin−/Lepr+), osteoblasts (AP+/CD31/34/45/54-)
and osteocytes (collagenase digested bones), all rapidly isolated from
mouse bones/marrow using magnetic-activated cell sorting (MACS)
(see Farr et al. [73] for validation of these cell isolation techniques).
This study revealed that in both female and male mice, p16Ink4a ex-
pression increased significantly (by ~5–10 fold) with aging in B cells, T
cells, myeloid cells, osteoprogenitors, osteoblasts, and osteocytes
(Fig. 3). By contrast, p21Cip1 mRNA levels were significantly increased
with aging predominantly in osteocyte-enriched cells isolated from
males, whereas no age-related change was observed in females [73].
Thus, cellular senescence appears to be a global feature of natural aging
throughout the body, including in bone, although it should be noted
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that additional senescent cell types in the bone microenvironment and
their corresponding SASPs will likely be uncovered in the future given
the rapidly evolving nature of the field. Nevertheless, based on current
in vivo evidence it appears that in bone more high p16Ink4a-expressing
senescent cells accumulate as compared to high p21Cip1-expressing se-
nescent cells, although the latter may have more dominant roles in
other settings. Furthermore, it is possible that p16Ink4a and p21Cip1 may
drive senescence in different cell types [2]. For example, Kim and
colleagues [74] in a recent study isolated a different population of os-
teoprogenitors, using Osx1-Cre-;TdRFP mice, and found that levels of
p21Cip1, but not p16Ink4a, were elevated with aging, and that this os-
teoprogenitor population isolated from old mice also displayed char-
acteristics of DNA damage and developed a SASP. Interestingly, in bone
biopsies containing heterogeneous populations of various bone/marrow
cell types, isolated from elderly and young women, our group found
that expression of both p16Ink4a and p21Cip1 increased with aging, in-
dicating that senescent cells accumulate at the time and location of age-
related bone loss in humans, as they do in mice [73]. Therefore, in
future studies, it will be important to determine the relative contribu-
tions of each senescence mediator, p16Ink4a versus p21Cip1, in con-
tributing to senescence-driven bone loss.

In order to determine which cell type(s) in young versus old WT
mice develop the SASP with aging, our group used Gene Set Enrichment
Analysis (GSEA) [75,76] on each of the six separate cell populations
isolated from mouse bone/marrow specified above, and examined the
extent to which age-related changes in gene expression occurred in an a
priori defined cluster of 36 established SASP factors [73]. This analysis
showed that whereas relatively few SASP factors were altered sig-
nificantly with aging in the early osteoblast lineage, in contrast mRNA
expression of 26 of the 36 SASP factors increased with aging in osteo-
cytes [73]. Furthermore, within the hematopoietic lineages, we found
relatively few significant changes in the expression of these genes with
aging in B- or T-cells [73]. However, several of the same SASP factors
that were higher with aging in osteocytes were also significant upre-
gulated in myeloid cells from old as compared to young mice (23 of the
36 SASP factors measured) [73]. Taken together with the findings from
Kim and colleagues [74], the current collective evidence thus indicates
(as summarized in Fig. 3) that with natural aging, a subset of cells of
various lineages within the bone microenvironment undergo senes-
cence, although senescent osteoprogenitors, senescent myeloid cells,
and senescent osteocytes appear to be key producers of the SASP.

6. Do old osteocytes become senescent?

An important, unresolved question in the senescence field is whe-
ther terminally differentiated, post-mitotic non-dividing osteocytes can
acquire features of senescence with aging. Previous studies have de-
monstrated that, with aging, non-proliferating adipocytes [24], hepa-
tocytes [77,78], as well as neurons in the brain [79] and retina [80] can
acquire features of senescence. Consistent with these observations, data
from our work [73] indicate that p16Ink4a expression increases with
aging in osteocytes and that these cells develop a SASP; thus, demon-
strating that old osteocytes acquire features of senescence. Further
support for this came from our in vivo quantification of SADS [73], i.e.,
large-scale unraveling of peri-centromeric satellite DNA [29], which
revealed in bone cortices from old mice that ~11% of osteocytes be-
come senescent with aging whereas only ~2% of osteocytes are se-
nescent in young bone cortices (Fig. 4A–C). The finding of osteocytes in
old bone with senescence features was later confirmed by Piemontese
and colleagues [58] who also found increased mRNA levels of p16Ink4a

and multiple SASP factors as well as indications of greater DNA damage
in osteocyte-enriched bone samples from old as compared to young
mice. Collectively, these data provide compelling evidence that at least
a subset of osteocytes in old bone become senescent-like and acquire a
SASP. Given that large-scale apoptosis of osteocytes in mice results in
defective mechanotransduction and significant bone loss [81], senes-
cence of damaged osteocytes may have evolved as a mechanism to
preserve cellular integrity and function in bone; however, a paradoxical
consequence of this adaptation is that after many years, senescent os-
teocytes in excess, as in the case of old age, may become culprits in
accentuating osteoporotic disease progression through their pro-in-
flammatory SASP. Future studies are needed to rigorously explore this
hypothesis.

7. Senescent cells as therapeutic targets to delay aging and
improve healthspan

Because with aging, the elevated senescent cell burden is associated
with increased blood and tissue SASP factors, spread of senescence,
metabolic and stem cell dysfunction, and multiple age-related diseases,
including osteoporosis, senescent cells and their SASP have emerged
has promising therapeutic targets to delay age-associated chronic dis-
eases as a group and extend healthspan [2]. This is consistent with the
“geroscience hypothesis,” which posits that “manipulation of aging will

Fig. 3. Senescent cells accumulate in the bone mi-
croenvironment with aging. Expression of the se-
nescence biomarker, p16Ink4a, increased in each of
the mouse marrow/bone enriched cell populations
examined (B- and T-cells, myeloid cells, osteopro-
genitors, osteoblasts, and osteocytes – see [73] for
details) ~5–10 fold with aging in both female and
male mice, although the SASP has been shown to be
predominantly produced by senescent osteoprogeni-
tors [74] as well as senescent myeloid cells and se-
nescent osteocytes [73]. It should be noted, however,
that additional senescent cell types in the bone mi-
croenvironment and their corresponding SASPs will
likely be uncovered in the future given the rapidly
evolving nature of the field.

J.N. Farr, S. Khosla Bone 121 (2019) 121–133

126



delay (in parallel) the appearance or severity of multiple chronic dis-
eases because these diseases share the same underlying major risk
factor – age itself [82].”

The first “proof of concept” evidence supporting the hypothesis that
targeting senescent cells can alleviate age-related chronic diseases and
their complications came from the Kirkland and van Deursen labora-
tories at Mayo Clinic. In their seminal 2011 study [39], a novel mouse
model, INK-ATTAC (described above), was created in which senescent
cells could be identified, isolated, and selectively killed. As noted ear-
lier, the strategy involved coupling a fragment of the senescence-acti-
vated promoter, p16Ink4a, to EGFP/FLAG (permitting in vivo tracking of
senescent cells) and to a drug-inducible suicide construct – ATTAC
[83]), the CASP8/FKBP product of which becomes dimerized and ac-
tivated upon the inducible administration of AP20187 (Fig. 2) [39].
Remarkably, in both progeroid and more recently in naturally aged
INK-ATTAC mice, p16Inka-senescent cell elimination enhanced health-
span by having beneficial effects in multiple tissues [39,84].

Given that this genetic approach to eliminating senescent cells is not
applicable to humans, as an alternative strategy the Kirkland laboratory
identified the first class of drugs to selectively kill senescent cells –
“senolytics” [23]. Rather than only targeting p16Inka-positive cells, se-
nolytics act by transiently disabling SCAPs (senescent cell anti-apop-
totic pathways) that defend senescent cells against their own pro-
apoptotic SASP (reviewed in [5,22,85]). Indeed, using a hypothesis-
driven approach, Zhu and colleagues [23] discovered pro-survival
SCAPs that are an “Achilles' heel” of senescent cells (Fig. 5), and then
identified the combination of dasatinib (D; an FDA-approved tyrosine
kinase inhibitor [86]) and quercetin (Q; a flavanol present in many
fruits and vegetables [87]) as the first senolytic compounds to disable
SCAPs, thus causing senescent cells to become susceptible to their own
SASP microenvironment and thereby undergo apoptosis. After estab-
lishing the senolytic nature of these compounds in vitro, the Kirkland
laboratory and collaborators then demonstrated in vivo efficacy by
periodically administering the combination of these drugs to Ercc1−/Δ

mice, which extended healthspan by preventing multiple age-related
symptoms of frailty and pathology [23]. In more recent studies, Xu
et al. [88] demonstrated in naturally-aged mice, or in young mice
“aged” by transplanting relatively small numbers of senescent cells to
spread senescence into the host's tissues and thereby recapitulate aging
phenotypes, that periodic administration of senolytics D+Q improved
various aspects of physical function, reduced symptoms of frailty, and
increased remaining lifespan by 36%. In addition, even more recent
work by Musi et al. [89] developed a tau transgenic mouse model that
caused Tau-containing neurofibrillary tangle (NFT) accumulation

characteristic among degenerative brain diseases, and demonstrated
that periodic treatment of these animals with D+Q reduced total NFT
density, neuron loss, and ventricular enlargement, thus pointing to se-
nescent cells as potential novel targets for treating multiple brain dis-
eases. Collectively, the findings from these studies have significantly
broader implications insofar as repurposed FDA-approved drugs with
senolytic activity as well as newer novel senolytics may relatively soon
be readily translatable to elderly humans for enhancing remaining
healthspan.

8. Causal role of senescent cells in mediating age-related bone loss

Based on the work establishing that senescent cells actively drive
naturally occurring age-related tissues dysfunction in several non-ske-
letal tissues and our observations in mice and humans that markers of
senescence increase with aging in cells of various lineages in the bone
microenvironment [73], we hypothesized a causal role for senescent
cells in mediating the bone loss that occurs during the natural aging
process [90]. First, in order to determine when senescent cells begin to
accumulate in bone and thus the timing to intervene, we performed rt-
qPCR for p16Ink4a on bone samples isolated from WT mice at various
timepoints throughout the adult lifespan (6, 12, 18, and 24months of
age – Fig. 6). In both sexes, a dramatic increase in p16Ink4a was observed
at eighteen months of age, which coincided with age-related bone loss,
thus indicating that senescent cells begin to accumulate in bone around
this time [90]. Thus, our group then used multiple approaches [90] to
target senescent cells (summarized in Fig. 7), including either a genetic
(INK-ATTAC [39] – Fig. 7A) or pharmacological (with senolytics, D+Q
[23] – Fig. 7B) means to eliminate senescent cells, and a senomorphic
approach (with a JAK inhibitor, ruxolitinib [91] – Fig. 7C) to inhibit the
SASP.

To begin to investigate the role of senescent cells in natural age-
related bone loss, we randomized 20-month-old female INK-ATTAC
mice to either vehicle or AP20187 treatment (biweekly) for four months
[90]. Adipose and bone tissue samples isolated from AP20187- relative
to vehicle-treated animals displayed by rt-qPCR significantly reduced
mRNA levels of senescence marker, p16Ink4a, as well as EGFP, which
encodes for the INK-ATTAC transgene, establishing that senescent cells
were eliminated both systemically (e.g., in fat – as observed previously
[39,84]) and locally (in bone) [90]. The latter finding was confirmed by
the demonstration of a significant reduction in senescent osteocytes
(according to the SADS assay [29]) in AP20187- versus vehicle-treated
animals [90].

Our group next examined the skeletal phenotype of female INK-

Fig. 4. Osteocytes from old bone display SADS in vivo.
Senescence-associated distension of satellites (SADS, see
arrows) in osteocytes from (A) young (6-month) versus
(B) old (24-month) mice (100×). (C) Quantification of
the percentage of senescent osteocytes in young (n= 4)
versus old (n=4) mice. Data are mean ± SEM.
***p < 0.001.
Source: Adapted from [73].
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ATTAC mice after global elimination of senescent cells, which revealed
that AP20187 treatment prevented age-related trabecular bone loss at
the spine (Fig. 7D), the loss of cortical bone at the femur, and improved
bone strength at both sites [90]. Importantly, treatment of young INK-
ATTAC mice with little to no senescent cell burden did not affect bone

parameters, establishing that this strategy is specific to aging. Histo-
morphometric analyses revealed that eliminating senescent cells in old
INK-ATTAC mice reduced osteoclastic bone resorption and increased
bone formation; the latter effect was particularly evident on en-
docortical surfaces [90]. Consistent with these observations, in vitro

Fig. 5. Identification of a pro-survival signaling networks in senescent cells. Pro-survival senescent cell apoptosis pathways (SCAPs) are an “Achilles' heel” of
senescent cells. The combination of dasatinib (D; an FDA-approved tyrosine kinase inhibitor) and quercetin (Q; a flavanol present in many fruits and vegetables) were
identified as the first senolytic compounds to disable SCAPs, thus causing senescent cells to become susceptible to their own SASP microenvironment and thereby
undergo apoptosis.
Source: Adapted from [23].

Fig. 6. Expression of the senescence biomarker, p16Ink4a, increases with natural, chronological aging in bone. rt-qPCR analysis was performed on bones isolated from
wild-type mice at various timepoints throughout the adult lifespan (6, 12, 18, and 24months of age), which demonstrated that, in both sexes, p16Ink4a mRNA
expression increases in bone around eighteen months of age, which coincides with age-related bone loss, thus indicating that senescent cells begin to accumulate in
bone around this time. Data are mean ± SEM. ***p < 0.001.
Source: Adapted from [90].
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studies demonstrated that the SASP promoted osteoclast-progenitor
survival and inhibited osteoblast differentiation [90]. Interestingly, in
contrast to effects of the SASP on inhibiting adipogenesis in peripheral
and visceral fat depots [92], the SASP promotes adipogenesis of BMSCs
[unpublished data], indicating that SASP factors produced and secreted
by senescent cells may contribute to the alteration in lineage commit-
ment of MSCs towards the adipocyte and away from the osteoblast
lineage. Consistent with this premise, elimination of senescent cells in
old INK-ATTAC mice prevented the excessive accumulation BMAT
characteristic of skeletal aging [90].

Our group next performed pharmacological interventions in old
male WT mice with either the combination of D+Q [23] to eliminate
senescent cells (“senolytic” approach) or with the JAK inhibitor, rux-
olitinib [91], to inhibit the pro-inflammatory secretome of senescent
cells (“senomorphic” approach). Both approaches improved bone mi-
croarchitecture (Fig. 7E–F) and strength in old male WT mice, essen-
tially phenocopying the genetic INK-ATTAC approach [90]. Collec-
tively, these findings establish that senescent cells have a causal role in
mediating age-related bone loss, and suggest that targeting senescent
cells in humans may provide a novel therapeutic strategy to prevent or
treat osteoporosis with potential advantages over conventional anti-
resorptive therapy (reviewed in [93]). Furthermore, given that ad-
ministration of the senomorphic, ruxolitinib, to old mice improves
physical function [91] and that similarly elimination of senescent cells
with senolytics, D+Q, does the same and increases lifespan in old mice
[88], targeting senescent cells in humans may not only prevent bone
loss but also alleviate several aspects of frailty, which collectively may
confer a greater reduction in fracture risk in the elderly beyond

pharmacological approaches that only target bone.

9. Summary, perspectives, and future directions

To summarize, cellular senescence is a fundamental mechanism that
presides at the nexus of age-related chronic disease [2]. Because of
challenges and technical limitations in identifying and characterizing
senescent cells in living organisms, only recently have some of the
important diverse in vivo roles these unique cells been discovered. New
findings indicate that senescent cells and their SASP can have acute
beneficial functions, such as in tissue regeneration and wound healing.
However, in contrast, when senescent cells accumulate in excess
chronically at sites of pathology or in old tissues they drive multiple
age-associated chronic diseases. Senotherapeutics including senolytics
that selectively eliminate senescent cells or senomorphics that inhibit
their detrimental SASP have been developed and tested in aged pre-
clinical models. These studies have established that targeting senes-
cence is a powerful anti-aging strategy to improve “healthspan” – i.e.,
the healthy period of life free of chronic disease. The roles of senescence
in mediating age-related bone loss have been a recent focus of rigorous
investigation.

Osteoporosis is an enormous, and growing, public health problem
[94]. Indeed, up to 25% of elderly hip fracture patients will die within a
year of this devastating event [95]. Due to ongoing challenges in os-
teoporosis treatment, guidelines for starting hormone replacement
therapy as well as anti-resorptive therapy have been revised [96,97].
Furthermore, fear of serious adverse side effects has significantly di-
minished patient compliance to a point that has become very

Fig. 7. Targeting cellular senescence prevents age-related bone loss. To address whether cellular senescence has a role in mediating age-related bone loss, our group
used multiple approaches that have been described previously (Panel A – [39]; Panel B – [23]; Panel C – [91], including using the INK-ATTAC transgenic mouse
model and the combination senolytics drugs – dasatinib (D) and quercetin (Q), which eliminate senescent cells in vivo, and found that both the genetic (Panel D) and
pharmacological (Panel E) approaches prevented age-related bone loss in old mice. In addition, our group also performed studies where we inhibited the production
of the pro-inflammatory secretome (i.e., SASP) of senescent cells using the JAK inhibitor, ruxolitinib, which also prevented bone loss in old mice (Panel F). Im-
portantly, none of these interventions had any effects on bone parameters in young mice, indicating that these approaches are specific to targeting the senescent cells
that accumulated in old age. *p < 0.05; **p < 0.01.
Source: Adapted from [90].
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concerning [98–100]. Thus, the gap between the onset of dramatic age-
related bone loss and the initiation of therapy as well as adherence
required to prevent or restore that loss has become increasingly pro-
blematic. In particular, elderly patients with diagnosed osteopenia or
osteoporosis who are at significant risk, but have not yet experienced a
fracture and thus do not qualify for anti-resorptive therapy, enter a
precarious period of their lifetime when they are not receiving therapy
to reduce their risk. Thus, given that this very common disease will
inevitably impact almost everyone at some point in old age, there is an
enormous unmet need to develop new approaches to prevent and treat
osteoporosis. Sadly, in addition to the increasing treatment gap and
concomitant reduced patient compliance to therapy, the current avail-
able drugs for elderly patients with osteoporosis are suboptimal for
several reasons. Indeed, all currently approved drugs for osteoporosis
either inhibit bone resorption with a marked, coupled reduction in bone
formation (bisphosphonates, denosumab, estrogen) [101] or transiently
stimulate bone formation with a coupled increase in bone resorption
(PTH) [101]. Furthermore, although the sclerostin inhibitor, romoso-
zumab, simultaneously increases bone formation and reduces resorp-
tion, at least transiently [102], recent concerns regarding an increase in
cardiovascular events following treatment [103] may delay or perhaps
even derail the development of this drug [104,105]. Other emerging
classes of novel drugs with anabolic actions in bone, such as the ca-
thepsin K inhibitor – odanacatib, have also come close to FDA approval,
but again an increased risk of stoke proved to be a terminal flaw [106].
Thus, there is a crucial need to develop novel approaches to treat os-
teoporosis in the elderly population.

The findings demonstrating that targeting senescent cells reduces
bone resorption without a concomitant reduction in bone formation
[90] and reduce frailty [88] represent hope that intermittent adminis-
tration of senolytics to humans during periods of good health will delay
bone loss, reduce fracture risk, and extend healthspan. Thus, in addition
to potentially treating multiple aging co-morbidities by targeting a
universal aging mechanism, also relevant to aging bone, this approach
may, perhaps be the only available option in near future to suppress
bone resorption without a “coupled” decrease in bone formation. In-
deed, the approaches used for either eliminating senescent cells or
suppressing their secretome represent perhaps the first therapeutic
paradigm to treat osteoporosis by targeting not just bone-specific
pathways, as with all currently available (or soon to be available) drugs,
but rather by targeting a fundamental aging mechanism, cellular se-
nescence, that is operative in all tissues, making it fundamentally dif-
ferent from all current therapies for osteoporosis that only benefit bone.
Indeed, because selective elimination of senescent cells has proven to be
a powerful anti-aging strategy to improve healthspan in old mice, in-
cluding beneficial effects in several tissues such as adipose, skeletal
muscle, eye, heart, liver, kidney, and cartilage
[39,78,84,88,91,92,107–110] as well as in bone [90], these unique
non-dividing cells are attractive therapeutic targets to delay chronic
diseases of aging as a group and in the prevention or treatment of
specific conditions, such as osteoporosis.

With regards to the future, to optimize senotherapeutic regimens for
age-related bone loss we must understand the precise nature and me-
chanisms of effects of detrimental senescent cell populations on the
natural aging process, including on the skeleton. Furthermore, in re-
gards to elderly patients with osteoporosis, in order to identify and
develop senotherapeutics that will be clinically impactful the correct
senescent cell targeting strategy will need to be optimized for bone. In
doing so, first and foremost the senotherapeutic regimen will need to be
safe, with minimal adverse off-target effects on non-senescent cells.
Furthermore, the benefits of any new promising senotherapeutic will
need to be rigorously established in appropriate preclinical models of
skeletal aging, and given that senescent cells can have beneficial roles
in several biological processes that may extend to bone, the benefit/risk
trade-off should be determined in multiple settings. One goal will be to
identify the most critical SASP factors responsible for propagating age-

related bone loss by spreading senescence and amplifying the SASP, as
these factors potentially initiate and sustain positive feedback loops
reinforcing the senescence program in old age within the bone micro-
environment. Thus, an important area of focus will be examining the
effects of SASP inhibitors (or “senomorphics) in addition to the JAKi –
ruxolitinib (e.g., rapamycin, metformin, as well as other novel com-
pounds) on age-related bone loss. That being said, because senescent
cells do not divide, an advantage of using senolytic over senomorphic
approaches, which require chronic administration, is that senolytics
should not, in theory, need to be administered on a constant basis, but
rather only intermittently with condensed exposure to eliminate se-
nescent cell populations during periods of good health. Support for this
approach comes from studies in old mice, with established bone loss,
where only four treatments (separated monthly) with D+Q (drugs
with half-lives of< 6 h, thus minimizing potential off-target effects)
were effective in eliminating senescent cells in both adipose tissue and
bone and significantly prevented age-related bone loss [90], thus in-
dicating that these and similar novel senolytics hold promise for testing
in near future clinical trials.

Another important future consideration will be the need to identify
appropriate biomarkers for proper patient selection as targeting cellular
senescence is not likely to be effective in individuals who do not present
clinically with a high senescent cell burden as chronological age alone
is not necessarily representative of an individual's “biological” age,
health status, or level of in vivo senescence. Therefore, an in vivo bio-
marker of senescence (or combination of biomarkers) in humans could
be used to identify a minimal threshold or level of cellular senescence
above which an individual is more likely to benefit from senother-
apeutic therapy. By contrast, those individuals below this level of in vivo
senescence will be less likely to benefit. However, translation of this
concept to applications in elderly humans or those with specific dis-
eases caused by a high senescence burden is currently limited by the
lack of senescent biomarkers in human tissues as well as our incomplete
understanding of the underlying biological mechanisms that cause se-
nescence in vivo and the overall contribution of senescent cells in
causing age-associated diseases in humans. These obvious gaps in bio-
markers will undoubtedly be important areas of future research for
translating senotherapeutics to applications in humans.

In conclusion, cellular senescence has emerged as a “targetable”
fundamental aging mechanism to prevent or alleviate chronic diseases
of aging, including osteoporosis. However, the existence of beneficial
roles of senescent cells creates challenges in developing strategies to
indiscriminately eliminate them altogether. Hence, whether this me-
chanism can be targeted to treat late-life disease in humans remains to
be seen. Notwithstanding, several laboratories around the world have
demonstrated in multiple model organisms, including mammals
(mainly mice), that therapeutic approaches that selectively eliminate
senescent cells or interfere with their detrimental secretome have the
potential to delay aging with minimal side effects and help treat mul-
tiple chronic diseases as a group, including osteoporosis. This concept
of targeting senescent cells to improve “healthspan” – i.e., the period of
life free of chronic disease, has emerged as a potentially transforma-
tional approach that if successful should be extended to the general
population as a whole. However, many challenges need to be overcome
before this strategy can be applied to humans to delay or alleviate
chronic diseases of aging or in the treatment of specific diseases that
afflict essentially everyone late in life, such as osteoporosis.
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