
In his 1881 essay ‘The Duration of Life’, evolutionary 
biologist A. Weismann made an assertion considered 
radical in his day. “Death takes place because a worn-
out tissue cannot forever renew itself, and because a 
capacity for increase by means of cell division is not 
ever-lasting but finite” (REF. 1). Weismann’s far-reaching 
idea — that an inherent limit to cell division contributed 
to ageing — lay dormant for more than 80 years until L. 
Hayflick’s work in 1961 demonstrated that mammalian 
cells do indeed have a finite capacity for cell division, 
which is a concept now referred to as the ‘Hayflick 
Limit’ (REF. 2) (FIG. 1).

Weismann and Hayflick both argued that tissues age 
because non-dividing cells within that tissue lose the 
ability to participate in repair. What could not be appre-
ciated at the time was that a class of non-dividing cells 
induced by cellular stress, now referred to as ‘senescent 
cells’ (SNCs), are also harmful for an entirely different 
reason. In addition to not being able to contribute to 
tissue repair through proliferation, SNCs disrupt nor-
mal tissue function by secreting factors that recruit 
inflammatory cells, remodel the extracellular matrix, 
trigger unwanted cell death, induce fibrosis, and inhibit 
stem cell function3–6. SNCs that accumulate over time 
actively damage the tissues in which they reside and can 
be directly linked to features of natural ageing7.

Work over the past decade in animals has demon-
strated that the selective elimination of SNCs (also 
known as ‘senolysis’) lengthens ‘healthspan’, the period 
of time an organism lives free of chronic diseases of 
ageing. Senolysis in mouse models of disease has been 
shown to ameliorate atherosclerosis, osteoarthritis, 

cataracts, tumorigenesis, cardiac hypertrophy, renal 
dysfunction, lipodystrophy, and sarcopenia7–11. In addi-
tion to extending healthspan, senolysis also increases 
median mouse lifespan7 (FIG. 1).

Interfering with the pro-ageing effects of SNCs, either 
by eliminating SNCs entirely or by shutting down the 
SNC secretory machinery, is now being considered as a 
potential strategy to treat diseases of ageing. However, 
to make such therapies a reality, a variety of technical 
challenges must be overcome. First, cellular senescence 
is not uniformly negative and supports a variety of 
beneficial functions, including tumour suppression, 
wound healing, embryonic development12–16, tissue 
regeneration17 and the promotion of insulin secretion 
by pancreatic β‑cells during ageing18 (BOX 1). Care must 
therefore be taken as to when, where and how SNCs are 
targeted. Second, although a variety of molecules have 
been identified that eliminate SNCs in vivo, some of 
these compounds have undesirable off-target effects, 
such as thrombocytopenia19. Third, SNCs of different 
tissue origins have different vulnerabilities, which would 
require the design of unique molecules that not only tar-
get the appropriate cell type in vivo but also accumulate 
in the tissue in which these SNCs reside. Last, molecules 
that blunt the SNC secretome would need to be taken 
continuously, as SNCs would continue to persist after 
treatment. The long-term use of such molecules could 
present safety challenges because these molecules have 
been shown to be immunosuppressive20.

It is a sufficiently attractive concept to blunt the dele-
terious effects of SNCs with a drug, and numerous groups 
are now attempting to develop senotherapies, that is, drugs 
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Senolysis
The therapeutic killing of 
senescent cells using small 
molecules (also known as 
senolytics).

Senescence
A tumour-suppressive cell fate 
undertaken in response to 
irreparable damage. It is 
characterized by permanent 
withdrawl from the cell cycle 
and acquisition of a 
pro-inflammatory, proteolytic 
secretome.
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Abstract | Chronological age represents the single greatest risk factor for human disease. One 
plausible explanation for this correlation is that mechanisms that drive ageing might also 
promote age-related diseases. Cellular senescence, which is a permanent state of cell cycle arrest 
induced by cellular stress, has recently emerged as a fundamental ageing mechanism that also 
contributes to diseases of late life, including cancer, atherosclerosis and osteoarthritis. 
Therapeutic strategies that safely interfere with the detrimental effects of cellular senescence, 
such as the selective elimination of senescent cells (SNCs) or the disruption of the SNC 
secretome, are gaining significant attention, with several programmes now nearing human 
clinical studies.
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Senotherapies
Therapeutic strategies that aim 
to neutralize the deleterious 
effects of senescent cells as  
a treatment for age-related 
diseases.

Senescence-associated 
β-galactosidase
(SA-β‑Gal). A lysosomal 
hydrolase with optimal activity 
at pH 6.0 in senescent cells 
(SNCs). Detection of SA-β‑Gal 
enzymatic activity is frequently 
used to stain SNCs in vitro and 
in vivo.

Cyclin-dependent kinase 
inhibitor
(CDKi). A protein that arrests 
the cell cycle by binding to and 
deactivating cyclin-dependent 
kinases. p16INK4A, p19ARF, and 
p21 belong to this class of 
proteins and are commonly 
used as senescence markers.

Senescence-associated 
secretory phenotype
(SASP). The suite of secreted 
factors produced by senescent 
cells, including 
metalloproteinases, cytokines, 
chemokines, and growth 
factors, as well as non-protein 
metabolites.

that safely interfere with the pro-ageing effects of SNCs. 
The first molecular entities with senolytic potential have 
been reported8,21–23, and the properties of one class of 
these agents, B cell lymphoma 2 (BCL‑2) family inhib-
itors, have been confirmed by multiple independent 
laboratories11,21,24. One of these molecules, navitoclax 
(also known as ABT‑263), has been shown to exert a 
therapeutic effect in models of atherosclerosis through 
selective elimination of SNCs11 (FIG. 1). However, seno-
lytic molecules in this class have side effects, which 
makes their clinical development for diseases of ageing 
challenging (FIG. 1). A second senolytic molecule, the pro-
prietary agent UBX0101, has been shown to clear SNCs 
in a mouse model of osteoarthritis, which significantly 
attenuates both disease progression and pain8 (FIG. 1).

In this Review, we assess both the progress made to 
date towards human senotherapy and the challenges 
faced by investigators working in this field. It is our 
hope that this conceptual framework will help guide this 
nascent area of drug discovery towards clinical success.

Discovery and detection of SNCs
In 1961, Hayflick and Moorehead demonstrated that 
normal human cells possess limited replicative potential 
when grown in cell culture2 (FIG. 1). After approximately 
50 divisions, most cells in culture have, at some point, 
lost the ability to divide but remain alive and metabol-
ically active25–27. This finite proliferative capacity, now 
called replicative senescence, was thought to underlie 
the decline in cell replacement and tissue repair that 
accompanies ageing28. This idea was difficult to prove at 
the time, as there were no methods available to detect or 
manipulate SNCs in vivo.

The first tool to identify SNCs in vivo came from 
the discovery of a SNC-enriched enzymatic activity: 
SNCs display β‑galactosidase enzymatic activity at 
pH 6, whereas more common β‑galactosidase isoforms 

show peak enzymatic activity at pH 4–4.5 (REF. 29). This 
β‑galactosidase activity is now referred to as senescence- 
associated β-galactosidase (SA-β‑Gal), and this insight 
enabled the development of a simple colorimetric assay 
now in widespread use for the labelling and detection of 
SNCs (FIG. 1). A second key tool was the identification 
of p16INK4A, which is a cyclin-dependent kinase inhibitor 
(CDKi) that serves as a master regulator of cell cycle 
arrest in SNCs30,31. Mice lacking p16INK4A are tumour-
prone32, demonstrating that this critical senescence 
regulator has an important role in tumour suppression. 
Shortly thereafter, p19ARF-mediated stabilization of the 
transcription factor p53 was identified as a feature of  
SNCs, providing another valuable in  vivo marker  
of SNCs9,33,34. These SNC detection tools as well as 
additional markers, such as intracellular lipofuscin 
accumulation35, were instrumental in establishing that 
senescence is a consequential in vivo programme and 
not merely a cell culture phenomenon. For example, 
SA-β‑Gal activity and CDKi levels were found to be 
elevated in both human atherosclerotic plaques36 and 
in numerous aged rodent and aged primate tissues37 
(FIG. 1). In addition, several ‘pro-senescence’ stresses were 
discovered, including robust oncogenic RAS signal-
ling38, DNA double-strand breaks and critically short-
ened telomeres39,40. The utilization of these stresses as 
senescence-inducing tools has been invaluable in estab-
lishing that cellular senescence is in fact a bona fide cell 
state that occurs in vivo.

Characteristics of SNCs
Rather than existing as a single, discrete cellular state, 
SNCs are diverse: SNCs of different origins secrete dif-
ferent senescence-associated secretory phenotype (SASP) 
factors41–44, drive disease pathogenesis through varying 
mechanisms and can be triggered to enter apoptosis 
through distinct senolytic mechanisms45. Some of these 

Figure 1 | Timeline of milestones relevant to senotherapy. Selected events related to the developing field of senotherapy are highlighted. CDK, 
cyclin-dependent kinase; SA-β-Gal, senescence-associated β-galactosidase; SASP, senescence-associated secretory phenotype; SNCs, senescent cells.
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Cytokines
Secreted protein factors that 
act as ligands for receptor- 
mediated cell signalling.

Chemokines
Cytokines, such as monocyte 
chemotactic protein 1 (MCP1), 
promote cellular migration 
(also known as chemotaxis).

differences may arise as a consequence of how these cells 
became senescent in the first place (that is, what stressor 
induced senescence, such as oncogene overexpression 
versus irradiation) or the tissue origin of the cell before 
senescence induction. Below, we focus on features that are 
sufficiently common to all SNCs that they can potentially 
be exploited for senotherapy. Our current knowledge of 
SNCs has been acquired largely using cell culture systems, 
as efforts to characterize SNCs in vivo have been limited 
by difficulties in detecting, tracking and collecting SNCs 
from aged or diseased tissues.

SNCs are permanently growth-arrested
SNCs are characterized by a state of permanent growth 
arrest that promotes organism survival by suppressing 
cancer4,46. Although DNA damage, telomere shorten-
ing and oncogene activation are the most studied pro- 
senescence stimuli, several other stressors can induce 
this cell fate, including phosphatase and tensin homo-
logue (PTEN) insufficiency47, mitotic stress9, stalled 
DNA replication48 and the unfolded protein response49. 
Two main signalling pathways initiate and maintain this 
growth arrest: p53–p21–retinoblastoma protein (RB) and 

p16INK4A–RB (REF. 5). In response to DNA double-strand 
breaks or uncapped telomeres, the DNA damage 
response (DDR) is activated, which results in stabilization 
of p53 through phosphorylation by the kinases ataxia 
telangiectasia mutated (ATM) and ataxia telangiectasia 
and RAD3‑related protein (ATR) as well as p14ARF- or 
p19ARF-mediated inhibition (human or mouse, respec-
tively) of the ubiquitin ligase mouse double minute 2 
(MDM2)50,51. Enhanced p53 transcription factor activ-
ity increases expression of the CDKi p21, which initially 
arrests the cell cycle52. Permanent arrest is mediated 
by p16INK4A, which is transcriptionally upregulated by 
BMI1, and ETS1 and ETS2 under the control of p38 
mitogen-activated protein kinase (p38 MAPK)53 and 
extracellular signal-regulated kinase (ERK) signalling54, 
respectively. p16INK4A inhibits CDK4 and CDK6 activ-
ity, which leads to RB hypophosphorylation, blockade 
of S‑phase entry, and cell cycle arrest. Furthermore, 
p16INK4A cooperates with mitogenic signalling to trigger 
a ROS–protein kinase C δ-type (PKCδ)-positive feed-
back loop that stably inhibits cytokinesis55. Accordingly, 
SNCs in vitro can exhibit polyploidy, being left with a 4n 
genome following failed cytokinesis56.

SNCs possess a bioactive secretome
SNCs secrete a bioactive SASP consisting of inflam-
matory cytokines, chemokines, growth factors and 
proteases41–43,57–59 (FIG. 1). Although no exhaustive com-
parison of SASPs from distinct cell origins exists, the 
precise molecular composition of one SASP in particu-
lar (that of the primary fetal lung fibroblastic cell line, 
IMR90, which had been made senescent via oncogene 
overexpression) has been characterized in detail using 
stable isotope labelling with amino acids in cell culture 
(SILAC) and mass spectrometric analysis60. Its SASP 
consists of 103 distinct secreted proteins that are spe-
cifically upregulated after oncogene-induced senescence 
and includes several factors implicated as causal in spe-
cific chronic diseases of ageing: for example, vascular 
endothelial growth factor (VEGF) contributes directly 
to the pathophysiology of macular degeneration, and 
matrix metalloproteinase 3 (MMP3) and interleukin‑6 
(IL‑6) have both been associated with osteoarthritis. As 
a consequence, the SASP has been proposed as a plau-
sible link between cellular senescence and ‘inflammag-
ing’ (REFS 61,62), the idea that chronic inflammation and 
proteolysis contribute to tissue dysfunction, age-related 
diseases and perhaps even ageing itself.

In vitro, the SASP is produced in a p16INK4A-
independent fashion as a result of DDR-dependent  
and DDR-independent signalling through p38 MAPK 
and nuclear factor-κB (NF‑κB)44,63. The early SASP is 
dominated by transforming growth factor-β (TGFβ) 
family members, which can induce senescence in nearby 
cells64. Rising levels of Notch activity then promote a 
switch to a pro-inflammatory SASP in which secreted 
and membrane-bound IL‑1α acts in an autocrine fashion 
to reinforce the production of IL‑6 and IL‑8 (REFS 64,65) 
(FIG. 2). However, the chronology of these events in vivo is 
unclear. In cancer, one hypothesis is that the SASP of SNCs 
may initially drive cell cycle arrest of their transformed 

Box 1 | Beneficial functions of SNCs

The senescent cell (SNC) fate has been linked to several beneficial processes, including 
wound resolution15,163, embryogenesis12,14 and cancer prevention87. Permanent 
withdrawal from the cell cycle in response to potentially transforming insults is tumour-
suppressive, as shown by high cancer rates in mice lacking the cyclin-dependent kinase 
inhibitors p16INK4A or p19ARF (REFS 85,161,164). Indeed, p16INK4A depletion or epigenetic 
silencing is a common event in human malignancy165–167. It seems that the senescence 
cell cycle arrest also limits other proliferative responses to injury, such as fibrosis108,163, 
and perhaps macrophage proliferation in atherosclerosis168,169.

The current working model is that these beneficial SNCs — termed acute SNCs5 — 
serve a temporospatially restricted signalling role through the senescence-associated 
secretory phenotype (SASP) and are subject to prompt immune clearance. These 
signals may act on parenchymal cells, progenitor cells or the immune system, and can 
play a modulatory role in tissue repair and regeneration. SNCs arising in wound healing, 
for example, release platelet-derived growth factor AA (PDGF‑AA) as part of the SASP 
to support wound closure15. Similarly, SNC-derived interleukin‑6 (IL‑6) promotes in vivo 
skeletal muscle repair following injury170. Keratinocyte stemness can also be induced by 
SNCs, leading to enhanced skin engraftment71. SASP factors arising from SNCs in 
neoplasms may initially enhance antitumour immunity in addition to enforcing a 
paracrine senescence on neighbouring transformed cells64.

However, the biological significance of SNC-induced cancer surveillance is currently 
unclear, as long-term removal of SNCs — using the SNC elimination system in the 
INK-ATTAC (INK-linked apoptosis through targeted activation of caspase) mouse 
model7 — leads to a delay, rather than an acceleration, of the onset of cancer in  
mice. Perhaps as the immune system ages, the balance between SNC-mediated 
tumour-suppression and SNC-mediated tumour-promotion gradually shifts  
towards cancer.

Although not known for certain, it is possible that acute SNCs may convert into 
persistent chronic SNCs5 following immune system deterioration in ageing and that 
this type of chronic SNC could be deleterious through inappropriate expression of a 
signalling programme intended to be short-term. Presumably, these chronic SNCs are 
being removed to beneficially affect healthspan and lifespan in mice7. By contrast, 
some types of chronic SNCs may be beneficial. SNCs, in general, resist apoptosis75. In 
cell types whose depletion over time is dangerous, such as pancreatic β‑cells, 
senescence may salvage organ functionality through cell death resistance. Indeed, 
pancreatic β‑cells that are driven into senescence through p16INK4A overexpression or 
ageing secrete more insulin than their non-senescent counterparts18. Senescence as 
a cell salvage pathway in other secretory organs remains an intriguing, 
underexplored possibility.
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Figure 2 | Hallmarks of SNCs. Based predominately on in vitro experimentation, senescent cells (SNCs) possess several 
key features, namely engagement of a permanent cell cycle arrest, resistance to cell death signalling and production of 
a bioactive secretome, known as the senescence-associated secretory phenotype (SASP). a | In response to 
pro-senescence stresses, including reactive oxygen species (ROS), DNA damage and others, the p53–p21 and p16INK4A 
cell cycle arrest pathways are activated, which inhibits cyclin-dependent kinase 2 (CDK2), CDK4 and CDK6, 
respectively. Consequently, retinoblastoma protein (RB) is maintained in a hypophosphorylated state that suppresses 
expression of S‑phase genes by binding to and sequestering the transcription factors E2F, DP1 and DP2 as well as 
recruiting histone deacetylases (HDACs) that act on heterochromatin. b | SNCs resist mitochondria-mediated 
apoptosis, in part by upregulating B cell lymphoma 2 (BCL‑2) family members (BCL‑2, BCL‑XL and BCL-W), which bind 
to and sequester BAX and BCL‑2‑associated agonist of cell death (BAD). This sequestration blocks pore formation by 
BAX–BAD, which inhibits mitochondrial outer membrane permeabilization (MOMP) and release of pro-apoptotic 
cytochrome c, second mitochondria-derived activator of caspase (SMAC; also known as DIABLO) and OMI (also known 
as HTRA2). SNCs also resist extrinsic apoptosis by overexpressing decoy receptor 2 (DCR2), which intercepts FAS 
ligand expressed on cytotoxic immune cells. c | SNCs produce a dynamic, bioactive secretome. SASP production is 
initiated and sustained by a chronic DNA damage response (DDR) called ‘DNA-SCARS’ (DNA segments with chromatin 
alterations reinforcing senescence). Initially, Notch signalling drives transforming growth factor-β (TGFβ) secretion 
(‘early SASP’), which acts in a cell-autonomous manner to promote cell cycle arrest. A subsequent decrease in Notch 
signalling promotes a shift to a DDR-dependent ‘transitional SASP’ that is enhanced by mechanistic target of 
rapamycin (mTOR), in which cell surface-associated interleukin‑1α (IL‑1α) binds to interleukin‑1 receptor (IL‑1R). Either 
this cell-autonomous IL‑1α signal or p38 mitogen-activated protein kinase (p38 MAPK) activity is transmitted through 
nuclear factor-κB (NF‑κB), resulting in the secretion of a ‘late SASP’, which contains metalloproteinases (MMPs), IL‑6, 
IL‑8 and numerous other factors. At this stage, IL‑6 and IL‑8 can also reinforce the cell cycle arrest. Crucially, many of 
the specific details of SNC growth arrest, death resistance and SASP have not been confirmed in vivo and are likely to 
show substantial differences. ATM, ataxia telangiectasia mutated; ATR, ataxia telangiectasia and RAD3‑related protein; 
CHK2, checkpoint kinase 2; NBS1, Nijmegen breakage syndrome protein 1.
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BCL‑2 family members
A protein class that consists of 
25 members that share B cell 
lymphoma 2 (BCL‑2) homology 
domains. These proteins either 
inhibit or promote mitochon-
drion-mediated apoptosis. 
BCL‑2, BCL-W, and BCL‑XL are 
three anti-apoptotic members 
that are inhibited by the 
senolytic and 
chemotherapeutic compound 
navitoclax.

neighbours through juxtacrine signalling (that is, signal-
ling to neighbours), and this ‘secondary senescence’ could 
have a role in cancer suppression. Following this, late SASP 
cytokines may encourage bulk clearance of neoplastic 
cells by recruiting the immune system64. However, a pro-
inflammatory microenvironment can also be conducive 
to tumour proliferation20, angiogenesis66, metastatic 
seeding67,68 and suppression of antitumour immunity69,70. 
Thus, the SASP can be both tumour-suppressive and 
tumour-promoting, possibly because an acute, time-
limited SASP that effectively engages immune surveil-
lance of SNCs may be beneficial, whereas a chronic, 
protracted SASP may not (BOX 1). Similarly, brief exposure 
to SNCs promotes keratinocyte-regenerative capacity in 
a skin transplantation model in vivo, but prolonged con-
tact inhibits repopulation capacity71. This could indicate 
that, under conditions of injury requiring repair, SNCs 
produce a SASP that initially activates resident stem cells 
but is inherently self-limiting.

The biological relevance of individual SASP factors 
has been explored in limited ways in vivo. For example, 
platelet-derived growth factor AA (PDGF‑AA) released 
by senescent myofibroblasts in wounds promotes 
wound closure72. The serpin (serine protease inhibitor) 
plasminogen activator inhibitor 1 (PAI1; also known as 
SERPINE1) is necessary for several accelerated ageing 
phenotypes in klotho-deficient progeroid mice73. MMP 
activity and hepatocyte growth factor have indirect and 
direct effects on tumour proliferation, respectively74. 
Intriguingly, the SASP has been shown to induce stem 
cell features in a paracrine manner71, which may explain 
the observations of SNC-driven carcinogenesis and tissue 
repair. In other cases, SNCs — presumably through the 
SASP — have been shown to drive age-related diseases or 
disorders8,10,11, but a link between a specific SASP factor 
(or factors) and these phenotypes is more speculative.

SNCs resist apoptosis
In cell culture, SNCs show alterations in apoptotic sig-
nalling that, in general, cause resistance to programmed 
cell death75,76. One key determinant of the senescent 
versus apoptotic cell fate choice is signalling through 
the p53 stress response pathway. Total p53 levels and 
post-translational modifications fine-tune target gene 
expression profiles to determine cell fate. With pro-
senescent stresses, p53 accumulates but to a lesser extent 
than in apoptosis, which leads to less significant levels of 
pro-apoptotic p53‑upregulated modulator of apoptosis 
(PUMA; also known as BBC3) and NOXA (also known 
as PMAIP1) and higher levels of BCL‑2 family members77. 
BCL‑2, BCL‑XL (also known as BCL‑2L1), and BCL‑W 
(also known as BCL‑2L2), which are overexpressed in 
SNCs, sequester pro-apoptotic BH3 domain-containing 
proteins to inhibit mitochondrial outer membrane  
permeabilization (MOMP) and apoptosis24 (FIG. 2).

p53 is also post-translationally modified distinctively 
in senescence and apoptosis78. The importance of dif-
ferential p53 modification is illustrated by separation-
of‑function mutations that redirect the cellular stress 
response. For example, cells lacking the acetyl receptor 
residue K117 on p53 are unable to undergo apoptosis but 

retain the ability to enter into senescence through p53‑ 
dependent upregulation of p21 (REF. 17). By contrast, 
p53‑K117R/K161R/K162R triple-mutant cells are defi-
cient in both the senescent and apoptotic responses17. 
The disruption of p53-binding domain cooperativ-
ity through the E177R mutation similarly ablates 
pro-apoptotic but not pro-senescent p53 target gene 
expression79. p21 itself can block apoptosis80,81, and — 
intriguingly — may inhibit caspase 3 (CASP3) activ-
ity directly82. Indeed, apoptotic cells actively silence 
p21 expression via p53‑dependent DNA (cytosine‑5)-
methyltransferase 3A (DNMT3A) activity80.

Senescence and Ageing
Studies performed on a rapidly ageing animal (a mouse 
model with deficiencies in the mitotic checkpoint protein 
BUBR1 (encoded by Bub1b)83 have demonstrated a causal 
link between SNCs and ageing. Prematurely aged tissues 
in this animal, including skeletal muscle, eye and adipose 
tissue, accumulate high numbers of p16INK4A‑positive 
SNCs. The accumulation of SNCs has been shown to 
trigger natural features of mouse ageing, including sar-
copenia, cataracts and lipodystrophy, as evidenced by 
experiments showing that the genetic inactivation of 
p16INK4A blocked the formation of SNCs and attenuated 
the development of these ageing phenotypes9 (FIG. 1).

The idea that senescence is a driver of age-related 
tissue dysfunction has been further tested in two 
studies using a transgenic SNC killing system called 
INK-ATTAC (INK-linked apoptosis through targeted 
activation of caspase), which selectively expresses a 
FK506‑binding protein (FKBP)–CASP8 fusion pro-
tein in p16INK4A‑postive SNCs and triggers apoptosis 
following administration of AP20187, a molecule that 
dimerizes the FKBP–CASP8 fusion protein (FIG. 1). The 
first study demonstrated that intermittent removal of 
SNCs from Bub1b‑mutant progeroid mice mimicked 
the effects of genetic elimination of p16INK4A, blunting 
sarcopenia, cataracts and lipodystrophy10. Although 
conducted in progeroid mice, this study spurred wide 
interest in exploring senolysis as a potential therapy 
to treat ailments of old age. However, the inherent 
limitations of such progeroid models, including the 
inability to assess the effect of senolysis on lifespan, 
natural ageing or tumorigenesis, motivated a second 
study in which SNCs were eliminated from naturally 
aged, non-progeroid mice from midlife onwards7. In 
this study, SNC clearance was achieved using biweekly 
AP20187 (or vehicle) administration to INK-ATTAC 
mice. In two genetically distinct backgrounds, SNC kill-
ing resulted in extended median lifespan. Healthspan 
analysis showed that SNC removal blunted multiple 
features of ageing, including glomerulosclerosis, cardio
myocyte hypertrophy, diminished cardiac stress toler-
ance, cataract formation and lipodystrophy as well as 
a key age-related disease, cancer. The observation that 
senolysis suppresses cancer was encouraging in regard 
to therapeutic development, because it suggested that 
the elimination of SNCs — once they arise — does not 
have the tumour-promoting side-effects observed upon 
genetic obstruction of the senescence programme84,85.
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High-mobility group box 1 
(HMGB1). A member of a 
class of non-histone, 
chromatin proteins that 
modify transcription by 
binding to and distorting 
DNA. HMGB1 is released 
from senescent cells as an 
inflammatory ‘alarmin’. 
Another member, HMGB2, 
is a positive regulator of 
senescence-associated 
secretory phenotype (SASP) 
factor transcription.

Senescence and age-related diseases
Numerous age-related diseases have now been associ-
ated with cellular senescence, including atherosclero-
sis, osteoarthritis, cancer, Alzheimer disease, chronic 
obstructive pulmonary disease (COPD) and idiopathic 
pulmonary fibrosis8,11,86–90 (TABLE 1). SNCs accumulate at 
sites of disease and — once present in sufficient num-
bers in a tissue — may actively drive diseases of age-
ing. However, currently, only a small number of studies 
definitively demonstrate that SNCs cause disease8,11.

It is challenging to assess the contribution of senes-
cence to ageing and disease owing to the lack of markers 
that enable the unequivocal identification of SNCs. The 
most reliable approach currently available involves the 
use of a combination of semi-selective markers, including 
SA-β-Gal, lipofuscin, loss of nuclear high-mobility group 
box 1 (HMGB1) or lamin B1, increased levels of cell cycle 
inhibitors — such as p16INK4A, p14ARF or 19ARF as well as 
p21 — or commonly observed SASP factors35,41,42,91,92. 
Causality (that is, that SNCs are necessary for a particu-
lar disease) can be demonstrated by blocking the estab-
lishment of cellular senescence (through inactivation of 
key components of the senescence programme, such as 
p16INK4A) or more conclusively by selectively eliminating 
SNCs from diseased tissues and observing the impact 
on a disease process7,11. Two similar but non-identical 
transgenic mouse models have been used for the selective 
elimination of SNCs in an inducible fashion through the 
administration of an ‘activator’ molecule: INK-ATTAC 
mice10 and p16‑3MR mice. In the p16‑3MR mouse model, 
a viral thymidine kinase is expressed in p16INK4A‑positive 
SNCs, which phosphorylates the prodrug ganciclovir, 
thereby converting the compound into a toxic metab-
olite that results in mitochondrial DNA damage and  
cell death93,94.

Disorders in which SNCs have been implicated in dis-
ease may therefore be categorized according to whether 
SNC markers alone are used (that is, SNCs correlate with 
disease), or whether prevention of cellular senescence or 
senolysis halts or reverses disease (that is, SNCs cause 
disease) (TABLE 1). In cases such as Alzheimer disease 
and intervertebral disk degeneration, markers of SNCs 
are present in dysfunctional tissue, but there is no evi-
dence for a causal role in disease pathogenesis90,95,96. In 
others, such as COPD and sarcopenia, inactivation of 
molecular pathways implicated in establishing the SNC 
fate provided evidence for causality89,97–100. However, this 
approach does not account for non-SNC roles of these 
pathways and presumably blocks both SNC cell cycle 
arrest as well as SNC paracrine effects, such as the SASP. 
We consider the strongest individual line of evidence 
for showing SNC causality in disease to be the selective 
removal of SNCs, an approach that not only demonstrates 
SNCs are bioactive in disease but mimics the therapeutic 
goal of senolysis.

Below, we highlight case studies on two major human 
diseases of ageing, atherosclerosis and osteoarthritis, 
that demonstrate a causal role for SNCs in these dis-
eases. Although there are additional published studies 
linking SNCs to other diseases and demonstrating the 
potential therapeutic utility of senolytics21,23,24, we focus 

on these two diseases because the associated studies 
provide a detailed mechanistic explanation as to how 
SNCs might drive these diseases of later life. In both 
atherosclerosis and osteoarthritis, the presence of SNCs 
in diseased tissue has been demonstrated using a combi-
nation of markers. Furthermore, multiple transgenic and 
pharmacological approaches have been used to eliminate 
SNCs, and the clearance of SNCs has been experimentally  
validated.

Case study: Atherosclerosis
Atherosclerosis, which is the leading cause of vascu-
lar disease worldwide, is characterized by the gradual 
accumulation of lipid and protein-filled ‘plaques’ on 
the inner walls of arteries. Over time, these plaques 
become unstable and thrombogenic (that is, blood clot-
inducing), which results in heart attack, stroke or other 
severe ischaemic injuries101. The mechanism of plaque 
initiation and growth, which is the root cause of this 
devastating illness, is incompletely understood, and 
currently available therapies slow but do not (or only 
partially) regress disease.

Atherosclerosis begins when elevated levels of blood 
lipids, particularly low-density lipoprotein (LDL), 
results in LDL accumulation in artery walls102. LDL oxi-
dation triggers signalling from the arterial wall, which 
recruits circulating monocytes to invade, differenti-
ate into macrophages and engulf lipid103. Over time, 
macrophage-driven inflammation and protease activity 
promotes plaque growth and evolution of the plaque 
from an innocuous, small lesion into a clinically danger-
ous, structurally unstable form. Plaques from a mouse 
model of atherosclerosis, which is LDL receptor (Ldlr)-
negative, accumulate senescent macrophage foam cells in 
the artery walls from the earliest stages of plaque initia-
tion, that is, with the appearance of fatty-streak lesions11. 
Additional SNC types resembling vascular smooth mus-
cle cells (VSMCs) and endothelial cells accumulate as 
the lesion matures. SNCs that are isolated directly from 
late-stage lesions overexpress several pro-atherogenic 
secreted factors (IL‑1α, monocyte chemotactic protein 1  
(MCP1; also known as CCL2), MMP12, and MMP13) 
compared with non-senescent control cells10. The use of 
three different genetic SNC elimination strategies, as well 
as the senolytic molecule navitoclax, have demonstrated 
that the selective elimination of SNCs from Ldlr−/− mice 
blocks lesion growth, in part by reducing the levels of 
factors implicated in plaque formation, such as MCP1, 
IL‑1α, tumour necrosis factor-α (TNFα) and the leuko-
cyte receptor vascular cell adhesion protein 1 (VCAM1). 
Intriguingly, the selective elimination of SNCs from 
established atherosclerotic plaques favourably alters 
plaque structure. Senolysis increases the relative thick-
ness of the fibrous cap, a plaque-stabilizing structure 
consisting of VSMCs and the ECM they synthesise, that 
partitions thrombogenic plaque contents from the circu-
lating clotting cascade. A thick fibrous cap is a hallmark 
of more stable, clinically less dangerous atherosclerotic 
lesions, which suggests that senolysis could facilitate the 
remodelling of dangerous atherosclerotic disease into a 
more stable form.
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Table 1 | Age-related diseases linked to cellular senescence

Condition or 
disease

Pro-senescence 
stress

Location of 
SNCs

Markers used Senescence 
intervention 
method

Effect of 
SNCs

Refs

Senescence markers only

Alzheimer 
disease

Human disease state Astrocytes •	Expression levels of p16INK4A and 
MMP1

NA NA 90

Aneurysm Kawasaki disease Endothelial cells •	SA-β-Gal
•	Expression levels of p16INK4A and 

SASP factors

NA NA 184

Cystic fibrosis Human disease state Airway 
epithelial cells

•	SA-β-Gal
•	Expression level of γH2AX
•	Phospho‑CHK2 levels

NA NA 193

Fibrosis in 
pancreatitis

Mouse disease 
model

Pancreatic 
stellate cells

SA-β-Gal NA NA 196

Glaucoma Human disease state Outflow tract SA-β-Gal NA NA 185

Hypertension Human disease state Arterial wall •	Expression levels of p53 and p21
•	Telomere uncapping

NA NA 197

Idiopathic 
pulmonary 
fibrosis

Human disease state Fibroblasts •	SA-β-Gal
•	Larger cell size

NA NA 190

Bleomycin-induced 
model

Alveolar 
epithelial cells

•	SA-β-Gal
•	Larger cell size
•	Expression levels of p21, p38 

MAPK, γH2AX and SASP factors

NA NA 191, 
192

Inflammatory 
bowel disease

Human disease state Crypt cells Immunostaining for HP1γ and 
γH2AX

NA NA 188

Intervertebral 
disc 
degeneration

Human disease state Nucleus 
pulposus

•	SA-β-Gal
•	Expression levels of p16INK4A and 

SASP factors

NA NA 95,96

Macular 
degeneration

Human disease state RPE cells •	Expression levels of p53 and p21
•	Phospho‑p38 MAPK levels

NA NA 186, 
187

Osteoarthritis Human disease state Articular 
cartilage

•	Reduced proliferation
•	SA-β-Gal
•	Telomere length

NA NA 189

Type 2 diabetes 
mellitus in 
obesity

Human disease state White adipose 
tissue

•	Expression levels of HMGA2, 
p14ARF (p19ARF) and p53

•	SA-β-Gal

NA NA 194, 
195

Senescence markers and intervention by senescence pathway inactivation

Adipose atrophy Progeria Pre-adipocytes •	SA-β-Gal
•	Expression levels of p16INK4A and 

SASP factors

p16INK4A deficiency •	Detrimental
•	Drives 

atrophy

9

Atherosclerosis Dyslipidemia Smooth muscle 
cells

None Tp53 knockout •	Beneficial
•	Blocks 

apoptosis

198

Unclear None Cdn1b knockout •	Beneficial
•	Restricts 

proliferation

199

Unclear None Cdkn1a knockout •	Beneficial
•	Restricts 

proliferation

168

Smooth muscle 
cells

•	SA-β-Gal
•	Expression levels of p16 INK4A and 

p19ARF

9p21 (Cdkn2a locus) 
deletion

•	Beneficial
•	Restricts 

proliferation

169

Cataracts Advanced age Unclear Expression levels of p16INK4A and 
SASP factors

p16INK4A deficiency or 
Cdkn1a knockout

Detrimental 9, 
200

COPD LPS-induced model Clara cells SA-β-Gal Clara cell-specific 
Tp53 knockout

•	Detrimental
•	Drives disease

89

Idopathic 
pulmonary 
fibrosis

Bleomycin-induced 
model

Alveolar 
epithelial cells

•	SA-β-Gal
•	Phospho-RB levels

Cav1 knockout •	Detrimental
•	Drives 

fibrosis

203

Kidney 
transplant failure

Ischaemia Tubular 
epithelial cells

Proliferative arrest p16INK4A deficiency Detrimental 201
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Table 1 (cont.) | Age-related diseases linked to cellular senescence

Condition or 
disease

Pro-senescence 
stress

Location of 
SNCs

Markers used Senescence 
intervention 
method

Effect of 
SNCs

Refs

Senescence markers and intervention by senescence pathway inactivation (cont.)

Liver fibrosis Carbon 
tetrachloride

Hepatic stellate 
cells

•	SA-β-Gal
•	Expression levels of p16INK4A and 

p21
•	Proliferation

Tp53/Cdkn2a double 
knockout 

•	Beneficial
•	Restricts 

fibrosis

108

Loss of bone 
mass

Advanced age Mesenchymal 
stem cells

p16INK4A expression p16INK4A deficiency •	Detrimental
•	Drives bone 

ageing

204

Myocardial 
infarction

Infarct Cardiac 
fibroblasts

•	SA-β-Gal
•	Expression levels of CDKi and p53

Tp53 knockout •	Beneficial
•	Restricts 

fibrosis

202

Sarcopenia Advanced age Satellite cells •	SA-β-Gal
•	Expression level of p16INK4A

p38 MAPK inhibition Satellite cell 
dysfunction

97–100

Progeria Fibroadipogenic 
progenitors

Expression levels of SASP factors p16INK4A deficiency •	Detrimental
•	Drives 

sarcopenia

9

Type 2 diabetes 
mellitus

Mouse hypercaloric 
model

White adipose 
tissue

•	SA-β-Gal
•	Expression levels of γH2AX and 

SASP factors

Tp53 knockout •	Detrimental
•	Drives 

disease

195

Wound healing CCN1 (also known as 
CYR61)

Wound 
fibroblasts

•	SA-β-Gal
•	Expression level of p16INK4A

Cyr61 mutant •	Beneficial
•	Restricts 

fibrosis

163

Senescence markers and intervention by SNC clearance

Adipose atrophy Advanced age Pre-adipocytes •	SA-β-Gal
•	Expression levels of p16INK4A and 

SASP factors

INK-ATTAC model Detrimental 7

Allopecia p19ARF 
overexpression

Skin Expression level of p19ARF ABT‑737 treatment Detrimental 24

Atherosclerosis Dyslipidemia Intraplaque 
foam cells

•	SA-β-Gal
•	Expression levels of p16INK4A and 

SASP factors

•	INK-ATTAC model
•	INK-NTR model*
•	p16‑3MR model
•	Navitoclax 

treatment

Detrimental 11

Cancer Advanced age Unclear None INK-ATTAC model Detrimental 7

Cardiomyocyte 
hypertrophy

Advanced age Pericardial 
epithelium

•	SA-β-Gal
•	Expression levels of p16INK4A and 

SASP factors

INK-ATTAC model Detrimental 7

Cataracts Progeria Unclear Expression levels of p16INK4A and 
SASP factors

INK-ATTAC model Detrimental 10

Glomerulo- 
sclerosis

Advanced age Kidney proximal 
tubules

•	SA-β-Gal
•	Expression levels of p16INK4A and 

SASP factors

INK-ATTAC model Detrimental 7

Idiopathic 
pulmonary 
fibrosis

Bleomycin-induced 
model

Multiple Expression levels of p16INK4A, p21 
and SASP factors

•	INK-ATTAC model
•	Dasatinib plus 

quercetin 
treatment

Detrimental 86

Osteoarthritis •	Joint trauma
•	Ageing

Joint articular 
surface

•	SA-β-Gal
•	Expression levels of p16INK4A and 

SASP factors

•	p16‑3MR model
•	UBX‑101 treatment

Detrimental 8

Sarcopenia Progeria Fibroadipogenic 
progenitors

Expression levels of p16INK4A and 
SASP factors

INK-ATTAC model Detrimental 10

Wound healing Dermal wound •	Myofibroblasts
•	Endothelium

Expression levels of p16INK4A and p21 •	p16‑3MR model
•	INK-ATTAC model

Beneficial 15

γH2AX, phosphorylated histone H2AX; CDKi, inhibitors of cyclin-dependent kinases; CHK2, checkpoint kinase 2; COPD, chronic obstructive pulmonary disease; 
HMGA2, high-mobility group AT hook protein 2; HP1γ, heterochromatin protein 1 homologue-γ; INK-ATTAC, INK-linked apoptosis through targeted activation of 
caspase; INK-NTR, INK-linked nitroreductase; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; MMP1, matrix metalloproteinase 1; NA, not 
applicable; RB, retinoblastoma protein; RPE, retinal pigment epithelium; SA-β-Gal, senescence-associated β-galactosidase; SASP, senescence-associated 
secretory phenotype. *An alternative p16INK4A-positive senescent cell killing system that uses bacterial nitroreductase to reduce metronidazole (a prodrug 
delivered in the drinking water) to a toxic metabolite.
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Case study: Osteoarthritis
Osteoarthritis is a degenerative joint disease, charac-
terized by the gradual loss of joint cartilage, distorted 
bone growth, joint inflammation and joint pain, which 
impacts most humans in later life104–106. Standard of care 
begins with NSAIDS (non-steroidal anti-inflammatory 
drugs), injection of corticosteroids and — ultimately — 
mechanical replacement of the affected joint107. The root 
cause of this debilitating chronic illness has not been 
elucidated, and no disease-modifying therapies currently 
exist. Although SNCs have been reported to accumulate 
in osteoarthritis-affected joints compared with non-
osteoarthritis-affected joints, the notion that SNCs have 
a causal role in the pathogenesis of osteoarthritis has 
only recently been demonstrated using a mouse model of 
traumatic osteoarthritis in which senescent chondrocytes 
accumulate at the articular surface of the arthritic joint8. 
Microsphere cultures of explanted chondrocytes directly 
showed a deleterious effect of SNCs on cartilage deposi-
tion, which suggests that a factor made by SNCs inhib-
its cartilage regeneration8. Clearance of SNCs through 
a transgenic system or intra-articular injection of the 
senolytic molecule UBX0101 (see below) reduces pain 
and promotes the repair of damaged cartilage8 (FIG. 1). The 
observed reduction in levels of the SASP factors MMP13, 
IL‑6 and IL‑1β could partially explain this finding. 
Importantly, SNC clearance has also been demonstrated 
through use of the luciferase reporter activity present 
in p16‑3MR transgenic mice, SA-β-Gal and immuno
staining for loss of nuclear HMGB1. Finally, clearance of 
naturally occurring SNCs using INK-ATTAC prevents 
age-related osteoarthritis in naturally aged mice8.

Therapeutic targeting of SNCs
The pivotal finding that SNCs can potentially be elimi-
nated for therapeutic benefit without triggering negative 
side effects7,8,10 has opened the door for the development 
of agents and strategies to specifically target SNCs for the 
prevention and treatment of age-related diseases. Broadly, 
these strategies consist of the selective elimination of 
SNCs, referred to as senolysis, immune-mediated SNC 
clearance and SASP neutralization. Between senolysis and 
SASP suppression, senolysis holds the most therapeutic 
promise for two reasons. First, permanent removal of 
SNCs leads to a durable abolishment of deleterious SASP 
components. Second, once a SNC is eliminated, there is no 
risk of tumorigenic ‘escape’ from senescence, which may 
be possible if SNCs are permitted to linger indefinitely.

Here, we discuss each of the emerging strategies to 
therapeutically target SNCs, summarize recent progress 
towards bringing these strategies into the clinic, and 
highlight their relative advantages and risks. Specific 
agents that have been tested explicitly as senotherapies, 
as well as agents that have been developed for other 
purposes but may have senotherapeutic potential, are 
summarized in TABLE 2.

Senolysis: eliminating SNCs
SNCs themselves are viable therapeutic targets for sev-
eral key reasons. First, despite arising from different tis-
sues, diseases and cell types, SNCs may share a similar 

biochemistry, which potentially allows reuse of thera-
peutic strategies across multiple diseases in which SNCs 
are causal. Second, a pharmaceutical development pro-
gramme targeting SNCs could synergize well with other 
well-established programmes. For example, senolysis has 
been shown to retard cancer progression in mice7, and — 
given that DNA-damaging anticancer therapy also pro-
duces collateral senescence — senolytics could become a 
key component of the chemotherapeutic arsenal (BOX 2). 
Third, SNCs have mostly been described to have negative 
effects on ageing and disease, which lowers the possibility 
of off-target effects of senolysis. However, SNCs do have 
some beneficial effects: they arise in wounds to enhance 
healing7,15 and may also direct tissue regeneration71, restrict 
fibrosis108 and promote neoplastic cell clearance via the 
SASP64 (BOX 1). Notably, these effects seem largely tran-
sient and modulatory, as constitutive transgenic removal 
of SNCs has no overt negative health effects in mice7. One 
exception may be the potential role of cellular senescence 
in promoting insulin secretion by pancreatic β‑cells during 
ageing18 (BOX 1). Surprisingly, senescent pancreatic β‑cells 
from aged mice show enhanced glucose-stimulated insulin 
secretion, which suggests that senescence in this cell type 
may be a homeostatic mechanism. Whether this applies 
to other secretory cell types or whether this is of physio-
logical importance is currently unclear but should be kept 
in mind. Fourth, SNC clearance extends healthspan —  
a global measure of ageing — in mice7,10, which suggests 
that senotherapy might retard ageing in general, thereby 
positively impacting numerous age-related illnesses.

Existing senolytics. Senolytics were the first potential 
senotherapy to be successfully tested in preclinical in vivo 
models, and several senolytic agents currently exist. 
Many of these agents target upregulated anti-apoptosis 
systems within SNCs, such as signalling through 
the BCL‑2 family of proteins (BCL‑2, BCL‑XL, and  
BCL‑W)21,24. These family member proteins bind to 
and functionally neutralize pro-apoptotic BCL‑2 fam-
ily members. Pro-apoptotic BCL‑2 proteins activate the 
BAX and BCL‑2 homologous antagonist/killer (BAK) 
proteins to trigger MOMP, thereby causing cytochrome c 
release to drive programmed cell death109. The senolytic 
molecules navitoclax and ABT‑737 occupy the inhib-
itory binding grooves of BCL‑2, BCL‑XL and BCL‑W, 
which counteracts their anti-apoptotic functions and 
permits SNCs to initiate apoptosis110. Administration 
of navitoclax to sublethally irradiated mice reduces the 
SNC burden in muscle satellite cells111 and the bone 
marrow, in which haematopoietic function was partially 
restored21. Navitoclax has also been shown to eliminate 
senescent foam cell macrophages in early atherosclerotic 
lesions and block SNC-dependent progression of athero-
sclerosis11. ABT‑737, which is an earlier-generation ana-
logue of navitoclax, was similarly able to drive apoptosis 
of irradiation-induced lung epithelial SNCs and p19ARF-
induced dermal cells in vivo24. Finally, piperlongumine 
has recently been shown to be a pro-apoptotic senolytic 
that displays good selectivity and potency in vitro21. 
Piperlongumine acts synergistically with navitoclax, 
which suggests a novel mechanism of action.
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Other anti-apoptotic pathways could also be inhib-
ited by small molecules to eliminate SNCs112. For 
example, the senolytic compound UBX0101 induces 
apoptosis of SNCs following intra-articular injection 
into arthritic joints, thereby reducing expression of 
SASP factors and improving joint function8. In both 
2D and 3D cell cultures, senolytic activity of UBX0101 
has been demonstrated on primary chondrocytes that 
were freshly isolated from osteoarthritic human knee 
cartilage with concordant reduction in MMP13, IL‑6 
and IL‑1β expression levels. UBX0101 also improves 
functional measures (increases in aggrecan and collagen 
II levels, and weight-bearing ability) in a mouse model 
of osteoarthritis, which indicates that this molecule 
is a promising candidate for future advancement into 
clinical trials (FIG. 3).

Another senolytic regimen, the combined use of 
dasatinib plus quercetin, targets less well-established 
anti-apoptotic signalling in SNCs. The scientific basis 
for exploring the senolytic properties of these mole-
cules originated from the observation that survival of 
irradiated pre-adipocytes depends on six pro-survival 
signalling proteins: the ephrins EFNB1 and EFNB3, 
the kinase phosphatidylinositol 3‑kinase-δ (PI3Kδ), 

the serpin PAI1, BCL‑XL and the CDKi p21 (REF. 23). 
In combination, dasatinib (a pan-tyrosine kinase 
inhibitor with the ability to block ephrin-dependent 
receptor signalling113) and quercetin (a plant flavonoid 
with a myriad of presumed biological effects114,115, 
including partial inhibition of serpins) demonstrate 
senolytic activity in cultured pre-adipocytes and 
fat tissue of aged mice23 but not in IMR90 cells116. 
Dasatinib plus quercetin treatment was also tested in 
a mouse model of atherogenesis but did not replicate 
the anti-atherogenic effect of SNC elimination that 
had been achieved with multiple transgenic systems 
or navitoclax117.  In addition, dasatinib plus querce-
tin treatment was shown to kill profibrotic senescent 
primary human fibroblasts in vitro and clear SNCs in 
the widely used bleomycin-induced pulmonary fibro-
sis mouse model112. However, although early dasatinib 
plus quercetin treatment positively impacts exercise 
capacity and lung compliance, it does not alter fibrosis, 
the key pathological feature of human idiopathic pul-
monary fibrosis86. Overall, the fact that dasatinib and 
quercetin target such a broad spectrum of biological 
pathways and mechanisms makes it difficult to ascribe 
any observed biological effect specifically to senolysis.

Table 2 | Candidate senotherapies

Agent Target (or targets) Target class Development status Refs

Small molecules

ABT‑737 BCL‑X
L
and BCL-W Pro-survival proteins Preclinical animal models 24

Dasatinib Pan-receptor tyrosine 
kinases

Receptor tyrosine 
kinases

Phase II clinical trial (NCT02848131) for 
chronic kidney disease

23

Metformin IKK and/or NF‑κB and 
Dicer

SASP Approved for T2DM 206–208

Navitoclax BCL‑2, BCL‑X
L
 and 

BCL-W
Pro-survival proteins Clinical trials (phase I/II  

(NCT00445198), phase II 
(NCT02591095), phase I 
(NCT02520778) and phase II 
(NCT02079740)) for various cancers

11,21, 
205

Piperlongumine Unknown Unknown Preclinical animal models 22

Quercetin Numerous Numerous Phase II clinical trial (NCT02848131) for 
chronic kidney disease

23

Rapamycin mTOR SASP Approved for immunosuppression 20,209

Antibodies

Anakinra IL‑1R Cytokine receptor Approved for rheumatoid arthritis 214

Canakinumab IL‑1β Cytokine Approved for cyropyrin-associated 
periodic syndromes

211

Etanercept TNFα Cytokine Approved for autoimmune diseases 213

Infliximab or 
Adalimumab 

TNFα Cytokine Approved for autoimmune diseases 210

Rilonacept IL‑1α and IL‑1β Cytokine Approved for cyropyrin-associated 
periodic syndromes

212

Siltuximab IL‑6 SASP factor Approved for multicentric Castleman 
disease

147

Tocilizumab IL‑6R Cytokine receptor Approved for autoimmune diseases 148

B cell lymphoma 2, BCL-2; IL, interleukin; IL‑6R, interleukin‑6 receptor; IKK, inhibitor of NF-κB kinase; mTOR, mechanistic target of 
rapamycin; NF-κB, nuclear factor-κB; SASP, senescence-associated secretory phenotype; T2DM, type 2 diabetes mellitus; TNFα, 
tumour necrosis factor-α.
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SNC killing can also be induced by interfering 
with the p53–forkhead box protein O4 (FOXO4) 
interaction116. FOXO4 has been shown to target p53  
to the nucleus of IMR90 cells that had been induced to 
undergo senescence upon exposure to ionizing radia-
tion. Disruption of the p53–FOXO4 interaction using a 
d‑retro-inverso peptide (DRI‑FOXO4) that corresponds 
to the reverse sequence of the FOXO4–p53‑binding 
domain causes nuclear exclusion of p53, which allows it 
to induce apoptosis by catalysing cytochrome c release 
into the cytoplasm from mitochondria. In progeroid and 
aged mice, short-term DRI‑FOXO4 treatment has been 

shown to restore hair growth, kidney function and run-
ning wheel activity. However, it remains to be established 
how these healthspan improvements were obtained, par-
ticularly because earlier studies documented that clear-
ance of SNCs in progeroid mice with pre-established 
ageing phenotypes had no rejuvenating effects.

Immune-mediated SNC clearance
Immune evasion by SNCs could arise from the intrin-
sic decline of immune system efficiency with ageing, 
immune-impairing factors that are present in the dis-
eased tissue microenvironment or SNC ‘camouflage’ 
(REF. 46). Strategies to overcome these potential problems 
are being developed in cancer therapy. Recent efforts 
have progressed to engineer patient-derived cytotoxic 
T cells with chimeric antigen receptors (CAR T cells) 
that are targeted to cancer epitopes. Indeed, initial trials 
using CAR T cells against the B cell antigen CD19 are 
encouraging118, which suggests that similar cytotoxicity 
could be achieved if a SNC-specific cell surface marker 
could be identified.

Immune surveillance seems to be divided into an 
initial cytotoxic T cell infiltration followed by clear-
ance of cellular debris (efferocytosis), but the details 
differ between models. In a mouse model of hepato
cellular carcinoma (HCC), re‑expression of p53 in 
Tp53−/− liver tumours drives cellular senescence, which 
is accompanied by a strong neutrophil, natural killer and 
macrophage response in the liver119. Natural killer cell‑ 
mediated SNC clearance also restricts fibrosis in chronic 
liver injury108. By contrast, hepatocytes overexpressing 
NRAS‑H12V undergo oncogene-induced senescence 
and are cleared by a combination of innate and adap-
tive immunity87. In this scenario, monocyte-derived 
macrophages, but not liver-resident Kupffer cells, prime 
a T helper 1 (TH1)‑type response from CD4+ T cells to 
trigger SNC killing.

Cancer cells escape programmed immune clearance 
through a combination of decoy receptor presenta-
tion, immunomodulatory cytokines and checkpoint 
ligands. For example, decoy receptor 2 (DCR2; also 
known as TNFRSF10D) and DCR3 (also known as 
TNFRSF6B), which are expressed widely on cancer 
cells, titrate away FAS ligand (FASL; also known as 
TNFSF6) and TNF-related apoptosis-inducing ligand 
(TRAIL; also known as TNFSF10) that are presented 
by cytotoxic T cells, thereby blocking apoptosis120–124. 
Similarly, hepatic SNCs produced by carbon tetra-
chloride (CCl4)-induced liver injury have upregulated 
DCR2 levels, which neutralizes natural killer cell acti-
vation of the FAS-mediated extrinsic apoptosis path-
way. Instead, natural killer cells target these hepatic 
SNCs using perforin and granzyme granule exocytosis, 
and — accordingly — perforin-knockout mice show 
an increased number of liver SNCs and greater fibrosis 
when challenged with CCl4 compared with wild-type 
mice125. One possibility is that the preference for granule-
mediated death signalling may prevent autoimmunity 
during short-term tissue repair. Alternatively, SNC-
recruited granzymes may carry out extracellular matrix  
degradation through their serine protease activity to 

Box 2 | Cancer and therapy-induced senescence

Senescence is a tumour-suppressive cell fate, but senescent cells (SNCs) that arise in 
aged tissue7 or in tumour stroma69,88,91 can promote cancer progression, potentially 
through effects of the senescence-associated secretory phenotype (SASP). The 
elimination of these naturally arising tumorigenic SNCs is a promising strategy for 
cancer prevention and treatment. However, SNCs generated incidentally91 or 
deliberately171 by anticancer therapy are also disease-modifying. A new dimension to 
cancer treatment may be added by defining how to produce, delete and control these 
therapy-induced SNCs.

Although cytotoxic anticancer therapy now includes more selective drugs, most 
protocols still employ chemical or radiation-induced DNA damage to 
disproportionately affect tissue with a high proliferative index, including tumours172. 
This paradigm has off-target sequelae in other tissues with rapid turnover and 
produces acute adverse effects on the gastrointestinal tract, bone marrow, 
integument and reproductive system. In addition to short-term consequences, 
DNA-damaging protocols produce collateral senescence that may underpin 
long-lasting side effects seen in cancer survivors173–175. Such therapy-induced 
senescence may cause tissue dysfunction, both by removal of progenitor cells from 
the cycling pool as well as through the SASP. Indeed, cancer survivors have a higher 
incidence of age-related diseases linked to senescence, including cardiovascular 
disease176,177, neurodegeneration178, sarcopenia179 and secondary neoplasia180. Given 
the large patient population receiving DNA-damaging anticancer therapy and the 
emergence of chemotherapeutic agents aimed at arresting tumour growth by 
deliberately inducing senescence, managing the consequences of 
therapy-associated senescence through senotherapy should be considered as part 
of cancer management91.

Although the SASP promotes immune cell recruitment and cancer surveillance under 
normal circumstances46, this may not be the case in a tumour microenvironment that is 
challenged with pro-senescent chemotherapies. For example, the pro-senescent drug 
palbociclib (a cyclin-dependent kinase 4 (CDK4) and CDK6 inhibitor) is initially 
tumour-suppressive but — in the long-term — results in collateral induction of SASP 
factors in the tumour stroma that are tumour-promoting171. This phenomenon is 
somewhat unexpected, as overexpression of p16INK4A, which is a potent CDK4 and 
CDK6 inhibitor, does not result in a SASP in normal diploid cells181. Similarly, SRC 
homology phosphatase 2 (SHP2; also known as PTPN11) inhibition by GS‑493 can both 
prevent and arrest mammary tumours in mice through tumour cell senescence182, but 
the process of activating signal transducer and activator of transcription 3 (STAT3) 
causes secretion of SASP factors that suppress tumour immune surveillance10. 
Preservation of maximal tumour immune response with SHP2 inhibition could be 
achievable by co‑administration of a STAT3 inhibitor183. Alternatively, follow‑up 
treatment with a senolytic drug could prevent these chronic therapy-induced SNCs 
from causing secondary neoplasia, cancer relapse and accelerated ageing in patients 
receiving chemotherapy.

Many important unresolved questions remain in the emerging space of 
senotherapy in cancer treatment. For instance, it is unclear how pro-senescence 
therapy will compare with DNA-damaging protocols in their side effects on 
non-tumour tissue. The properties of SNCs arising in aged tissue, tumour stroma or 
tumours challenged by chemotherapy are under-characterized despite their 
importance in defining the senescence–cancer relationship. The identification of 
markers that permit isolation and molecular characterization of in vivo SNCs is 
therefore a high priority.
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through the catalytic action of 
a coordinated metal ion (often 
zinc).

restrict fibrosis126. DCR2 is overexpressed in SNCs that 
result from other stimuli127, but it is unclear whether this 
is true for age-associated SNCs or whether this mecha-
nism significantly impairs the efficiency of natural killer 
cell‑mediated SNC clearance.

Another major immunomodulator is the pro-
grammed cell death ligand 1 (PDL1), which permits 
cancer cell immune evasion by suppressing apopto-
sis in regulatory T cells and promoting death in effec-
tor T cells128. CD4+ T cells, which are involved in SNC 
clearance, express the PDL1 receptor (PD1), but to what 
extent this ligand is used by SNCs for immune evasion 
is unknown129.

Together, these findings indicate that blockade of 
decoy receptors or immune checkpoint inhibitors could, 
in theory, restore immune surveillance of chronic SNCs 
and therefore serve as indirect senolytics by harnessing 
the immune system.

SASP neutralization
An additional approach to senotherapy would be 
to disrupt the SNC secretome, which contains pro-
inflammatory cytokines, chemokines, growth factors, 
matrix metalloproteinases and other bioactive mol-
ecules that are implicated in diseases of ageing3,5,8,11. 
Activation of several stress response signalling cas-
cades results in the secretion of SASP factors, with 
control exerted at both the transcriptional and trans-
lational level. Although there seem to be several com-
mon canonical SASP factors, the ultimate composition 
of the secretome depends on the mode of senescence 
induction, the cell type, the duration of senescence and 
which signalling cascades are active. Insights into the 
composition and properties of the SASP were mainly 
obtained from cell culture experiments and need to 

be validated in vivo41. For SASP-neutralizing seno-
therapies in development, three broad approaches 
can be considered: blocking pro-SASP signalling cas-
cades within SNCs, disrupting secretion of the SASP 
or inhibiting the activity of individual components of 
the SASP.

One potential problem posed by suppressing intra-
cellular pro-SASP signalling is how to disrupt expression 
of SASP factors without elevating cancer risk. The blunt 
disruption of pro-SASP signalling can be clearly tumori-
genic in some cases, and several SASP factors have been 
reported to maintain or transmit the SNC state64,66,130,131. 
For example, SASP suppression via NF‑κB inhibition in a 
mouse lymphoma model blunts immune surveillance fol-
lowing therapy-induced senescence and synergizes with 
p53 insufficiency for senescence escape, which drives 
treatment resistance and relapse132. Similarly, mechanis-
tic target of rapamycin complex 1 (mTORC1) inhibi-
tion with rapamycin abolishes cytostatic p53 translation 
in prostate epithelial cells lacking PTEN, which is a 
common tumour suppressor lost in prostate cancer47. 
mTORC1 inhibition, which inhibits the SASP20, by 
rapamycin or analogues also has the side effect of broad 
immunosuppression133, which would limit its usefulness 
as part of a chronic senotherapy regimen.

Surprisingly, epigenetic disruption of the SASP may 
not influence SNC growth arrest. Knockdown of the 
epigenetic regulators mixed-lineage leukaemia protein 1  
(MLL1; also known as KMT2A)134, bromodomain-
containing protein 4 (BRD4)135 and HMGB2 (REF. 136) 
seem to prevent SASP emergence while leaving the 
cell cycle arrest unaffected. It is currently difficult to 
understand how SASP suppression via alteration of 
these epigenetic regulators does not permit cell cycle 
re‑entry, given the known roles of SASP factors such as 

Figure 3 | Preclinical testing of senolytic candidates. Preclinical testing of senolytic efficacy should be designed to test 
whether the candidate drug kills senescent cells (SNCs), modulates senescence-associated secretory phenotype (SASP) 
factors linked to the disease state and results in a therapeutically relevant improvement in tissue function. These 
properties should be shown in human cell types, diseased or aged human tissue explants and in an in vivo animal model of 
the disease state. The preclinical testing of UBX0101 for osteoarthritis is an informative example of this workflow in action. 
The compound was shown to cause SNC elimination (reduced p16INK4A levels and senescence-associated β-galactosidase 
(SA-β-Gal) activity), attenuate SASP factors (matrix metalloproteinase 13 (MMP13), interleukin‑6 (IL‑6) and IL‑1β) and 
improve functional measures (increased aggrecan, collagen II and weight-bearing ability). UBX0101‑mediated SNC 
elimination was demonstrated using three model systems with different types of relevance to the human disease state: 
in vitro culture of human chondrocytes and synoviocytes, 3D culture of human cells from arthritic joints and a mouse 
model of osteoarthritis (anterior cruciate ligament transection (ACLT)).
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IL‑6 in suppressing the cell cycle59,137. It will be impor-
tant to determine if these findings hold true for animal 
models in which cancer risk and immunosuppression 
can be assessed, as well as to test the durability of the 
epigenetic reprogramming of SNCs. Intriguingly, a 
small-molecule inhibitor (inflachromene) of HMGB2 
as well as the pro-inflammatory SASP factor HMGB1 
has been identified and, although not yet tested specif-
ically against SNCs, is effective in blocking microglial 
inflammation138. Further understanding of the SASP 
and maintenance of senescence versus senescence 
escape in vivo is needed.

A second approach involves blocking the secretion 
or maturation of the SASP. Although the signalling cas-
cades initiating and maintaining the SASP are fairly well 
understood, less emphasis has been placed on under-
standing the nature of SASP secretion and maturation. 
What is collectively referred to as a ‘secretome’ is in reality 
a mix of classically secreted proteins42, cargoes packaged 
into exosomes139, ions (including reactive oxygen spe-
cies)140, shed extracellular domains of transmembrane 
proteins141 and (likely) poorly characterized metabolites 
of other classes. Proteases are probably central to modu-
lating the activity of the SASP, given their high activity in  
the SNC microenvironment (due to their inclusion in the 
secretome), activation at the SNC membrane and import 
through SNC-surveilling immune cells. For example, 
SASP interleukins of the IL‑1 superfamily — including 
IL‑1α, IL‑1β, IL‑18 (REF. 142) and IL‑33 (REF. 143) — are 
matured through partial protease digestion to achieve 
maximal immune-stimulatory activity144. IL‑1α, for 
example, can be cleaved by granzyme B — which is highly 
expressed by natural killer cells and cytotoxic T cells — 
mast cell chymase, neutrophil elastase and calpains, which 
are activated by elevated Ca2+ levels in SNCs145. In addi-
tion, high cell surface activity of a disintegrin and metallo
proteinase 17 (ADAM17) in SNCs drives ectodomain 
shedding of amphiregulin and TNF receptor 1 (REF. 141). 
These findings suggest that agents targeted against SASP 
proteases may not only be effective in preventing aberrant 
ECM degradation caused by SNCs but may also impair 
protease-mediated activation of other SASP components. 
However, the proteases MMP1 and MMP3, which are 
present in the SASP, have been reported to cleave MCP1, 
which reduces its chemoattractant activity in vitro146. 
Therefore, not all proteases that are present in the SASP 
are necessarily good therapeutic targets and some — such 
as MMP1 and MMP3 — may act to restrict activity of 
other SASP factors.

Last, the blockade of specific SASP factors or their 
receptors, such as IL‑6 or its receptor, has the benefit 
of a well-defined target and therefore potentially a low 
risk of off-target effects. A monoclonal antibody (mAb)-
mediated approach, particularly one that is reusing exist-
ing drugs, could therefore potentially be applied here. 
For example, siltuximab (a mAb against IL‑6) or tocili-
zumab (a mAb against the IL‑6 receptor) are approved 
anti-inflammatory drugs147,148. However, a downside of 
this approach is that only one of many components can 
be targeted at a time. To date, no study of such agents in 
ageing or healthspan has been conducted.

Therapeutic considerations and challenges
Strategies to eliminate SNCs or disrupt their impact 
appear within reach. However, there are several chal-
lenges and important considerations that must be kept 
in mind for the successful development of senotherapies.

In vitro and in vivo models
Several important insights have emerged from early 
efforts to develop senolytic compounds. Different cell 
lineages react differently to a given stress and, indeed, 
SNCs derived from different cell types have overlapping 
but distinct molecular signatures41,42. As a consequence, 
SNCs in cell culture display different vulnerabili-
ties to senolytics from different mechanistic classes. 
Furthermore, the method of senescence induction con-
tributes to this heterogeneity, that is, making a cell senes-
cent through overexpression of an oncogene renders it 
differentially sensitive to various senolytic molecules 
as compared to a cell made senescent via irradiation. It 
remains to be established what type of senescence induc-
tion method in vitro is most relevant to ageing or to any 
given disease. Identification of disease-relevant cellular 
systems that translate into preclinical in vivo models is 
necessary for the discovery of new senolytic molecules.

A senolytic molecule must selectively eliminate 
SNCs from disease-relevant tissues, attenuate the SASP 
and demonstrate disease-modifying characteristics in a 
relevant preclinical in vivo model in which SNCs drive 
the disease state (FIG. 3). Three categories of preclinical 
in vivo models are generally used to develop senolytic 
molecules. First, administration of known stressors 
(for example, chemotherapeutics, ionizing radiation or  
bleomycin) induces senescence in a selected tissue  
or throughout an animal. Second, surgical models are 
used where injury can induce SNC accumulation in the 
tissue of interest. Third, aged animals can be used. The 
combination of either of the first two types of models 
with the third (ageing) is useful, as human disease often 
presents in the context of old age. Given the significant 
differences between humans and mice, validation of 
senolytic activity in human clinical specimens, such as 
ex vivo cultures of chondrocytes from human arthritic 
knee joints, is a crucial component of preclinical testing.

Optimal diseases for senotherapy
To develop clinically meaningful senotherapeutics, 
the right disease must be matched with the right SNC 
targeting strategy. The optimal disease for initial seno-
therapeutic development should meet several criteria. 
A causal link between SNCs and disease progression 
should be well established. Furthermore, the mech-
anism by which SNCs drive disease, such as through 
the SASP, should be mechanistically understood and 
targeted using the correct senotherapy. If SNCs con-
tribute both beneficial and detrimental effects, the 
risk–benefit trade-off should be assessed in preclinical 
models. In addition, the current standard of care for this 
disease should have significant drawbacks (for example, 
weakly effective, tolerability and adherence concerns, 
provide only temporary and symptomatic relief) that 
could be improved upon by a replacement with or the 
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incorporation of senotherapy. Through consideration of 
the diseases to pursue, it is essential to establish cred-
ible, testable hypotheses by which a senotherapeutic 
agent would address the specific set of identified needs. 
Based on these criteria, osteoarthritis is a prime can-
didate SNC-driven disease for clinical testing of seno-
therapy. While preclinical studies have also identified 
patients with atherosclerosis as potential beneficiaries 
of senotherapy, osteoarthritis has the major advantage 
that senolytics can be administered locally, thus reduc-
ing the risk of undesirable side effects. Other age-related 
conditions amendable to local senolysis are glaucoma 
and idiopathic pulmonary fibrosis, but their clinical 
advancement is dependent on the outcome of ongoing 
preclinical research.

Biomarkers and patient selection
Diseases associated with ageing are likely to have a diverse 
aetiology. For example, the prevalence of senescence-
associated osteoarthritis is currently unknown, as risk fac-
tors beyond that of age include obesity, metabolic disease, 
biomechanical instability and acute injury. It is unknown 
whether osteoarthritis that results from these varied risk 
factors involves SNCs. Biomarkers for senescence could 
both aid in selecting patients that are most likely to bene-
fit from senotherapy and also provide a tool for assessing 
treatment response.

Development of biomarkers for use in clinical trials, 
particularly in an area of rapidly evolving biology such 
as senescence, is non-trivial. The path to biomarker 
discovery and development depends heavily on how 
these biomarkers will be used. For the development of a 
senolytic agent, markers of cellular senescence are most 
relevant. These include predictive markers, target occu-
pancy markers and pharmacodynamic or target engage-
ment markers. Although predictive biomarkers may be 
of greatest use in a clinical trial, prognostic biomarkers 
will also play a part, and much of the work done to date 
by others has been in the prognostic biomarker cate-
gory149. For example, in regard to osteoarthritis, many 
inflammatory biomarkers have been associated with 
disease progression. It is likely that a significant pro-
portion of these are related to the inflammatory nature  
of senescence150–153.

The identification of a pharmacodynamic biomarker 
is important, as it can be used for early insight into a 
treatment effect on a potential clinical end point, includ-
ing safety. For senescence associated-disease, pharma-
codynamic biomarkers are especially crucial given 
the novel therapeutic approach (that is, senolysis), the 
potential variability in response and the lack of other 
ways to determine dose escalation, dosing frequency and 
dose duration.

In a clinically heterogeneous human patient popu-
lation with varied comorbidities, finding the biomarker 
signal for senescence-associated disease (whether predic-
tive, prognostic or pharmacodynamic) among the noise 
of ageing, multiple disease states and chronic inflam-
mation will be difficult. However, newer approaches, 
such as detection of circulating tumour-derived nucleic 
acids154, could potentially be repurposed for detection 

of SNC-derived RNA and therefore hold promise to 
provide specificity for senescence-associated disease 
biomarkers.

Safety and selectivity
For a senolytic to be safe, it must have minimal off-target 
effects in non-SNCs. In addition, biologically relevant 
killing of beneficial SNCs should be minimized. Notably, 
SNCs enhance wound healing, direct tissue patterning in 
embryogenesis, control vascularization of the placenta, 
potentially enhance tissue regeneration and promote insu-
lin secretion by pancreatic β‑cells during ageing12,14–18,152 
(BOX 1). Interestingly, in mice, SNCs promote wound clo-
sure but are ultimately not essential, as wounds without 
SNCs still close, albeit more slowly7,15. 

There are several strategies for optimizing selectivity. 
For example, selectivity for SNCs over non-SNCs could 
be achieved by targeting cellular signalling pathways 
— such as apoptotic pathways — that are specifically 
altered in SNCs, which makes them more vulnerable 
to elimination by modulation of apoptosis control pro-
teins. Another strategy to achieve cellular selectivity may  
be to synthesize inactive prodrug molecules that can be 
converted into an active senolytic molecule within the 
cytoplasm of a SNC by an enzymatic activity that is spe-
cifically upregulated in SNCs. This approach has been 
employed to activate mesoporous silica nanoparticles 
coated with galacto-oligosaccharide, which is a sub-
strate of the senescent biomarker SA-β-Gal. In senes-
cent X‑linked diskeratosis congenita cells that express 
SA-β-Gal, the galacto-oligosaccharide is cleaved, which 
releases rhodamine packaged within the silica nanoparti-
cles155. Similar activation of a prodrug could be achieved 
extracellularly by enzymes that are part of the SASP. 
For example, one potential approach could be to create 
prodrugs that are cleaved by SASP-enriched MMPs.

Another approach to achieving selectivity could be 
to construct a targeted conjugate that combines a seno-
lytic moiety with an epitope that selectively recognizes 
SNCs156. For example, oxidized vimentin157, DCR2 
(REF. 158), density-enhanced phosphatase 1 (DEP1; also 
known as PTPRJ)159 and β2 microglobulin (B2MG)159 are 
overexpressed at the SNC cell surface and could be used 
for directing local accumulation of senolytics. However, 
these and other ‘SNC-specific’ epitopes may be broadly 
expressed in vivo or generally upregulated in aged tis-
sue; controls are not typically found in the literature 
but important to designing therapies deployed against 
age-related disease.

Tissue selectivity could also be achieved by using 
local routes of administration. Based on reported find-
ings in clinical studies with BCL‑2 family inhibitors, 
these molecules are unlikely to have the required safety 
assessment profile for systemic use owing to thrombo-
cytopenia and neutropenia160. Therefore, their use in the 
therapeutic setting could be initially achieved by local 
administration to diseased tissue. Alternatively, given 
that SNCs are non-dividing, elimination of SNCs in dis-
ease should not require chronic treatment or prolonged 
exposure but should instead only require acute treat-
ment with shorter exposure. Acute dosing of molecules 
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administered directly to the site where they are required 
to eliminate SNCs provides the opportunity to use mol-
ecules with short systemic half-lives, thereby minimizing 
the exposure of non-SNCs to these molecules.

Finally, intermittent, infrequent dosing of a seno-
lytic may potentially limit off-target effects and avoids 
the unwanted reduction of acute, beneficial SNCs. 
Indeed, SNC killing twice per week in mice seems to 
lack side effects7.

Conclusions and outlook
Although our understanding of how SNCs may actively 
contribute to ageing and age-related diseases is in its 
infancy, the potential of therapeutically targeting SNCs 
is beginning to emerge. Through in vitro testing, several 
senolytic molecules have now been identified that show 
promising potency and selectivity. Furthermore, utiliza-
tion of these ‘first-generation’ senolytic strategies in pre-
clinical models of osteoarthritis and atherosclerosis are 
profoundly disease-modifying, perhaps through attenu-
ation of the SASP8,11. This indicates that diseases driven by 
SNCs may be amenable to localized senotherapy clinical 
trials in the very near future.

However, whereas strategies to eliminate SNCs or dis-
rupt their impact appear within reach, important consid-
erations must be kept in mind. First, senotherapy has not 
yet been attempted in humans, and the demonstration 
that strategies targeting SNCs are both safe and effective 
is therefore paramount. In particular, drugs targeting 
SNCs, especially SASP suppressors, should be investi-
gated carefully to ensure that they maintain permanent 

cell cycle arrest, as bypassing this process could drive 
tumorigenesis85,161. In addition, little is known about 
the actual senescence burden in various diseases, as 
our current methodologies require invasive approaches 
to acquire tissue samples. Without robust methods to 
retrieve and quantify SNCs in diseased tissue, we have 
limited molecular knowledge about these cells and their 
SASP profiles. As SNCs also have a variety of benefi-
cial biological functions, identification of the beneficial 
components of the SASP could lead to strategies that 
eliminate SNCs while simultaneously supplementing or 
preserving SNC-derived crucial factors.

Ageing has not classically been considered a disease 
per se, and no studies to date have focused on how treat-
ments impact the ageing process in general. However, 
in recent years, there has been interest in examining 
how long-term treatment of patients with metformin 
impacts healthspan, defined as time from emergence 
of a first feature of ageing to a second, independent 
feature162. For drugs designed to target ageing or age- 
related diseases, the patient population will be aged 
and potentially facing a myriad of different patholo-
gies, which will be an inherent difficulty in assessing 
how these drugs affect a single isolated disease. The first 
clinical trials of senotherapies should therefore focus on 
short-term interventions with surrogate biomarkers and 
clear end points, such as delivery of senolytic molecules 
into an arthritic joint, where pain and mobility are rapidly 
assessed. A well-designed clinical trial has the potential to 
take a first-generation senolytic into clinical development 
in the near future.
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