
royalsocietypublishing.org/journal/rsob
Review
Cite this article: L’Hôte V, Mann C, Thuret J-
Y. 2022 From the divergence of senescent cell

fates to mechanisms and selectivity of

senolytic drugs. Open Biol. 12: 220171.
https://doi.org/10.1098/rsob.2.0171
Received: 1 June 2022

Accepted: 16 August 2022
Subject Area:
cellular biology

Keywords:
cellular senescence, senolytics, mechanisms of

action, cell survival, drug discovery, ageing
Authors for correspondence:
Carl Mann

e-mail: carl.mann@cea.fr

Jean-Yves Thuret

e-mail: jean-yves.thuret@cea.fr
© 2022 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
From the divergence of senescent cell
fates to mechanisms and selectivity of
senolytic drugs

Valentin L’Hôte, Carl Mann and Jean-Yves Thuret

CEA, CNRS, Institute for Integrative Biology of the Cell (I2BC), Université Paris-Saclay, Gif-sur-Yvette cedex, France

VL, 0000-0001-5168-2943; J-YT, 0000-0001-5385-7620

Senescence is a cellular stress response that involves prolonged cell survival,
a quasi-irreversible proliferative arrest and a modification of the transcrip-
tome that sometimes includes inflammatory gene expression. Senescent
cells are resistant to apoptosis, and if not eliminated by the immune
system they may accumulate and lead to chronic inflammation and tissue
dysfunction. Senolytics are drugs that selectively induce cell death in senes-
cent cells, but not in proliferative or quiescent cells, and they have proved a
viable therapeutic approach in multiple mouse models of pathologies in
which senescence is implicated. As the catalogue of senolytic compounds
is expanding, novel survival strategies of senescent cells are uncovered,
and variations in sensitivity to senolysis between different types of senescent
cells emerge. We propose herein a mechanistic classification of senolytic
drugs, based on the level at which they target senescent cells: directly dis-
rupting BH3 protein networks that are reorganized upon senescence
induction; downregulating survival-associated pathways essential to senes-
cent cells; or modulating homeostatic processes whose regulation is
challenged in senescence. With this approach, we highlight the important
diversity of senescent cells in terms of physiology and pathways of apoptosis
suppression, and we describe possible avenues for the development of more
selective senolytics.
1. Introduction
Accumulating senescent cells are being found to drive a large number of path-
ologies. In the recent years, the therapeutic potential of senescent cell
elimination has been demonstrated in mouse models of diseases and disorders
as diverse as pulmonary fibrosis [1–3], type 1 and 2 diabetes [4–6], neurodegen-
eration [7–10] and atherosclerosis [11–13], among others. Pharmacological
clearance of senescent cells is achieved with drugs called senolytics, which exhi-
bit a significant toxicity towards senescent cells, with lesser effects on their
proliferative or quiescent counterparts. Senolytics have been the object of
intense research effort in the last 5–10 years—the first demonstration of selective
pharmacological elimination of senescent cells dating back to 2013 [14], with the
term senolytic being coined a few years later [15,16]. The fast-moving senolytic
research landscape considerably evolved in the last 5 years: many clinical trials
are now underway, innovative pharmacological strategies are being explored
and the number of referenced senolytic drugs currently stands at above a
dozen (table 1), and is likely to increase. It is now time to take a step back
and comprehensively review and conceptualize senolysis.

Cellular senescence is largely regarded as a cell fate in response to stress,
characterized primarily by a highly stable proliferative arrest associated with
the increased expression of some cyclin-dependent kinase inhibitors (e.g. p16,
p15 and p21), and often accompanied by a complex secretome termed the
senescence-associated secretory phenotype (SASP). Other non-obligatory,
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Figure 1. Class I senolytics target apoptosis-primed BH3 networks of senescent cells. In response to stress, the cell fate decision to overgo senescence rather than
apoptosis is accompanied by the reorganization of BH3 networks and the apoptotic priming of senescent cells. BH3 profiles evolve dynamically during senescence
onset and are dictated by the nature of the senescence-inducing stressor and its magnitude, expression levels and mutational status of TP53, as well as the establish-
ment or lack thereof of a DNA damage response. The reorganization of BH3 networks in senescent cells renders them sensitive to the action of BH3 mimetics that
bind anti-apoptotic BH1–4 proteins to increase the apparent stoichiometry of pro-apoptotic BH3-only proteins and promote BAX/BAK oligomerization and MOMP.
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though often encountered senescence hallmarks, include
senescence-associated β-galactosidase activity (SA-βGal)
resulting from increased lysosomal content [40], resistance
to apoptosis, persistent DNA damage foci, modifications of
chromatin and decreases in lamin-B [41]. The only universal
feature shared by all types of senescent cells is stable withdra-
wal from the cell cycle, though this is not exclusive to
senescence as terminal differentiation and T cell replicative
exhaustion also involve a durable proliferative arrest.
Indeed, it remains unclear whether or not some terminally
differentiated cells may become senescent. In this review,
we propose a comprehensive conceptualization of senolysis
in three possible routes, with an emphasis on the selectivity
of senolytic drugs for different types of senescent cells, thus
showcasing the diversity of senescent phenotypes.

Senolytics can be classified in at least three categories, as
they target senescent cells at one of three levels. Class I seno-
lytics target directly BCL-2 family proteins, which in
senescence are rearranged in a network distinct from that of
non-senescent cells, resulting in dependency on anti-apopto-
tic BCL-2 family members for survival; class II senolytics
target upstream pathways that provide senescent cells with
resistance to cell death, such as the USP7/MDM2/p53 axis,
or AKT pro-survival signalling; and class III senolytics
further disturb homeostatic processes that are already dysreg-
ulated in senescent cells, such as proteostasis maintenance or
redox homeostasis.
2. Class I senolytics: directly targeting
apoptosis gatekeepers

Commitment to apoptosis is directly controlled by the stoi-
chiometry of BCL-2 family proteins, or BH3 proteins, that
differentially interact with each other owing to their BCL-2
homology domains BH1–4 [42,43]. Three distinct classes of
BCL-2 family proteins can be distinguished, classified accord-
ing to the BH domains they contain. Pro-apoptotic BH1–3
effectors BAX and BAK oligomerize to drive mitochondrial
outer membrane permeabilization (MOMP), which is the irre-
versible tipping point leading to cell death orchestration. In
unstressed conditions, MOMP is prevented by the sequestra-
tion of BH1–3 factors by anti-apoptotic BH1–4 guardians
such as BCL-2, BCL-xL or MCL-1. Finally, upstream pro-
death or pro-survival signals translate into the modulation
of the activity of BH3-only apoptotic inducers, such as
NOXA, PUMA or BIM. BH3-only proteins can either act as
sensitizers that sequester pro-survival BH1–4 factors, or as
activators by directly interacting with BAX/BAK and cataly-
tically favouring their oligomerization [44,45]. Due to genetic
variability in their BH3 sequences, individual members of
each class have their own profile of interactions with other
BCL-2 family proteins in terms of affinity and selectivity,
forming a complex but organized and finely tuned BH3
network [46].

BCL-2 family proteins and notably BH1–4 anti-apoptotic
guardians are essential in orienting cell fate towards senes-
cence by suppressing apoptosis in response to stress.
Commitment of triple-negative breast cancer cells to senes-
cence rather than apoptosis in response to treatment with
BET inhibitors was found to be largely determined by the
upregulation of BCL-xL [47]. In different contexts of p53 acti-
vation, BCL-2 and MCL-1 were found to promote growth
arrest over cell death [48,49]. MCL-1 upregulation also pro-
moted survival and senescence in IMR90 fibroblasts
following aberrant mitosis caused by RASval12 expression
[50]. However, cell death avoidance in the favour of senes-
cence comes at the cost of the apoptotic priming of
senescent cells, through the formation of stable complexes
between BH1–4 proteins and pro-apoptotic BH3-only factors.
The so-called one-two punch approach consists in suppres-
sing tumours by first inducing senescence in cancer cells by
the means of radiotherapy or chemotherapy and then
eliminating now-senescent cancer cells with senolytic com-
pounds. The reorganization of the BH3 network in
senescent cells sensitizes them to so-called BH3 mimetics
[51–53] (figure 1). BH3 mimetics are small synthetic
compounds that mimic the BH3 domain of pro-apoptotic
BH3-only inducers. They bind to and inhibit anti-apoptotic
BH1–4 guardians and prevent them from interacting with
other BCL-2 family proteins, thus increasing the apparent
stoichiometry of BH3-only proteins and shifting the



royalsocietypublishing.org/journal/rsob
Open

Biol.12:220171

4
equilibrium towards BAX/BAK oligomerization and apopto-
sis. The senolytic potential of BH3 mimetics was predicted
from transcriptomic analyses revealing an increased
expression of BH1–4 anti-apoptotic factors in senescence
[51,52]. Navitoclax is by far the most studied BH3 mimetic
senolytic. It inhibits BCL-2, BCL-xL and BCL-w. It is con-
sidered to be a broad-spectrum senolytic, as it is efficient
against a large panel of senescent cells [54]. Inhibition of
BCL-xL, but not BCL-2, was required for navitoclax-mediated
senolysis of breast and lung cancer cells induced in senes-
cence by genotoxic agents etoposide and doxorubicin [55],
and irradiation-induced senescent meningioma cells [56].
Interestingly, prostate cancer cells were killed by navitoclax
or BCL-xL-specific inhibitors if induced in senescence by
irradiation or genotoxic agents, but not if the proliferative
arrest was triggered by antiandrogen enzalutamide, which
does not damage DNA [57]; the proliferative arrest induced
by enzalutamide was however reversible upon withdrawal
of the drug, calling into question the senescent state of
these cells. Other reports of navitoclax-resistant cancer cells
induced in senescence by non-genotoxic chemotherapeutic
agents such as alisertib or palbociclib [33] suggest that the
DNA damage response may be important in reorganizing
BCL-2 family factors into a navitoclax-sensitive BH3 network
in senescent cancer cells. It is known that the DNA damage
response differentially regulates the expression of BCL-2
family members [58]. TP53 mutational status may also
affect the sensitivity of DNA damage-induced senescent
cancer cells to BH3 mimetics, as the regulation of the
expression of some BCL-2 family genes was found to be
p53-dependent in response to genotoxicity [59,60]. Navito-
clax resistance in wild-type TP53 therapy-induced senescent
breast cancer cells expressing low levels of NOXA was over-
come by dual treatment with a specific MCL-1 inhibitor [17].
Interestingly in this study, sensitivity to BCL-xL or BCL-xL/
MCL-1 inhibition depended primarily on the cell line and
was largely conserved for various senescence-inducing
insults. This is consistent with recent work demonstrating
that in senescent cancer cells, gene expression dynamics,
SASP composition and sensitivity to BH3 mimetics correlated
more with the cell type than with the nature of the senes-
cence-inducing stressor [61].

There are conflicting results on the ability of navitoclax to
target etoposide-induced senescent primary lung fibroblasts.
IMR90 cells exposed for 48 h to 20 µM etoposide to induce
senescence were killed by 2.5 µM navitoclax when added for
48 h after a 2-day etoposide withdrawal [36], whereas 10 µM
navitoclax did not affect cell viability if added for 48 h after a
longer 6-day etoposide withdrawal [1]. This may be explained
by a dynamic evolution of BCL-2 protein levels during senes-
cence onset, from a navitoclax-sensitive to insensitive BH3
network. Furthermore, if IMR90 cells were induced in senes-
cence with a higher concentration of 50 µM etoposide for
48 h followed by a 5-day withdrawal, a 72 h exposure to as
little as 1 µM navitoclax was senolytic [33]. This in turn
suggests that beyond the cell type and the nature of the senes-
cence-inducing insult, the magnitude of the stress may also
influence the resulting evolution of BH3 profiles that underlies
sensitivity to BH3 mimetics, possibly through the DNA
damage response activation level. Similarly, while early senes-
cent glioblastoma cells were killed by selective BCL-2
inhibition—although no proliferating control cells were
included in the assay [62], late senescent glioblastoma cells
were insensitive to BCL-2 inhibition and depended solely on
BCL-xL for their survival [63]. In IMR90 cells, when compared
to levels in proliferation, BCL-2, BCL-xL and BCL-w proteins
all displayed a marked increase in etoposide and replicative
senescence, whereas this increase was more important for
BCL-2 than for BCL-xL and BCL-w in RASval12 senescence
[51]. This may explain the efficiency of the specific BCL-2
inhibitor venetoclax in RASval12-induced senescent IMR90
only, while it appeared necessary to inhibit all BCL-2, BCL-xL
and BCL-w with navitoclax or the related compound
ABT-737 to kill etoposide- and replicative-senescent IMR90.

Neither navitoclax nor BCL-xL-specific inhibitors
A1331852 and A1155463 are senolytic towards irradiation-
senescent preadipocytes [52,64]. Upon senescence induction,
whereas navitoclax- and A1331852/A1155463-sensitive
human umbilical vein endothelial cells (HUVECs) and
IMR90 fibroblasts showed a marked increase in BCL-xL and
BCL-2 protein levels, preadipocytes exhibited steadier BCL-
xL and even decreased BCL-2 protein levels, in contrast
with significantly increased BCL-w protein levels [52]. Senes-
cent preadipocytes may then rely preferentially on BCL-w for
their survival. Although none is available at the moment [65],
selective BCL-w inhibitors should be developed since they
are expected to be toxic for senescent preadipocytes. Preadi-
pocytes may be among the most abundant senescent cell
types in old age and mediate age-related metabolic disorders,
making them targets of interest [66].

The sensitivity of senescent cells to different BH3
mimetics correlated well with the expression or protein
levels of the various anti-apoptotic BCL-2 family factors;
however, the levels of pro-apoptotic effectors and initiators
were rarely assessed. This is unfortunate, because the potency
of a given BH3 mimetic as a senolytic does not depend solely
on the protein levels of its BH1–4 targets, but rather on the
balance between these and their pro-apoptotic partners [67].
In a panel of soft-tissue sarcoma cell lines induced into senes-
cence by irradiation, BCL-2 or BCL-xL were differentially
increased depending on the cell line, but the cells were all
comparably sensitive to senolysis by venetoclax or navitoclax,
irrespectively of BCL-2 and BCL-xL expression levels [68].
Similarly, while irradiation-induced senescent WI-38 fibro-
blasts upregulated BCL-xL and BAK but not BCL-2, they
were only sensitive to dual BCL-xL/BCL-2 inhibition, but
not to either factor alone [54]. Therefore, a more exhaustive
characterization of BH3 networks in senescence models
could guide the choice for better class I senolytics, for
example through the BH3 profiling method [69–72], which
could significantly improve selectivity prediction of BH3
mimetics as senolytics.

Both navitoclax and ABT-737 were efficient senolytics in
multiple preclinical models. Nevertheless, their translation
into clinic as senolytics is impaired by their reported toxicity
towards platelets and neutrophils due to the targeting of
BCL-xL and BCL-2, respectively, leading to thrombocytope-
nia and neutropenia [73,74]. Given the high potential of
BH3 mimetics as senolytics, various strategies are being
designed to overcome this issue and improve their in vivo tol-
erability and therapeutic window, including conjugation of
navitoclax to galactose for its specific release in senescent
cells due to senescence-associated β-galactosidase activity
[75], synthesis of BCL-xL proteolysis-targeting chimera (PRO-
TACs) taking advantage of low E3 ligase expression in
platelets [76] and galactose-functionalized nanoparticle
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encapsulation [77]. In the future, inhibitor of apoptosis
(IAP)-based PROTACs could also hold promise as senolytics
[78], especially in the light of recent work reporting on the
overexpression of some IAP members in senescence [62].
3. Class II senolytics: modulating upstream
pro-survival pathways

The SASP secreted by some senescent cells comprises apopto-
sis-promoting factors as well as pro-inflammatory factors and
proteases, together resulting in a harsh microenvironment
[15,79,80]. Independently of the reorganized BH3 networks,
senescent cells also resist cell death through the upregulation
of upstream pro-survival signalling pathways that can be
targeted for senolysis (figure 2).

Classically, p53 is transiently upregulated in response to
stress to trigger senescence-associated cell cycle exit through
the transcription of p21 and then returns to lower cellular
levels to maintain the proliferative arrest [81] and to partici-
pate in the regulation of other aspects of senescence such as
SASP expression [82–84]. In addition to its functions as a
cell–cycle inhibitor, p21 also has anti-apoptotic activity in
senescent cells [85]. However, when expressed at high
levels, p53 can also promote apoptosis by both upregulating
the transcription of BH3-only genes and interacting with
BCL-2 family proteins in the cytosol and at the mitochondrial
outer membrane [44]. In cells with established senescence,
p53 levels are maintained low through ubiquitination and
its pro-apoptotic activity is repressed through nuclear segre-
gation [21,27]. Thus, the restoration of p53 activity by either
nuclear exclusion or suppression of its ubiquitination can
lead senescent cells to apoptosis.

Transcription factor FOXO4 is upregulated in senescence
to participate in proliferative arrest maintenance, and it phys-
ically interacts with p53 in.the nucleus [86–88]. This
interaction both prevents p53 from inducing the transcription
of pro-apoptotic target genes and restricts p53 localization to
the nucleus so that it cannot interact with BCL-2 family pro-
teins in the cytosol and at the mitochondrial outer membrane
[27,28]. The senolytic peptide FOXO4-DRI, by binding p53
and relieving the p53-FOXO4 interaction, abrogated the
nuclear sequestration of p53 that consequently migrated
towards the cytosol and the mitochondria, where it triggered
apoptosis [27]. A computationally designed peptide, ES2,
binds FOXO4 rather than p53, and like FOXO4-DRI, induced
the nuclear exclusion of p53 and selectively elicited the death
of senescent cells in vitro and in vivo [28]. Remarkably, the
occurrence of the p53-FOXO4 nuclear interaction and the
senolytic potential of its disruption was recapitulated in
many different senescent models [27,28,89,90]. The develop-
ment of small synthetic compounds disrupting the
p53-FOXO4 interaction is thus of interest to exploit this
senolysis mechanism in a therapeutic context, as small mol-
ecule compounds bear more favourable pharmacokinetics
properties than peptides [91].

p53 protein levels are largely controlled and kept low by
proteasomal degradation due to ubiquitination by the
MDM2 E3 ligase. The stability of MDM2 is itself enhanced
through its deubiquitination by USP7. Therefore, both USP7
and MDM2 negatively regulate the stability of p53 [92]. As
predicted, USP7 inhibitors restored p53 activity in senescent
cells and selectively triggered senescent cell death [21].
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Surprisingly, USP7 inhibitors increased p53 levels in senescent
cells, but not in proliferative cells, which suggests a higher
dependency of senescent cells on the USP7/MDM2 axis for
the regulation of p53 activity compared to their proliferative
counterparts. Downstream of USP7, directly inhibiting
MDM2 was also senolytic, but USP7 inhibitors reportedly
exhibit fewer side-effects than MDM2 inhibitors in mice
[21,22]. However, the proprietary MDM2 inhibitor UBX0101
failed a phase II clinical trial as a senolytic in patients with
osteoarthritis [93]. Interestingly, the perturbation of the BH3
network and restoration of p53 activity appear to synergize
to trigger senolysis, as a combination of navitoclax with
USP7 or MDM2 inhibitors was more potent than either treat-
ment alone [21,23]. Recent work in cancer cells showed that
apoptotic priming of BH3 networks favoured cell death in
response to restoration of p53 activity [94].

Moving away from p53, AKT signalling participates in the
survival of many senescent cells. AKT is a pleiotropic serine/
threonine protein kinase that reportedly regulates over 100
downstream substrates, playing a central role in a complex net-
work of signalling pathways comprising multiple positive and
negative feedback loops. AKT promotes survival notably
through the inhibition of BH3-only protein BAD, the downre-
gulation of p53 via MDM2 and the upregulation of anti-
apoptotic BH1–4 protein MCL-1 [95,96]. Transcriptome
analysis of irradiation-induced senescent preadipocytes high-
lighted the upregulation of various survival-associated
pathways including ephrin-B-dependent suppression of apop-
tosis and the PI3K/AKT pathway that can be targeted by
dasatinib and quercetin, respectively [15]. Dasatinib is a
broad-spectrum tyrosine kinase inhibitor that notably targets,
besides SRC, various ephrin receptors that promote survival
via stimulation of AKT signalling [97,98]. Dasatinib as a seno-
lytic is widely used in combination with quercetin, which
targets notably PI3K and PAI-2. PI3K is directly activated by
ephrin receptors, so quercetin can further participate in the
dasatinib-induced downregulation of AKT signalling. On the
other hand, pro-survival effects of PAI-2 are known but
poorly understood. PAI-2 inhibition can result in the destabili-
zation of p21, leading to apoptosis [99]. Furthermore, PAI-2
inhibition results in the transcriptional activation of E2F-regu-
lated pro-apoptotic genes due to Rb destabilization [100].
While the senolytic activity of dasatinib was assigned to
ephrin receptor inhibition, recent work demonstrated that
SRC was an essential factor favouring survival and senescence
over apoptosis in response to genotoxicity, through the down-
regulation of p53 [101]. It is therefore plausible that dasatinib
triggers senolysis in part through inhibition of survival-
associated SRC signalling, even though, to date, no senolysis
by direct SRC inhibition has been demonstrated.

Senolysis by HSP90 inhibitors is thought to be mediated in
part by the downregulation of AKT signalling. HSP90 chaper-
one proteins increased the stability of active, phosphorylated
AKT, reinforcing pro-survival signalling in senescent cells. Inhi-
biting HSP90 chaperones led to the destabilization and
degradation of active AKT and other client proteins. In oxi-
dative stress-induced senescent MEFs, HSP90 inhibitors were
senolytic, whereas specific AKT inhibitors were not. However,
quercetin which targets other pathways in addition to PI3K/
AKTwas senolytic in this model [30], suggesting that the essen-
tiality of HSP90 proteins in senescence is imputable to the
stabilization of not only AKT but other pro-survival factors.
Directly targeting AKT with inhibitor MK2206 was senolytic
in enzalatumide-induced senescent prostate cancer cells, but
it induced senescence in their non-senescent counterparts [102].

Overall, many types of senescent cells rely at least
partially on upregulated AKT signalling for apoptosis sup-
pression, and upstream targeting of this pathway at the
levels of ephrin receptors, PI3K or HSP90 chaperones, often
with the concomitant inhibition of parallel survival axes,
proved efficient approaches for the selective clearance of
senescent cells. Nevertheless, downregulating AKT is not
always sufficient to induce senolysis. Dasatinib was senolytic
in preadipocytes but not in HUVECs, which was consistent
with the fact that the former but not the latter was sensitive
to siRNA-mediated knockdown of ephrin genes. Conversely,
quercetin which targets PI3K and PAI-2 was senolytic in
HUVECs but not in preadipocytes [15]. The related flavonoid
fisetin exhibited the same senolytic selectivity [64]. This
suggests that while senescent preadipocytes rely primarily
on ephrin signalling for survival, the inhibition of PAI-2
anti-apoptotic mechanisms is required to induce apoptosis
of senescent HUVECs, in which targeting the PI3K/AKT
axis is not sufficient to trigger senolysis. HSP90 inhibitors
that downregulate AKT were not senolytic either in
irradiation-induced senescent preadipocytes [30]. This could
indicate that the senolytic effect of dasatinib in these cells
was mediated by SRC inhibition rather than the suppression
of PI3K/AKT signalling, on which senescent preadipocytes
do not seem to rely for survival. Whereas AKT activity is
upregulated in many senescence models, it was shown to
be reduced to levels even below those of proliferative cells
in some forms of oncogene-induced senescence (OIS) [103].
Accordingly, HSP90 inhibitors and dasatinib were not senoly-
tic in BRAF-V600E-induced senescent fibroblasts [34].
Downstream of AKT, inhibiting mTOR was senolytic in
liver cancer cells induced in senescence by CDC7 inhibition,
but not in OIS [104]. Although the lack of PI3K/AKT hyper-
activity could explain the resistance of certain senescent cells
to senolytics directly or indirectly targeting this pathway,
more complex regulation and crosstalk are certainly at play.
4. Class III senolytics: further disturbing
cellular homeostatic processes

The last level on which senescent cells can be targeted for elim-
ination is through further disturbance of cellular homeostatic
processes that are already dysregulated in senescence, often
in a systemic manner, such as proteostasis, or mitochondrial
and redox homeostasis (figure 3).

Proteostasis results from a tightly regulated balance
between protein synthesis, folding and degradation that are
coordinated to ensure a functional proteome and proper
cell function. Mitochondrial homeostasis, redox homeostasis
and global proteostasis all influence each other. Proteostasis
decline and mitochondrial dysfunction are hallmarks of
ageing and cellular senescence. Failure to restore proteostasis
in the face of proteotoxic insults triggers senescence, as
shown in keratinocytes in response to advanced glycation
end products formation [105], or in post-mitotic neurons
facing increasing proteotoxicity during long-term culture
[106]. Replicative-senescent fibroblasts experience a global
decline in proteostasis, with dysregulated alternative splicing,
and altered responses to proteotoxic stress including disrup-
tions in the heat shock response and the unfolded protein
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response (UPR) [107]. Aged mice exhibit mild chronic endo-
plasmic reticulum (ER) stress and UPR activation, and
trigger an exaggerated sustained response lacking fine
tuning when subjected to further ER stress [108]. Senescent
cells with ample SASP synthesis may mitigate proteotoxicity
and the burden on their secretory systems by chronically
upregulating the ubiquitin/proteasomal axis and the autop-
hagy/lysosomal axis, and differentially activating UPR
branches [14,109]. Meanwhile, improved protein translation
fidelity results in extended lifespan in several model organ-
isms [110]. Different facets of cellular homeostasis share
common regulators in ageing. Transcription factor MondoA
was found to delay replicative and DNA damage-induced
senescence through the downregulation of autophagy sup-
pressor Rubicon as well as maintenance of mitochondrial
redox homeostasis through Prdx3 expression [111].

The facet of proteostasis that is the most targeted so far by
known senolytics is autophagy. Autophagy is an adaptive
cellular process in response to stress or energy deprivation,
through which organelles and proteins are degraded (specifi-
cally as in selective autophagy, or non-specifically as in bulk
autophagy) and broken down to small metabolic substrates
that are recycled to maintain essential biosynthetic activities.
Autophagy is first and foremost a survival process, but unim-
peded autophagy can lead to apoptosis, necrosis, or even
autophagic cell death in which the cell, overwhelmed by
the presence of autolysosomes, is ‘eating itself to death’
[112]. Relationships between autophagy and senescence are
seemingly paradoxical and yet to be fully understood. Basal
autophagy in proliferative cells is considered anti-senescent
because it decreases the cellular burden of potential senes-
cence-inducing stressors, thereby acting as a preferred
primary stress response. In this regard, inhibiting autophagy
induces senescence in glioblastoma and bronchial epithelial
cells [113,114]. Downregulating autophagy master regulator
ULK1 induces senescence in a wide range of cancer cells
and sensitizes them to navitoclax-induced apoptosis [115].
However, in some contexts of high-intensity cellular stress,
autophagy rather suppresses apoptosis and promotes senes-
cence induction [116]. Autophagy is especially important
during OIS onset: inhibiting autophagy delays entry into
senescence and even allows the full bypass of BRAF senes-
cence in melanocytes [117]. Since senescent cells maintain
high levels of protein, autophagy presumably contributes to
proteostasis by preventing unlimited cell growth in the
absence of cell proliferation. Autophagy also clears macro-
molecules damaged from increased metabolic fluxes and
ROS production [118]. Therefore, in low to mild stress con-
ditions, autophagy suppresses senescence by mediating the
return to homeostasis and proliferation, whereas in the face
of higher intensity stress, autophagy favours senescence by
suppressing apoptosis. Beyond bulk autophagy, the degra-
dation of specific factors through selective autophagy via
various ATG8 family receptors was shown to be essential in
the homeostatic maintenance of both replicative and DNA
damage-induced senescence [119]. Selective autophagy of
KEAP1, TNIP1 and NDP52 regulated redox homeostasis,
SASP expression and proteostasis, respectively, in senescent
cells. Further exploration of selective autophagy networks
in various types of senescent cells may foster the develop-
ment of new-generation precision senolytics targeting
autophagy, with improved proliferative versus senescent
and inter-senescent selectivity.

Most senolytics that affect autophagy are inducers of the
process. HSP90 inhibitors were identified in the rational
screening of a small chemical library of compounds targeting
autophagy, of which all senolytic hits were autophagy indu-
cers [30]. BET inhibitors are another group of senolytic drugs
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that exert their action through pleiotropic effects including
the upregulation of autophagy and the attenuation of non-
homologous end-joining repair [31]. They proved efficient
in mice models of obesity and chemotherapy-induced senes-
cence. Their senolytic action was later assigned to the
selective autophagy of ferritin (ferritinophagy) and the sub-
sequent triggering of non-apoptotic, iron-dependent cell
death ferroptosis, at least in therapy-induced senescent fibro-
blasts [32]. Indeed, replicative and irradiation-induced
senescent fibroblasts and epithelial cells accumulate impor-
tant amounts of intracellular iron, through the combined
upregulation of iron-storage protein ferritin expression and
inhibition of ferritinophagy [120]. PPARα agonist fenofibrate
was senolytic through autophagy upregulation in IL-6-
induced senescent chondrocytes [36], but in TNFα-induced
senescent synovial fibroblasts, it attenuated the senescent
phenotype and inhibited SASP expression without exhibiting
a differential toxicity towards senescent cells, a behaviour
corresponding to so-called senomorphic compounds [121].

Another senolytic strategy consists in depriving senescent
cells from cytoprotective autophagy. In the first demonstration
of selective elimination of senescent cells through pharmaco-
logical means, therapy-induced senescent lymphoma cells
were shown to upregulate autophagy to cope with ER stress
resulting from SASP production. The blockade of autophagy
flux with bafilomycin A1 led to senolysis [14]. Autophagy
flux also increased in BRAF-V600E OIS fibroblasts, and inhibit-
ing autophagy with chloroquine, bafilomycin A1, or low
concentrations of cardioglycosides inducing Na,K-ATPase
signal transduction and notably AKT, resulted in the specific
senolysis of BRAF-senescent cells [34]. The essentiality of
autophagy in some OIS models may correlate with the down-
regulation of basal AKT signalling in these cells. Whereas
many senescent cells have upregulated AKT signalling and
are sensitive to autophagy-inducing senolytics, in some
instances OIS cells rather downregulate AKT signalling and
increase basal autophagy, as concomitant oncogene and AKT
activation favours senescence bypass and transformation
[103,122,123].

Besides proteostasis and autophagy, other cellular homeo-
static processes differentially regulated in senescence can be
targeted for senolysis. Aforementioned cardioglycosides are
broad-spectrum senolytics that target a myriad of senescent
cell types. They proved efficient in mouse models of OIS, che-
motherapy-induced senescence, natural ageing and
irradiated mice [33]. They bind the transmembrane Na,K-
ATPase pump, which is involved in both membrane potential
maintenance and signal transduction. While low doses of car-
dioglycosides induced the selective senolysis of BRAF-
V600E-induced senescent fibroblasts through signal transduc-
tion and autophagy inhibition [34], their action in other
senescence models was rather attributed to disturbance of
membrane potential [33,35]. Interestingly, they proved ineffi-
cient in senescent human mesenchymal stem cells that have
upregulated processes for potassium import but could never-
theless be primed for senolysis through the inhibition of anti-
apoptotic MCL-1 [124]. On the other hand, the authors noted
that etoposide-induced senescent A549 cells exhibited a
decreased capacity to restore intracellular potassium levels,
the drop of which is an early event in apoptosis, and as
such made them less resilient in the face of stress, contradict-
ing the notion of senescence-associated apoptosis resistance.
Differential sensitivity between senescent and normal cells
upon Na,K-ATPase pump inhibition was also attributed to
the modification of intracellular pH [35]. Glutaminolysis inhi-
bition was another senolytic strategy relying on differences in
intracellular pH regulation between senescent and normal
cells. Senescent cells were found to undergo intracellular
acidosis because of lysosomal leakage and to rely on
increased glutaminolysis-produced ammonia to neutralize
their intracellular pH. Inhibiting glutaminase 1 consequently
led to the selective clearance of senescent cells [37].

Redox and mitochondrial homeostasis are intimately
linked in senescence. Mitochondrial mass increases in senes-
cence, but this is accompanied by mitochondrial dysfunction
and the production of ROS, generating chronic oxidative
stress [125,126]. ER-mitochondria contact sites appear critical
in senescence regulation [127], and mitochondrial dysfunc-
tion and ROS production were shown to be mediated in
many senescence models by increased IP3R-mediated mito-
chondrial calcium uptake from the ER following ITPR
downregulation [128]. Oxidative stress induces senescence
in many settings [129,130], but the upregulation of ROS
detoxifying systems is also critical for the decision to undergo
senescence over apoptosis [126]. Consequently, targeting
these detoxifying systems in established senescent cells can
yield senolysis. The alkalization of lysosomes by GL-V9
was shown to impair mitophagy and further increase dys-
functional mitochondrial mass in senescent cells, leading to
ROS overproduction and apoptosis [131]. Piperlongumine is
another senolytic causing redox imbalance in senescent cells
through the targeting of oxidative stress sensor OXR1
[38,39]. Procyanidin C1 was senomorphic at lower concen-
trations and senolytic at higher concentrations, and acted
by further promoting ROS formation in senescent cells,
leading to mitochondrial dysfunction [132].

Still how these various homeostatic processes are affected
depending on senescent cell type largely remains to be
explored. Mapping their interconnections, for example,
through the identification of common regulators like
MondoA affecting both autophagy/proteostasis and mito-
chondrial function/redox homeostasis [111], shall yield
novel avenues for selective senolysis.
5. Conclusion and perspectives
Throughout this review, we proposed a conceptualization of
senolysis based on mechanisms of action. This approach high-
lights the compelling diversity of senescent phenotypes in
terms of apoptotic priming, cell death-suppressing strategies
and homeostatic regulation. The only universal, though not
exclusive, feature of senescent cells is an irreversible or
highly stable proliferative arrest, but even this is being chal-
lenged, as various stressors can induce so-called senescent-
like states of reversible proliferative arrest that exhibit classical
senescence hallmarks such as senescence-associated β-galacto-
sidase activity, SASP expression and even sensitivity to
senolytics [57,133]. We argue that taking into account the het-
erogeneity of senescent phenotypes would stimulate context-
based senolytic drug development, yielding highly potent can-
didates more selective towards a subset of senescent cells. This
is especially relevant considering the increasing awareness of
the fact that indiscriminate, systemic removal of senescent
cells may be harmful, as some senescent cell subpopulations
appear to be beneficial [134–136]. Inter-senescent cell
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selectivity of senolytic compounds, rather than being a limit-
ation of senolytic therapy, thus actually constitutes an
opportunity for precision clearance of specific subsets of
senescent cells in defined pathological contexts.

Innovative strategies like galacto-conjugation [137] or
encapsulation in galactose-functionalized silica beads [138]
can be used to bypass limitations caused by adverse side-
effects of some drugs, such as BH3 mimetics. These strategies
can also turn toxic molecules that do not discriminate between
senescent and non-senescent cells into bona fide senolytics,
through their release in senescent cells only. Nevertheless,
non-senescent cells expressing high levels of β-galactosidase
would also in principle be sensitive to their effects.

Mechanistic insights are lacking for some promising seno-
lytic candidates that could lead to the identification of
senolytic targets and the development of even more potent
compounds. Curcumin analogue EF24 is a senolytic in several
models and induces the proteasomal degradation of BH1–4
anti-apoptotic factors via an unknown route [139]. It is
however unclear whether curcumin, which itself is a contro-
versial lead [140,141], and the related compound o-vanillin,
are bona fide senolytics or rather function as senomorphics
[142,143]. Similar uncertainties exist about fisetin [64,144].
This highlights the need, especially in vivo, for unequivocally
characterizing senolysis over senomorphism, which can be
undesirable if it allows the reentrance of pre-neoplastic cells
into the cell cycle. In vivo characterization of senolysis is
now facilitated by the detection of a senescence-specific oxyli-
pin released upon lysis of senescent cells [145]. It also remains
a prime consideration to investigate and understand in details
the molecular mechanisms underlying senolysis by novel com-
pounds, notably by identifying with certainty the cellular
target through which the compound exerts its activity and
the signalling pathways leading to cell death, which has some-
times been neglected. Systematically characterizing the
mechanisms of action of senolytics would yield opportunities
to either develop optimized compounds for the identified
target, or to discover even more interesting targets for senoly-
sis within the same pathway.
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