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INTRODUCTION 
 

The origins of senescence lie in the refutation of reports 

from Nobel laureate Alexis Carrel. By serially culturing 

chicken fibroblasts in media supplemented with chicken 

serum, Carrel described a state of cellular immortality 

by which cells could proliferate indefinitely [1]. It has 

since been suspected that the addition of sera may have 

inadvertently contaminated the cultures with new 

fibroblasts [2, 3]. In the 1960’s, Leonard Hayflick 

published seminal manuscripts demonstrating that 

primary human fibroblasts do not have unlimited 

replicative potential, contrary to Carrel’s findings, and 

in fact undergo a state of permanent arrest in response 

to serial cultivation [4, 5]. This phenomenon, now 

known as cellular senescence, was highly controversial 

at the time. Indeed, Hayflick’s initial submission to the 

Journal of Experimental Medicine was rejected, with 

the rejection letter signed by future Nobel laureate 

Peyton Rous - who not only cited the common belief on 

the immortality of cultured cells, but described 

Hayflick’s speculation of this divisional limit as a driver 

of aging as “rash”. In the years since this first 

characterization, senescence has expanded from a 

perceived tissue culture artifact to a bona fide driver of 

aging and degenerative disease. 

 

Discovery of cellular senescence in tissue culture led to 

speculation of its role in the context of physiology. 

While the name “senescence” suggested a role in aging, 

without evidence of increased senescence with age, it 

remained largely speculative whether senescence was 

anything other than a tissue culture phenomenon. This 

changed in 1995, when accidental incubation of x-gal 

with senescent cells in an acidic buffer resulted in 

robust blue staining [6]. This senescence-associated 

beta-galactosidase (SA-β-gal) is common to multiple 

forms of senescence, and staining of aged human tissues 

confirmed the increased presence of senescence with 
age [6]. Several additional features of senescence have 

been discovered in the thirty years since the description 

of SA-β-gal, each with their own strengths and 
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ABSTRACT 
 

Cellular senescence is a multi-phenotypic stress or damage response characterized by a stable cell cycle arrest 
and the secretion of a myriad of biologically active molecules, commonly known as the senescence-associated 
secretory phenotype (SASP). Thirty years ago, the identification of activated beta-galactosidase during 
senescence led to one of the first characterizations of senescent cell accumulation during biological aging. Since 
then, interventions that either selectively eliminate senescent cells or suppress the SASP have demonstrated 
that they are a major etiological agent for several degenerative pathologies associated with aging. As interest in 
the development of targeted therapeutics for senescence has grown, so too has the interest in the study of 
these cells. This has resulted in discovery of new features and phenotypes that often associate with 
senescence. Here, we review several of these key features of senescence, highlighting the strengths and caveats 
associated with each.  
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weaknesses both in culture and in vivo (Table 1). Here 

we review several of these key features of senescence 

and how our understanding has evolved over time, 

noting that there have been both breakthroughs and 

caveats in the discovery and characterization of these 

features in the intervening years. 

 

Proliferative arrest 
 

From the earliest days of Hayflick and Moorhead, serial 

cultivation of non-transformed primary cells has been 

associated with eventual replicative exhaustion and 

stable proliferative arrest, typically in the G1 phase of 

the cell cycle [4]. Subsequently, this arrested state now 

known as cellular senescence was demonstrated in 

many cell types, and in response to multiple inducers 

including - but not limited to - telomere attrition [7], 

genotoxic stress [8], oncogene activation [9], oxidative 

stress [10], mitochondrial dysfunction [11], or 

pharmacological inhibition of proliferative pathways 

[12–14]. Distinct from quiescent cells and other forms 

of terminal arrest, cultured senescent cells often 

continue to increase in mass and diameter in the 

absence of cell division, at least at low cell densities, 

and this cellular hypertrophy itself may contribute to the 

cell cycle arrest [15]. The senescence arrest is often 

referred to as “growth arrest”, but to disambiguate 

between this increase in size (which occurs in 

senescence and thus could be considered “growth”) and 

the arrest of cell division, we will refer to this 

phenotype as “proliferative arrest” in this article. 

 

Senescence-associated proliferative arrest is commonly 

detected by a combination of loss of proliferation 

markers, coupled to elevation of one or more cyclin-

dependent kinase inhibitors (CDKNs). In culture, 

proliferation can be measured by cell counts, markers 

such as Ki67 and proliferating cell nuclear antigen 

(PCNA), or incorporation of labeled thymidine analogs 

(due to thymidine’s preferential incorporation into DNA 

during replication). Initially, radiolabeled thymidine 

was used to detect cell cycle arrest, but development of 

non-radiolabeled alternatives such as bromodeoxy-

uridine (BrdU; which allows detection by immuno-

fluorescent detection) or 5-ethynyl-2'-deoxyuridine 

(EdU; which allows detection using CLICK chemistry) 

have become the preferred approach in more recent 

years. Each of these markers are lost from senescent 

cells, and often expressed as percentages of the whole 

population [16, 17].  

 

Because the proliferative arrest is driven by elevation  

of one or more cyclin-dependent kinase inhibitors 

(CDKNs), they can be considered markers of 

senescence. The two most commonly studied CDKNs 

associated with senescence are p21 (CDKN1A/p21WAF1) 

and p16 (p16INK4a, one of many transcripts from the 

CDKN2A locus), but two other CDKNs, p27 

(CDKN1B/p27KIP1) and p15 (CDKN2B/p15INK4b), have 

also been linked to senescence. All four of these 

transcripts have been shown to increase with age in at 

least some tissues [18–21]. Genetic models that 

eliminate cells with high p21 or and p16 expression 

have demonstrated a role for both in the promotion of 

age-related diseases [22–24], but the roles of or p27 and 

p15 in aging and other senescence-associated conditions 

remain unclear.  

 

Importantly, cell cycle arrest and CDKNs on their own 

are not sufficient to identify senescent cells. CDKN1A 

has multiple transcripts with identical ORFs, and the 

mouse expresses both an abundant transcript that 

responds to circadian rhythms and genotoxic stress, and 

a less abundant transcript that increases with age [18] – 

which cannot be distinguished by standard 3’ RNA-seq 

techniques. The human gene has a similar set of 

transcripts, but it is not currently known how these 

might vary with senescence and aging. Similarly, p16 is 

only one of multiple transcripts that originate from the 

CDKN2A locus, including p19ARF (mouse)/p14ARF 

(human), most with a common 3’ end, similar to the 

CDKN1A locus. These shared 3’ ends require 

alternative methods to detect specific transcripts, such 

as selective primers, 5’ RNA-seq, or extended reads. In 

addition, p16 is not only elevated during senescence, 

but also during some forms of macrophage activation 

[25–27] and in response to mutation of the 

retinoblastoma (Rb) gene [28]. Both p21 and p27 are 

also elevated during quiescence [29], and p15 is  

a potentially important regulator of myeloid 

differentiation [30, 31]. Finally, CDKNs can be 

transiently elevated in response to stress or damage, but 

decline once these are resolved [32]. Thus, CDKNs 

have roles outside of senescence that cannot be 

overlooked when studying the senescent phenotype and 

when considering the effects of CDKN targeting on 

health outcomes. 

 

Similarly, cell cycle arrest can originate from cellular 

states other than senescence. Many differentiated cell 

types - such as neurons, muscle cells, or podocytes - 

undergo stable cell cycle arrest upon differentiation 

without being considered senescent. In addition, many 

cell types undergo G0 arrest, or quiescence, in response 

to nutrient or growth factors withdrawal, contact 

inhibition, or from cues from the tissue micro-

environment [29, 33], and quiescent cells are often able 

to resume proliferation in response to changes in these 

factors.  
 

Finally, there are a growing number of reported 

exceptions to the stability of cell cycle arrest in 
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Table 1. Key features of cellular senescence and biomarkers. 

Feature Description Markers 

Proliferative arrest Stable, typically irreversible halt in cell 

division. Increased cell size and flattened 

morphology. 

Loss of Ki67/PCNA, reduced BrdU/EdU 

incorporation, increased CDKNs (p16, p21, p27, p15). 

SA-β-gal and 

lysosomal 

glycosidases 

Increased lysosomal β-galactosidase activity 

detectable at pH 6.0, also increased α-

fucosidase. 

GLB1, FUCA1, β-glucuronidase. 

Senescence-

Associated Secretory 

Phenotype (SASP) 

Secretion of inflammatory cytokines, 

chemokines, growth factors, proteases, EVs, 

and oxylipins.  

NF-κB–driven cytokines, type I interferon response, 

cGAS–STING activation, EVs, oxylipins (e.g., 

dihomo-15d-PGJ2). 

Nuclear alterations Structural and epigenetic changes including loss 

of nuclear integrity and persistent DNA damage. 

Loss of Lamin B1 and HMGB1/ 2, cytosolic 

chromatin fragments (CCFs), DNA-SCARS, TAF, 

SAHF, SADS. 

Mitochondrial 

dysfunction 

Mitochondrial DNA depletion or loss of 

electron transport chain activity. 

Increased mitochondrial mass, ROS, mtDNA release, 

altered NAD+/NADH ratio, ETC dysfunction. 

Lysosomal 

alterations 

Increased lysosomal content, altered pH, 

leakage, and elevated autophagy/exocytosis. 

Lysosomal expansion, cholesterol partitioning, 

autophagy upregulation, lysosomal processing of 

CCFs. 

Metal accumulation Accumulation of ferrous and ferric iron, copper, 

zinc, manganese, magnesium, and potassium.  

Ferritin/hemosiderin, labile iron; copper transport 

dysregulation. 

Lipofuscin 

accumulation 

Build-up of oxidized proteins, lipids, and metals 

due to impaired lysosomal degradation. 

Autofluorescent granules, Sudan Black B staining. 

Persistent cell 

survival 

Persistent cell survival in the presence of cell 

death stress. 

Upregulation of BCL-2 family proteins, decoy 

receptors, altered DR5/cFLIP. Resistance or sensitivity 

to necroptosis, ferroptosis, parthanatos. 

 

response to a variety of stimuli [34–39]. This reversion 

can extend beyond cell cycle arrest and into other 

features of senescence [37], but can also result in pro-

carcinogenic states [40–43]. These cells with reversible 

senescence features may be largely indistinguishable 

from irreversible senescence arrest in vivo, so it is 

unclear how prevalent the persistent cell cycle arrest is 

in an organism. Thus, while proliferative arrest is a 

defining feature of senescence, on its own it is 

insufficient to identify senescent cells.  

 

Beta-galactosidase and other lysosomal glyco-

sidases 
 

As described above, senescent cells often stain positive 

for beta-galactosidase. Following the discovery of SA-β-

gal, it was subsequently determined that senescence-

associated beta-galactosidase was lysosomal beta-

galactosidase, encoded by the gene GLB1, explaining the 

low-pH specificity [44]. Surprisingly, it remains 

somewhat unclear how senescent cells stain positive for 

SA-β-gal. Western blots suggest that GLB1 protein level 

is increased during senescence in human [44] and mouse 
[45] cells, and both GLB1 RNA and protein levels have 

been reported to increase with age in mice, where they 

predict lifespan and health status [45]. By comparison, 

RNA levels of GLB1 do not appear to increase 

substantially in cultured senescent human cells, despite 

the increase in activity [46, 47]. Notably, a recent study 

suggests that lysosomes may undergo leakage during 

senescence, and this may explain why SA-β-gal does not 

appear to exclusively stain lysosomes in senescent cells, 

though this remains an open question [48]. 

 

Another lysosomal glycosidase was subsequently 

identified as a biomarker of senescence. Alpha-fucosidase 

(gene: FUCA1) is involved in N-glycan degradation, 

releasing fucose in a manner similar to beta-galactosidase 

does for galactose [46]. Notably, FUCA1 RNA, protein, 

and activity levels all increase with senescence, and 

generally more highly than beta-galactosidase – though it 

is much less-studied than beta-galactosidase at this point. 

The same report also indicated a small increase in beta-

glucuronidase, another lysosomal glycosidase.  

 

Detection of either beta-galactosidase or alpha-fucosidase 

is subject to a number of confounding variables. For 

example, either enzyme might be elevated in response to 

lysosomal expansion or in cell types with high lysosome 

numbers, regardless of senescent state. For example, 

macrophages were shown to reversibly elevate beta-

galactosidase in response to the secretions of senescent 

cells [26]. Notably, high confluence can also result in 

elevated beta-galactosidase staining [6] and GLB1 
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expression [29]. Finally, beta-galactosidase positivity can 

be subjective, and even objective measures (such as 

intensity thresholding) can reveal SA-β-gal negative cells 

in cultures that are entirely arrested. Lysosomal enzymes 

such as SA-β-gal and α-fucosidase often manifest along a 

continuum rather than as an all-or-none signal, creating a 

gradient in which higher activity reflects a greater 

likelihood of senescence. Thus, while senescence-

associated beta-galactosidase remains a key feature of 

senescence, the number of exceptions to this, coupled to 

newer biomarkers of senescence, suggest that it may no 

longer be the gold standard it once was. 

 

The Senescence-Associated Secretory Phenotype 

(SASP) 
 

Initially, senescence was thought to be a driver of aging 

through the replicative arrest, which would prevent the 

regeneration or renewal of a tissue [49, 50], but eventually 

it became clear that senescent cells secrete a number of 

biologically active molecules that can have potent local 

and systemic effects. This senescence-associated secretory 

phenotype (SASP) was hinted at in findings that 

unidentified factors found in conditioned media from 

senescent cells can drive cell non-autonomous effects on 

wild type and cancer epithelial cells [51]. In 2008, a series 

of manuscripts identified a number of inflammatory 

cytokines and chemokines, growth factors, and matrix 

metalloproteinases as key molecules secreted by senescent 

cells [52–54]. Since the initial characterization of the 

SASP, >1000 proteins have been identified as secreted 

from senescent cells, many of which are inflammatory 

cytokines driven by either NF-κB and/or in response to a 

type I interferon response [55–58]. This interferon 

response is due to activation of the cGAS-STING 

signaling pathway in response to cytosolic DNA. The 

source of cytosolic DNA can be variable, as reported 

sources include de-repression of LINE-1 elements [56], 

nuclear blebbing of chromatin into the cytosol [57], and 

release of mitochondrial DNA due to sub-apoptotic 

minority mitochondrial outer membrane permeabilization 

[58]. Through these mechanisms, senescent cells can 

drive sterile inflammation. This makes them a major 

candidate for driving age-related inflammation, or 

“inflammaging” [59]. Beyond cytokines, senescent  

cells also release several molecules associated with 

vasoconstriction, coagulation, and fibrosis – suggesting a 

role for senescence in tissue remodeling responses 

following injury [60–62]. At least some of these factors 

do not appear to be linked to the inflammatory cytokine 

production, as the hemostatic features of senescence are 

activated in the absence of inflammatory cytokine 

production [62]. 
 

Not all SASP components are secreted as soluble 

proteins. Senescent cells also release extracellular 

vesicles (EVs) that can have various effects [63–67]. 

Notably, many proteins found in EVs from senescent 

cells correspond to similar secreted pathways, including 

inflammation, extracellular matrix regulation, and 

hemostasis, whereas the lipids found in these EVs 

primarily consist of membrane phospholipids and 

sphingomyelins [67]. Finally, microRNAs can be 

encapsulated in EVs from senescent cells [68, 69]. 

Surprisingly, a cell surface protein, DPP4, limits the 

uptake of these EVs by proliferating cells [63]. 

Conversely, senescence-associated EVs can transfer 

senescence signatures from senescent chondrocytes to 

non-senescent chondrocytes [64] and fibroblasts [66]. In 

addition to the hundreds of proteins that compose the 

SASP, several lipid species are released by senescent 

cells, most notably many oxygenated polyunsaturated 

fatty acids collectively known as oxylipins [70, 71]. 

Senescence-associated oxylipins include a combination 

of prostaglandins, thromboxanes, and leukotrienes  

that are functionally associated with inflammatory, 

coagulation, vasoconstriction, algesia, and fibrosis. 

Furthermore, oxylipin biosynthesis can reinforce 

senescence, promote proinflammatory features of the 

SASP, and drive fibrosis. One oxylipin in particular, 

dihomo-15d-PGJ2, accumulates in the intracellular space 

and can be detected during senolysis [70]. Thus, multiple 

factors beyond proteins may play a role in senescence. 

 

As an important caveat, sources of SASP factors are 

not limited to senescent cells. Many factors, such as 

viral or bacterial infection, can result in cytosolic DNA 

and activation of interferon responses independent of 

senescence. Similarly, inflammatory responses can 

occur during immune system activation in the absence 

of senescence, and HMGB1 – released from the nuclei 

of senescent cells [72], is also released following lytic 

cell death [73]. With >1000 identified factors 

comprising at least some version of the SASP [52, 60, 

62, 67, 70, 74–76], many different secreted factors 

might present like the SASP in datasets without 

originating from senescent cells. Advances in single 

cell technology have added clarity to the field by 

allowing identification of senescent cell types and 

distinguishing between senescent and immune cells in 

a way that whole tissue/population assays cannot [77–

79]. Finally, it is important to note that the SASP is 

not a single phenomenon, but a collection of 

phenotypes that can vary with time, cell type, and 

inducer [11, 52, 60, 71, 80].  

 

Organelle alterations 
 

Nuclear changes 

 

Senescent cells undergo several changes to their nuclear 

architecture that are essential for both proliferative 
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arrest and SASP. Notably, senescent cells lose RNA 

expression and protein levels of lamin B1 (LMNB1), 

resulting in structural changes to the nuclear envelope, 

which results in release of cytosolic chromatin 

fragments (CCFs) and activation of the cGAS-STING 

pathway, as described above [57, 81]. Similarly, 

epigenetic changes during long term senescence can 

result in LINE-1 element mobilization and activation of 

cGAS [56]. As LINE-1 element transposition can result 

in new double-stranded breaks [82], this may also help 

to reinforce cell cycle arrest. Furthermore, loss of 

nuclear localization/expression of high mobility group 

box proteins (HMGB1 and HMGB2) alter nuclear 

architecture and absence of these factors from nuclei 

can thus act as biomarkers of senescence [72, 83]. 

Importantly, many of these markers are reduced during 

senescence, and as senescent cells comprise a small 

proportion of cells, even in old age, they cannot be 

reliably detected in whole tissue assays. Thus, these 

markers instead require individual cell approaches when 

analyzing them in tissues. 

 

Nuclear changes can also occur in response to specific 

inducers of senescence. In response to DNA double 

strand breaks, telomere attrition, and related stressors, 

senescent cells develop persistent foci that stain positive 

for several markers of DNA damage, most notably γ-

H2AX and 53BP1. These persistent foci, sometimes 

called DNA-SCARS (segments of chromatin alteration 

reinforcing senescence), result in continuous DNA 

damage signaling – leading to stable cell cycle arrest 

and promoting parts of the SASP [84, 85]. While 

initially hinted at in cells with eroded telomeres due to 

end replication failure, many of these foci can occur at 

telomeric DNA, resulting in co-staining between 

telomeres and DNA damage markers - often called 

telomere-associated foci (TAF). TAF not only occur 

during replicative exhaustion, but also often in response 

to other inducers [86]. Because telomeric DNA damage 

is more difficult to repair, these foci tend to persist and 

may be a major reinforcer of the cell cycle arrest [87]. 

Similarly, in response to activation of p16, a subset of 

senescent cells can form regions of facultative 

heterochromatin compaction. These senescence-

associated heterochromatin foci (SAHF) occur near 

clusters of proliferation-associated genes and may thus 

help reinforce senescence [88]. Conversely, satellite 

heterochromatin can become reactivated, resulting in 

senescence-associated decondensation of satellites 

(SADS) [89]. Thus, nuclear changes can include 

structural, epigenetic, and genomic components. 

 

Mitochondrial changes 

 

Senescence is often coupled to a loss of mitochondrial 

function, including increased mitochondrial DNA, 

mitochondrial mass, and reactive oxygen species  

[90–92]. In addition, as mentioned above, sub-apoptotic 

minority mitochondrial outer membrane permeabilization 

can result in release of mitochondria DNA into the 

cytosol, driving inflammatory components of the SASP 

[58]. Mitochondrial dysfunction, including partial or 

complete mitochondrial DNA depletion or loss of 

electron transport chain activity, can also drive 

senescence without the inflammatory SASP components 

by lowering the cytosolic NAD+/NADH ratio [11]. Thus, 

loss of mitochondrial function is not only a feature of 

senescence, but can also influence senescence and the 

SASP in multiple ways [91, 92]. 

 

Lysosomal alterations 

 

As mentioned above, lysosomal function is altered during 

senescence, including increased lysosomal numbers and 

function, leakage, levels of glycosidases, and cholesterol 

partitioning [46, 48, 93], and decreased lysosomal pH. 

Macroautophagy and chaperone-mediated autophagy are 

also elevated during senescence, with increased 

exocytosis of lysosomal components to the extracellular 

space, forming a subset of SASP factors [76]. Similarly, 

CCFs that bud off of the nucleus are processed by the 

lysosome [94]. This would suggest that dysregulated 

lysosomal processes are a key feature of senescence, but 

the relationship between lysosomes and senescence is 

just beginning to be understood in vivo [95]. For 

example, blocking autophagy can result in buildup of 

damaged macromolecules and activate signaling 

pathways that can trigger senescence [96], whereas 

overexpression of TFEB which controls lysosome 

expansion - prevents senescence in various models [97]. 

The role of lysosomes in aging and cellular senescence 

has been reviewed in more detail elsewhere [95]. 

 

Metal accumulation 
 

A growing body of evidence indicates that senescent 

cells accumulate elevated levels of several metals, 

including iron, potassium, magnesium, manganese, 

zinc, and copper [98–103]. Of these, iron is perhaps the 

best-studied, with accumulation of both ferrous and 

ferric iron observed in senescent cells [100, 102]. 

Hemolysis can drive senescence in nearby cells at least 

in part by increasing iron, and chelation of iron can 

lower levels of multiple SASP factors [102]. Iron, 

stored in hemosiderin and ferritin, can be detected in 

senescent cells histologically [100, 102], and senescent 

cells can even be detected by MRI using iron as a target 

[102]. More recently, copper accumulation in senescent 

hepatocytes was identified as a vulnerability for their 

elimination in a mouse model of hepatosteatotic disease 

[104]. Less is known about the accumulation of other 

metals, or their consequences, but these may eventually 
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become key markers of senescence as the mechanisms 

behind their accumulation are elucidated. 

 

Lipofuscin 
 

Lipofuscin is an intracellular pigment that consists of 

oxidized or otherwise damaged proteins, lipids 

(especially polyunsaturated fatty acids), and metals. As 

lipofuscin accumulates in many tissues with age and 

age-related degenerative disease, it is often considered 

a biomarker of aging [105–107]. Consistent with the 

observed increases in metals and oxidation of 

polyunsaturated fatty acids during senescence, 

senescent cells accumulate lipofuscin, which can be 

further visualized with Sudan Black B [108]. 

Lipofuscin is thought to arise from the failed 

degradation of macromolecules by the lysosome, 

resulting in persistent autofluorescent lysosomal 

storage bodies [109], consistent with alterations in 

lysosomal function during senescence. Indeed, lipofuscin 

is known to drive both lysosomal permeability and 

inflammasome activation [110], suggesting the 

possibility that this pigment might drive these 

phenotypes in senescent cells. Importantly, lipofuscin 

is not exclusive to senescent cells, appearing in 

postmitotic neurons, cardiomyocytes, and skeletal 

muscle cells [106, 111, 112]. Overall, lipofuscin is a 

useful marker of senescent cells, but like other markers 

it cannot be exclusively used in their identification. 

 

Persistent cell survival 
 

Senescence is a stress or damage response, but it is not 

the only response to stress or damage. Notably, many 

drivers of senescence can also result in cell death 

modalities such as apoptosis, necroptosis, ferroptosis, 

and parthanatos [113]. Indeed, genetic interventions and 

molecules that convert senescence into cell death, often 

called “senolytics” regardless of cell death modality, are 

the primary mechanism by which senescent cells have 

been shown to drive degenerative pathologies [22, 114, 

115]. In agreement, many of the key features of 

senescence, including persistent DNA damage, 

mitochondrial dysfunction, and oncogene activation, 

can also result in variegated forms of cell death. It is 

therefore often stated that a key feature of senescent 

cells is cell death resistance, but as with other features 

of senescence, there is considerable heterogeneity in 

these responses. These include: 

 

Apoptosis 

 

The most-studied variant of cell death, apoptosis 

results in cell death via a highly regulated program that 

includes caspase activation, release of cytochrome C 

from mitochondria, DNA fragmentation and laddering, 

membrane phospholipid inversion, and release of 

intracellular contents in membrane-bound apoptotic 

bodies. As mentioned above, senescent cells show 

some features of apoptosis, such as minority 

mitochondrial outer membrane permeabilization, but 

survive in the face of these stressors [58]. This is at 

least in part due to elevation in anti-apoptotic proteins 

BCL-2, BCL-W, BCL-xL, and/or MCL1, as inhibition 

of these proteins selectively drives senescent cells into 

apoptosis [116–119], and similar results are seen with 

several intrinsic apoptosis inducers [120]. Apoptosis 

can also be triggered via the extrinsic pathway in 

response to cell death ligand binding, and senescent 

cells often elevate or secrete decoy receptors for many 

of these extrinsic apoptotic signaling pathways, 

potentially protecting them from extrinsic induction of 

cell death. However, senescence-inducing stimuli have 

also been reported to elevate the proapoptotic DR5 

receptor [121, 122], though varying reports suggest 

both elevation or downregulation of cFLIP, depending 

on cell type and inducer [122–124]. This variability is 

seen in senescent cancer cells, where chemo-

therapeutic- induced senescence can confer either 

resistance or sensitization to TRAIL-induced apoptosis 

[121]. Thus, it does not appear that resistance to 

apoptosis is a universal feature of senescence, but 

rather a highly contextual phenotype.  

 

Lytic programmed cell death 

 

Many forms of programmed cell death result in lysis 

of the cell via disruption of plasma membrane. These 

modalities are often highly inflammatory due to 

release of cellular contents, including immunogenic 

damage-associated molecular patterns such as nucleic 

acids and HMGB1 [113] – which might manifest in a 

manner similar to senescence at the level of tissue and 

biofluids. Notable modalities of lytic cell death with 

known relationships to senescence include necroptosis, 

ferroptosis, and parthanatos. Like senescence, necrop-

tosis increases with age, in response to many of the 

same stimuli [125, 126]. In addition, senolytic 

treatment reduces markers of necroptosis, whereas 

inhibition of necroptosis lowers senescence, sug-

gesting that these two processes may undergo 

reciprocal control [127]. Activation of necroptosis 

occurs primarily in response to TNF-α, a component of 

the SASP, suggesting that this relationship may be cell 

non-autonomous (i.e., senescent and necroptotic cells 

are distinct populations), though these links are 

difficult to distinguish in population/whole tissue 

analyses. Future studies will require specific staining 

of senescence and necroptosis markers in the same 

tissue to determine if senescent and necroptotic cells 

represent the same or distinct populations. Ferroptosis 

is another form of lytic death that results from 
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peroxidation of the inner leaflet of cellular 

membranes, catalyzed by intracellular labile iron. 

Senescent cells display several features in common 

with ferroptosis, including increases in lipoxygenases 

[70, 71, 128], increased labile iron [102, 103, 129], 

and increased membrane-bound PUFA [129]. The net 

effect of these changes is increased sub-ferroptotic 

stress, similar to apoptosis. As with apoptosis, reports 

have indicated that senescent cells are either resistant, 

or sensitive, to ferroptosis [62, 100, 103]. Importantly, 

because senescent cells are often hypertrophic relative 

to non-senescent cells of the same type in culture, 

seeding cells at similar numbers can result in higher 

confluence and cell-to-cell contacts in senescent 

cultures relative to non-senescent. This increased 

confluence might explain reports of ferroptosis 

resistance, as cell contacts antagonize ferroptosis 

[130]. Finally, parthanatos is a form of lytic cell death 

that occurs in response to overproduction of poly-

ADP-ribose from NAD+ as a result of poly-ADP-

ribose polymerase (PARP) activation following 

genotoxic or oxidative stress [131]. It has features in 

common with apoptosis, such as chromatin 

compaction, but is lytic in that it is membrane-

disruptive [131]. PARP inhibitors can prevent the 

development of parthanatos in response to genotoxic 

stress from oxidative injury, such as from ischemia-

reperfusion injury, instead favoring senescence [132].  

 

Because of these relationships and the continued 

survival of senescent cells, it is often stated that a key 

feature of cellular senescence is cell death resistance. 

Given the variability in these responses, it might be 

helpful to characterize this phenotype as persistent cell 

survival in the presence of cell death stress due to 

compensatory activation of pro-survival pathways. 

Because these pro-survival pathways can be sufficient 

or insufficient to confer resistance to exogenous death 

inducers depending on the cell type and inducer, 

contextual interpretation may be required when 

studying the relationship between senescence and cell 

death. 

 

CONCLUSIONS 
 

The field of cellular senescence has come a long way 

since its inception, moving beyond the culture dish, into 

model organisms and even human patients over the 

course of the last 30 years. These advances have 

allowed for targeting senescent cells and the SASP, but 

the variability and non-specificity of individual 

senescence features necessitate robust characterization 

to avoid experimental artifacts. Indeed, markers of 

senescence are often not binary, but rather occur across 

a gradient [133]. Because no single feature or marker of 

senescent cells is exclusive to the senescent state, it is 

recommended that multiple markers be used together 

for assessment of senescence. Several reviews have 

proposed a consensus for a minimum set of biomarkers 

to confirm senescence, and the reader is directed to 

these for further reading [16, 17]. 

 

Conversely, cells with features of senescence can still 

drive pathology, even if not all criteria for 

characterization of senescence are met, so therapeutic 

opportunities may arise out of the study of senescence 

biology even in the absence of identification of cells 

with minimal requirements for senescence. For 

example, release from atazanavir treatment not only 

reduces markers of senescence in culture and in vivo, 

but also improves cardiovascular phenotype. Similarly, 

myofibroblasts have features in common with senescent 

cells and can be killed in a manner similar to senescent 

cells by the senolytic ABT-263, and thus improve 

dermal fibrosis [134]. 

 

The overlap between senescence phenotypes and 

macrophages raise an important question: how much 

of the myriad phenotypes associated with aging, 

regeneration, and degenerative disease that result from 

interventions targeted to senescence are confounded by 

the shared phenotypes between senescence and 

activated macrophages or related cells? Targeted 

elimination of p16-positive cells or using beta-

galactosidase-targeted prodrugs is likely to eliminate 

at least some macrophages, and more recent studies 

have shown that the popular senolytic therapy of 

dasatinib plus quercetin can also kill p16-positive 

macrophages [135], suggesting that elimination of a 

subset of macrophages may be beneficial for age-

related diseases. Interactions between senescent cells, 

the SASP, and macrophages add complexity to this 

question, and macrophages themselves may become 

senescent [136, 137]. Regardless of whether they are 

senescent or not, if macrophages that display 

senescence signatures turn out to be therapeutically 

useful targets, then the senescence features we use to 

identify them could be just as important as the 

senescent cells themselves. 

 

As highlighted throughout this review, the senescent 

phenotype is complex, with variation in virtually every 

feature outlined in this article (Figure 1). This 

heterogeneity has created new translational challenges, 

not only in creating consensus on the identification and 

measurement of senescence, but also because different 

senescent cell populations often respond differently to 

intervention depending on cell type, tissue, time, and 

stressor [14, 104, 122, 138]. Adding to the complexity, 
the advent of newer technologies, from fluorescent 

probes to single cell and positional multi-omics,  

has resulted in application of these technologies to 
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senescence [139–142]. Integration of these datasets into 

the larger framework of senescence biology is an 

evolving process that requires increasing sophistication 

in its analysis. This has resulted in significant 

development of novel computational approaches to 

identify and characterize senescent cells [143–150]. 

These approaches are likely to become more common 

as additional large datasets become available, but 

limitations remain. For example, 3’-RNA-seq often 

cannot distinguish between transcripts in the CDKN1A, 

CDKN2A, and CDKN2B loci, limiting the utility of 

retroactive analysis of datasets generated in this manner. 

To address these concerns, advances in transcriptomics 

have led to the development of several gene expression 

signatures used to detect and quantify senescence 

burden in place of the CDKNs [17, 151–153]. While 

these methods have limitations, they can supplement 

other data and allow for retroactive approximation of 

senescence in datasets that might not otherwise be 

achievable. Overall, the increasing complexity found in 

the features of senescence is being met with increased 

sophistication in their analysis, and while limitations 

will always exist, the ultimate goal of developing better 

therapies will almost certainly benefit from these 

approaches and a nuanced understanding of senescence 

in the human body. 

 

 
 

Figure 1. Features of cellular senescence. Senescence is accompanied by multiple features that are both functionally important and can 
also be used as biomarkers. These include (clockwise): 1. Senescence-associated beta-galactosidase and other lysosomal glycosidases. 2. 
Persistent cell survival. 3. Increased cell size and a flattened morphology. 4. Epigenetic changes including heterochromatin foci, chromatin 
decondensation, release of HMGB1, and persistent DNA damage foci (DNA-SCARS), including telomere-associated foci (TAF). 5. Increased 
cyclin-dependent kinase inhibitors, such as p16, p21, p27, or p15. 6. Accumulation of metals. 7. The SASP, consisting of hundreds of secreted 
molecules that include inflammatory cytokines and chemokines, growth factors, proteases, extracellular vesicles, and oxylipins. 8. 
Accumulation of lipofuscin. 9. Nuclear changes, including loss of Lamin B1 and HMGB2. 10. Mitochondrial expansion and dysfunction, 
including increased mitochondrial mass, ROS, and release of mitochondrial DNA into the cytosol. 
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