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Abstract 

Cellular senescence is the state in which cells undergo irreversible cell cycle arrest and acquire diverse phenotypes. 
It has been linked to chronic inflammation and fibrosis in various organs as well as to individual aging. Therefore, 
eliminating senescent cells has emerged as a potential target for extending healthy lifespans. Cellular senescence 
plays a beneficial role in many biological processes, including embryonic development, wound healing, and tissue 
regeneration, which is mediated by the activation of stem cells. Therefore, a comprehensive understanding of cellular 
senescence, including both its beneficial and detrimental effects, is critical for developing safe and effective treatment 
strategies to target senescent cells. This review provides an overview of the biological and pathological roles of cellu-
lar senescence, with a particular focus on its beneficial or detrimental functions among its various roles.
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Introduction
Cellular senescence was first described approximately 
60  years ago by Hayflick and Moorhead [1]. They 
observed that normal human fibroblasts have a finite 
proliferative capacity in culture and termed the cell 
cycle arrest at the exhaustion of this capacity “replica-
tive senescence;” the word “senescence” is derived from 
the Latin word senex, meaning “old.” Later, it was discov-
ered that cellular senescence occurs because of telomere 
shortening, which leads to chromosomal instability and 
is considered a tumor suppressor mechanism [2, 3]. Sub-
sequent research has uncovered the vital role of cellular 
senescence in various physiological processes beyond 
its tumor-suppressive functions, such as wound heal-
ing [4, 5], embryonic development [6], and tissue repair 

and regeneration. Cellular senescence contributes to 
aging and age-related diseases [7]. Senescent cells are 
metabolically active and secrete a variety of factors, 
including inflammatory cytokines and chemokines. 
These are collectively termed the senescence-associated 
secretory phenotype (SASP), which can induce both 
chronic inflammation (detrimental effects of cellular 
senescence) and tissue remodeling (beneficial effects 
of cellular senescence) [8–12]. However, both forms of 
senescence show expression of tumor suppressor genes 
(p53,  p16INK4a,  p21WAF1/Cip1) and senescence-associated-
β-galactosidase (SA-β-gal), which are used as markers of 
cellular senescence. However, the characteristics and fea-
tures of each type of senescence have not yet been clearly 
distinguished.

This review focuses on the role of senescent cells in 
both tissue regeneration and inflammation while con-
sidering both perspectives of beneficial and detrimental 
effects of cellular senescence.
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Triggers and features of senescence
Cellular senescence is triggered by various physiologi-
cal and pathological stressors and leads to irreversible 
cell cycle arrest [10, 13–15]. Cells undergo senescence in 
response to various stressors, including telomere short-
ening [16, 17], oncogene activation [18], radiation [19], 
high levels of reactive oxygen species (ROS) [20], mito-
chondrial dysfunction [21], inflammatory cytokine and 
chemokines [22], mechanical stress [23], protein aggre-
gation [24], failure of protein removal due to diminished 
autophagy [25], ribosome stress[26, 27], nutrient imbal-
ance [10], inflammatory cytokines, and growth factors 
[28, 29]. These different types of stressors induce different 
types of senescence, such as replicative senescence (RS), 
oncogene-induced senescence (OIS), therapy-induced 
senescence (TIS), stress-induced senescence (SIS), mito-
chondria dysfunction-induced senescence (MiDAS), and 
immunologically-induced senescence (IIS). RS is a phe-
nomenon characterized by telomere shortening, which 
results in chromosomal instability and triggers DNA 
damage [30, 31]. DNA damage is often reported as a 
common underlying cause of senescence. It is primar-
ily reported in the form of DNA double-strand breaks, 
which activate the DNA damage response (DDR) [32]. 
DDR factors accumulate at sites of DNA damage and 
contribute to cell cycle arrest by phosphorylating his-
tone H2AX (γH2AX) and exhibiting nuclear foci such as 
mediator of DNA damage checkpoint 1(MDC1) and p53 
binding protein 1 (53BP1). In response to persistent DNA 
damage, DDR signaling is prolonged, resulting in the 
activation of ataxia telangiectasia mutated (ATM), ATM 
and Rad3-related (ATR), checkpoint kinase (CHK) 1, and 
CHK2. This ultimately leads to cellular senescence via 
activation of p53 and the subsequent cyclin-dependent 
kinase inhibitor  p21WAF1/Cip1, resulting in cell cycle arrest 
[33]. OIS is induced by the expression of oncogenes such 
as NRASG12V and BRAFV600E, which mediate cell cycle 
arrest via  p21WAF1/Cip1 and  p16INK4a, and operate as a cell-
intrinsic tumor-suppressive mechanism [3, 31, 34]. TIS is 
induced by cancer treatments such as chemotherapy and 
radiation, which trigger DDR [34]. SIS is typically char-
acterized as telomere-independent cellular senescence 
that originates in response to chemical or physical stress-
ors inducing oxidative stress and DNA damage [35, 36]. 
MiDAS is mitochondrial damage that triggers senescence 
with a distinct secretory phenotype that lacks IL-1-de-
pendent inflammation [37]. IIS is induced by excessive 
pro-inflammatory factors, particularly IL-17. It demon-
strates a distinct secretory phenotype that alters WNT 
signaling and extracellular matrix remodeling [22].

Senescence is a cellular state that can be induced by 
different stimuli as described above, and a major com-
mon feature of senescent cells is stable cell cycle arrest 

and SASP [10]. The primary mediators of cell cycle arrest 
in senescent cells are p21 WAF1/Cip1 and  p16INK4a, which 
inhibit the activity of cyclin-dependent kinases (CDKs), 
resulting in the repression of E2F transcription factors 
and their target genes, including those encoding cyclin 
E and cyclin D, via hypophosphorylated retinoblastoma 
(Rb), p107, and p130. This process leads to the arrest of 
the cell cycle in the G1 phase [34]. The SASP is the pri-
mary mediator of the paracrine effects of senescent 
cells. It demonstrates a wide range of both local and 
systemic biological impacts [9, 11, 12, 38]. The secre-
tion is regulated by pathways that involve nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB), 
p38 mitogen-activated protein kinase (p38MAPK), 
mammalian target of rapamycin (mTOR), CCAAT-
enhancer-binding protein β (C/EBPβ), and cyclic GMP–
AMP synthase (cGAS)–stimulator of interferon genes 
(STING), and the main components of SASP include pro-
inflammatory cytokines (for example, interleukin[IL]-1β, 
IL-6, and IL-8), chemokines (for example, C–C motif 
chemokine ligand [CCL]2, CCL5, and C-X-C motif 
chemokine ligand [CXCL]1), growth factors (for exam-
ple, transforming growth factor-β [TGF-β], epidermal 
growth factor [EGF], and growth differentiation factor 
[GDF]15), proteases (for example, matrix metallopepti-
dase [MMP]1 and MMP3), bioactive lipids (for example, 
prostaglandins and leukotrienes), extracellular matrix 
components, and non-coding nucleic acids (for example, 
microRNA and cytoplasmic chromatin DNA fragments) 
[9, 11, 39–41].

Hence, while the triggers and characteristics of senes-
cence are becoming clear, specific markers to detect 
senescent cells, especially under in vivo conditions, have 
not been fully identified [10]. Currently, the combina-
tion of multiple markers is recommended for the iden-
tification of senescent cells [10, 42]. The first step of the 
proposed workflow is assessing SA-β-gal activity (X-Gal 
or the fluorescent probes C12FDG, SPiDER-β-Gal, and 
DDAO galactoside) or lipofuscin accumulation (Sudan 
Black B [SBB] or SBB analog [GL13]). SA-β-gal activ-
ity is one of the most widely used markers of senes-
cence; however, it has been observed in non-senescent 
cells and macrophages as well, which reduces its reli-
ability as a standalone marker for senescent cells [43, 
44]. Second, co-staining with senescence-inducing fac-
tors like  p16INK4a and  p21WAF1/Cip1 and the absence of 
cell proliferation indicators, including Ki-67, prolifer-
ating cell nuclear antigen (PCNA) expression, or EdU/
BrdU incorporation, is required [10, 42]. Recently, a new 
detection method for  p16INK4A, which has been chal-
lenging to detect in mouse tissues, has been developed 
and holds promise for utility [45]. Third, markers for 
specific types of senescence, including γH2AX, indicate 
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sustained DDR, SASP expression, and anti-apoptotic 
factors, is recommended [10, 42]. The utility of mass 
cytometry by time-of-flight (CyTOF) in such multipara-
metric detection of senescent cells has also been dem-
onstrated, and senescence CyTOF antibody panels have 
been developed to detect senescent cells in mice and 
humans. The  p16INK4a-high cells identified in the panel 
were characterized by cell cycle arrest, apoptosis resist-
ance, and enriched in DDR [46]. Furthermore, with the 
development of transcriptome analysis, especially single-
cell RNA-seq analysis, it is desirable to develop a method 
to identify senescent cells at the transcriptome level. To 
address this need, based on an extensive review of the lit-
erature, a panel of 125 genes was developed as the Sen-
Mayo senescence gene set [47]. Additionally, a machine 
learning program senescent cell identification (SenCID) 
has been developed, which was trained on 602 sam-
ples derived from 52 senescence transcriptome datasets 
across 30 cell types [48].

Bright and dark sides of senescent cells
Recent studies have shed light on the features and physi-
ological roles of senescent cells, demonstrating that cellu-
lar senescence is not merely a state of cell cycle arrest, but 
rather a dynamic process that influences other biological 
activities. Cellular senescence plays roles in diverse pro-
cesses, including embryonic development, wound heal-
ing, tissue repair, regeneration, cancer, aging, age-related 
diseases, and chronic inflammatory diseases. Senescence 

triggers a process of tissue remodeling; the beneficial 
effects of senescent cells involve the promotion of the 
recruitment of immune cells, especially phagocytic cells, 
and the activation of tissue-resident stem/progenitor cells 
through the release of SASP, resulting in tissue regenera-
tion [13, 49] (Fig. 1). However, this state can be disrupted 
by persistent damage or aging. In these instances, detri-
mental effects of senescent cells accumulate and induce 
chronic inflammation and fibrosis via persistent SASP 
[13] (Fig.  1). In certain situations, these seemingly con-
tradictory roles can be difficult to reconcile, making this 
a confusing and still not fully elucidated phenomenon.

Cellular senescence in aging and age‑related 
disease
From the 1990s to the 2000s, several studies showed that 
senescent cells increase in abundance with aging and 
age-related diseases in vivo [50–55]; however, the causal 
relationship between cellular senescence and aging or 
age-related diseases remains unclear. In 2011, a trans-
genic system called INK-ATTAC mice was used to pro-
vide additional evidence supporting the significant role 
of senescent cells in aging and disease [56]. This model 
allows the targeted removal of senescent cells by com-
bining the  p16Ink4a promoter with an FKBP-caspase-8 
suicide transgene, which activates caspase-8 and induces 
apoptosis, specifically in  p16Ink4a-high senescent cells, 
upon the administration of an FKBP dimerizer. The study 
showed that  p16INK4a+ cells were increased in the adipose 

Fig. 1 Bright and dark sides of senescent cells. Tissue damage-induced cellular senescence recruits immune cells, especially phagocytic cells, 
by secreting senescence-associated secretory phenotypes (SASP), which also promotes tissue regeneration by stimulating the self-renewal 
and differentiation of tissue-resident stem/progenitor cells. The remodeling process is completed when senescent cells are cleared by phagocytic 
cells, resulting in a senescence-clearance-remodeling sequence. However, this sequence can be disrupted by persistent damage or aging, leading 
to the accumulation of detrimental effects on senescent cells and the induction of chronic inflammation and fibrosis via the persistence of SASP
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tissue, skeletal muscle, and eyes of  BubR1H/H-progeria 
mice, and selective elimination of  p16INK4a+ cells delayed 
the onset of age-related phenotypes, including muscle 
atrophy, lordokyphosis, cataracts, and lipodystrophy [56]. 
Subsequently, the research group employed naturally 
aged INK-ATTAC mice to demonstrate whether senes-
cent cells are responsible for age-related phenotypes 
and healthy lifespans [57]. They showed that the selec-
tive elimination of  p16INK4a+ cells increased the median 
lifespan of both male and female mice, as indicated by 
reduced glomerulosclerosis and cardiomyocyte hyper-
trophy [57]. The INK-ATTAC mouse model comprises 
a 2,617-bp fragment of the p16INK4a gene promoter. The 
removal of p16-expressing cells has been proposed to 
result in life extension in mice. However, there is a con-
cern about whether the reporter constructs with a part 
of the p16 genomic sequence fully resembles endog-
enous p16 gene expression. Since Cdkn2a gene expres-
sion is thought to be accompanied by massive chromatin 
structural changes [58], it is essential to carefully exam-
ine whether the effects observed in these mice could be 
attributed only to the elimination of senescent cells. This 
is further supported by the fact that some p16-expressing 
cells are not efficiently removed by the INK-ATTAC sys-
tem in several tissues, including the liver, colon, and T 
lymphocytes [57].

Cellular senescence not only contributes to the aging 
process but also actively participates in the development 
and progression of various age-related diseases. Senes-
cent cell accumulation is frequently observed at sites 
associated with the pathogenesis of several prominent 
age-related chronic diseases, such as Alzheimer’s disease, 
cardiovascular diseases, osteoporosis, diabetes, renal 
disease, and liver cirrhosis [59–66]. Notably, transplant-
ing a small number of senescent cells into young, healthy 
animals recapitulates age-related physical impairments, 
induces osteoarthritis, and increases mortality rates [67, 
68]. Genetic elimination of  p16Ink4a-high senescent cells 
in INK-ATTAC mouse models has shown promising 
results in preventing or mitigating various diseases, such 
as osteoporosis, frailty, atherosclerosis, hepatic steatosis, 
osteoarthritis, idiopathic pulmonary fibrosis, obesity-
induced anxiety, tau-mediated neurodegenerative dis-
ease, and type 2 diabetes mellitus/metabolic dysfunction 
[56, 65, 69–71]. Consistent with these findings, inves-
tigations employing a transgenic p16-3MR (trimodal-
ity reporter) mouse model expressing luciferase and red 
fluorescent protein reporters along with herpes simplex 
virus-1 thymidine kinase (HSV-TK) have demonstrated 
that genetic depletion of  p16Ink4a-expressing senescent 
cells using ganciclovir (GCV) as an apoptosis inducer 
can alleviate various age-related dysfunctions [70, 72]. In 
the p16-3MR mouse, a bacterial artificial chromosome 

was engineered to contain approximately 50 kb fragment 
comprising the murine p16INK4A locus. The  p16INK4A pro-
moter drives 3MR expression, and HSV-TK facilitates 
killing by GCV, a nucleoside analog that inhibits DNA 
synthesis. It is considered that senescent cells exit the cell 
cycle and stop replicating their genomic DNA, result-
ing in low affinity for TK in senescent cells. However, 
the authors explained that HSV-TK converts GCV into 
a toxic DNA chain terminator. In non-dividing senescent 
cells, GCV fragments mitochondrial DNA, causing death 
by apoptosis [73].

In another model, researchers targeted  p19ARF (14ARF 
mouse homolog), which expresses a diphtheria toxin 
receptor, along with the bioluminescent enzyme lucif-
erase under the ARF promoter. This model allows the 
induction of apoptosis in p19ARF-positive senescent cells 
by administering the diphtheria toxin [74]. The results 
demonstrated that eliminating  p19ARF-positive senescent 
cells in the lung tissue improved age-related decreases 
in lung function and reversed the aging-associated gene 
expression profile [74].

Recently, p16-Cre and p21-Cre transgenic mouse 
models were developed, and the use of Cre-inducible 
expression of the DTR system showed that the elimina-
tion of p16- or p21-positive cells inhibited SASP expres-
sion [75–77]. Grosse et al. developed a p16-Cre knockin 
mouse model, which integrated a targeting cassette in 
the last exon of the endogenous  p16INK4a gene [78]. This 
allowed the preservation of most of the  p16INK4a genomic 
sequence and binding sites for many regulators of p16 
transcription. The researchers integrated Cre recombi-
nase, TK, and tdTomato (a fluorescent reporter) at the 
end of the third exon by fusing it with  p16INK4a mRNA via 
self-cleaving peptide sequences that would produce sepa-
rate proteins after translation. However, the introduction 
of a fluorescent reporter in the targeting cassette was 
found to be impractical due to the low expression of p16 
mRNA in vivo, and a similar low level of p16-driven fluo-
rescence was reported in other studies [4]. The p16-Cre 
knockin mice were crossed with Rosa26-mTmG mice. 
Most  p16high cells were vascular endothelial cells, mostly 
found in liver sinusoids in twelve-month-old mice. In 
contrast, mice engineered with p16-CreETR2/Rosa26-
DTA (p16-expressing cells were removed in 1.5-year-old 
mice) showed disrupted blood tissue barriers and subse-
quent liver, kidney, heart, and lung damage [78].

Omori et  al. also generated p16-Cre ERT2-tdTomato 
mice with cells showing high  p16INK4a expression in  vivo 
[77]. They tested various Cre-containing cassette genes and 
found that integration of a Cre ERT2 and a neo-resistant 
gene markedly resulted in higher labeling efficacy in the 
case of the Ink4a locus, as characterized in another report 
[79]. The findings were attributed presumably to the fact 
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that a retained neo-resistant cassette can act as a local 
enhancer to augment reporter expression without com-
promising tissue reporter fidelity [79, 80]. The authors also 
crossed p16-Cre ERT2 mice with Rosa26-DTR-tdTomato 
mice, which led to the ablation of p16-expressing cells. 
Nonalcoholic steatohepatitis (NASH) was induced by a 
high-fat diet administered for 6  weeks in p16-CreERT2 
DTR-tdTomato mice, and elimination of p16-expressing 
cells ameliorated steatosis and inflammation in the liver of 
the mice with NASH [77].

The use of a transgenic cell cycle maker-expressing senes-
cent cell removal system in mice has facilitated studies on 
senescent cells in aging and age-related diseases.

Accumulation of senescent cells and chronic inflam-
mation resulting from SASP secretion are mechanisms of 
senescent cell-mediated aging and age-related diseases. 
Although senescent cells are damaged by DNA breaks and 
exhibit increased ROS production, they do not undergo 
apoptosis. Instead, they activate pro-survival pathways, 
known as senescent cell anti-apoptotic pathways (SCAPs), 
while downregulating key apoptotic mediators [81–85]. 
Transcriptome analysis of senescent and non-senescent 
human cells initially identified SCAPs, which were subse-
quently confirmed by RNA interference experiments [83]. 
These pathways include the B-cell/CLL lymphoma (BCL)-2 
family, phosphoinositide 3-kinase (PI3K)-Akt, p53-p21-
serpines, hypoxia inducible factor (HIF)-1, and heat shock 
protein (HSP)90 [82, 83]. They confirmed that dasatinib, a 
tyrosine kinase inhibitor, and quercetin, a flavonoid, which 
inhibit the PI3K-AKT signaling, decreased senescent cells, 
ameliorated aging-related phenotypes, and extended the 
health span of progeroid Ercc1−/Δ mice [83]. Recently, 
single-cell transcriptomics revealed that MCL-1 also con-
tributes to the anti-apoptotic features of senescent cells and 
that MCL-1-positive cells have higher SASP expression 
than BCL-2-positive senescent cells [85].

The accumulation of senescent cells in aging tissues, 
coupled with the detrimental impact of the SASP, plays a 
significant role in driving the aging process and the devel-
opment of age-related diseases [82]. In contrast, some 
mouse models suggest that the removal of senescent cells 
may worsen healthy life expectancy [78]. Further exami-
nation is required to delineate the potential of targeting 
senescent cells to extend healthy life expectancy.

Cellular senescence in developmental disorders, 
genetic disorders, and autoimmune chronic 
inflammatory diseases
In addition to age-related diseases, developmental, 
genetic, and autoimmune diseases are affected by senes-
cent cells regardless of age. Some examples include 
neurodevelopmental defects [86–88], Duchenne mus-
cular dystrophy (DMD) [89], and autoimmune diseases 

[90–92]. Drug use during pregnancy and maternal diabe-
tes are major non-genetic factors in neurodevelopmental 
defects. Valproic acid exposure- or diabetes-meditated 
mouse models of neurodevelopmental defects showed 
increased senescent neuroepithelial cell abundance and 
SASP expression [87, 88]. These studies also demon-
strated that the knockout of cyclin-dependent kinase 
inhibitors or senomorphic rapamycin treatment res-
cued neurodevelopmental defects [87, 88]. According to 
another study, senescence plays a role in the neurode-
velopmental pathogenesis of Down syndrome. Induced 
pluripotent stem cells (iPSC)-derived neural progenitor 
cells exhibit features of senescence in response to the 
triplication of chromosome 21, and senolytic drugs can 
alleviate the transcriptional, molecular, and cellular dys-
functions associated with Down syndrome [86]. DMD, 
another genetic disorder, also increases the number of 
senescent cells in the skeletal muscle of patients with 
DMD or DMD model rats; senolytic treatment prevented 
the loss of body weight and muscle strength in the model 
rats [89]. In autoimmune diseases, senescent neural cells 
and tubular epithelial cells are increased in the brain and 
kidneys of lupus model mice, and senolytic treatment 
decreased SASP expression and improved depression-
like behavior and renal function [90, 91]. Furthermore, 
oral lichen planus, a chronic autoimmune oral mucosal 
disease, increased senescent mesenchymal cell abun-
dance. Single-cell RNA-seq and cell-cell communication 
analyses showed that senescent mesenchymal cells sig-
nificantly influenced  CD8+ T cells and natural killer cells 
via CXCL12-CXCR4 signaling to develop a persistent 
inflammatory condition [92]. These reports indicate that 
senescent cells may be drivers of and promising thera-
peutic targets for various inflammatory diseases, in addi-
tion to aging.

Cellular senescence in tissue regeneration
With regard to cellular senescence and its role in tissue 
regeneration, senescent cells with exceptional regenera-
tive capacities are present in the amputated limbs of sal-
amanders [93]. Furthermore, it has been suggested that 
the regeneration process is triggered by macrophage-
mediated removal of senescent cells [93]. Recently, cellu-
lar senescence was shown to be induced in adult zebrafish 
fins following amputation. The peak of senescent cells 
occurred 8  days after amputation, and by 30  days after 
amputation, regeneration was complete. Furthermore, 
the removal of senescent cells with ABT263, an anti-
apoptotic protein (BCL-2 family) whose expression is 
upregulated in senescent cells, decreased their regenera-
tive ability [94]. Such a transient appearance of senescent 
cells has also been observed in tissue regeneration pro-
cesses in neonatal mouse and zebrafish models of partial 
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heart defects [95]. The study demonstrated that, although 
SA-β-gal positive senescent fibroblasts began to appear 
3  days after cardiac apex resection in neonatal mouse 
pups, senescent cells were barely detectable on day 21 
after resection when tissue regeneration was complete. In 
addition, fibroblast-specific deletion of Trp53 inhibited 
senescence induction, resulting in tissue fibrosis. Further-
more, the expression level of cellular communication net-
work factor 1 (CCN1), a cysteine-rich protein component 
of the extracellular matrix (ECM) that inhibits fibrosis in 
skin wound healing by activating the Trp53 and  p16INK4a 
pathways, was found to be higher in the periapical region. 
To investigate its role, CCN1 was knocked down using an 
adeno-associated virus vector, which resulted in a reduc-
tion in the number of senescent cells 7 days after cardiac 
apex resection. Additionally, a decrease in the number of 
cardiomyocytes and an increase in fibroblast prolifera-
tion was observed, ultimately leading to impaired tissue 
regeneration and fibrosis [95]. This phenomenon was also 
observed in the livers of 2–3-month-old mice, indicat-
ing that stellate cells undergo cellular senescence within 
2  days of resection following 2/3 hepatectomy. Follow-
ing the administration of ABT263, liver regeneration was 
exacerbated, and it was shown that CCN1 plays a role in 
this tissue regeneration process [96].

In the skeletal muscle, platelet-derived growth factor 
receptor alpha (PDGFRα)+ fibro/adipogenic progeni-
tors (FAPs) increased the expression of senescence and 
SASP factors, such as Cdkn2a, Trp53, and Il33, 2–3 days 
after muscle injury, and the senescent FAPs disappeared 
14 days after injury when muscle regeneration occurred 
[49, 97]. In contrast, the accumulation of FAP in a mouse 
model of polymyositis (experimental autoimmune 
chronic myositis) reportedly results in fibrosis, with the 
expression levels of Cdkn2a and Trp53 being less promi-
nent than those of FAP in acute inflammation [49, 97]. 
Next, to verify whether differences in the expression of 
senescence factors in FAPs affected muscle regeneration, 
FAPs from Trp53 knockout and wild-type mice were iso-
lated and transplanted into the skeletal muscle of another 
wild-type mouse; muscle damage was induced by barium 
chloride  (BaCl2) after FAPs were implanted. Transplanta-
tion of FAPs from Trp53-knockout mice did not induce 
muscle regeneration but increased inflammation and 
induced fibrosis. Furthermore, when FAPs from mice 
with acute and chronic inflammation were isolated and 
co-cultured with muscle satellite cells, which are skel-
etal muscle stem cells, only senescent FAPs isolated from 
acute inflammation showed accelerated differentiation 
of muscle satellite cells. Interestingly, FAPs that increase 
the expression of senescence factors in acute inflam-
mation also decrease the expression levels of T cell and 
macrophage checkpoints, such as programmed cell death 

ligand 1 (PD-L1) and CD47. Additionally, skeletal muscle 
undergoes muscle hypertrophy/regeneration upon exer-
cise intervention, and exercise in wild-type mice tran-
siently increases the expression of senescence factors in 
FAP, as observed during acute muscle injury. In contrast, 
in the mouse model of chronic myositis, the expression 
levels of senescence-related factors in the FAPs did not 
change after exercise. Rather, an increase was observed in 
the expression of nuclear factor-kappa B and α-smooth 
muscle actin, which contributed to fibrosis. Therefore, 
they hypothesized that inducing transient cellular senes-
cence of FAP, similar to acute inflammation in FAP of 
chronic myositis, would promote muscle regeneration. 
They tested AICAR, an AMP-activated protein kinase 
(AMPK) activator, and reported that AICAR increased 
 p16INK4A expression in fibroblasts. Exercise intervention 
in AICAR-treated chronic myositis model mice induced 
FAP senescence; simultaneously, SASP factors changed 
to a pattern similar to that observed during acute inflam-
mation, ultimately leading to muscle regeneration in 
chronic myositis [97]. This study relied on p16ink4a, 
p53, and SA-β-Gal to identify cell senescence but did 
not directly assess cell cycle arrest; therefore, further 
validation is needed to determine whether FAP promotes 
muscle regeneration by inducing senescence. Another 
study, which combined several approaches, including 
single-cell RNA-seq, spatial RNA-seq, and histological 
analysis, showed that senescent FAP and macrophages 
increased in the areas of muscle damage [98]. This study 
also showed that senolytics with ABT-263 decreased the 
number of muscle stem cells and inhibited muscle regen-
eration [98]. In contrast, Moiseeva et  al. reported an 
increase in cellular senescent cell populations in FAPs, 
muscle stem cells, and macrophages, regardless of acute 
or chronic muscle injury or aging status, and genetic 
elimination of senescent cells using p16-3MR and phar-
macological elimination using dasatinib and querce-
tin enhanced muscle regeneration [99]. In addition, the 
transplantation of SPiDER-β-Gal-positive senescent cells 
into skeletal muscle inhibited muscle regeneration after 
injury [99]. Considering the studies conducted thus far, it 
is evident that cellular senescence is a response to mus-
cle injury; however, no single perspective has been estab-
lished on the role of these senescent cells in facilitating 
or obstructing muscle regeneration. Additional research 
is warranted, as the findings may fluctuate depending 
on the specific cellular senescence markers employed in 
each study and the timing of cellular senescence induc-
tion or inhibition.

Recently, Reyes et  al. created a highly sensitive fluo-
rescent reporter of  p16INK4a expression in which an 
H2B-GFP cassette is inserted at the  p16INK4a locus to 
visualize transgenic mice (INKBRITE, INK4a H2B-GFP 
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Reporter-In-Tandem) were generated to visualize 
 p16INK4a positive cells with GFP in  vivo, and PDGFRα-
positive fibroblasts expressing  p16INK4a are reportedly 
important for lung tissue regeneration [100]. CD45-
positive immune cells or PDGFRα-positive fibroblasts 
were mainly detected according to their GFP signal in 
the lungs of healthy INKBRITE mice.  p16INK4a-positive 
cells were surrounded by a laminin-positive base-
ment membrane in the airway epithelium. Moreover, 
the  p16INK4a-expressing PDGFRα-positive lung fibro-
blasts displayed characteristics of cellular senescence, 
including cell cycle arrest, polynucleation, DNA dam-
age, and β-galactosidase expression. Following acute 
lung toxic naphthalene-induced injury to the lung epi-
thelial tissue, the expression of SASP-related genes, 
including IL6 and epiregulin (EREG), increased in 
 p16INK4a-positive fibroblasts. In  vitro, studies demon-
strated that  p16INK4a-positive lung fibroblasts promote 
the proliferation of SCGB1A1-positive airway epithe-
lial stem cell organoids. Furthermore, EREG, a compo-
nent of the SASP, is a key mediator of damage-induced 
tissue regeneration in the airway epithelium induced by 
 p16INK4a-positive fibroblasts. Knockdown of  p16INK4a 
reduced EREG expression levels in fibroblasts and inhib-
ited lung epithelium regeneration [100].

Other studies have reported melanocytes where hair 
follicle stem cells gather in the upper part of hair follicles 
in nevus tissue. Furthermore, when melanocytes undergo 
senescence induced by the B-Raf proto-oncogene, ser-
ine/threonine kinase (BRAF) mutant genes and senes-
cent melanocytes activate CD44-positive hair root stem 
cells and promote hair growth via osteopontin as a SASP 
[101]. These findings suggest that osteopontin secreted 
by melanocytes plays a role in this process. Additionally, 
studies have reported that senescent cells contribute to 
tissue regeneration by activating tissue stem cells, imply-
ing that these cells may play a role in maintaining biologi-
cal tissue homeostasis.

These reports indicate that senescent cells may be 
drivers of and promising therapeutic targets for tissue 
regeneration.

The role of cellular senescence in reprogramming
Recent developments in the field of cellular senes-
cence have revealed their potential involvement in cel-
lular reprogramming. Regarding the involvement of 
cellular senescence in reprogramming, expression of 
the Yamanaka 4 factors (OCT3/4, SOX2, KLF4, c-MYC 
[OSKM]) in mouse- and human-derived fibroblasts 
in  vitro increased the expression of cellular senescence 
factors such as p16INK4a, SA-β-gal, p21, Senescence-
related heterochromatin foci (SAHFs) in OSKM-induced 
cells, which results in the inhibition of reprogramming 

[102]. Silencing of p53, p21 WAF1/Cip1, p16INK4a, and other 
genes has been shown to increase reprogramming effi-
ciency [102–104]. In contrast, in vivo, experiments using 
i4F mice, in which OSKM expression can be transiently 
induced to promote in vivo reprogramming, showed that 
SA-β-Gal-positive senescent cells were increased in the 
injured lung and skeletal muscle sites, while the num-
ber of NANOG-positive cells increased in the vicinity. 
Furthermore, p16INK4a knockout or senolytic interven-
tion by ABT-263 decreased reprogramming efficiency, 
indicating that senescent cells enhanced the reprogram-
ming of neighboring cells [105, 106]. This cellular senes-
cence-induced reprogramming is repeatedly mediated 
by secretion of the SASP factor IL-6, which activates and 
increases serine/threonine protein kinase, a Janus kinase 
signaling cum transcription activator target [105, 106].

Hydractinia symbiolongicarpus is a highly regenerative 
organism that can regenerate a new head within 3  days 
of decapitation. The population of pluripotent migra-
tory stem cells, known as i-cells, is concentrated in the 
lower body part of the hydrozoan network and is origi-
nally absent in the head; no i-cells are known to be pre-
sent immediately after decapitation. However, when 
transient SA-β-gal positive senescent cells emerge at the 
site of head amputation, they reprogram nearby somatic 
cells to generate de novo stem cells and regenerate the 
head [107]. Subsequently, senescent cells were eliminated 
by the senolytic ABT-263 or genetic inhibition of the 
CDKN1A-like gene (Cdki1), which impaired its repro-
gramming and regeneration. In contrast, the transient 
induction of senescence by photogenetic techniques 
reportedly increases the number of i-cells and regenera-
tion [107].

The role of cellular senescence in fibrosis inhibition
The development of tissue fibrosis is marked by exces-
sive production of ECM due to the uncontrolled pro-
liferation of fibroblasts and myofibroblasts in response 
to tissue damage [108]. Krizhanovsky et  al. showed 
that senescence-activated hepatic stellate cells arise in 
the fibrotic region and are invariably located along the 
fibrotic scar in a carbon tetrachloride  (CCl4)-induced 
liver fibrosis model [109]. To investigate whether senes-
cence promotes or inhibits fibrosis, p53 and INK4A/
ARF double-knockout mice were treated with  CCl4. The 
results showed an increase in the number of activated 
stellate cells and severe fibrosis [109]. These results sug-
gest that senescence is involved in the inhibition of fibro-
sis and that senescent hepatic stellate cells are involved 
in ECM remodeling mediated by the secretion of matrix 
metalloproteinases and activation of natural killer (NK) 
cells, which clear the senescent cells. Recently, Grosse 
et  al. developed p16-Cre and p16-CreERT2 knock-in 
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mice to perform genetic lineage tracing of p16INK4a-pos-
itive cells; they found that the  p16INK4a-positive senes-
cent cells that increase in the liver with aging are mainly 
liver sinusoidal endothelial cells (LSECs) [78]. Although 
the authors hypothesized that the specific elimination 
of  p16INK4a-positive LSECs would enhance the regen-
erative function of the liver, they found that eliminating 
 p16INK4a-positive LSECs in fact promoted liver fibrosis 
in the perivascular areas and caused thrombocytopenia 
[78]. In addition to the liver, cellular senescence in the 
heart and skeletal muscles, especially in fibroblast mes-
enchymal cells [49, 95, 97], has been shown to potentially 
suppress tissue fibrosis.

Transient or persistent?
Although it is difficult to clearly distinguish between 
beneficial and detrimental effects of cellular senescence, 
beneficial effects are apparently characterized by a tran-
sient increase in the early phases of tissue damage fol-
lowed by immediate clearance, whereas detrimental 
senescence is characterized by persistent accumulation 
after tissue damage. One leading study by Demaria et al. 
showed that a transient increase in senescent fibroblasts 
promotes wound healing [4]. Recently, PDGFRα-positive 
mesenchymal cells in subcutaneous adipose tissue were 
found to undergo senescence and contribute to wound 
healing in healthy mice in addition to dermal fibroblast 
senescence [110]. The research findings indicated that 
senescent PDGFRα-positive mesenchymal cells in sub-
cutaneous adipose tissue increased 2  days after injury 
and then decreased by 8  days post-injury. However, in 
diabetic mice, mesenchymal cells delayed the onset of 
senescence following injury and accumulated in the 
wound region with SASP expression, including IL-11 
and CCL11, thereby hindering healing [110]. Further-
more, senescent PDGFRα-positive cells in the subcuta-
neous adipose tissue of non-diabetic patients decreased 
with time after wounding, whereas they increased with 
time in patients with diabetes, suggesting that the per-
sistent accumulation of senescent cells promotes the 
deterioration of diabetic wounds [110]. Other studies 
have supported the beneficial effects of transient cellu-
lar senescence and reported neonatal cardiac and muscle 
regeneration [95, 98].

Immune cells, especially macrophages, cytotoxic T 
cells, and NK cells are involved in regulating the clear-
ance and accumulation of senescent cells. Sturmlech-
ner et al. reported that p21 WAF1/Cip1 not only maintains 
the cell cycle arrest of senescent cells but also mobilizes 
macrophages by secreting CXCL14 as a p21-activated 
secretory phenotype, polarizing them into M1-type mac-
rophages, and inducing a system by which senescent 
cells are eliminated by cytotoxic T cell recruitment [111]. 

Although the p21-activated secretory phenotype does 
not recruit NK cells, another study reported that senes-
cent cells could activate NK cells and eliminate senescent 
cells by increasing the expression levels of UL16 Bind-
ing Protein 2 (ULBP2) and IL-8, which are ligands for 
the NK cell receptor NKG2D [109]. Other studies have 
shown that transplantation of senescent mesenchymal 
cells into a mouse model of chronic myositis increases 
M1-type macrophages and NK cells and promotes tis-
sue remodeling, whereas transplantation of Cdkn2a-KO 
mesenchymal cells does not increase their abundance 
[49]. More recently, studies using both diabetic retinopa-
thy patients and mouse models of ischemic retinopathy 
have shown that the SASP in senescent vascular endothe-
lial cells stimulates the attraction of neutrophils and the 
production of neutrophil extracellular traps, both of 
which induce senescent cell apoptosis and their removal, 
consequently promoting the pruning and remodeling of 
pathological neovascular vessels [112]. Thus, senescent 
cells have a system by which they can be removed by acti-
vating immune cells, thereby inhibiting their accumula-
tion in tissues and organs; conversely, immune-escaping 
senescent cells have also been confirmed.

Previous research has demonstrated that CD47, also 
known as the “don’t eat me” signal, is increased in senes-
cent cells to prevent phagocytosis by macrophages [113]. 
Similarly, PD-L1, also known as the “don’t find me” sig-
nal, is upregulated in senescent cells, helping them to 
evade attack by cytotoxic T cells [114]. HLA-E, a non-
classical MHC class I molecule, is increased in senescent 
cells, allowing them to evade attack by both cytotoxic T 
and NK cells [115]. Collectively, these mechanisms atten-
uate the immune responses of macrophages, cytotoxic T 
cells, and NK cells against senescent cells.

Conclusions
Senescent cells are potential therapeutic targets because 
of their involvement in chronic inflammation, fibrosis, 
and aging. However, cellular senescence also possesses 
beneficial cellular functions, such as promoting tissue 
regeneration/repair, inhibiting fibrosis, and facilitating 
reprogramming. The precise mechanisms governing this 
complex aspect of cellular senescence are yet to be fully 
elucidated. Among the various factors that influence cel-
lular senescence, “time” appears to play a significant reg-
ulatory role.

While the transient or persistent presence of senes-
cent cells is important to the type of senescence, further 
studies are necessary to elucidate the systemic and cel-
lular differences between these two phenotypes, which 
still have not been fully characterized. Unraveling new 
pathways associated with these phenotypes may real-
ize the development and identification of new drugs, 
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biomarkers, or therapeutic targets. In addition, because 
senescence has apparent dual roles, one outstanding 
question is how beneficial effects of cellular senescence 
can be preferentially promoted. Future studies should 
investigate how the transient, beneficial form of cel-
lular senescence can be promoted, thereby allowing 
better treatment of various diseases without the associ-
ated health issues of aging. In conclusion, investigating 
various aspects of senescent cells, both beneficial and 
detrimental, is crucial for the development of safe and 
effective disease prevention and treatment strategies tar-
geting these cells.

Abbreviations
SASP  Senescence-associated secretory phenotype
SA-β-gal  Senescence-associated-β-galactosidase
ROS  Reactive oxygen species
RS  Replicative senescence
OIS  Oncogene-induced senescence
TIS  Therapy-induced senescence
SIS  Stress-induced senescence
MiDAS  Mitochondria dysfunction-induced senescence
IIS  Immunologically-induced senescence
DDR  DNA damage response
γH2AX  Phosphorylating histone H2AX
MDC1  Mediator of DNA damage checkpoint 1
53BP1  p53 binding protein 1
ATM  Ataxia telangiectasia mutated
ATR   ATM and Rad3-related
CHK  Checkpoint kinase
CDK  Cyclin-dependent kinase
RB  Retinoblastoma
NF-κB  Nuclear factor kappa-light-chain-enhancer of activated B cells
p38MAPK  p38 mitogen-activated protein kinase
mTOR  Mammalian target of rapamycin
C/EBPβ  CCAAT-enhancer-binding protein β
cGAS  cyclic GMP–AMP synthase
STING  Stimulator of interferon genes
IL  Interleukin
CCL  C–C motif chemokine ligand
CXCL  C-X-C motif chemokine ligand
TGF-β  Transforming growth factor-β
EGF  Epidermal growth factor
GDF  Growth differentiation factor
MMP  Metallopeptidase
PCNA  Proliferating cell nuclear antigen
CyTOF  Mass cytometry by time-of-flight
SBB  Sudan Black B
HSV-TK  Herpes simplex virus-1 thymidine kinase
GCV  Ganciclovir
NASH  Nonalcoholic steatohepatitis
SCAPs  Senescent cell anti-apoptotic pathways
BCL  B-cell/CLL lymphoma
PI3K  Phosphoinositide 3-kinase
HIF  Hypoxia inducible factor
HSP  Heat shock protein
DMD  Duchenne muscular dystrophy
iPSC  induced pluripotent stem cell
ECM  Extracellular matrix
CCN1  Cellular communication network factor
PDGFRα  Platelet-derived growth factor receptor alpha
FAPs  Fibro/adipogenic progenitors
BaCl2  Barium chloride
PD-L1  Programmed cell death ligand 1
AMPK  AMP-activated protein kinase
EREG  Epiregulin
BRAF  B-Raf proto-oncogene, serine/threonine kinase

SAHFs  Senescence-related heterochromatin foci
CCl4  Carbon tetrachloride
NK  Natural killer
LSECs  Liver sinusoidal endothelial cells
ULBP2  UL16 Binding Protein 2

Acknowledgements
We thank Editage (www. edita ge. com) for English language editing.

Authors’ contributions
YS, SY, and TC conceived, designed, and drafted the manuscript and the figure. 
All authors read and approved the final version of the manuscript prior to 
submission.

Funding
This work was supported by JSPS KAKENHI (Grant Numbers 21H03049, 
21H03293, 22K19757, and 23K18443), JST SPRING (Grant Number JPM-
JSP2119), JST FOREST(Grant Number JPMJFR225E), Takeda Science Founda-
tion, and THE AKIYAMA LIFE SCIENCE FOUNDATION.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 6 February 2024   Accepted: 28 May 2024

References
 1. Hayflick L, Moorhead PS. The serial cultivation of human diploid cell 

strains. Exp Cell Res. 1961;25:585–621.
 2. Lowe SW, Cepero E, Evan G. Intrinsic tumour suppression. Nature. 

2004;432:307–15.
 3. Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. Oncogenic ras 

provokes premature cell senescence associated with accumulation of 
p53 and p16INK4a. Cell. 1997;88:593–602.

 4. Demaria M, Ohtani N, Youssef SA, Rodier F, Toussaint W, Mitchell JR, et al. 
An essential role for senescent cells in optimal wound healing through 
secretion of PDGF-AA. Dev Cell. 2014;31:722–33.

 5. Jun J-I, Lau LF. The matricellular protein CCN1 induces fibroblast senes-
cence and restricts fibrosis in cutaneous wound healing. Nat Cell Biol. 
2010;12:676–85.

 6. Storer M, Mas A, Robert-Moreno A, Pecoraro M, Ortells MC, Di Giacomo 
V, et al. Senescence is a developmental mechanism that contributes to 
embryonic growth and patterning. Cell. 2013;155:1119–30.

 7. Song S, Tchkonia T, Jiang J, Kirkland JL, Sun Y. Targeting senescent cells 
for a healthier aging: challenges and opportunities. Adv Sci (Weinh). 
2020;7:2002611.

 8. Paramos-de-Carvalho D, Jacinto A, Saúde L. The right time for senes-
cence. Elife. 2021;10:e72449.

 9. Coppé J-P, Patil CK, Rodier F, Sun Y, Muñoz DP, Goldstein J, et al. Senes-
cence-associated secretory phenotypes reveal cell-nonautonomous 
functions of oncogenic RAS and the p53 tumor suppressor. PLoS Biol. 
2008;6:2853–68.

 10. Gorgoulis V, Adams PD, Alimonti A, Bennett DC, Bischof O, Bishop 
C, et al. Cellular Senescence: Defining a Path Forward. Cell. 
2019;179:813–27.

http://www.editage.com


Page 10 of 12Saito et al. Inflammation and Regeneration           (2024) 44:28 

 11. Kuilman T, Michaloglou C, Vredeveld LCW, Douma S, van Doorn R, Des-
met CJ, et al. Oncogene-induced senescence relayed by an interleukin-
dependent inflammatory network. Cell. 2008;133:1019–31.

 12. Acosta JC, O’Loghlen A, Banito A, Guijarro MV, Augert A, Raguz S, et al. 
Chemokine signaling via the CXCR2 receptor reinforces senescence. 
Cell. 2008;133:1006–18.

 13. Muñoz-Espín D, Serrano M. Cellular senescence: from physiology to 
pathology. Nat Rev Mol Cell Biol. 2014;15:482–96.

 14. van Deursen JM. The role of senescent cells in ageing. Nature. 
2014;509:439–46.

 15. Borghesan M, Hoogaars WMH, Varela-Eirin M, Talma N, Demaria M. 
A senescence-centric view of aging: implications for longevity and 
disease. Trends Cell Biol. 2020;30:777–91.

 16. Sedelnikova OA, Horikawa I, Zimonjic DB, Popescu NC, Bonner WM, 
Barrett JC. Senescing human cells and ageing mice accumulate 
DNA lesions with unrepairable double-strand breaks. Nat Cell Biol. 
2004;6:168–70.

 17. Campisi J, d’Adda di Fagagna F. Cellular senescence: when bad things 
happen to good cells. Nat Rev Mol Cell Biol. 2007;8:729–40.

 18. Di Micco R, Fumagalli M, Cicalese A, Piccinin S, Gasparini P, Luise C, et al. 
Oncogene-induced senescence is a DNA damage response triggered 
by DNA hyper-replication. Nature. 2006;444:638–42.

 19. Le ONL, Rodier F, Fontaine F, Coppe J-P, Campisi J, DeGregori J, et al. 
Ionizing radiation-induced long-term expression of senescence mark-
ers in mice is independent of p53 and immune status. Aging Cell. 
2010;9:398–409.

 20. von Zglinicki T. Oxidative stress shortens telomeres. Trends Biochem Sci. 
2002;27:339–44.

 21. Chapman J, Fielder E, Passos JF. Mitochondrial dysfunction and 
cell senescence: deciphering a complex relationship. FEBS Lett. 
2019;593:1566–79.

 22. Faust HJ, Zhang H, Han J, Wolf MT, Jeon OH, Sadtler K, et al. IL-17 and 
immunologically induced senescence regulate response to injury in 
osteoarthritis. J Clin Invest. 2020;130:5493–507.

 23. Xing Q-J, Liang Q-Q, Bian Q, Ding D-F, Cui X-J, Shi Q, et al. Leg amputa-
tion accelerates senescence of rat lumbar intervertebral discs. Spine 
(Phila Pa 1976). 2010;35:E1253-61.

 24. Johmura Y, Yamanaka T, Omori S, Wang T-W, Sugiura Y, Matsumoto M, 
et al. Senolysis by glutaminolysis inhibition ameliorates various age-
associated disorders. Science. 2021;371:265–70.

 25. García-Prat L, Martínez-Vicente M, Perdiguero E, Ortet L, Rodríguez-
Ubreva J, Rebollo E, et al. Autophagy maintains stemness by preventing 
senescence. Nature. 2016;529:37–42.

 26. Lessard F, Igelmann S, Trahan C, Huot G, Saint-Germain E, Mignacca L, 
et al. Senescence-associated ribosome biogenesis defects con-
tributes to cell cycle arrest through the Rb pathway. Nat Cell Biol. 
2018;20:789–99.

 27. De Cecco M, Ito T, Petrashen AP, Elias AE, Skvir NJ, Criscione SW, et al. L1 
drives IFN in senescent cells and promotes age-associated inflamma-
tion. Nature. 2019;566:73–8.

 28. Beyne-Rauzy O, Recher C, Dastugue N, Demur C, Pottier G, Laurent G, 
et al. Tumor necrosis factor alpha induces senescence and chromo-
somal instability in human leukemic cells. Oncogene. 2004;23:7507–16.

 29. Hubackova S, Krejcikova K, Bartek J, Hodny Z. IL1- and TGFβ-Nox4 sign-
aling, oxidative stress and DNA damage response are shared features of 
replicative, oncogene-induced, and drug-induced paracrine “bystander 
senescence.” Aging. 2012;4:932–51.

 30. Victorelli S, Passos JF. Telomeres and cell senescence—size matters not. 
EBioMedicine. 2017;21:14–20.

 31. d’Adda di Fagagna F, Reaper PM, Clay-Farrace L, Fiegler H, Carr P, Von 
Zglinicki T, et al. A DNA damage checkpoint response in telomere-
initiated senescence. Nature. 2003;426:194–8.

 32. Di Micco R, Krizhanovsky V, Baker D, d’Adda di Fagagna F. Cellular senes-
cence in ageing: from mechanisms to therapeutic opportunities. Nat 
Rev Mol Cell Biol. 2021;22:75–95.

 33. Jackson SP, Bartek J. The DNA-damage response in human biology and 
disease. Nature. 2009;461:1071–8.

 34. Schmitt CA, Wang B, Demaria M. Senescence and cancer—role and 
therapeutic opportunities. Nat Rev Clin Oncol. 2022;19:619–36.

 35. Rattan SIS, Hayflick L, editors. Cellular ageing and replicative senes-
cence. Cham: Springer International Publishing; 2016.

 36. Serrano M, Blasco MA. Putting the stress on senescence. Curr Opin 
Cell Biol. 2001;13:748–53.

 37. Wiley CD, Velarde MC, Lecot P, Liu S, Sarnoski EA, Freund A, et al. Mito-
chondrial dysfunction induces senescence with a distinct secretory 
phenotype. Cell Metab. 2016;23:303–14.

 38. Wang B, Han J, Elisseeff JH, Demaria M. The senescence-associated 
secretory phenotype and its physiological and pathological implica-
tions. Nat Rev Mol Cell Biol. 2024. Online ahead of print.

 39. Freund A, Patil CK, Campisi J. p38MAPK is a novel DNA damage 
response-independent regulator of the senescence-associated secre-
tory phenotype. EMBO J. 2011;30:1536–48.

 40. Herranz N, Gallage S, Mellone M, Wuestefeld T, Klotz S, Han-
ley CJ, et al. mTOR regulates MAPKAPK2 translation to control 
the senescence-associated secretory phenotype. Nat Cell Biol. 
2015;17:1205–17.

 41. Chien Y, Scuoppo C, Wang X, Fang X, Balgley B, Bolden JE, et al. 
Control of the senescence-associated secretory phenotype by NF-κB 
promotes senescence and enhances chemosensitivity. Genes Dev. 
2011;25:2125–36.

 42. González-Gualda E, Baker AG, Fruk L, Muñoz-Espín D. A guide 
to assessing cellular senescence in vitro and in vivo. FEBS J. 
2021;288:56–80.

 43. Hall BM, Balan V, Gleiberman AS, Strom E, Krasnov P, Virtuoso LP, et al. 
p16(Ink4a) and senescence-associated β-galactosidase can be induced 
in macrophages as part of a reversible response to physiological stimuli. 
Aging. 2017;9:1867–84.

 44. Yang N-C, Hu M-L. The limitations and validities of senescence 
associated-beta-galactosidase activity as an aging marker for human 
foreskin fibroblast Hs68 cells. Exp Gerontol. 2005;40:813–9.

 45. Kawamoto S, Uemura K, Hori N, Takayasu L, Konishi Y, Katoh K, et al. 
Bacterial induction of B cell senescence promotes age-related changes 
in the gut microbiota. Nat Cell Biol. 2023;25:865–76.

 46. Doolittle ML, Saul D, Kaur J, Rowsey JL, Vos SJ, Pavelko KD, et al. Mul-
tiparametric senescent cell phenotyping reveals targets of senolytic 
therapy in the aged murine skeleton. Nat Commun. 2023;14:4587.

 47. Saul D, Kosinsky RL, Atkinson EJ, Doolittle ML, Zhang X, LeBrasseur NK, 
et al. A new gene set identifies senescent cells and predicts senes-
cence-associated pathways across tissues. Nat Commun. 2022;13:4827.

 48. Tao W, Yu Z, Han J-DJ. Single-cell senescence identification reveals 
senescence heterogeneity, trajectory, and modulators. Cell Metab. 
2024;36:1126–1143.e5.

 49. Chikenji TS, Saito Y, Konari N, Nakano M, Mizue Y, Otani M, et al. 
p16INK4A-expressing mesenchymal stromal cells restore the senes-
cence–clearance–regeneration sequence that is impaired in chronic 
muscle inflammation. EBioMedicine. 2019;44:86–97.

 50. Stanley A, Osler T. Senescence and the healing rates of venous ulcers. J 
Vasc Surg. 2001;33:1206–11.

 51. Ding G, Franki N, Kapasi AA, Reddy K, Gibbons N, Singhal PC. Tubular 
cell senescence and expression of TGF-beta1 and p21(WAF1/CIP1) in 
tubulointerstitial fibrosis of aging rats. Exp Mol Pathol. 2001;70:43–53.

 52. Erusalimsky JD, Kurz DJ. Cellular senescence in vivo: its relevance in 
ageing and cardiovascular disease. Exp Gerontol. 2005;40:634–42.

 53. Jeyapalan JC, Ferreira M, Sedivy JM, Herbig U. Accumulation of 
senescent cells in mitotic tissue of aging primates. Mech Ageing Dev. 
2007;128:36–44.

 54. Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, et al. A bio-
marker that identifies senescent human cells in culture and in aging 
skin in vivo. Proc Natl Acad Sci. 1995;92:9363–7.

 55. Wang C, Jurk D, Maddick M, Nelson G, Martin-Ruiz C, von Zglinicki T. 
DNA damage response and cellular senescence in tissues of aging 
mice. Aging Cell. 2009;8:311–23.

 56. Baker DJ, Wijshake T, Tchkonia T, LeBrasseur NK, Childs BG, van de Sluis 
B, et al. Clearance of p16Ink4a-positive senescent cells delays ageing-
associated disorders. Nature. 2011;479:232–6.

 57. Baker DJ, Childs BG, Durik M, Wijers ME, Sieben CJ, Zhong J, et al. 
Naturally occurring p16(Ink4a)-positive cells shorten healthy lifespan. 
Nature. 2016;530:184–9.

 58. Hirosue A, Ishihara K, Tokunaga K, Watanabe T, Saitoh N, Nakamoto 
M, et al. Quantitative assessment of higher-order chromatin struc-
ture of the INK4/ARF locus in human senescent cells. Aging Cell. 
2012;11:553–6.



Page 11 of 12Saito et al. Inflammation and Regeneration           (2024) 44:28  

 59. Bhat R, Crowe EP, Bitto A, Moh M, Katsetos CD, Garcia FU, et al. Astro-
cyte senescence as a component of Alzheimer’s disease. PLoS One. 
2012;7:e45069.

 60. Song P, Zhao Q, Zou M-H. Targeting senescent cells to attenuate cardio-
vascular disease progression. Ageing Res Rev. 2020;60:101072.

 61. Khosla S, Farr JN, Kirkland JL. Inhibiting cellular senescence: a new 
therapeutic paradigm for age-related osteoporosis. J Clin Endocrinol 
Metab. 2018;103:1282–90.

 62. Zhou B, Wan Y, Chen R, Zhang C, Li X, Meng F, et al. The emerg-
ing role of cellular senescence in renal diseases. J Cell Mol Med. 
2020;24:2087–97.

 63. Wiemann SU, Satyanarayana A, Tsahuridu M, Tillmann HL, Zender L, 
Klempnauer J, et al. Hepatocyte telomere shortening and senescence 
are general markers of human liver cirrhosis. FASEB J. 2002;16:935–42.

 64. Zhang P, Kishimoto Y, Grammatikakis I, Gottimukkala K, Cutler RG, 
Zhang S, et al. Senolytic therapy alleviates Aβ-associated oligodendro-
cyte progenitor cell senescence and cognitive deficits in an Alzheimer’s 
disease model. Nat Neurosci. 2019;22:719–28.

 65. Bussian TJ, Aziz A, Meyer CF, Swenson BL, van Deursen JM, Baker DJ. 
Clearance of senescent glial cells prevents tau-dependent pathology 
and cognitive decline. Nature. 2018;562:578–82.

 66. Farr JN, Xu M, Weivoda MM, Monroe DG, Fraser DG, Onken JL, et al. 
Targeting cellular senescence prevents age-related bone loss in mice. 
Nat Med. 2017;23:1072–9.

 67. Xu M, Bradley EW, Weivoda MM, Hwang SM, Pirtskhalava T, Decklever T, 
et al. Transplanted senescent cells induce an osteoarthritis-like condi-
tion in mice. J Gerontol A Biol Sci Med Sci. 2017;72:780–5.

 68. Xu M, Pirtskhalava T, Farr JN, Weigand BM, Palmer AK, Weivoda MM, 
et al. Senolytics improve physical function and increase lifespan in old 
age. Nat Med. 2018;24:1246–56.

 69. Xu M, Palmer AK, Ding H, Weivoda MM, Pirtskhalava T, White TA, et al. 
Targeting senescent cells enhances adipogenesis and metabolic func-
tion in old age. Elife. 2015;4:e12997.

 70. Jeon OH, Kim C, Laberge R-M, Demaria M, Rathod S, Vasserot AP, et al. 
Local clearance of senescent cells attenuates the development of post-
traumatic osteoarthritis and creates a pro-regenerative environment. 
Nat Med. 2017;23:775–81.

 71. Ogrodnik M, Zhu Y, Langhi LGP, Tchkonia T, Krüger P, Fielder E, et al. 
Obesity-induced cellular senescence drives anxiety and impairs neuro-
genesis. Cell Metab. 2019;29:1233.

 72. Patil P, Dong Q, Wang D, Chang J, Wiley C, Demaria M, et al. Systemic 
clearance of p16INK4a -positive senescent cells mitigates age-associ-
ated intervertebral disc degeneration. Aging Cell. 2019;18:e12927.

 73. Laberge R-M, Adler D, DeMaria M, Mechtouf N, Teachenor R, Cardin GB, 
et al. Mitochondrial DNA damage induces apoptosis in senescent cells. 
Cell Death Dis. 2013;4:e727.

 74. Hashimoto M, Asai A, Kawagishi H, Mikawa R, Iwashita Y, Kanayama K, 
et al. Elimination of p19ARF-expressing cells enhances pulmonary func-
tion in mice. JCI Insight. 2016;1:e87732.

 75. Wang L, Wang B, Gasek NS, Zhou Y, Cohn RL, Martin DE, et al. Targeting 
p21Cip1 highly expressing cells in adipose tissue alleviates insulin 
resistance in obesity. Cell Metab. 2022;34:75-89.e8.

 76. Wang B, Wang L, Gasek NS, Zhou Y, Kim T, Guo C, et al. An inducible 
p21-Cre mouse model to monitor and manipulate p21-highly-express-
ing senescent cells in vivo. Nat Aging. 2021;1:962–73.

 77. Omori S, Wang T-W, Johmura Y, Kanai T, Nakano Y, Kido T, et al. Genera-
tion of a p16 reporter mouse and its use to characterize and target 
p16high cells in vivo. Cell Metab. 2020;32:814-828.e6.

 78. Grosse L, Wagner N, Emelyanov A, Molina C, Lacas-Gervais S, Wagner 
K-D, et al. Defined p16High senescent cell types are indispensable for 
mouse healthspan. Cell Metab. 2020;32:87-99.e6.

 79. Liu J-Y, Souroullas GP, Diekman BO, Krishnamurthy J, Hall BM, Sor-
rentino JA, et al. Cells exhibiting strong p16INK4a promoter activa-
tion in vivo display features of senescence. Proc Natl Acad Sci U S A. 
2019;116:2603–11.

 80. Schmidt-Supprian M, Wunderlich FT, Rajewsky K. Excision of the Frt-
flanked neo (R) cassette from the CD19cre knock-in transgene reduces 
Cre-mediated recombination. Transgenic Res. 2007;16:657–60.

 81. Baar MP, Brandt RMC, Putavet DA, Klein JDD, Derks KWJ, Bourgeois BRM, 
et al. Targeted apoptosis of senescent cells restores tissue homeostasis 
in response to chemotoxicity and aging. Cell. 2017;169:132-147.e16.

 82. Kirkland JL, Tchkonia T. Cellular senescence: a translational perspective. 
EBioMedicine. 2017;21:21–8.

 83. Zhu Y, Tchkonia T, Pirtskhalava T, Gower AC, Ding H, Giorgadze N, et al. 
The Achilles’ heel of senescent cells: from transcriptome to senolytic 
drugs. Aging Cell. 2015;14:644–58.

 84. Gasek NS, Kuchel GA, Kirkland JL, Xu M. Strategies for Targeting Senes-
cent Cells in Human Disease. Nat Aging. 2021;1:870–9.

 85. Troiani M, Colucci M, D’Ambrosio M, Guccini I, Pasquini E, Varesi A, et al. 
Single-cell transcriptomics identifies Mcl-1 as a target for senolytic 
therapy in cancer. Nat Commun. 2022;13:2177.

 86. Meharena HS, Marco A, Dileep V, Lockshin ER, Akatsu GY, Mullahoo J, 
et al. Down-syndrome-induced senescence disrupts the nuclear archi-
tecture of neural progenitors. Cell Stem Cell. 2022;29:116-130.e7.

 87. Xu C, Shen W-B, Reece EA, Hasuwa H, Harman C, Kaushal S, et al. Mater-
nal diabetes induces senescence and neural tube defects sensitive to 
the senomorphic rapamycin. Sci Adv. 2021;7.

 88. Rhinn M, Zapata-Bodalo I, Klein A, Plassat J-L, Knauer-Meyer T, Keyes 
WM. Aberrant induction of p19Arf-mediated cellular senescence con-
tributes to neurodevelopmental defects. PLoS Biol. 2022;20:e3001664.

 89. Sugihara H, Teramoto N, Nakamura K, Shiga T, Shirakawa T, Matsuo M, 
et al. Cellular senescence-mediated exacerbation of Duchenne muscu-
lar dystrophy. Sci Rep. 2020;10:16385.

 90. Ijima S, Saito Y, Nagaoka K, Yamamoto S, Sato T, Miura N, et al. Fisetin 
reduces the senescent tubular epithelial cell burden and also inhibits 
proliferative fibroblasts in murine lupus nephritis. Front Immunol. 
2022;13:960601.

 91. Saito Y, Miyajima M, Yamamoto S, Sato T, Miura N, Fujimiya M, et al. 
Accumulation of senescent neural cells in murine lupus with depres-
sion-like behavior. Front Immunol. 2021;12:692321.

 92. Ijima S, Saito Y, Yamamoto S, Nagaoka K, Iwamoto T, Kita A, et al. 
Senescence-associated secretory phenotypes in mesenchymal cells 
contribute to cytotoxic immune response in oral lichen planus. Immu-
nity Ageing. 2023;20:72.

 93. Yun MH, Davaapil H, Brockes JP. Recurrent turnover of senescent cells 
during regeneration of a complex structure. Elife. 2015;4:e05505.

 94. Da Silva-Álvarez S, Guerra-Varela J, Sobrido-Cameán D, Quelle A, 
Barreiro-Iglesias A, Sánchez L, et al. Cell senescence contributes to tis-
sue regeneration in zebrafish. Aging Cell. 2020;19:e13052.

 95. Feng T, Meng J, Kou S, Jiang Z, Huang X, Lu Z, et al. CCN1-induced 
cellular senescence promotes heart regeneration. Circulation. 
2019;139:2495–8.

 96. Cheng N, Kim K-H, Lau LF. Senescent hepatic stellate cells promote 
liver regeneration through IL-6 and ligands of CXCR2. JCI Insight. 
2022;7:e158207.

 97. Saito Y, Chikenji TS, Matsumura T, Nakano M, Fujimiya M. Exercise 
enhances skeletal muscle regeneration by promoting senescence in 
fibro-adipogenic progenitors. Nat Commun. 2020;11:889.

 98. Young LV, Wakelin G, Cameron AWR, Springer SA, Ross JP, Wolters G, 
et al. Muscle injury induces a transient senescence-like state that is 
required for myofiber growth during muscle regeneration. FASEB J. 
2022;36:e22587.

 99. Moiseeva V, Cisneros A, Sica V, Deryagin O, Lai Y, Jung S, et al. Senes-
cence atlas reveals an aged-like inflamed niche that blunts muscle 
regeneration. Nature. 2023;613:169–78.

 100. Reyes NS, Krasilnikov M, Allen NC, Lee JY, Hyams B, Zhou M, et al. 
Sentinel p16INK4a+ cells in the basement membrane form a reparative 
niche in the lung. Science. 2022;378:192–201.

 101. Wang X, Ramos R, Phan AQ, Yamaga K, Flesher JL, Jiang S, et al. Signal-
ling by senescent melanocytes hyperactivates hair growth. Nature. 
2023;618:808–17.

 102. Banito A, Rashid ST, Acosta JC, De Li S, Pereira CF, Geti I, et al. Senes-
cence impairs successful reprogramming to pluripotent stem cells. 
Genes Dev. 2009;23:2134–9.

 103. Hong H, Takahashi K, Ichisaka T, Aoi T, Kanagawa O, Nakagawa M, et al. 
Suppression of induced pluripotent stem cell generation by the p53–
p21 pathway. Nature. 2009;460:1132–5.

 104. Li H, Collado M, Villasante A, Strati K, Ortega S, Cãamero M, et al. 
The Ink4/Arf locus is a barrier for iPS cell reprogramming. Nature. 
2009;460:1136–9.



Page 12 of 12Saito et al. Inflammation and Regeneration           (2024) 44:28 

 105. Chiche A, Le Roux I, von Joest M, Sakai H, Aguín SB, Cazin C, et al. Injury-
induced senescence enables in vivo reprogramming in skeletal muscle. 
Cell Stem Cell. 2017;20:407-414.e4.

 106. Mosteiro L, Pantoja C, Alcazar N, Marión RM, Chondronasiou D, Rovira 
M, et al. Tissue damage and senescence provide critical signals for cel-
lular reprogramming in vivo. Science. 2016;354:aaf4445.

 107. Salinas-Saavedra M, Febrimarsa, Krasovec G, Horkan HR, Baxevanis AD, 
Frank U. Senescence-induced cellular reprogramming drives cnidarian 
whole-body regeneration. Cell Rep. 2023;42:112687.

 108. Rockey DC, Bell PD, Hill JA. Fibrosis—a common pathway to organ 
injury and failure. N Engl J Med. 2015;372:1138–49.

 109. Krizhanovsky V, Yon M, Dickins RA, Hearn S, Simon J, Miething C, 
et al. Senescence of activated stellate cells limits liver fibrosis. Cell. 
2008;134:657–67.

 110. Kita A, Saito Y, Miura N, Miyajima M, Yamamoto S, Sato T, et al. Altered 
regulation of mesenchymal cell senescence in adipose tissue promotes 
pathological changes associated with diabetic wound healing. Com-
mun Biol. 2022;5:310.

 111. Sturmlechner I, Zhang C, Sine CC, van Deursen E-J, Jeganathan KB, 
Hamada N, et al. p21 produces a bioactive secretome that places 
stressed cells under immunosurveillance. Science. 2021;374:eabb3420.

 112. Binet F, Cagnone G, Crespo-Garcia S, Hata M, Neault M, Dejda A, et al. 
Neutrophil extracellular traps target senescent vasculature for tissue 
remodeling in retinopathy. Science. 2020;369:eaay5356.

 113. Schloesser D, Lindenthal L, Sauer J, Chung K-J, Chavakis T, Griesser 
E, et al. Senescent cells suppress macrophage-mediated corpse 
removal via upregulation of the CD47-QPCT/L axis. J Cell Biol. 
2023;222:e202207097.

 114. Wang TW, Johmura Y, Suzuki N, Omori S, Migita T, Yamaguchi K, et al. 
Blocking PD-L1–PD-1 improves senescence surveillance and ageing 
phenotypes. Nature. 2022;611:358–64.

 115. Pereira BI, Devine OP, Vukmanovic-Stejic M, Chambers ES, Subramanian 
P, Patel N, et al. Senescent cells evade immune clearance via HLA-E-
mediated NK and CD8+ T cell inhibition. Nat Commun. 2019;10:2387.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Role of cellular senescence in inflammation and regeneration
	Abstract 
	Introduction
	Triggers and features of senescence
	Bright and dark sides of senescent cells
	Cellular senescence in aging and age-related disease
	Cellular senescence in developmental disorders, genetic disorders, and autoimmune chronic inflammatory diseases
	Cellular senescence in tissue regeneration
	The role of cellular senescence in reprogramming
	The role of cellular senescence in fibrosis inhibition
	Transient or persistent?
	Conclusions
	Acknowledgements
	References


