
Redox Biology 45 (2021) 102032

Available online 5 June 2021
2213-2317/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

The redox-senescence axis and its therapeutic targeting 

Natalie YL. Ngoi a,1, Angeline QX. Liew b,c,1, Stephen J.F. Chong d, Matthew S. Davids d, 
Marie-Veronique Clement b,e,f, Shazib Pervaiz b,c,f,g,h,i,* 

a Department of Haematology-Oncology, National University Cancer Institute, Singapore, Singapore 
b Integrative Science and Engineering Programme (ISEP), NUS Graduate School (NUSGS), National University of Singapore, Singapore 
c Department of Physiology, Yong Loo Lin School of Medicine, National University of Singapore, Singapore 
d Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, MA, USA 
e Department of Biochemistry, Yong Loo Lin School of Medicine, National University of Singapore, Singapore 
f NUS Medicine Healthy Longevity Program, National University of Singapore, Singapore 
g NUS Centre for Cancer Research (N2CR), Yong Loo Lin School of Medicine, National University of Singapore, Singapore 
h National University Cancer Institute, National University Health System, Singapore 
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Significance: Cellular growth arrest, associated with ‘senescence’, helps to safeguard against the accumulation of 
DNA damage which is often recognized as the underlying mechanism of a wide variety of age-related pathologies 
including cancer. Cellular senescence has also been described as a ‘double-edged sword’. In cancer, for example, 
the creation of an immune-suppressive milieu by senescent tumor cells through the senescence-associated 
secretory phenotype contributes toward carcinogenesis and cancer progression. 
Recent advances: The potential for cellular senescence to confer multi-faceted effects on tissue fate has led to a 
rejuvenated interest in its landscape and targeting. Interestingly, redox pathways have been described as both 
triggers and propagators of cellular senescence, leading to intricate cross-links between both pathways. 
Critical issues: In this review, we describe the mechanisms driving cellular senescence, the interface with cellular 
redox metabolism as well as the role that chemotherapy-induced senescence plays in secondary carcinogenesis. 
Notably, the role that anti-apoptotic proteins of the Bcl-2 family play in inducing drug resistance via mechanisms 
that involve senescence induction. 
Future directions: Though the therapeutic targeting of senescent cells as cancer therapy remains in its infancy, we 
summarize the current development of senotherapeutics, including recognized senotherapies, as well as the 
repurposing of drugs as senomorphic/senolytic candidates.   

1. Senescence and senescence associated secretory phenotype 

Leonard Hayflick demonstrated in the 1960s that primary human 
fibroblasts obtained from embryonic lung tissues failed to proliferate 
after multiple cell divisions [1]. As such, a cell population can undergo a 
limited number of cell divisions before entering a state of permanent 
growth arrest termed as senescence. 

Originally attributed to telomere attrition due to multiple rounds of 
DNA replication as the cell ages [2], the establishment of the senescent 
state has also been shown following cells’ exposure to other triggers 
contributing to DNA damage. These triggers include oncogene 

activation, deregulated reactive oxygen species (ROS) production, 
exposure to chemotherapeutic agents, irradiation [3] and others (Fig. 1). 
Upon detection of single strand breaks (SSBs) and double strands breaks 
(DSBs) by Ataxia telangiectasia and RAD3-related (ATR) or Ataxia tel
angiectasia mutated (ATM) and DNA-dependent protein kinase 
(DNA-PK), tumor suppressor p53 is activated to trigger cell cycle arrest 
(senescence) and DNA repair. In the event of extensive and irreparable 
DNA damage, apoptosis-inducing transcriptional targets of p53 ensure 
apoptotic execution [4–6]. The induction of cell death or acquisition of 
senescence in response to stimuli that trigger DNA damage is necessary 
to prevent unwanted proliferation and maintain genomic stability [7,8]. 
However, apart from preventing unwanted cell proliferation, the 
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acquisition of cellular senescence also serves important physiological 
function(s) such as tissue remodeling/repair during the course of em
bryonic development as well as in the maintenance of tissue homeostasis 
[9,10] (Fig. 2). These studies demonstrated that such instructive or 
programmed senescence is dependent on p21cip1 and coupled to 
macrophage-mediated clearance [9,10]. Furthermore, Demaria et al. 
demonstrated that endothelial and mesenchymal cells undergo senes
cence in response to cutaneous injury to accelerate wound healing via 
the secretion of a senescence-associated secretory (SAS) factor known as 
platelet-derived growth factor-AA (PDGF-AA) [11]. Similarly, the 
secretion of another SAS factor, interleukin-6 (IL-6), seems to be 

required for in vivo reprogramming in the context of tissue repair after 
skeletal muscle injury; selective elimination of senescent cells which had 
accumulated after skeletal muscle injury reduced reprogramming effi
ciency, indicating a beneficial paracrine effect of injury-induced senes
cence on tissue regeneration [12]. 

Notwithstanding these physiological roles, cellular senescence may 
also be detrimental to tissues, organs or the whole organism, as aberrant 
or continuous accumulation of senescent cells over time may eventually 
lead to the development of age-related pathologies, a hallmark of aging 
(Fig. 2). Such age-related pathologies include metabolic diseases such as 
obesity and diabetes, as well as neurodegenerative disorders such as 
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Alzheimer’s disease or Parkinson’s disease [13], and cancer. It is plau
sible that the accumulation of senescent cells arises from an increased 
generation of senescent cells from various stress stimuli, gradual accu
mulation of senescent cells with age, and/or a defective mechanism of 
senescent cell clearance [14–16]. 

Senescent cells display numerous distinctive changes in gene 
expression associated with growth arrest, such as the upregulation of 
p21cip1 and p16INK4A, which are involved in cell cycle regulation [17]. 
One physiologically critical feature of senescent cells is a phenotypic 
change into a secretory state characterized by the release of various 
inflammatory cytokines, growth factors, enzymes and extracellular 
matrix proteins known as the senescence-associated secretory pheno
type (SASP) [18]. Components of the SASP can be categorized into the 
following sub-classes: soluble signaling factors (chemokines, in
terleukins and growth factors), secreted proteases, and secreted insol
uble proteins/extracellular matrix (ECM) components [19]. In 
particular, IL-6 and interleukin-8 (IL-8) are two predominant cytokines 
responsible for promoting inflammation during senescence [20]. 

Secretory factors released upon the acquisition of SASP function in a 
paracrine manner to disturb tissue homeostasis by affecting the function 
of neighboring cells, which could promote pro-inflammatory pathol
ogies and age-related disorders [20]. Interestingly, the inflammatory 
mediators in SASP also have the ability to induce growth arrest during 
senescence through autocrine signaling [21,22]. Moreover, SASP can 
suppress tumor growth by triggering immune responses that activate the 
‘adaptive’ immune clearance of cancer cells [23]. In contrast, the 

chronic inflammatory state affected by the accumulation of senescent 
cells has also been shown to accelerate tumor metastases and other 
age-related pathologies. Similarly, in vascular endothelial cells, SAS 
factor secretion during senescence can lower the regenerative properties 
of these cells, thus resulting in the development of pro-inflammatory 
associated conditions [24]. This is supported by studies demonstrating 
that aging and vascular cell senescence compromised the integrity of 
endothelial cells, thereby playing a critical role in the development of 
age-associated cardiovascular conditions such as atherosclerosis [25]. 
These observations support the critical role that vascular endothelial 
cells might play in the maintenance of vascular integrity [26]. 

Interestingly, the development of SASP is dynamic during senes
cence. There are multiple levels of regulation of SAS factors at the 
transcriptional, translational, mRNA stability and secretory phases. 
Also, SASP strongly depends on positive-feedback loops, both autocrine 
and paracrine, to amplify its signals. Despite the occurrence of senescent 
growth arrest within 24 hours after induction, SAS factors are robustly 
expressed 4–7 days following the induction of senescence [18]. Notably, 
not all SAS factors are secreted concurrently. Despite a broad under
standing of the triggers of SASP, the intracellular signaling network(s) 
initiating and sustaining SASP during senescence remains poorly un
derstood. SASP activation is not solely dependent on p53 or p16INK4A, 
suggesting the presence of a separate, independent regulatory networks 
in senescence that promotes its development [27,28]. To that end, 
CCAAT/enhancer-binding protein-β (C/EBP-β), nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB), H2A histone 
family member X (γH2AX), ATM, macroH2A1 histone variants, janus 
kinases 1/2 (JAK1/2), p38, mitogen-activated protein kinase (MAPK), 
mammalian target of rapamycin (mTOR), transforming growth factor 
beta (TGF-β), IL-1α, sirtuin 3/5 (SIRT3/5) [18,22,28–34] and cyclic 
GMP–AMP (cGAS)/ stimulator of interferon genes (STING) [35,36] 
pathways have been shown to regulate SASP. Most of these signaling 
pathways converge at NF-κB and C/EBP-β activation. Interestingly, 
pharmacological targeting of mTOR using rapamycin has been shown to 
suppress the secretion of inflammatory cytokines, especially IL-6, and 
also reduces translation of membrane-bound IL-1α in senescent cells 
[37]. This has downstream effects in reducing NF-κB transcription, 
potentially limiting SASP acquisition [37]. 

It must be pointed out that a number of these mediators of SASP are 
involved in the setting of inflammation, thus highlighting the critical 
interplay between cellular senescence and chronic inflammation from 
the standpoint of tissue damage and organ dysfunction. In this regard, a 
remarkable level of coordinated interplay between the transcriptional 
activities of NF-κB and C/EBP-β enables the establishment and mainte
nance of SASP; both transcription factors bind to the promoter regions 
and induce the expression of SAS factors, IL-6 and IL-8 [31]. Two other 
transcription factors are worth mentioning for their ability to promote 
the senescent phenotype, namely, zinc finger and SCAN domain con
taining 1 (Zscan1), a zinc finger transcription factor, induced in response 
to DNA damage response (DDR) and involving the ATM-TNF recep
tor-associated factor 6 (TRAF6)-TGFβ-activated kinase 1 (TAK1) axis 
[38] and GATA4, which triggers NF-κB activation through IL-1α and 
TRAF3 interacting protein 2 (TRAF3IP2) to induce SASP, independent of 
the DDR, p53 and p16INK4A [39]. 

2. Onco-suppressor and oncogenic facets of senescence 

Cellular senescence has been implicated in both the suppression and 
promotion of oncogenesis. As a mechanism of tumor suppression, 
senescence has been viewed as a process that limits aberrant cell pro
liferation and prevents neoplastic transformation by permanently 
arresting cell cycle. Following enforced cell cycle arrest, senescent cells 
produce SAS factors that allow immune clearance of damaged cells [14, 
15,40–43]. Even though it is commonly known that oncogene activation 
invariably promotes the initiation and development of cancer, it can also 
serve as a stressor to the genome, thereby inducing tumor growth arrest 

Fig. 1. Triggers of senescence. Myriad triggers may initiate cellular senes
cence, such as telomere erosion, oncogene activation, deregulated ROS pro
duction, chemotherapy exposure and irradiation. All of these induce senescence 
through the activation of DNA damage response (DDR) pathway in the presence 
of DNA SSBs and DSBs. Also, stress-induced DNA damage can also result in the 
development of senescence that is caused by sub-lethal oxidative stress. During 
senescence, DDR activation can result in senescence-associated mitochondrial 
dysfunction (SAMD), which can be characterized by an increase in ROS pro
duction. c-Jun N-terminal kinase (JNK) is activated by mitochondrial ROS 
during senescence, thereby induces ROS production to sustain senescence. 
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[44]. Of note, senescence induction has been associated with oncogene 
activation (OIS); activation of Ras promotes senescence in IMR-90, a 
human lung fibroblast cell line [45]. Similarly, in mammary epithelial 
cells, mutant Ras promotes senescence and the activation of pathways 
involved in tumor suppression [46]. In addition, activation of other 
oncoproteins such as BRAF, protein kinase B (AKT), E2F transcription 
factor 1 (E2F1), cyclin E, as well as inhibition of tumor suppressors, 
phosphatase and tensin homolog (PTEN) and neurofibromin (NF1), 
contribute to OIS [47]. 

The INK/alternative reading frame (ARF) locus transcribed genes 
p14ARF, p15INK4B and p16INK4A are also important mediators of cell cycle 
arrest and senescence. Proteins p15INK4B and p16INK4A inhibit cyclin 
dependent kinases (CDKs) and keep retinoblastoma protein (Rb) in its 
hypo-phosphorylated state for Gap 1 (G1) cell cycle arrest. In models of 
peritoneal inflammation, tdTomato (tdTom)+ macrophages harboring 
activation of the p16INK4A promoter exhibited a phenotype with features 
of senescence, such as reduced cell proliferation and senescence-asso
ciated beta-galactosidase (SA β-Gal) activation [48,49]. In addition, 
p14ARF could also stabilize p53 by inhibiting mouse double minute 2 
(MDM2), thereby increasing p53-dependent gene transcription [50]. In 
BRCA-deficient cells, where DNA strand breaks accumulate, p14ARF 

enables p53 to transcribe DUSP4 and DUSP7, encoding two phospha
tases that inactivate extracellular signal‑regulated protein kinase 1/2 
(ERK1/2), thus limiting cell proliferation and inducing senescence [51]. 

The dichotomous effects of senescence on the cancer phenotype is 
attributed to some of the SAS factors [11,12,42,43]. In this regard, IL-6 
[52], IL-8 [18,53], vascular endothelial growth factor (VEGF) [54], 
osteopontin [55], chemerin [56], matrix metalloproteinase [57], C-X-C 
motif chemokine 11 (CXCL11) [58] are associated with tumor growth, 
vascularization, invasion, migration as well as metastasis [59]. For 
instance, MCF-7 and MDA-MB-231 breast cancer cells exhibit increased 
proliferation index, migratory and invasive capacities when cultured in 
conditioned media from senescent mesenchymal stromal or fibroblast 
cells, effects attributed to IL-6 and/or IL-8 and signal transducer and 
activator of transcription 3 (STAT3) activation [52,53]. In addition, cells 
that undergo senescence typically do not undergo cell death, and the 
possibility of exiting senescence to proliferate with an enhanced 
tumorigenic potential has also been demonstrated [60]. This is also 
supported by recent findings in hematologic cancers demonstrating 
senescence-associated reprogramming that drives cancer stemness as 
well as spontaneous exit from senescence or cell cycle re-entry [61]. 
Using genetically switchable models of senescence to mimic sponta
neous escape from the arrested state, the study demonstrated that 
therapy-induced senescence (TIS) may generate cancer cells with 
enhanced WNT-dependent tumor growth upon forced release or spon
taneous escape from senescence. Although, a permanent senescent 
cell-cycle block is per se incompatible with self-renewal, the authors 
argued that senescence is, in principle, reversible when essential 

Fig. 2. Senescence as a double-edged sword. Senescence has been reported by multiple studies to act as a double-edged sword. Programmed cellular senescence 
plays an essential role during physiological mammalian embryonic development. Such senescence is dependent on p21 and is coupled with macrophage-mediated 
clearance, which is important for promoting tissue homeostasis as well as remodeling during embryonic development. Also, in response to a cutaneous wound, 
endothelial and mesenchymal cells undergo senescence to accelerate wound healing via the secretion of PDGF-AA, a SASP component. Cell cycle arrest during 
senescence functions to suppress tumor growth and proliferation. During senescence, chemokines and cytokines are secreted to direct macrophages to M1 differ
entiation or recruits immune cells for tumor suppression or clearance of damaged tumor cells. On the flip side, senescence may also be detrimental. Continuous 
accumulation of senescent cells over time may eventually lead to the development of age-related pathologies such as metabolic disorders (obesity and diabetes), 
neurodegenerative disorders (Alzheimer’s Disease and Parkinson’s Disease), cardiovascular pathologies and cancer. Senescence promotes tumor progression due to 
the pro-inflammatory microenvironment around the senescent cells promoted by SASP factors. Lastly, the release of extracellular matrix proteins which are found in 
SASP remodel the extracellular matrix surrounding the senescent cells, which could promote invasion and migration. 

N.YL. Ngoi et al.                                                                                                                                                                                                                                



Redox Biology 45 (2021) 102032

5

senescence maintenance genes are no longer expressed [61]. Interest
ingly, IMR-90 normal human lung cells that undergo replicative senes
cence display a DNA methylome similar to that of a transformed cell. 
These cells that bypass senescence retain their methylation landscape, 
suggesting that this epigenome may promote malignancy if cells exit 
senescence or re-enter the cell cycle [62]. These findings strongly sug
gest the need to eliminate senescent cells in order to prevent cancer 
relapse. 

TIS is a critical step in limiting proliferation of cancer cells and in
volves tumor suppressor proteins such as p53. For example, treatment 
with chemotherapeutic agents such as doxorubicin increases SA-β-gal in 
p53WT cells but not in mutant p53 or p53null cells [63,64]. Interestingly, 
overexpression of oncoprotein AKT or depletion of its negative regulator 
PTEN were shown to induce senescence via mTOR kinase-mediated 
phosphorylation-dependent activation of p53 at serine-15 [65]. Stabi
lized p53 activates transcription of senescence associated genes such as 
p21cip1, E2F7, PML, PAI-1 and DEC-1 as well as miR-34 [8]. In addition, 
p53-driven senescence has been shown to induce cytokine and chemo
kine secretion, which directs macrophages to M1 differentiation or re
cruits immune cells for tumor suppression or clearance [40,66,67]. 

Notably, there is experimental evidence to demonstrate that senes
cent tumor cells in TIS do not necessarily have a permanent cell cycle 
arrest [68–71]. Such findings have been termed “pseudo-senescence” to 
differentiate between tumor cells that have regained proliferative ca
pacity from those that are still in a state of permanent growth arrest. In 
fact, senescence is one of the potential mechanisms by which tumor cells 
escape the impact of chemotherapy-induced cytotoxic stress, thereby 
allowing the cells to stay in a dormant state, only to be able to exit 
dormancy and recover proliferative ability to contribute to tumor 
recurrence. What triggers that escape to allow re-entry into the cell cycle 
and recover proliferative capacity remains poorly understood. Tumor 
cells that escape TIS are further characterized by increased stemness and 
aggressiveness; 1% of A549 non-small cell human lung adenocarcinoma 
that undergoes TIS express CD34 and CD117, which are markers of 
cancer cell stemness [60]. Similarly, another study reported that tumor 
cells undergoing TIS had stem-like features such as CD24+ and Nanog 
homeobox (NANOG) [72]. Furthermore, cells escaping TIS have been 
observed to be more aggressive, form fast-growing colonies in vitro and 
highly-malignant tumors in vivo [61]. Similarly, evidence of a higher 
fraction of cells positive for nuclear β-catenin with increased expression 
of WNT-target genes in recurrent diffuse large B-cell lymphoma (DLBCL) 
patients, previously exposed to chemotherapy, has been demonstrated 
[61]. Others have also documented re-entry into the cell cycle of fi
broblasts cells, induced into senescent arrest by telomere dysfunction 
[73]. Here, cells harboring a lower p16INK4A level were able to resume 
growth via the inactivation of p53, suggesting that senescence arrest was 
maintained by p53 and reversed by its inactivation [73]. 

It is noteworthy that cellular mechanisms that drive senescence and 
tumor dormancy could also contribute to inflammation and immune 
evasion, thereby creating a conducive milieu for potential cell cycle re- 
entry and escape from senescence. Notwithstanding that, as the acqui
sition of TIS or pseudo-senescence appear to form the niche from which 
subsequent proliferative (re-entry into cell cycle) populations emerge to 
give rise to secondary malignancies, one might dare to conjecture that 
targeting the initial mechanisms that induce senescence could still serve 
to prevent the subsequent escape. Alternatively, strategies targeting 
senescence in combination with anti-biologicals or conventional thera
peutics could be envisioned. Taken together, as the beneficial and 
detrimental senescence outcomes are seemingly context-dependent, it is 
imperative to distinguish and understand these different contexts in 
order to take advantage of senescence for therapeutic purposes. 

3. Redox perspective on senescence 

One of the critical underlying cellular perturbations commonly 
shared between signaling networks that drive the acquisition and/or 

maintenance of cellular senescence is a significant ‘pro-oxidant’ shift in 
the cellular micro-environment. This could be a factor of either an in
crease in cellular generation of oxidants and/or depletion or inefficiency 
of the anti-oxidant defense systems. The resultant low to moderate level 
of sustained oxidative stress is a critical factor in macromolecular al
terations/damage such as lipid peroxidation, post-translational modifi
cation(s) of proteins and damage to nucleic acids [74]. These 
modifications serve to alter signaling networks underlying a host of 
cellular processes, thereby culminating in DDR activation, changes in 
transcription factor activity, promoting inflammation and altering cell 
fate and state decisions. Collectively, these changes have a profound 
effect on cell cycle progression, in particular the acquisition and main
tenance of the senescent phenotype (Fig. 3). As accumulation of senes
cent cells with time is associated with cellular and organismal aging, the 
age-dependent accumulation of oxidant-induced macromolecular 
changes forms the basis for the damage-based theory of aging [75,76] and 
aging-related disorders such as diabetes, neurodegenerative diseases 
and cancer [77–79]. Of note, mitochondria function as an important 
intracellular source of ROS and there is compelling experimental evi
dence to suggest that senescence-associated mitochondrial dysfunction 
(SAMD) promotes reduced respiratory coupling and an increase in ROS 
production [80,81]. As a matter of fact, SAMD-induced ROS production 
is essential and sufficient for the activation of NF-κB during senescence 
[82]. 

The link between a change in cellular redox status and the senescent 
phenotype has been demonstrated in the various cellular processes 
involved in senescence acquisition such as OIS, stress-induced prema
ture senescence (SIPS) by chemotherapeutic drugs, irradiation and 
replicative senescence. Firstly, oncogenic Ras activation reportedly 
upregulates NADPH oxidases such as Nox1 or Nox4 [83], which pro
motes hyperproliferation, thereby resulting in replicative stress, DDR 
activation and senescence [84]. Whilst these observations provide a 
rationale for the judicious use of strategies to alleviate oxidative stress in 
Ras driven cancers, it also provides food for thought for exploiting this 
redox vulnerability through pharmacological hyperactivation of Ras to 
induce redox catastrophe and selective execution of mutant Ras 
expressing cancer cells [85]. Secondly, senescent fibroblasts harbor 
higher levels of cytosolic and mitochondrial superoxide (O2

•-) compared 
to their younger counterparts [2,86,87]. These oxidants are responsible 
for causing damage/shortening of telomeres [88], which results in DDR 
activation and the subsequent induction of replicative senescence [89, 
90]. Further evidence is provided by recent observations that replication 
stress-induced DNA damage triggers cellular senescence phenotype via 
intermediary sub-lethal oxidative stress [91]. Notably, activation of 
downstream effectors of DDR during senescence results in a significant 
increase in ROS generation; genotoxic stress, telomere uncapping, 
oncogene activation as well as induction of cell cycle checkpoints such 
as p53 and its downstream targets p21cip1 and p16 contribute to 
increased ROS production [81,92–94]. Despite these pieces of evidence, 
the temporal and spatial relationship between factors that trigger 
cellular senescence and those that alter cellular redox milieu and their 
crosstalk still remain less well characterized. 

Whilst on the subject of cellular redox status and senescence in the 
context of carcinogenesis, its rather disappointing that the use of general 
anti-oxidant approaches has not had the expected effects. This does not 
rule out the critical involvement of an altered redox state in the various 
processes driving carcinogenesis and its progression, including senes
cence, but strongly suggests a closer look at the underlying redox 
biology. To that end, an important aspect of the redox biology of cell fate 
and state determination is the somewhat generalized use of the terms 
ROS and oxidative stress. As ROS and reactive nitrogen species (RNS) 
comprise of various chemical entities with different reactivities and 
target selectivity, it is highly desirable and prudent to identify the spe
cific form of ROS/RNS while attributing a particular biological activity. 
This has been elegantly articulated by Jones and Sies by way of unrav
eling the complexity of the ‘redox code’ as well as highlighting the need 
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for the identification of the specific species responsible for altering what 
they describe as the ‘oxidative eustress’ [95–97]. Along similar lines, our 
past and recent works have attempted to decipher the diverse effects of 
the different ROS/RNS species from the standpoint of carcinogenesis 
and its progression [85,98–104]. Corroborating this, sub-lethal con
centrations of chemotherapeutic drugs or hydrogen peroxide (H2O2) 
trigger early onset of DNA damage and inhibition of DNA synthesis in 
various in vitro models [105–107], thereby inducing premature senes
cence, which could be rescued by catalase and N-acetylcysteine (NAC) 
[108,109]. On the other hand, a significant increase in mitochondrial 
O2
•- production was observed in MCF-7 breast carcinoma cells upon a 

short treatment with doxorubicin, while U87 glioma cells produced 
cytosolic O2

•-, peroxynitrite (ONOO-) and hydroxyl radical upon treat
ment with 20(S)-ginsenoside Rg3 [20(S)-Rg3] [110]. Importantly, 
treatment before or concurrently with nicotinamide or NAC blunted the 
accumulation of oxidants, thus preventing the development of senes
cence [111]. Collectively, these studies not only establish the link be
tween ROS-induced DNA damage and activation of DDR and senescence 
acquisition, but more importantly also appear to differentiate 
O2
•--mediated signaling from H2O2-driven networks, thus presenting a 

scenario whereby the cellular balance between SODs and iNOS might be 
a critical factor in determining the readout of the specific 
micro-environment. As redox modulation critically impacts cell cycle 
progression and its regulation as well as cellular response to survival and 
death stimuli and deregulation of cell cycle drives carcinogenesis, it is 
imperative to fine-tune oxidant-mediated signals and their ramifications 
to enable more selective and specific design of intervention strategies. 

Interestingly, phosphorylation-induced stability of the anti-apoptotic 
protein Bcl-2 could also impair the G1/S cell cycle transition [112]. 
Relevantly, constitutively active Rac1L61 mutant was shown to be 
capable of inducing senescence, in part due to the increase in intracel
lular ROS levels [113]. A different constitutively active Rac1 mutant, 
Rac1V12, was also found to increase intracellular ROS levels, which 
promoted Bcl-2 phosphorylation [114]. These interesting findings sug
gest that active Rac1-induced senescence could be in part due to 
ROS-mediated Bcl-2 phosphorylation. Furthermore, our recent work 
demonstrates that ROS-mediated Serine 70 phosphorylation of Bcl-2 
acts as a protective signal for cancer cell survival by modulating 
ROS-induced DNA damage [104]. As Bcl-2 phosphorylation impairs 
G1/S cell cycle transition [112], it is likely that an increase in intra
cellular ROS could induce Bcl-2 phosphorylation to retard cell cycle 
progression to avoid further ROS-mediated DNA damage, particularly at 
the DNA replicative S phase, and subsequent cellular cytotoxicity. 
Collectively, as the overexpression of anti-apoptotic Bcl-2 family mem
bers as well as their phosphorylation (such as that of Bcl-2) promote 
tumorigenesis or chemoresistance, their functions in switching to 
senescence or impairing cell cycle progression could be a viable ‘way-
out’ to avoid drug-induced cytotoxicity or cell death. 

4. Senescence targeting in the treatment of cancer and other 
diseases 

4.1. Senescence: consequence of chemotherapy and cause of 
chemoresistance 

Traditionally, chemotherapeutic agents induce high levels of DNA 
damage in tumor cells to promote cell death [115]. Notably, a subpop
ulation of the drug-exposed tumor cells are able to enter senescence 
[116,117], which could be in response to persistent DDR within the 
tumor and the surrounding stroma [4–6]. In addition, tumor heteroge
neity prevents the complete elimination of cancerous cells, thus allow
ing the small percentage of surviving cells to trigger disease relapse(s). 
Such heterogeneity might also determine if the small fraction that sur
vives drug-induced execution enters a permanent senescence state or a 
temporary proliferative arrest state [118]. There is also experimental 
evidence that the surviving fraction could evade or escape senescence 
and begin proliferating, thereby resulting in tumor regrowth and 
metastasis [115]. To that end, senescence evasion has been demon
strated as a mechanism of breast cancer relapse after chemotherapy 
[115,119,120]. 

The existence and persistence of senescent tumor cells pose a number 
of issues and therapeutic challenges [121]. Firstly, SAS factors released 
by the senescent tumor cells promote cell growth, angiogenesis and 
immune evasion [11,12,42,43,54,59]. Secondly, senescent cells are also 
found in non-tumor regions, and since most therapeutic interventions 
are administered through systemic routes [122], if these non-tumor 
senescent cells are not removed, their accumulation could promote the 
onset and/or accelerate the progression of a variety of age-related 
metabolic disorders [123]. Also, the genomic landscape of cancer cells 
is dynamic and unstable, which promotes senescence evasion to restore 
proliferation, as discussed above. 

Importantly, senescent cells are resistant to apoptosis due to the 
upregulation of anti-apoptotic mechanisms [124,125]. In this regard, 
the anti-apoptotic members of the Bcl-2 family have been documented in 
senescence induction [126]. Interestingly, various findings suggest that 
increased expression of anti-apoptotic proteins such as Bcl-2 and Bcl-xL 
direct cells into senescence by preventing apoptosis. These experiments 
were typically done through overexpression or knockdown of these 
anti-apoptotic proteins. For example, inducible expression of Bcl-2 in 
HeLa cervical cancer cells not only inhibited apoptotic morphology 
following treatment with aphidicolin, a DNA replication inhibitor, but 
also prevented colony formation, thereby suggesting the possibility of 
Bcl-2 in regulating the senescence process [127]. In another study, 
inducible expression of Bcl-2 in the non-small cell lung cancer cell line 
H1299 led to G1 cell cycle arrest, cell growth inhibition, SA-β-Gal in
duction and upregulation of cell cycle arrest markers such as p27. An 
increase in p27 and Cdk2 interactions and the inactivation of Cdk2 via 
reduced phosphorylation and activity were observed, which were 
further confirmed to be downstream of Bcl-2 in inducing senescence 
[128]. Similarly, Bcl-xL upregulation was also observed in senescent 

Fig. 3. Interplay between ROS and senescence. Numerous factors, both exogenous and endogenous, can trigger the production of ROS which can eventually lead 
to the development of senescence. Continuous accumulation of senescent cells over time may eventually lead to the development of age-related pathologies. 
Accumulation of dysfunctional mitochondria can induce ROS production which is essential for maintaining the senescent phenotype. Genotoxic stress from irra
diation, chemotherapy and smoking, telomere uncapping, overexpression of activated oncogenes contribute to increased ROS production, which induce DNA damage 
resulting in the activation of DDR and the subsequent activation of the p53/p21 or/and pRB/p16 pathway, which signal for cell cycle arrest and senescence 
acquisition. ROS also interplay with other factors such as epigenetic modifications, mitochondrial dysfunction and telomere attrition to trigger DNA damage and 
DDR. One important characteristic of senescence is the secretion of SASP. ROS have been linked to the activation of NF-κB, one of the major transcription factors that 
can promote the transcription of SASP components such as IL-6 and IL-8. Also, Nrf2, a transcription factor essential for cellular antioxidant response, encodes for 
proteins involved in antioxidant and glutathione synthesis to reduce ROS production. Depending on the cell type and context, at the transcriptional level, NF-κB can 
activate Nrf2 expression due to the presence of several binding sites in the promoter region of the NFE2L2 gene. However, NF-κB attenuates Nrf2 activity via 
mechanisms that are Keap-1 (Nrf2 regulator) dependent or independent, such as competition between p65 and Nrf2 for co-activator CBP-p300 complex. Notably, 
crosstalk between cellular redox milieu and pro-survival activity of the anti-apoptotic protein Bcl-2 has also been demonstrated. Numerous findings also suggest that 
increased expression Bcl-2 and Bcl-xL could direct cells into senescence by preventing apoptosis. Pro-survival Bcl-2 phosphorylation could also impair the G1/S cell 
cycle transition hence potentially promoting senescence induction. 
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colon cancer HCT166 cell line or triple negative breast cancer (TNBC) 
cells. In these different cancer models, Bcl-xL seems to be capable of 
switching cancer cell fate from apoptosis to senescence following drug 
treatment [129,130]. As such, TNBC cells that failed to undergo senes
cence had lower Bcl-xL levels following treatment with bromodomain 
and extra-terminal inhibition (BETi). Consistent with this, knockdown of 
Bcl-xL pushes cells to undergo apoptosis rather than senescence, while 
overexpression of Bcl-xL prevents apoptosis [130]. Since most chemo
therapeutic agents trigger apoptotic execution of cancer cells and 
overexpression of anti-apoptotic Bcl-2 proteins not only promotes drug 
resistance but also contributes to the acquisition of cellular senescence, a 
novel way to approach cancer treatment would be to eliminate 
therapy-induced senescent cells to prevent tumor relapse and limit any 
detrimental side effects to non-tumor cells. As such, a combination 
approach using conventional therapeutics together with modalities that 
specifically target the senescent population(s), is envisioned as a more 
effective strategy. 

4.2. Senomorphic and senolytic approaches 

The prominent role of cellular senescence in tumorigenesis, tumor 
persistence and progression has led to the emergence of strategies tar
geting senescence in cancer therapy. By eliminating therapy-induced 
senescent cancer cells which have potential to re-enter the cell cycle 
and cause disease relapse, or by suppressing the SAS factors and their 
cancer promoting effects, therapeutic targeting of senescence holds 
promise against disease relapse [131]. Moreover, targeting non-tumoral 
senescent cells may also contribute to the reversal of pathology and 
treatment of undesirable side effects of chemotherapy or radiotherapy 
on bystander cells in normal tissues. 

Pioneering efforts to control the acquisition of cellular senescence 
have led to the identification of senolytic and senomorphic agents 
involved in the control of either the senescent cells accumulation or 
mitigate the effect of SAS factor, respectively, thus opening up exciting 
new opportunities for therapeutic intervention [132]. Senolytics are 
molecules that preferentially eliminate senescent cells [133,134] by 
disabling relevant pro-survival pathways, thus promoting senescent 
cells to die by apoptosis. In cancer therapy, senolytics have been pro
posed to hold theoretical benefits to supplement existing treatments. 
Conversely, senotherapeutic molecules termed ‘senomorphics’ or 
‘senostatics’ are preferentially modulating the function(s) and 
morphology of senescent cells or targeting the undesirable effects of SAS 
factors [135]. Furthermore, considering the remarkable interplay be
tween cellular redox status and senescence in the various processes 
driving carcinogenesis, it is tempting to hypothesize that aberrant redox 
signaling serves as a stimulus for the cell cycle re-entry of senescent cells 
to promote secondary carcinogenesis and hence presents as an attractive 
target for intervention. 

4.2.1. Naturally occurring senolytics and senomorphics  

(i) Quercetin 

Several naturally occurring compounds have emerged as senolytics 
in recent years. One of the first senolytic compounds identified was 
quercetin, a naturally occurring flavonoid polyphenol [136] found in 
red wine, tea and vegetables. Quercetin has described roles in the 
modulation of several intracellular signaling pathways such as 
PI3K-AKT-mTOR, estrogen receptor signaling and NF-κB [137]. In vivo 
studies on the effect of quercetin in colorectal cancer have demonstrated 
protective effect on carcinogenesis [138]. An ongoing study investi
gating quercetin as a chemopreventive against squamous cell carcinoma 
in patients with known Fanconi anemia is currently recruiting 
(NCT03476330). Quercetin’s senolytic activity has been linked to mul
tiple mechanisms, including inhibition of PI3Kδ [139], the potassium 
voltage gated channel subfamily E regulatory subunit 2 (KCNE2) [140], 

and lipoprotein lipase (LPL) [136]. In TNBC, quercetin increased tran
scription of forkhead box O3 (FOXO3a) and induced its nuclear trans
location [141], resulting in increased apoptosis in senescent cells. The 
therapeutic applicability of quercetin in humans is actively being stud
ied. Recently, a phase I clinical trial of quercetin in chronic obstructive 
pulmonary disease (COPD) patients has reported results regarding 
in-human safety [142]. Patients with mild-to-severe COPD received 
increasing doses of quercetin for a duration of 1 week. Quercetin was 
tolerated up to 2000 mg/day by patients with no severe drug-related 
adverse events reported [142]. It’s worth pointing out that quercetin 
has antioxidant properties [135], which provides further support that a 
common denominator between small molecules that alter or target the 
senescence phenotype could be the modulation of cellular redox meta
bolism. Further corroborating this are observations that quercetin in
teracts with and stabilizes nuclear factor erythroid 2-related factor 2 
(Nrf2), a redox responsive transcription factor [143]. Also, studies have 
described a reduction of Nrf2 protein levels and reduced ROS in breast 
cancer cells upon exposure to quercetin and vitamin C [143,144].  

(ii) Quercetin-Dasatinib Combination Therapy 

The combination of dasatinib, a tyrosine kinase inhibitor targeting c- 
KIT, SRC and ephrin receptors, and quercetin has been well studied and 
shown to eliminate a wide range of senescent cells [139]. While dasa
tinib was able to eliminate senescent human preadipocytes, quercetin 
appeared to eliminate human endothelial cells more effectively [139]. 
The combination of dasatinib and quercetin (DQ) reduced senescent cell 
burden in naturally-aged and progeroid mice, improved cardiovascular 
function and carotid vascular reactivity in aged mice after just a single 
dose, and also reduced markers of senescence in mouse limbs that had 
undergone radiation [139]. Periodic administration of DQ improved 
health span in progeroid mouse models, delaying the onset of 
age-related pathologies such as osteoporosis and degenerative disc dis
ease [139]. In humans, a phase I study of patients with diabetic kidney 
disease treated with dasatinib 100 mg/day plus quercetin 1000 mg/day 
for 3 days sought to demonstrate the in-human senolytic pharmacody
namic effects of this combination. Paired adipose tissue, skin biopsies 
and blood were collected from patients prior to therapy and at 14 days 
after starting treatment. Interestingly, this study demonstrated reduc
tion in senescent cells within adipose and skin tissue after this short DQ 
therapy, together with reductions in circulating SASP factors IL-1α, IL-6 
and MMPs [145], confirming in-human senolytic activity of this 
combination. 

In murine models of bleomycin-induced pulmonary fibrosis, DQ also 
eliminated senescent cells, thus improving lung function [146]. Similar 
results were seen in ex vivo mouse alveolar cells from fibrotic lungs 
which also have reduced markers of senescence and fibrosis noted 
[147]. This preclinical data provided the rationale for a phase I study 
combining intermittently dosed dasatinib 100 mg/day with quercetin 
1250 mg/day, 3 days per week for a total of 3 weeks, for the treatment of 
idiopathic pulmonary fibrosis (IPF). Importantly, amongst 14 patients 
recruited, meaningful improvement in patients’ physical function as 
measured by a 6-min walk distance, 4-m gait speed and chair-to-stand 
time was improved after the 3-week course of therapy. No changes in 
pulmonary function test or frailty index were observed [148]. Finally, in 
preclinical studies of Alzheimer’s dementia, neuritic plaque-associated 
oligodendrocyte progenitor cells showed a senescence-like phenotype 
with upregulation of senescence-associated markers [149]. Treatment of 
transgenic mice expressing mutant human amyloid precursor protein 
(APP) and presenilin-1 (PS1), which cause early onset familial Alz
heimer’s dementia, with the DQ senolytic cocktail led to the selective 
elimination of senescent cells and reduced neuroinflammation, while 
improving cognitive deficits [149]. Currently, a clinical trial investi
gating DQ as a senolytic therapy to moderate Alzheimer’s disease pro
gression is recruiting (NCT04063124). In this context, combinatorial 
strategies of senolytics from different classes could be explored to 
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synergistically target senescence pathways in a variety of 
senescence-related conditions [150]. This may also require lower doses 
of each agent, potentially improving upon side effect profiles. Despite 
these highly encouraging results, heterogeneity in senolytic activity 
amongst various cell types has been reported with DQ, suggesting that 
the potential beneficial effects may be cell-type specific [150]. For 
example, DQ at maximal cytostatic doses lacked efficacy in clearing 
doxorubicin-induced senescent cells in HepG2 and Huh-7 hepatocellular 
carcinoma (HCC) cells [151].  

(iii) Fisetin 

Fisetin is another member of the flavonoid family. Naturally, fisetin 
is found in fruits and vegetables such as strawberries, onions, cucumbers 
and grapes [152]. Data have indicated the anti-tumor activity of fisetin 
to occur through its effects in targeting the Bcl-2 superfamily, and by 
inactivation of oncogenic drivers such as ERK1/2. Similar to quercetin, 
the role of fisetin in regulating the PI3K/AKT, NF-κB, peroxisome 
proliferator-activated receptor (PPAR), poly(ADP-ribose) polymerase 1 
(PARP1) axes has been described. These diverse effects on various 
replicative pathways have led to the observation of anti-proliferative 
and pro-apoptotic activity in a variety of cancer cell lines [153,154]. 
In colorectal, hepatic and pancreatic cancer cell lines, fisetin induced 
apoptosis and growth inhibition [155]. Gene expression analysis 
revealed this anti-tumor effect to be mediated through modulation of 
topoisomerases and CDKs [155]. In non-small cell lung cancer (NSCLC) 
NCI-H460 cells, fisetin displayed dose-dependent cytotoxicity, and 
induced apoptosis by reducing Bcl-2 expression, increasing Bcl-xL and 
activating downstream caspase-3 and -9 [156]. Similarly, in MCF-7 
breast cancer cell lines, fisetin promoted caspase -7, -8 and -9 activity, 
indicating increased apoptosis in tumor cells compared to normal cells 
[157]. Fisetin also showed increased apoptosis induction in bladder 
cancer models in vitro and in vivo, by up-regulating p53 while down
regulating NF-κB activity [158]. Fisetin also reduced the incidence of 
bladder cancers induced by intravesical N-methyl-N-nitrosourea by 
modulating NF-κB pathways and was well tolerated by mice with no 
toxicity [158]. 

Similar to quercetin, fisetin has been described to have senolytic and 
potent antioxidant properties [150,159]. Amongst 10 different flavo
noid compounds tested, fisetin was the most potent in reducing markers 
of senescence in aged mice, restoring tissue homeostasis, and reducing 
the development of age-related pathologies [159]. However, similar to 
quercetin, cell-type specific senolysis has been observed. In humans, 
various clinical trials investigating the senolytic potential for fisetin to 
improve skeletal health (NCT04313634, NCT04210986) and the frail 
elderly syndrome (NCT03430037) are recruiting. No studies for fisetin 
in cancer therapy have been registered to date.  

(iv) Piperlongumine and related analogues 

Another naturally-occurring senolytic identified is piperlongumine, 
an alkaloid found in peppers and medicinal plants [160,161]. Its 
anti-tumoral properties in NSCLC xenografts have been described [160, 
161]. Combined with doxorubicin, piperlongumine resulted in a syn
ergistic pro-apoptotic effect on DU-145 prostate cancer cells [162]. The 
senolytic activity of piperlongumine has been attributed to its effects 
targeting oxidation resistance 1 (OXR1), which is a sensor of oxidative 
stress and regulates expression of downstream anti-oxidant enzymes 
such as glutathione S-transferase Pi 1 (GSTp1) and crumbs cell polarity 
complex component 1 (CRB1) [160,163]. Piperlongumine was able to 
induce ubiquitin-proteasome mediated degradation of oxidation resis
tance protein 1 (OXR1) selectively in senescent cells [164]. Other po
tential targets of piperlongumine include the ERK1/2 and RAF1 
pathways [160], which relate to its ability to suppress proliferation and 
tumor progression. Piperlongumine has also been suggested to modulate 
NF-κB pathway and caspase-mediated apoptosis [165]. Preferential 

activity against senescent WI-38 fibroblasts induced by oncogenic Ras 
expression or ionizing radiation has also been reported for piperlongu
mine [163]. Notably, senolytic synergy for piperlongumine with 
ABT-263 (navitoclax), a Bcl-2/Bcl-xL inhibitor, has been recently 
demonstrated [163].  

(v) Curcumin analogues 

EF24 is a novel curcumin analog with senolytic activity with broad 
action against a range of cell types including human fibroblasts, renal 
epithelial cells as well as human umbilical vein endothelial cells 
(HUVECs) [166]. EF24 has been shown to reduce cell viability in se
nescent cells induced by ionizing radiation, extensive replication or Ras 
oncogene transfection [166]. The mechanism of action for its senolytic 
activity has been described as due to apoptosis induction by both ROS 
production-dependent and -independent mechanisms. One 
ROS-independent mechanism described is through the reduction of the 
anti-apoptotic members of the Bcl-2 superfamily, such as Mcl-1 and 
Bcl-xL, in senescent cells, inducing selective apoptosis [166]. No pre
clinical data exists regarding the efficacy of EF24 as a senolytic in the 
context of cancer therapy.  

(vi) Cardiac glycosides 

Cardiac glycosides such as digoxin and ouabain, originally from the 
foxglove plant, were identified as broad-spectrum senolytic molecules 
[167,168]. This senolytic action is related to their inhibition of the 
Na+/K+-ATPase pump, which leads to imbalance in the electrochemical 
cellular gradient. Senescent cells are particularly vulnerable to this 
approach due to the presence of an already acidified cellular environ
ment as well as a slightly depolarized plasma membrane. To evaluate the 
antitumor activity of this senolytic effect, immunodeficient nude mice 
were subcutaneously injected with A549 lung cancer cells, treated with 
gemcitabine, digoxin (2 mg/kg) or the combination of these two drugs. 
Although gemcitabine and digoxin alone both showed a slight antitumor 
effect compared to controls, the combination of the two led to a robust 
antitumor effect and several complete responses were noted in vivo. 
Immunohistochemistry performed on tumors treated with gemcitabine 
alone led to increased markers of senescence. However, tumors treated 
with gemcitabine and digoxin had only very few SA-β-Gal positive cells. 
Interestingly, a crosstalk between the senolytic activity of digoxin and 
modulation of redox homeostasis may exist. In gemcitabine-resistant 
pancreatic cancer cell lines, digoxin was shown to regulate and inhibit 
Nrf2 at the transcriptional level, which reversed gemcitabine resistance 
[169]. Furthermore, treatment with digoxin led to markedly decreased 
expression of Nrf2 target genes encoding antioxidant, glutathione syn
thesis, drug transport and drug metabolism enzymes in 
gemcitabine-resistant pancreatic cells [169]. In patient-derived xeno
grafts (PDXs) of breast cancer treated with doxorubicin, elevated 
senescence markers were noted, indicative of TIS. Treating these PDXs 
with the combination of doxorubicin and digoxin led to improved tumor 
outcomes as well as reduced SA-β-Gal expression [168]. Similarly, 
ouabain treatment preferentially killed RAS-driven senescent cells 
[167], as well as TIS cells that had history of prior exposure to common 
cancer therapies such as etoposide, doxorubicin or palbociclib [167]. In 
models of bleomycin-induced pulmonary fibrosis, digoxin also showed 
increased elimination of senescent cells, suggesting thatt the senolytic 
activity of cardiac glycosides could be a potential means of ameliorating 
this feared side effect of cancer therapy [168]. 

4.2.2. Bcl-2 inhibitors 
Small molecule inhibitors targeting mitochondrial intrinsic apoptotic 

pathways have been shown to hold senolytic activity [170–172]. One 
notable category of senolytic drugs is the BH3 mimetics, in particular the 
triple Bcl-2, Bcl-xL and Bcl-w inhibitor, navitoclax (formerly ABT-263), 
which was designed as an orally bioavailable drug for clinical testing to 
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promote apoptotic cell death as well as ABT-737, and A1331852 and 
A1155463 which are selective for Bcl-xL [171–173]. The senolytic ac
tivity of navitoclax appears to be primarily due to its inhibition of Bcl-w 
and Bcl-xL [170–172]. In human mesenchymal stromal cells treated 
with navitoclax, a significant but moderate senolytic effect was reported 
along with a reduction in SA-β-Gal staining. However, no rejuvenation of 
mesenchymal stromal cells by measure of improved telomere length or 
epigenetic senescence signature was noted from navitoclax treatment 
[174]. In vivo, treating mice who harbored TIS from prior chemotherapy 
with navitoclax led to clearance of senescent tumor cells, potentially 
reducing the risk for subsequent tumor recurrence [134,170]. 

Notably, similar to other described senolytics, navitoclax appears to 
be active in selective senescent cell-types. Zhu and colleagues described 
reduced viability of human lung fibroblast cells and senescent HUVECs, 
but not preadipocytes. Combined siRNA targeting of Bcl-2, Bcl-xL and 
Mcl-1 failed to induce senolysis, whereas similar combination siRNA 
targeting of Bcl-2, Bcl-xL and Bcl-w was able to induce senolysis in 
HUVECs and IMR-90 cells [172]. Importantly, the efficacy of navitoclax 
in the context of cancer cells remains to be fully established. In mouse 
models, navitoclax eliminated both TIS tumor and non-tumoral stromal 
cells after chemotherapy, thus reducing cancer recurrence. In other 
models of melanoma and NSCLC, navitoclax was able to selectively kill 
senescent tumor cells [175]. In TP53-wild type breast cancer cells, 
navitoclax had no effect on proliferating cells, but selectively induced 
apoptosis in a subset of cells that had been pre-treated with chemo
therapy. Low Noxa (a pro-apoptotic BH3 protein) expression was asso
ciated with resistance to navitoclax in some cells, which could be 
overcome with Mcl-1 inhibition. These senescent breast cancer cells 
were shown to rely on Bcl-xL and/or Mcl-1 for survival [176]. In vivo 
breast cancer models showed that the addition of navitoclax after 
chemotherapy improved tumor regression, and mouse survival, with 
increased apoptosis noted [176]. These findings suggest successful 
elimination of chemotherapy-induced senescent cells by BH3 mimetics, 
potentially reducing residual disease burden after chemotherapy [176]. 
However, in prostate cancer cells, navitoclax failed to show senolytic 
efficacy in androgen-sensitive senescent prostate cancer cells which had 
been treated with androgen deprivation therapy [177]. Finally, the 
toxicity profile of navitoclax is a concern. In clinical studies of navito
clax, dose-limiting thrombocytopenia and neutropenia have been re
ported [178], which may limit its translational applicability at cytotoxic 
doses in cancer patients who may already have diminished marrow re
serves after chemotherapy. This may necessitate the evaluation of lower 
doses of navitoclax for senolysis, or potentially in combination with 
other less toxic senolytics. 

Since navitoclax was first noted to be a senolytic, few studies have 
attempted to improve navitoclax toxicity profile by reducing platelet 
toxicity. Gualda et al. recently showed that the use of galactose- 
encapsulated nanoparticles or more specifically a pro-drug galacto- 
conjugated navitoclax (Nav-Gal) that can be preferentially activated by 
SA-β-Gal activity found in senescent cells [179]. Senescent cells with 
increased lysosomal and galactosidase activity allow hydrolysis of a 
cleavable galactose, thereby facilitating the targeted release of navito
clax to senescent cells. In addition, Nav-Gal was shown to be more 
specific at inducing cell death in senescent cells while protecting 
non-senescent cells compared to navitoclax. Importantly, Nav-Gal 
induced less thrombocytopenia compared to navitoclax in ex vivo 
human and murine blood samples as well as in vivo murine models; the 
latter at therapeutic relevant doses [179]. A different group similarly 
converted navitoclax to a Bcl-xL proteolysis-targeting chimera (PRO
TAC), known as PZ15227, which targets Bcl-xL to the cereblon (CRBN) 
E3 ligase for degradation. As CRBN is poorly expressed in platelets, this 
makes PZ15227 less toxic towards platelets. Importantly, PZ15227 
effectively clears senescent cells without severe thrombocytopenia and 
rejuvenates tissue stem and progenitor cells in aged mice [180]. 
Collectively, the improved versions of navitoclax, Nav-Gal and 
PZ15227, are promising compounds that could be further developed 

into drugs that are eventually clinically safe and active at targeting se
nescent cancer cells and even in some cases rejuvenating aged or injured 
tissues plagued with senescent cells. 

Finally, other BH3 mimetics targeting Bcl-w and Bcl-xL and the 
discovery of selective Bcl-xL inhibitors A1331852 and A1155463 hold 
senolytic potential as well. Bcl-xL has been shown to be essential for the 
survival of senescent HUVECs. The selective Bcl-xL inhibitors A1331852 
and A1155463 have described senolytic activity in senescent HUVECs 
and IMR-90 lung fibroblasts, but not in preadipocytes [150]. When 
combined with standard chemotherapy in vivo models of breast, ovarian 
and NSCLC, Bcl-xL inhibition improved chemotherapy efficacy with 
tolerable toxicity [181]. 

Interestingly, a senomorphic effect has also been demonstrated for 
navitoclax by way of suppressing SASP expression in several pre-clinical 
models for senescence. In mouse lung models, reduction in cyclin 
dependent kinase inhibitor 2A (CDKN2A), TNF-α and C-C motif che
mokine ligand 5 (CCL5) were observed [170], and in bone marrow 
stromal cell cultures from aged mice, navitoclax both reduced levels of 
SASP components as well as eliminated senescent cells [182]. Collec
tively, its rather remarkable that a large number of compounds with 
senolytic activity are mechanistically redox modulators, thus strongly 
suggesting a cause-effect relationship. Perhaps, a closer evaluation of 
other redox modulating compounds will provide novel 
senotherapeutics. 

4.3. Repurposing of drugs as senotherapies  

(i) Rapamycin 

Rapamycin is a natural macrolide mTOR kinase inhibitor isolated 
from Streptomyces strains, and was initially developed as an immuno
suppressive agent [183]. Increased understanding of the role of 
mTORC1 in regulating SASP [139] led to several groups exploiting the 
potential senomorphic or senostatic role of rapamycin in suppressing the 
SASP effects in cancer. This has been described to be affected through 
Nrf2-dependent and -independent mechanisms [175]. mTOR interacts 
with the MAP kinase pathway, and ultimately leads to increased 
mitogen-activated protein kinase-activated protein kinase 2 
(MAPKAPK2) translation [184], and nuclear translocation of NF-κB. 
Rapamycin led to downregulation of inflammatory cytokines including 
IL-6, IL-8, and reduction of transcription of IL-1α and IL-1β [37] as well 
as STAT3 pathway activation. Rapamycin also reduced production of 
mitochondrial ROS in vitro and in vivo [185]. In prostate cancer mouse 
models, introduction of rapamycin suppressed SAS factors in senescent 
stromal fibroblasts and their effects on prostatic tumor growth [186]. 
Therefore, rapamycin and other mTOR inhibitors may have a potential 
preventative role in suppressing tumor growth by blocking the delete
rious effects of the SAS factors [187]. Other mTOR pathway inhibitors 
such as everolimus, temsirolimus and deforolimus are being explored as 
senomorphics in cancer therapy as well.  

(ii) Metformin 

Metformin is commonly used for the treatment of type II diabetes 
mellitus, which holds potential for repurposing in senotherapy. Met
formin has several mechanisms of action and has been identified as an 
inhibitor of mitochondrial oxidative phosphorylation through its inhi
bition of complex I [188]. In senescent cells, metformin has been iden
tified to reduce ROS production and resultant DNA damage, while 
maintaining cell cycle arrest [189], thereby suggesting its potential as a 
senomorphic agent. Additional effects in modulating SAS factors have 
also been described through its action in reducing translocation of NF-κB 
into the cellular nucleus [190]. The known effect of metformin in 
inhibiting AMP-activated protein kinase (AMPK) activation is also ex
pected to downregulate the mTORC pathway, which may additionally 
contribute to its senomorphic activity [191]. Ras-mutant IMR-90 
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fibroblasts treated with metformin also showed reduced levels of 
CXCL-5, IL-6, IL-8 and IL-1β, which are known inflammatory cytokines 
found in SASP. Similarly, in prostate cancer cells, metformin reduced the 
pro-tumorigenic inflammatory effects of SAS factors [190].  

(iii) Histone deacetylase (HDAC) inhibitors 

Panobinostat is a HDAC inhibitor that has also been repurposed as a 
senolytic due to the links between senescence and histone deacetylation. 
Senolytic activity has been demonstrated for panobinostat in NSCLC, as 
well as head and neck squamous cell carcinoma [192], producing 
dose-dependent synergy when combined with paclitaxel chemotherapy 
in the respective cell lines. The use of panobinostat was shown to be 
more efficacious compared to repeat dosing with paclitaxel or cisplatin, 
and the authors suggested that panobinostat was able to selectively 
target persistent senescent cells that accumulate after chemotherapy 
treatment [192]. Treatment with panobinostat led to increased 
apoptosis in treatment-induced senescent cells, with increased caspase-3 
and -7 activity noted, as well as increased histone acetylation and 
reduced Bcl-xL expression. This suggests that panobinostat may be 
useful as a senolytic agent in the post-chemotherapy setting.  

(iv) Inhibitors of bromodomain and extra-terminal proteins (BETi) 

BETi have known anti-tumor activity through its targeting of onco
genic pathways, including c-MYC, Bcl-2 and CDK4 [193]. More recently, 
bromodomain-containing protein 4 (BRD4), which is also targeted by 
BETi, was shown to regulate SASP expression and immune surveillance 
during OIS [194]. In this light, BETi have been purported to induce 
senolysis through attenuation of non-homologous end joining (NHEJ) 
and by increasing cellular autophagy. Tasdemir and colleagues treated 
senescent hepatocytes with the BETi I-BET2762, which blunted SASP 
and suppressed the progression to HCC in mouse models [194]. In xe
nografts, eliminating chemotherapy-induced senescent cells using BETi 
increased overall chemotherapy efficacy [195]. In TNBC, BETi have 
been reported to induce mitotic catastrophe which may result in 
apoptosis or senescence. One study investigating these two cell fates 
[130] described that this terminal response is determined by intrinsic 
levels of Bcl-xL. Cell lines that underwent senescence rather than 
apoptosis after BETi therapy, showed higher levels of Bcl-xL, and forced 
overexpression of Bcl-xL diverted cells from apoptosis to senescence 
instead. Inhibition of Bcl-xL in cells that were senescent after BETi 
treatment, further induced cell death [130].  

(v) Macrolide Antibiotics 

Azithromycin and roxithromycin were initially developed as mac
rolide antibiotics. Recent studies have shed light on their senolytic 
properties in human fibroblasts. Azithromycin treatment of human fi
broblasts was able to remove approximately 97% of senescent cells, 
potentially through the induction of aerobic glycolysis and autophagy 
[196]. Interestingly, the parent antibiotic, erythromycin, showed no 
senolytic activity. No preclinical data exists thus far for the repurposing 
of macrolide antibiotics for senolysis in the context of cancer therapy.  

(vi) Fibrates 

Fenofibrate, a drug used in dyslipidemia therapy, has also been 
touted to have pro-autophagic activity, and was able to reduce the 
number of senescent human chondrocyte cells via increased autophagic 
flux and apoptosis [197]. The group also highlighted retrospective data 
from the Osteoarthritis Initiative cohort, describing reductions in clin
ical osteoarthritis in patients who had received fibrate therapy. 

The aforementioned examples of drugs that were developed for other 
indications but have potential for use as senomorphic/senostatic/seno
lytic, also seem to impact cellular/mitochondrial redox metabolism. The 

emerging theme underlying the ability of these drugs to target the 
senescence phenotype appears to be related directly or indirectly to their 
redox modulating properties. 

5. Concluding remarks 

Myriad stress stimuli trigger the acquisition of senescence and/or its 
maintenance, which in addition to promoting tissue repair and remod
eling also functions as an effector mechanism driving age-related pa
thologies. The functional dichotomy of senescence is visibly manifested 
in regulating signaling networks that suppress or promote the process of 
carcinogenesis and its progression. These biological responses are a 
function of the slew of cytokines and chemokines secreted by cells upon 
acquiring SASP. Despite the current advancement in the understanding 
of various stimuli and signaling networks upstream and downstream of 
SASP, there is relative lack of clarity with respect to the temporo-spatial 
factors/events that govern the switch from the good (onco-suppressor) to 
the bad (oncogenic). Furthermore, the well-recognized pathogenic role 
of senescent cells has also drawn attention to the study of post-mitotic 
cells and the relevance of senescence in these to tissue physiology and 
ageing [198,199]. To date, evidence surrounding the role of post-mitotic 
cell senescence in health and disease remains scarce and this is an area 
that urgently needs to be addressed. 

Importantly, the intricate crosstalk between senescence and cellular 
redox metabolism has potential therapeutic implications. To that end, 
it’s worth pointing out that a majority of small molecule compounds 
with senomorphic and/or senolytic activities also elicit redox regulatory 
effects (Fig. 4). The challenge obviously would be to untangle the 
inherent complexity of the redox-senescence interplay, which will 
inform the appropriate clinical utility of these strategies as well as se
lective repurposing of other drugs. Notwithstanding the tremendous 
advances in the search for potential senotherapeutics, the double-edged 
nature of senescence-targeting means that caution must be taken in 
moving these therapies from bench to bedside. To date, human cell 
culture has provided most of the preliminary information on senescence 
targeting; however, given that senolysis may have beneficial or detri
mental effects, improved pre-clinical models that may better mimic 
human disease in the context of an intact immune system are needed to 
validate the potential benefits of such therapies. Importantly, such 
models may also help us to narrow down the senescence signaling 
pathways which are most relevant to the disease pathology of interest, as 
well as to prioritize disease conditions most likely to benefit from this 
approach, ultimately culminating in appropriately-prioritized clinical 
trials. 

Could regulation of cellular redox status be the common denomi
nator in senolytic and senomorphic strategies? In this regard, aside from 
the deleterious effects on bio-molecules, aberrant redox signaling, 
downstream of DNA damage response activation, could be critical in the 
maintenance of senescence, and as such restoring redox homeostasis 
could have the dual advantage of blocking the acquisition as well as 
maintenance of the senescent phenotype [200]. Hence, one might dare 
to conjecture that, in addition to accumulating oxidant-mediated dam
age over time, ageing involves a further role for an aberrant redox 
micro-environment in promoting cellular senescence. 
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