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ABSTRACT: Gastric cancer (GC) remains a leading cause of cancer-related morbidity and mortality
worldwide, with poor prognosis for advanced-stage patients. Therefore, in-depth exploration of the mechanisms
underlying GC initiation and progression, as well as the development of novel therapeutic strategies, is of crucial
importance. Cellular senescence is a stable cell cycle arrest program that plays a dual role in GC. It exerts tumor-
suppressive effects via growth arrest but also promotes tumor progression and immune evasion by remodeling
the tumor microenvironment (TME) through senescence-associated secretory phenotype (SASP). This review
comprehensively elucidates the molecular mechanisms of cellular senescence in GC and the core regulatory
networks involving gene regulation, epigenetic modifications, metabolic reprogramming, and cell cycle arrest.
Additionally, the review highlights how senescent cells foster an immunosuppressive microenvironment via
SASP, forming a self-reinforcing feed-forward loop. Regarding therapeutic strategies, we summarize potential
approaches targeting cellular senescence, including senescence induction, senescent cell clearance, SASP
modulation, and multi-target synergistic therapy by integrating epigenetic regulation, metabolic intervention,
and immune microenvironment modulation. Despite progress, numerous challenges remain. Future studies
should leverage multi-omics technologies, novel models’ development, and large-scale clinical trials to advance
the clinical translation of GC cellular senescence research, providing new insights for improving prognosis.

Keywords: gastric cancer, cellular senescence, senescence-associated secretory phenotype, cell cycle arrest, tumor
microenvironment

1. Introduction interplay of multiple genetic and environmental factors.

Chronic inflammation, genetic susceptibility, epigenetic

GC is a major global health burden, characterized by
notably high incidence and mortality rates [1, 2]. Despite
substantial advances in diagnosis and treatment, the
prognosis of advanced GC remains dismal [3, 4]. Major
clinical challenges underlying poor outcomes include
high tumor heterogeneity, frequent late-stage diagnosis,
the development of chemoresistance, and a high incidence
of peritoneal metastasis. The initiation and progression of
GC involve a complex, multi-step process driven by the

alterations, and environmental exposures exert pro-
carcinogenic effects [5-8]. GC has been classified
according to the Lauren classification system into
intestinal and diffuse subtypes, which exhibit distinct
epidemiological, molecular, and clinical features [9]. The
Cancer Genome Atlas (TCGA) consortium has further
refined this classification by identifying four genomic
subtypes: Epstein-Barr virus (EBV)-positive,
microsatellite instability (MSI), genomically stable (GS),
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and chromosomal instability (CIN), thereby establishing
a more comprehensive molecular framework for
understanding GC pathogenesis and guiding the
development of precision therapies [10]. The current
standard treatment for advanced GC is systemic
chemotherapy based on platinum and fluoropyrimidine
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agents [4, 11]. While targeted inhibitors against molecules
such as PD-L1, HER2, and CLDN18.2 have provided
clinical benefit in selected patient populations, their
overall efficacy is often constrained by low response rates
and the eventual emergence of drug resistance and disease
recurrence [12-15].
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Figure 1. Milestones in Cellular Senescence Research and the Evolution of Therapeutic Strategies. This timeline outlines key
breakthroughs in the history of cellular senescence research, from the theoretical foundation in the 1960s to the precision therapy stage
in the 2020s. Major stages include: Theoretical Foundation Stage (1960s), which established the core concept of replicative
senescence; Initial Exploration Stage (1990s), which identified key senescence biomarkers and inducers; Mechanism Elucidation Stage
(2000s), which revealed core senescence signaling pathways and the dual role of the SASP; Clinical Translation Stage (2010s), which
saw the first senolytics enter clinical trials and CDK4/6 inhibitors implemented as senescence-targeting cancer therapies; and Precision
Therapy Stage (2020s), which leverages multi-omics to identify novel targets and explores combination therapies involving senescence

modulation and immune modulation.

Consequently, elucidating the molecular mechanisms
driving GC progression and developing novel therapeutic
strategies constitute a pressing priority for overcoming
current treatment bottlenecks and ultimately improving
outcomes. In recent years, the role of cellular
senescence—a stable state of cell cycle arrest—has
attracted increasing attention (Fig. 1). The concept of
cellular senescence was first established by Hayflick in
the 1960s, who demonstrated that normal human
fibroblasts exhibit a limited replicative lifespan in vitro, a
phenomenon that he termed cellular senescence [16]. We
now understand senescence as a stress-responsive
program that, while serving as a fundamental mechanism
to suppress the proliferation of damaged or pre-malignant
cells, exhibits a profound duality in cancer. Paradoxically,
the progressive accumulation of senescent cells and their
dynamically changing properties can foster an

environment conducive to immune dysfunction, chronic
inflammation, and carcinogenesis [17, 18]. This dual
nature is underscored by the shared hallmarks of
senescent cells and tumors, including genomic instability,
epigenetic alterations, and metabolic reprogramming [19-
22]. Specifically in GC, senescence can act as a tumor-
suppressive barrier by halting the growth of potential
cancer cells, or it can promote tumor progression by
remodeling the TME via the SASP. Notably, GC-specific
risk factors, such as Helicobacter pylori (H. pylori) and
EBYV infection, are intimately linked to the induction of
senescence [23-26]. Exosomes and the microbiome
possess dual regulatory effects on the TME, whose
complexity and heterogeneity pose challenges for
therapeutic implementation [27-29]. The application of
nanomaterials provides a highly promising technological
platform for precise anti-senescence and anti-cancer
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strategies [30]. A deep dissection of these mechanisms is
therefore critical for developing novel GC therapies. This
review delineates the landscape of cellular senescence in

GC, spanning its mechanistic basis, the SASP-centered
microenvironmental ecosystem, and the ensuing
challenges and opportunities for clinical translation.
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Figure 2. Core Molecular Framework of Cellular Senescence. This schematic illustrates the multi-level regulatory network
governing cellular senescence, comprising three interconnected and sequentially acting modules: Mediation, Regulation, and
Execution. Mediation: Depicts the primary upstream inducers of senescence, including DNA damage, telomere shortening,
oncogene activation, persistent oxidative stress, and therapy-induced stress. These stimuli serve as the initial triggers that initiate
the senescence program in cells. Regulation: Represents the central regulatory hub bridging upstream stimuli and downstream
senescence phenotypes, involving a hierarchical process from trigger sensing to effector activation and long-term maintenance.
This module is coordinated through three key layers of regulation: gene regulation, epigenetic modifications, and metabolic
reprogramming. Critical metabolic components including OXPHOS, ROS, and NAD+ are integrated into this regulatory network
to modulate senescence signaling. Execution: The terminal stage that consolidates the senescent cell phenotype, characterized
by two core events: stable cell cycle arrest and the onset of metabolic reprogramming coupled with organelle dysfunction. The
circular diagram highlights the arrest of cells at key cell cycle checkpoints spanning GO, G1, S, G2, and M phases. This process
is driven by core senescence-associated regulators (P53, P21) and is accompanied by the emergence of classic senescence

biomarkers such as SA-B-gal and the secretion of SASP factors including 1L-6.

2. Molecular Mechanisms of Cellular Senescence in
Gastric Cancer: Induction, Regulation, and Execution

Persistent endogenous and exogenous stress drives the
gradual accumulation of cellular damage [31]. When
intrinsic repair mechanisms are overwhelmed, cells
activate alternative defensive strategies to mitigate such
damage. One such strategy is to enter a stable, non-
proliferative yet metabolically active state, a condition
defined as cellular senescence [32]. In GC, this process is
orchestrated by a multitude of factors (Fig. 2).

2.1. Inducers of Cellular Senescence
2.1.1. DNA Damage-Induced Cellular Senescence

The high malignancy of GC is strongly linked to genomic
instability [33, 34]. The DNA damage response (DDR) is

a core mechanism for maintaining genomic integrity [35-
37], which can exert tumor-suppressive effects by
inducing cellular senescence when aberrantly activated
[38-40]. Drug interventions, abnormal gene regulation,
and tumor progression can all trigger the DDR, thereby
inducing cellular senescence.

Various drugs can trigger the DDR through distinct
mechanisms. For example, doxorubicin and paclitaxel
inhibit mitosis by targeting tubulin, leading to DNA
replication stress and DDR activation [41, 42]. DMP, a
compound identified from a screen of 43 N-heterocycle
compounds, directly induces the DDR and mediates
cellular senescence with high efficacy and low toxicity
[43]. The pan-HER inhibitor pyrotinib inhibits DNA
damage repair after radiotherapy [44]. Additionally, the
NEDD&-activating enzyme (NAE) inhibitor MLN4924
inactivates the CRL E3 ubiquitin ligase family, causing
substrate accumulation, inducing DNA rereplication
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within the same cell cycle, and triggering the DDR [45].
At the gene regulatory level, the upregulation of miR-
192/215 in GC tissues significantly downregulates the
histone methyltransferase SETS by directly binding to its
3’-UTR. SET8 specifically catalyzes H4K20 methylation,
a key signal for recruiting DNA repair complexes to
damage sites. SET8 deficiency compromises DNA repair,
leading to unrepaired damage accumulation, DDR
activation, and ultimately, senescence [46]. Inhibition of
the translation of RPA1, a key DNA replication protein,
impairs DNA replication and activates the DDR [47], with
DDB2 serving as a critical marker of this process [36].
During tumor progression, the continuous proliferation of
GC cells and the accumulation of mutations (e.g., in
TP53) also lead to excessive DNA replication stress and
impaired DNA damage repair regulation, further
exacerbating DDR activation [46, 48]. Notably, the
regulatory mechanisms of senescence induction vary
significantly across different DDR inducers. For instance,
SASP in early-stage GC is primarily activated via the
cGAS-STING-IRF3/STAT6 pathway [48], whereas
senescence induced by drug intervention or gene
regulation is mainly mediated by p53 [42, 46]. This
reflects the heterogeneity of DDR-induced -cellular
senescence [49-51].

2.1.2. Telomere-Induced Cellular Senescence

Telomere shortening is a core mechanism that triggers
cellular senescence [52-54]. With repeated cell divisions,
telomeres at chromosome ends progressively shorten to a
critical length, thereby inducing cellular senescence [21].
Transfection of GC cells with exogenous telomere repeat
sequences (e.g., the pRSTS plasmid) can directly induce
senescence. Conversely, preserving telomere length and
stability delays the senescence process [55]. hPOT1 is a
telomere DNA-binding protein essential for telomere
maintenance. Depletion of hPOT1 leads to telomere
shortening and dysfunction [56].

Telomerase activation is a hallmark of many
malignant tumors [57-59]. By adding 5-TTAGGG-3’
repeats, telomerase elongates telomeres, enabling cancer
cells to bypass the Hayflick limit and achieve unlimited
proliferation [60]. A close link between telomerase
activation and cellular senescence in GC has been well-
established [61-63]. Telomerase activity is significantly
higher in GC tissues than in non-cancerous tissues such as
intestinal  metaplasia and  chronic  gastritis. H.
pyloriinfection can enhance telomerase activity in
intestinal metaplasia cells, promoting the progression of
precancerous lesions to GC [64]. Knockdown of FOXM1,
as well as combinations of cisplatin with resveratrol and
dasatinib with edaravone, all reduce telomerase activity
and exert tumor-suppressive effects [65, 66].

The dynamic TME of GC can induce telomere
remodeling [67, 68]. Exosomes derived from GC cells
activate telomerase by upregulating hTERT and TERC
while simultaneously suppressing senescence markers. In
addition, the MYCN protein within these exosomes can
be enriched in the hTERT promoter region through
H3K4me3 modification, further enhancing telomerase
activation [69]. Conversely, oxidative stress in the TME
elevates intracellular reactive oxygen species (ROS) in
GC cells, directly causing oxidative damage to telomeric
DNA and accelerating telomere shortening [70]. In
summary, telomeres act as molecular governors of
cellular senescence in GC, with their functional state
determining whether tumor-promoting or tumor-
suppressive effects predominate. Maintaining telomere
stability and suppressing telomerase activity are
promising therapeutic strategies [71, 72].

2.1.3. Oncogene-Induced Senescence

Oncogene-induced senescence (OIS) is a cellular program
triggered by oncogene activation [73-76]. It acts as a
natural barrier to tumor progression by inducing stable
growth arrest in cancer cells, functioning as an intrinsic
tumor-suppressive mechanism [77]. The role of OIS in
GC is context-dependent. On one hand, OIS suppresses
aberrant cell proliferation and exerts tumor-suppressive
effects. For instance, sustained AKT activation can induce
a senescent phenotype in GC cells and markedly inhibit
their proliferative capacity [78, 79]. On the other hand,
GC cells can evade OIS through multiple mechanisms to
facilitate tumor progression. In EBV-associated GC, the
viral miRNA BART3-3p directly binds to the coding
region of TP53, repressing p53 protein translation,
activating the PI3K-AKT pathway, and consequently
enhancing the ability of cancer cells to resist senescence
[80]. Similarly, miR-192/215 promotes GC proliferation
and metastasis by downregulating the histone
methyltransferase SETS8 [46]. Furthermore, in an atrophic
gastritis organoid model, concurrent knockout of TP53
and SMAD4 downregulates p21 expression, which in turn
enables cells to acquire sustained proliferative and
tumorigenic potential [25]. In summary, OIS serves as a
critical defense barrier against malignant transformation
in GC. Its disruption represents a key event whereby
cancer cells overcome growth constraints and acquire
progressive malignant capabilities.

2.1.4. Oxidative Stress-Induced Cellular Senescence

Oxidative stress serves as a key inducer and maintainer of
cellular senescence, primarily arising from an imbalance
between ROS production and antioxidant defense [81-
84]. Excessive ROS not only inflicts direct damage to
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macromolecules but also activates signaling cascades and
SASP, thus fostering a pro-inflammatory micro-
environment [85]. Intracellular ROS accumulation can
arise from both exogenous interventions and disruptions
in endogenous regulatory mechanisms. For example, Arg-
AgNPs synthesized from Ardisia japonica leaf extract,
cisplatin-resveratrol combinations, dasatinib-edaravone
combinations have been demonstrated to directly increase
ROS levels in GC cells [65, 66, 86]. Conversely,
dysfunction of endogenous regulators—including
IncRNA FGDS5-AS1, the AMBRAIL protein, and the
STK40 gene—can impair the inhibition of ROS or
dysregulate ROS production, leading to persistent ROS
accumulation and subsequent induction of cellular
senescence [70, 87-89]. The enzyme CBS is localized in
mitochondria, where it enhances oxidative
phosphorylation (OXPHOS) and aids in maintaining ROS
homeostasis [90, 91]. During GC progression, however,
hypermethylation of the CBS promoter reduces
mitochondrial ROS production, thereby enabling cells to
evade senescence, re-enter the cell cycle, and undergo
extensive proliferation—a finding that highlights ROS as
a prerequisite for senescence induction [89].

2.1.5. Therapy-Induced Senescence

Many anti-tumor therapies can induce cellular
senescence, a mechanism termed therapy-induced
senescence (TIS) [92-94]. While the permanent cell cycle
arrest of cancer cells is a beneficial outcome of TIS [95],
subsequent escape from this senescent state and the
associated tumor-promoting SASP can lead to persistent
adverse effects [96, 97]. Current evidence suggests that
high-dose chemotherapy primarily induces apoptosis,
whereas low-dose chemotherapy tends to induce cellular
senescence [93]. Studies have confirmed that low-dose
cisplatin can induce senescence in GC [98]. The
chromobox protein 4 (CBX4) antagonizes this process by
SUMOylating the YAP1 protein, thereby inhibiting its
phosphorylation-mediated degradation and promoting its
nuclear translocation [99]. Consequently, combining a
CBX4 inhibitor with low-dose cisplatin effectively
induces  cellular  senescence  and  overcomes
chemoresistance in GC [100]. Integrin-linked kinase
(ILK), which plays a critical role in GC, can be targeted
by the inhibitor CPD22, thereby effectively inducing
senescence independently of the classical integrin
signaling pathway [101-103]. Although most kinase
inhibitors show limited efficacy in diffuse GC, Aurora
kinase (AURK) inhibitors uniquely induce drug-induced
senescence while suppressing the tumor-promoting SASP
in tumor cells [104-106].

Notably, cellular senescence in cancer engages in
complex crosstalk, necessitating a comprehensive and

integrated research approach [107]. For example,
oxidative stress and anti-tumor therapy can synergistically
promote cellular senescence. Inactivation of HIF-1a in
GC cells significantly enhances chemosensitivity; in
contrast, HIF-1la-competent cells exhibit reduced ROS
generation, are insensitive to 5-fluorouracil and cisplatin,
and show markedly reduced levels of TIS and apoptosis
[108].

2.2. Core Regulatory Mechanisms
2.2.1. Gene Regulation

Multiple genes regulate cellular senescence in GC and can
be categorized into initiator, effector, and maintainer
genes based on their functional roles.

Initiator genes respond to initial stress signals and
trigger the senescence process. For example, Ubiquilin4,
a tumor-suppressive member of the ubiquitin family, is
significantly downregulated in GC tissues. Ubiquilin4
expression enhances DDR induction by etoposide, and
experimental evidence confirms its role as an upstream
regulator of the p53/p21 axis, underscoring its importance
in senescence initiation [109]. The cGAS gene, which
functions as a cytosolic DNA sensor, detects senescence-
associated DNA fragments and triggers SASP [39, 48,
110]. Meanwhile, the CBS gene acts as a metabolic
sensor; its expression is upregulated and its mitochondrial
localization is altered upon oncogene activation, enabling
it to respond to metabolic stress and participate in
establishing senescence [89].

Effector genes receive upstream signals and directly
execute the senescence process. These genes can be
subdivided into positive and negative regulators. Positive
regulators, such as pl16 and p21, respond to upstream
signals like p53 and directly mediate cell cycle arrest by
inhibiting cyclin-CDK  complexes [111-113]. For
example, FOXP3FL exerts tumor-suppressive effects by
directly regulating CDKNIA (p21) [114]. As an
epigenetic executor, SET8 promotes DNA damage repair
and activates the p53 pathway by catalyzing H4K20
methylation, thereby inducing senescence [46]. In
contrast, negative regulators—including Dkk3, MKRN1,
and Bmi-1—function to inhibit the senescence program.
Loss of Dkk3, a secreted Wnt signaling inhibitor, relieves
its inhibitory effect on cell proliferation [115]. MKRN1, a
highly conserved zinc-finger E3 ligase, impairs p53
pathway activity by ubiquitinating and degrading
pl4ARF [116]. The transcriptional repressor Bmi-1 is
upregulated by oncogenic factors such as SOX9, and
silencing of Bmi-1 effectively induces cellular senescence
while inhibiting malignant phenotypes [117, 118].
Together, these effector genes form a core molecular
network that executes the senescence program, with
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precise regulation being essential for determining cell
fate.

Maintainer genes sustain the senescent state and
propagate or amplify senescence signals, ensuring the
stability of cellular senescence and the continuous
mediation of downstream phenotypes such as SASP.
Ubiquitin domain-containing protein 1 (UBTDI1), a
downstream target of p53, amplifies p53-mediated
senescence through a positive feedback loop: p53 —
UBTD1 — Mdm2 ubiquitination and degradation —
sustained p53 stability [119]. CXCLS8 (IL-8), a potent
inflammatory SASP factor, recruits immune cells and
induces senescence in cancer-associated fibroblasts
(CAFs), thereby amplifying the overall senescence effect
[120, 121]. SERPINEI1, a key and evolutionarily
conserved SASP component, is a classical factor required
for maintaining the senescent state [88, 122, 123]. Other
genes, including TIMP1 [120] and EZH2 [124], also
contribute to maintaining cellular senescence by
modulating SASP.

2.2.2. Epigenetic Regulation

Epigenetics refers to heritable changes in gene expression
without altering the DNA sequence, and it exerts a pivotal
regulatory role in cellular senescence by modulating
chromatin structure and gene accessibility [125-128]. In
GC, the epigenetic mechanisms governing cellular
senescence are diverse and interconnected, with histone
modifications, DNA methylation, chromatin remodeling
and non-coding RNAs (ncRNAs) being the most well-
characterized regulatory pathways [129, 130].

(1) Histone Modifications

Histone modifications regulate GC cellular senescence by
altering chromatin condensation states, with methylation
and acetylation modifications being the two core types
that exert opposite or synergistic effects on senescence-
related gene expression.

As a key component of the senescence signature, the
histone methyltransferase EZH2 is weakly expressed in
GC tissues with shorter patient survival [131], and its
downregulation reduces H3K27me3 levels to relieve the
repression of SASP factor IL-6, thereby exerting
oncogenic and anti-senescence effects [124, 132, 133]. In
contrast, the histone demethylase KDM4C is typically
upregulated under stress-induced senescence and can
counteract senescence while promoting cell proliferation
through the KDM4C-SP1-CDK2 axis [134]. Another
histone demethylase RBP2 is overexpressed in GC
tissues, and its knockdown impairs clonogenic capacity,
induces cell cycle arrest and increases senescent cell
proportion [135].

For histone acetylation modifications, the HDAC6
inhibitor MY-1259 and the natural compound 2,4-di-tert-
butylphenol (DTBP) both elevate histone acetylation
levels to induce cellular senescence [136, 137]. Notably,
the NAD+ dependent histone deacetylase Sirtl is
identified as a critical target in resveratrol-induced
cellular senescence [138].

(2) DNA Methylation

DNA methylation modulates GC cellular senescence
through dual patterns of genome-wide and gene-specific
epigenetic changes, and these methylation alterations are
closely associated with clinical prognosis.

A senescence signature-based study has revealed that
GC patients with high senescence scores exhibit genome-
wide hypomethylation, which correlates with poorer
prognosis [139], while the promoters of key senescence-
associated genes frequently undergo localized
hypermethylation—for example, hypermethylation of
CBS and Dkk3 promoters suppresses their expression to
attenuate senescence and accelerate tumor progression
[89, 115].

Additionally, the methyltransferase NSUN2 is highly
expressed in GC and promotes cell proliferation by
regulating p57Kip2 (CDKNIC) via m5C RNA
modification, further supporting the regulatory role of
methylation in GC senescence [140].

(3) Chromatin Remodeling

Chromatin remodeling modulates gene transcriptional
accessibility by altering nucleosome positioning and
structure [141-143], and the aberrant expression of core
chromatin remodeling factors is a major driver of GC
cellular senescence dysregulation. In GC, overexpression
of CBX7 remodels chromatin to repress the expression of
the tumor-suppressive and senescence-associated gene
pl6, thereby promoting cancer progression [144].
SMARCA4, a core subunit of chromatin remodeling
complexes [145, 146], has been implicated in regulating
GC senescence by a prognostic model based on
senescence-associated genes [147]. However, its precise
mechanistic role requires further experimental validation.

(4) Non-Coding RNAs

NcRNAs constitute a complex and sophisticated
epigenetic regulatory layer in GC cellular senescence,
with miRNA, circRNA, IncRNA, and piRNA exerting
distinct pro- or anti-senescence effects through unique
molecular mechanisms, and some ncRNAs forming
interconnected regulatory networks (Table 1).
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MiRNAs, the most well-studied ncRNA type in GC
senescence, typically regulate gene expression by binding
to the 3’-UTR of target mRNAs to induce transcript
degradation or translational repression [148]. For
instance, EBV-miR-BART3-3p in EBV-positive GC
directly targets the TP53 mRNA coding region to inhibit
its expression, thereby suppressing OIS, downregulating
SASP factors and impairing anti-tumor immunity [80];
miR-192/215 directly targets and downregulates the
histone methyltransferase SETS to inhibit SET8-mediated
senescence [46]; and miR-200 exerts anti-senescence
effects through multiple distinct mechanisms [149].

Conversely, numerous miRNAs function as pro-
senescence regulators in GC: miR-205-3p directly targets
CXCLI11 to induce G1 phase arrest and senescence, and
also modulates the immune microenvironment by
downregulating PD-L1 and upregulating immuno-
stimulatory SASP factors, thus improving patient
prognosis [150]; the tumor-suppressive miR-449,
frequently deleted or downregulated in GC, promotes
senescence by targeting the 3’-UTRs of GMNN, MET,
CCNE2 and SIRT1 [151]; and miR-584-5p induces
senescence by downregulating WWP1 and activating the
TGF-f pathway [152].

Table 1. Non-coding RNAs regulating cellular senescence in GC.

Type Name Expression Mechanism Function Ref.
miRNA miR-205-3p Decreased  Directly binds to the 3'-UTR region of CXCL11 to Induces [150]
inhibit its expression, and further exerts a tumor- senescence
suppressive effect by blocking the Akt signaling Tumor-
pathway suppressive
miRNA miR-449 Decreased  Targets cell cycle regulatory genes such as GMNN, Induces [151]
MET, CCNE2, and SIRT]I; activates the p53 senescence
pathway and its downstream target gene p21 by Tumor-
inhibiting HDAC1 and SIRT1 suppressive
miRNA miR-584-5p Decreased  miR-584-5p inhibits proliferation by targeting Induces [152]
WWP1, induces apoptosis, and promotes cellular senescence
senescence Tumor-
suppressive
miRNA miR-30a Decreased  Directly targets the DNA replication protein RPA1, Induces [47]
inhibits DNA replication, induces DNA damage, and  senescence
further activates the ATM-CHK2-p53 pathway to Tumor-
trigger cell cycle arrest suppressive
miRNA miR-200 Decreased  Maintains epithelial homeostasis by inhibiting the Inhibits [149]
senescence-EMT coupling; its deletion activates the  senescence
TGF-B/TNF-0-SASP axis to drive the formation of Tumor-
an immunosuppressive microenvironment suppressive
miRNA miR-192/215 Increased  Directly binds to and downregulates the expression Inhibits [46]
of the downstream target gene SET8; SET8 can senescence
exert a tumor-suppressive effect by activating DDR Tumor-
to induce senescence promoting
miRNA miR-106b-5p Increased  BRD4 is recruited by E2F to the miR-106b-5p Inhibits [278]
promoter and promotes its transcription; miR-106b-  senescence
5p binds to the 3'-UTR of p21 mRNA to inhibit its Tumor-promoting
translation
miRNA EBV-miR- Increased ~ An EBV-encoded miRNA that indirectly regulates Inhibits [80]
BART3-3p the PTEN/PI3K-AKT pathway by directly targeting  senescence
the coding region of TP53, thereby inhibiting the Tumor-promoting
senescence of GC cells
IncRNA  PVTI1 Increased  Highly expressed PVT1 maintains the proliferation Induces [159]
and invasion abilities of GC cells by inhibiting the senescence
SYNPO-RYR2/3-calcium signaling axis; Tumor-promoting
meanwhile, it prevents neutrophils from being
activated and accelerates their senescence, thereby
creating an immunosuppressive TME
IncRNA  CIRL-ASI1 Increased  Regulates the malignant phenotype of GC cells by Inhibits [162]
activating the AKT/B-catenin signaling pathway and  senescence
upregulating the downstream target gene c-Myc Tumor-promoting
IncRNA SNHG6 Increased  Regulates p21 through two mechanisms: (1) Inhibits [161]

Activates the JNK pathway to upregulate p21; (2)

senescence
Tumor-promoting
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IncRNA

IncRNA

IncRNA

IncRNA

IncRNA

IncRNA

circRNA

circRNA

circRNA

piRNA

CircRNAs mainly regulate GC senescence via the
competing endogenous
sponge" mechanism to sequester target miRNAs [153-
155], and some circRNAs exert dual regulatory effects
through additional direct molecular binding. Specific
circRNAs, including circCHAF1A, circHIPK3, and

LINC00659

LINCO01579

FGDS5-AS1

AL139147.1
AC107021.2
AC090825.1
AC005726.2
ACO012615.1
AP001107.6
AP000695.2
LINC02381
AC005586.1
AP003392.1
AP001528.2
LINC02544
LINCO00571
LINC00592
POLMSH-AS1
RRN3P2
TYOS
LINC02696
LINC01094
LINC00449
LINCO1614
PVTI1
circCHAF1A

circSLAMF6

hsa_circ_ 000201
9
hsa_circ_007473
6

piRNA 3457319
piRNA 2847077
piRNA 448895

Increased

Increased

Increased

Decreased

Increased

RNA (ceRNA)

Downregulates EZH? to relieve the transcriptional
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hsa_circ_0000144, act as sponges for miRNAs such as
miR-370-3p, miR-155, hsa-miR-217, and hsa-miR-942,
respectively. By sequestering these miRNAs, they relieve
the repression of downstream target genes like CDKN1A
(p21), inducing cell cycle arrest and senescence [156-
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Notably, circCHAF1A has a dual pro-senescence
mechanism: besides acting as a ceRNA, it directly binds
to CDKNI1A (p21) mRNA to stabilize its transcript and
enhance its expression, amplifying the senescence-
inducing effect [156].

LncRNAs also exert dual pro- and anti-senescence
effects in GC, and their dysregulation is closely associated
with TME remodeling and disease progression. H. pylori
infection induces the upregulation of LINC00659, which
binds to and stabilizes PTBP1 to promote gastric
epithelial cell senescence, activate the NF-xB pathway,
trigger SASP and accelerate the malignant transformation
from normal gastric mucosa to GC [24]; PVT1, a highly
expressed IncRNA in GC, contributes to an immuno-
suppressive microenvironment by inhibiting neutrophil
activation and accelerating neutrophil senescence [159].
In contrast, most characterized oncogenic IncRNAs in GC
exert anti-senescence effects: FGD5-AS1 binds to and
stabilizes YBX1 to suppress cellular senescence and ROS
production, maintaining the malignant phenotype [160];
SNHG6 downregulates EZH2 to relieve the
transcriptional inhibition of p21, thereby inhibiting
senescence [161]; and LINCO1579, CIRL-ASI,
ACO005726.2 and AP001107.6 target key signaling
pathways including TGF-f/Wnt, AKT/B-catenin and
NAD+ metabolism to exert anti-senescence effects,
promoting cell proliferation, migration and immune
evasion [162-164].

PiRNAs are a less-studied ncRNA class in GC
senescence, which typically bind to Piwi proteins to
regulate gene expression and are aberrantly expressed in
various cancers [165-167]. The nucleocytoplasmic
transport protein NXF3, which is highly expressed in GC
and correlated with poor prognosis, inhibits GC cellular
senescence by regulating the expression of specific
piRNAs including piRNA 3457319, piRNA 2847077
and piRNA 448895 [168], providing a novel research
direction for piRNA-mediated senescence regulation in
GC.

2.2.3. Metabolic Reprogramming and Organelle
Dysfunction

Cellular senescence in GC is accompanied by alterations
in energy metabolism (OXPHOS/glycolysis balance),
transsulfuration metabolism, and lipid metabolism. With
respect to energy metabolism, a shift toward enhanced
OXPHOS and reduced glycolysis is frequently observed.
In a GC cell senescence model induced by miR-200
knockout, for example, OXPHOS activity was
significantly increased, while key glycolytic enzymes
including HK2 and LDHA were downregulated 2—3-fold
[149]. Similarly, AKT-induced senescence upregulates
CBS expression and promotes its mitochondrial

localization, accompanied by a marked enhancement of
OXPHOS [89]. In contrast, the Thy-1 cell surface antigen
CD90 remodels energy metabolism toward enhanced
aerobic glycolysis while simultaneously inhibiting
cellular senescence [169]. A divergent pattern, termed
reverse metabolic reprogramming, has been reported in
ciclopirox olamine-induced senescence models, where
treatment triggers a senescent phenotype alongside
decreased OXPHOS and increased glycolytic activity
[170]. Notably, this form of senescence is reversible.
After a 4-week recovery period, the SA-B-gal-positive
rate drops significantly, proliferative capacity is restored,
and some cells even exhibit enhanced proliferative
activity. These findings indicate that the relationship
between metabolic reprogramming and senescence is
context-dependent.

Transsulfuration metabolism differentially impacts
senescence in normal versus GC cells. In normal cells
undergoing senescence, the key enzyme CBS promotes
the synthesis of GSH and H-S, thereby protecting against
ROS-mediated damage [89]. In GC tissues, however,
promoter hypermethylation silences CBS, compromising
this protective response. This leads to increased
mitochondrial OXPHOS, excessive ROS production, and
subsequent induction of senescence. Within the context of
a high-fat diet and obesity, palmitic acid-induced
senescent endothelial cells release exosomes enriched
with the SLC1AS protein (Exo-SLC1AS). Upon uptake
by GC cells, these exosomes inhibit ferroptosis and
promote proliferation, migration, invasion, and in
vivo metastasis  [26].  Furthermore, the  serine
hydroxymethyltransferases SHMT1/2 supply one-carbon
units for purine nucleotide synthesis to support the rapid
proliferation of GC cells. Inhibition of SHMT with SHIN1
disrupts nucleotide metabolism and induces the DDR
[171].

Organelles serve as the structural foundation of
metabolic reprogramming. Mitochondria, as the primary
sites of energy metabolism and ROS generation, are
central regulators of cellular senescence [172, 173].
Interventions such as ILK deficiency, Leptocarpha
rivularis extract, and metformin can induce mitochondrial
abnormalities—including cristae collapse, vacuolization,
reduced matrix density, loss of the mitochondrial
membrane potential, and impaired ATP production via
Complex 1 [102, 174, 175]. These defects subsequently
promote senescence through mechanisms involving
elevated ROS production and activation of intrinsic
apoptotic pathways. Growth differentiation factor 15
(GDF-15), a core SASP factor, can also mediate
senescence by inducing mitochondrial dysfunction and
cisplatin resistance in GC cells [176]. Beyond
mitochondria, lysosomes also participate in a synergistic
regulatory network with cellular senescence in GC. The
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key lysosomal regulator MMP12 has been confirmed to
exert tumor-suppressive effects [177]. PITX2, a core
transcription factor mediating lysosomal exocytosis in GC
cells, promotes the release of lysosomal contents such as
LGALS!1 and IGFBP7 from senescent GC cells. This
release activates the AKT signaling pathway, induces
epithelial-mesenchymal transition (EMT), and drives GC
initiation and progression [79]. These insights expand our
understanding of the complex roles organelles play in
regulating senescence and highlight investigations into
other organelles (e.g., endoplasmic reticulum, Golgi
apparatus) in GC and other cancers as a promising
research direction [178-180].

2.3. Executor of Cellular Senescence: Stable Cell Cycle
Arrest

Cell cycle arrest is a hallmark feature of cellular
senescence and serves as a key effector in GC initiation,
progression, and therapeutic response [21, 181]. Unlike
dying cells, senescent cells exit the cell cycle while
retaining metabolic activity and the potential to re-enter
the cell cycle and resume proliferation under specific
conditions, reflecting their unique biological state [182,
183]. Studies indicate that even without exogenous
carcinogenic stress, endogenous factors such as galectin-
3 deficiency can directly trigger cell cycle arrest and
induce premature senescence, underscoring the central
role of arrest in the senescence program [184].

This senescence-associated arrest is primarily
governed by two canonical pathways: p53-p21 and pl6-
Rb. The p53-p21 pathway acts as the primary responder
to stress such as the DDR: p53 activation upregulates p21,
which then inhibits cyclin-CDK complexes to enforce
G1/S phase arrest [185]. Multiple regulators, including
SET8, miR-449, circCHAFI1A, and low-dose oridonin,
have been shown to induce G0/G1 arrest via this pathway
[46, 151, 156, 186]. Mutations in p53 significantly
influence drug responses. For example, doxorubicin
synergistically induces senescence and apoptosis
exclusively in TP53-mutant GC cells [41]. The pl16-Rb
pathway inhibits CDK4/6 via pl6, preventing Rb
phosphorylation, thereby maintaining Rb in its active state
and suppressing E2F transcriptional activity, thereby also
resulting in G1/S arrest [187, 188]. Oncogenic factors
such as RBP2, CBX7, and Tbx3 function to inhibit pl16
expression [115, 144, 189].

Targeting key G1/S phase kinases has emerged as a
major strategy for senescence induction. CDK4/6
inhibitors like palbociclib and abemaciclib effectively
trigger cell cycle arrest and a senescent phenotype [190-
194]. Additionally, targeting the KDM4C-SP1-CDK2
axis can induce senescence in TP53-mutant GC [134].
The natural product resveratrol exerts multi-target effects

by synergistically downregulating cyclin D1 and CDK4/6
while upregulating p21 and p16, thereby enhancing G1
phase arrest and senescence [138].

In contrast to G1/S arrest, G2/M phase arrest is
typically initiated by drugs that directly cause DDR or
disrupt mitotic progression. MLN4924, for instance,
induces G2/M arrest and senescence by triggering DDR
[45]. Other agents, the combination of cisplatin and
axitinib, as well as shikonin extract, irinotecan, paclitaxel,
pyrotinib, FAK inhibitors, and the compound DMP, have
all been reported to induce G2/M arrest and associated
senescent phenotypes through similar mechanisms [43,
44, 195-199].

Notably, the execution of cellular senescence is not
solely dependent on these classical cell cycle regulators.
Molecules such as CIP2A and PFDA/cIAP2 can regulate
senescence independently of the canonical cyclin-CDK
axis [200-202]. Furthermore, only nuclear-localized p21
effectively blocks the cell cycle and exerts tumor-
suppressive effects. Compared to adjacent normal
mucosa, nuclear p21 expression is significantly reduced
in GC tissues, a redistribution that facilitates escape from
cell cycle arrest and suggests the existence of non-
canonical senescence execution pathways [203]. These
findings broaden our understanding of senescence
mechanisms and offer new insights into developing
targeted strategies.

In summary, cellular senescence in GC is a precisely
regulated process initiated by multiple internal and
external factors, including DNA damage, telomere
shortening, oncogene activation, oxidative stress, and
anticancer therapy. These inducers are interconnected and
mutually reinforcing. Their signals are integrated through
multi-level mechanisms, such as gene regulation,
epigenetic modifications, and metabolic reprogramming,
and ultimately converge to execute cell cycle arrest. A
deep understanding of this complex network, particularly
the dynamic interplay between different inducers within
the TME, is crucial for optimizing GC treatment
outcomes.

3. The Complex Ecosystem of Senescent Cells

Notably, cellular senescence is not an isolated cell-
autonomous process. The dynamic evolution of the TME
profoundly shapes the function and characteristics of
cellular senescence [204-206]. Upon entering senescence,
cells do not passively exit the cell cycle but actively
interact with surrounding cells and the extracellular
matrix through SASP [207]. This crosstalk modulates the
activity and phenotype of CAFs, alters the composition
and function of immune cells, and induces a series of
complex feedback loops (Fig. 3). Initiated by cellular
senescence and centered on SASP, this interaction forms
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a complex ecosystem comprising tumor cells, stromal
cells, and immune cells [208-210]. The dynamic changes
of this system directly determine the outcome of cellular
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Figure 3. The Senescence-Associated Ecosystem and Remodeling of the Tumor Microenvironment. This schematic illustrates
how senescent cells reshape the tumor microenvironment. Senescent tumor cells and S-CAFs derived from the transformation of
normal fibroblasts to CAFs and subsequent senescence — secrete a complex cocktail of factors collectively termed the SASP. SASP
components encompass multiple categories: cytokines (IL10, IL8, IL6, IL10/B), chemokines (CXCL12), growth factors (HGF, EGF,
GDEF-15), transcription factors (Twistl), as well as proteases and extracellular vesicles. These SASP factors exert dual and opposing
effects on the TME immune landscape: on one hand, they can activate an anti-tumor immune response by recruiting and activating
effector immune cells including CD8+ T cells, M1 macrophages, natural killer (NK) cells, dendritic cells and CD4+ T cells; on the
other hand, they can foster a suppressive immune microenvironment by promoting the expansion and infiltration of immune-regulatory
cells such as regulatory T cells (Tregs), M2 macrophages, tumor-associated neutrophils (TANs) and myeloid-derived suppressor cells
(MDSCs). The dynamic balance between these pro-activation and pro-suppression signals ultimately dictates the immunogenic state
of the TME, which critically influences tumor progression, metastasis and therapeutic resistance.

3.1. SASP: A Critical Effector of Cellular Senescence

When GC cells undergo senescence in response to diverse
stressors, they initiate a complex paracrine response
known as SASP [211]. This secretory phenotype is not
merely a passive release of molecules but constitutes a
precisely regulated and dynamically evolving signaling
system.

During GC progression, the abundance of SA-B-gal-
positive cells increases with disease progression: these
cells are absent in normal and inflammatory tissues,
appear scattered in low-grade intraepithelial neoplasia,
and are markedly increased in high-grade intraepithelial
neoplasia and cancerous tissues [48]. This increase is
accompanied by a progressive elevation of SASP
signaling, suggesting that senescent tumor cells are key
initiators of this program. Through components like IL-6,
IL-8, and TGF-B1, the SASP activates quiescent

fibroblasts, transforming them into senescence-associated
cancer-associated fibroblasts (S-CAFs) with tumor-
promoting functions [149]. These S-CAFs can, in turn,
secrete more potent SASP factors, creating a feed-forward
loop that markedly amplifies the overall tumor-promoting
effects [212-215]. For example, in diffuse GC, tumor-
derived IL-8 induces CAF senescence, and these S-CAFs
secrete additional IL-8 via a feedback loop [121]. This
vicious cycle of intercellular communication drives rapid
tumor progression and peritoneal metastasis. Peritoneal
metastasis is a leading cause of mortality in advanced GC,
and a key step in this process is the disruption of the
HPMC barrier [216, 217]. Studies have shown that TGF-
Bl can bind to endoglin on HPMCs, inducing their
senescence and impairing the peritoneal barrier integrity,
ultimately promoting GC peritoneal metastasis [218].

In summary, the production and secretion of SASP
occur across multiple stages and cell types throughout
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tumor development. In addition to senescent tumor cells,
immune cells and stromal cells also act as contributors.
This multifaceted process continuously remodels the
TME, shaping it into an increasingly pro-tumorigenic
state.

3.2. Stromal Remodeling: Centered on Senescence-
Associated Cancer-Associated Fibroblasts

The tumor stroma, the non-tumor compartment of the
TME, primarily comprises cellular components such as
CAFs and the extracellular matrix [219-221]. CAFs
represent a major driver of tumor recurrence and therapy
resistance. CAFs constitute one of the most abundant and
extensively characterized stromal cell populations [222-
225]. Their activation is frequently induced by SASP
factors. For example, SASP-derived IL-6 and CXCL12
promote the transdifferentiation of quiescent fibroblasts
into functionally activated CAFs by upregulating the
transcription factor Twistl [149, 226]. Once activated,
CAFs contribute extensively to GC initiation and
progression through direct cell-cell contact, secretion of
diverse regulatory factors, and extracellular matrix
remodeling. Functionally, CAFs secrete cytokines and
chemokines that bind to receptors on GC cells, activating
downstream signaling pathways to promote tumor
proliferation, migration, and metastasis [48, 124, 226].
This bidirectional crosstalk between CAFs and GC cells
establishes a vicious cycle: GC cells — CAF
activation/senescence — TME remodeling — feedback
promotion of tumor progression. Moreover, CAFs can
recruit regulatory T cells and suppress effector T cell
function by secreting factors such as IL-6, CXCL12, and
CCL2. This establishes a "CAFs — immune cells —
immunosuppression — tumor progression” axis and
impairs the response to PD-1/PD-L1 inhibitor-based
therapy [139]. Notably, S-CAFs may conversely enhance
dendritic cell maturation and reduce M2 macrophage
infiltration, thereby potentially improving immuno-
therapeutic response [131]. This functional paradox
underscores the high heterogeneity and plasticity of CAF
populations, whose functional effects are determined by
the  convergence  of their cellular  origin,
microenvironmental signals, and functional state.

3.3. Alterations in the Immune Microenvironment:
From Immune Surveillance to Immune Evasion

The TME is a pivotal regulator of GC progression and
therapeutic response. As a key pathophysiological
process, cellular senescence profoundly shapes anti-tumor
immunity by remodeling the composition, function, and
molecular phenotypes of immune cells within the TME
[227, 228]. During GC senescence, immunosuppressive

cell infiltration generally increases, leading to a
progressively more potent immunosuppressive milieu.
Multiple studies have confirmed a significant elevation in
the proportion of Tregs in GC patients with high
senescence-associated signatures [88, 229], accompanied
by increased expression of T cell exhaustion markers such
as TIM-3 and LAG3 [123]. M2 macrophages, as tumor-
promoting immune cells, also contribute to the
establishment of senescence-associated immuno-
suppressive phenotypes in GC [106, 122, 177, 229]. In
contrast to the expansion of immunosuppressive cells, the
infiltration and function of anti-tumor effector cells—
including CD8+ T cells [88, 120, 177, 229, 230], NK cells
[80, 229, 231, 232], and dendritic cells [120]—are
significantly compromised in high-risk GC subgroups
with cellular senescence, resulting in impaired anti-tumor
immunity. Meanwhile, immune checkpoint molecules
such as PD-L1, CTLA-4, and CD276 are markedly
upregulated, suggesting potential sensitivity to immune
checkpoint blockade under these conditions [123, 163,
233]. However, increased Tumor Immune Dysfunction
and Exclusion (TIDE) scores indicate a high risk of
resistance to immunotherapy in these patients [229, 234].
Developing strategies to reprogram the immune
microenvironment and maintain therapeutic sensitivity
therefore constitutes a pressing clinical challenge.

SASP factors derived from senescent tumor cells are
central mediators of immune microenvironment
remodeling [204, 235]. Their role in GC is bidirectional.
IL-15 can activate NK cells, and certain SASP
components can activate CD4+ T cells, fostering immune-
mediated surveillance and clearance of senescent tumor
cells [236], while others exert pro-tumor effects by
recruiting immunosuppressive cells [237].

Nevertheless, a majority of SASP factors appear to
exert immunosuppressive effects, driving the pathological
progression from chronic inflammation to immune escape
(Fig. 4).

The inflammatory cytokine IL-1a is a critical initiator
and regulator of SASP. IL-la triggers an autocrine
inflammatory response by activating NF-xB, which in
turn initiates the transcription of IL-6 and IL-8 [238]. H.
pylori infection induces the secretion of pro-inflammatory
cytokines by activating the NF-«xB and MAPKI1/3
pathways in macrophages, thereby driving macrophage
polarization toward the M2 phenotype. Meanwhile, tumor
cells and senescent cells recruit macrophages through
paracrine signaling of SASP factors. Among these factors,
CSF-1, IL-4, and IL-13 induce macrophage polarization
toward the tumor-promoting M2 phenotype, whereas
GM-CSF and IFN-y promote M1 polarization. Although
M1 macrophages exert anti-tumor effects via
phagocytosis and ROS production, M2-type tumor-
associated macrophages (TAMs) predominate in
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advanced GC. They not only directly suppress CD8+ T-
cell function by secreting IL-10 and upregulating PD-L1
but also participate in angiogenesis and tissue remodeling.

SASP-derived IL-6, IL-8, and TNF-o promote the

polymorphonuclear MDSCs (PMN-MDSCs). Senescent
MDSCs exhibit higher ARG1 and iNOS activities and
enhanced responsiveness to chemotactic signals. They
suppress the functions of NK cells and dendritic cells,

mobilization of myeloid-derived
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Figure 4. SASP-driven regulatory network linking chronic inflammation, cellular senescence, immunosuppression and
malignant progression in gastric cancer. This figure depicts the SASP-centered regulatory network that drives the pathological
cascade from chronic inflammation and cellular senescence to immune escape and malignant progression in gastric cancer. The
core functional modules are as follows: Inflammatory Signaling Initiation & SASP Amplification Loop: As the upstream
trigger and core amplifier of the network, this module is initiated by chronic inflammation and cellular senescence. Metabolic
perturbations (altered NAD+/NADH and AMP/ATP ratios regulating AMPK activity), ROS accumulation, and cGAS-STING-
cGAMP-mediated cytosolic DNA sensing converge to activate core signaling pathways, including NF-kB (p65/p50, negatively
regulated by IkB), JAK-STAT3, PI3K/Akt, p38/MAPK and mTOR, with MYDS88 serving as a key signal adaptor. Activated
transcription factors drive the transcription of pivotal SASP factors (IL-6, IL-8, TNF-a), which form a positive feedback loop to
sustain SASP expression and chronic inflammatory state. Immune Cell Regulation and Immunosuppressive Tumor
Microenvironment Construction: This integrated module mediates the establishment of the immunosuppressive tumor
microenvironment through multi-lineage immune cell functional modulation. SASP factors bidirectionally regulate innate
immune cell phenotypes: GM-CSF and IFN-y drive macrophage polarization toward the anti-tumor M1 phenotype, while CSF-
1, IL-4 and IL-13 promote polarization to the pro-tumor M2 phenotype; tumor-derived GM-CSF induces senescent phenotype
and pro-tumor conversion of TANs via the JAK-STAT3 pathway, which exert immunosuppressive effects through NETosis.
Meanwhile, SASP factors dynamically regulate anti-tumor immune responses: IL-15 recruits and activates NK cells to exert
immune surveillance in early tumorigenesis, while accumulated TGF-3 and IL-10 from immunosuppressive myeloid cells induce
NK cell functional exhaustion in advanced gastric cancer. These immunosuppressive cells secrete high levels of TGF-f and IL-
10, which upregulate PD-1/TIM-3 expression on T cells and ultimately inhibit the anti-tumor function of CD4+ and CD8+ T
cells to drive tumor immune escape. Pro-tumor Malignant Progression Induction: As the final functional output of the entire
network, sustained inflammatory signaling activation, constitutive SASP factor secretion, and immunosuppressive
microenvironment remodeling jointly drive core malignant biological behaviors of gastric cancer, including uncontrolled cell
proliferation, EMT, angiogenesis and distant metastasis, thus promoting continuous tumor progression.

Furthermore, tumor cells induce "emergency

in the bone marrow and recruit

induce the expansion of Tregs, and form a close

pathway. These TANs not only cause pro-inflammatory
damage by releasing neutrophil extracellular traps

neutrophils. Tumor-derived GM-CSF induces high PD-
L1 expression and a senescence-like phenotype in tumor-
associated neutrophils (TANs) via the JAK-STAT3

(NETs), ROS, and TGF-B, but also directly suppress
T/NK cell function. Some immature neutrophils even
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transform into PMN-MDSCs, further reinforcing
immunosuppression.

NK cell function also shows bidirectional dynamic
changes during GC progression. Early SASP components
(e.g., IL-15) recruit NK cells and activate their cytotoxic
function to exert immune surveillance. However, as the

tumor progresses, TGF- and IL-10 in late-stage SASP
downregulate the activating receptors on the NK cell
surface, leading to the gradual functional exhaustion of
NK cells [80, 106, 159, 232].
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Figure 5. Treatment Strategies for targeting cellular senescence in gastric cancer. The therapeutic strategies against
cellular senescence in gastric cancer are categorized into four interconnected and synergistic modules, with specific
regulatory targets and mechanisms as follows: Targeting Senescent Cells: This module focuses on direct intervention
against senescent cells. It includes three core strategies: Senolysis that directly eliminates existing senescent cells in the
tumor tissue; Senescence Induction that forces gastric cancer cells to enter a senescent state and halt malignant
proliferation; and the integrative One-Two Punch strategy that combines senescence induction followed by senolytic
clearance to thoroughly eradicate the induced senescent cancer cells. SASP Modulation (Senomorphics): This module
is dedicated to regulating the SASP. The key approaches are attenuating the pro-tumorigenic SASP components and
promoting the anti-tumorigenic SASP factors. Typical regulatory targets of SASP include CXCL14, IL-6 and IL-10.
Targeting TME: This module aims to remodel the TME by modulating three major cell populations. It activates immune
effector cells to enhance their anti-tumor killing ability, suppresses immunosuppressive cells to relieve the immune
tolerance state of the tumor, and regulates stromal cells to improve the abnormal structural microenvironment of the tumor.
Multiple Modulators: This module achieves multi-dimensional regulation of cellular senescence through three parallel
pathways. It targets epigenetic regulation to alter the gene expression patterns related to cell senescence, intervenes with
metabolic pathways to disrupt the energy supply and metabolic homeostasis of senescent cells, and modulates organelle
function to restore the normal physiological activities of cells and inhibit the maintenance of the senescent state.

3.4. Feedback and Circuits

Activated S-CAFs and functionally impaired immune
cells continuously secrete SASP factors, including HGF,
EGF, and IL-6, forming a sustained signaling feedback
that acts on tumor cells [239, 240]. This
microenvironmental signal not only induces de novo

cellular senescence but also, more importantly, promotes
the malignant phenotypic transformation of remaining
non-senescent tumor cells, significantly increasing tumor
invasiveness and the risk of poor prognosis. Studies have
shown that GDF-15 secreted by senescent cells or drug-
resistant tumor cells can enhance the proliferation and
invasive potential of surrounding precancerous cells,

Aging and Disease * Volume 18, Number 3, June 2027

14



Shi Z., et al.

Cellular Senescence in Gastric Cancer

while shaping a pro-inflammatory microenvironment
conducive to tumor recurrence [176]. As cellular
senescence drives the TME toward an immuno-
suppressive state, various malignant phenotypes are
further stimulated. Cell proliferation [26, 70, 87, 100, 115,
158, 169, 200, 241], EMT [114, 149, 226, 242] and tumor
invasiveness [169, 241] are significantly enhanced during
this  process. Conversely, important inhibitory
mechanisms such as apoptosis [46, 66, 78, 137, 162] and
autophagy [45, 70, 186, 198, 243] are weakened,
collectively promoting tumor recurrence and progression.
In summary, senescent GC cells recruit and activate CAFs
via  SASP, shaping an  immunosuppressive
microenvironment. The remodeled TME subsequently
feeds back to promoting tumor progression and
therapeutic resistance, forming a self-reinforcing

feedback loop that ultimately renders the tumor
ecosystem more aggressive and invasive. Therefore,
breaking this cycle has become an important direction for
senescence-targeting therapeutic strategies (Fig. 5).

4. Therapeutic Strategies

As described before, cellular senescence exerts a dual role
in GC. It can exert tumor-suppressive effects by
maintaining cell cycle arrest and inhibiting cell
proliferation or promoting tumor progression by
regulating the TME via SASP. This paradox renders
senescence-targeting cancer therapy challenging. Current
senescence-targeting therapies are broadly classified into
those targeting senescent cells, SASP, the TME, and
regulatory mechanisms [40, 93, 107, 244] (Table 2).

Table 2. Therapeutic strategies targeting cellular senescence in GC.

Name Category Mechanism Mechanism Analysis Ref.
UNC3866 CBX4 inhibitor Induce Combined with low-dose cisplatin, it overcomes [100]
senescence chemoresistance by selectively inducing senescence of tumor
cells, while reducing the toxicity of high-dose chemotherapy
CPD22 ILK kinase Induce Selectively induces cancer cell senescence through the [102]
inhibitor senescence integrin-independent signaling pathway, while avoiding
affecting normal cytoskeleton function
Dasatinib Tyrosine kinase Induce Dasatinib induces senescence of GC cells in a dose-dependent  [66]
inhibitor senescence manner, and combination with edaravone can increase cell
apoptosis
Paclitaxel Antimicrotubule Induce Paclitaxel has a synergistic regulatory effect on three cell [198]
drug senescence death mechanisms in GC, among which the terminal
mechanism after inducing mitotic catastrophe of GC cells is
cell senescence
MLN4924 NAE inhibitor Induce Accumulates CRL substrates CDT1/ORCI1, triggers DDR, and  [45]
senescence inhibits tumor growth through cell cycle arrest and senescence
Tepotinib MET inhibitor Induce Tepotinib combined with low-dose radiotherapy [264]
senescence downregulates FOXM1 through the MAPK pathway, inhibits
DNA damage repair, relieves the negative regulation of
senescence, and ultimately induces DNA damage-related
senescence
Barasertib- Aurora kinase Induce Induces tumor cell senescence, but may simultaneously lead to  [106]
HQPA inhibitor senescence remodeling of the immune microenvironment; sequential
Danusertib clearance of senescent cells can achieve more durable tumor
control
12s FAK inhibitor Induce Inhibits FAK phosphorylation, blocks downstream [199]
senescence AKT/mTOR and MAPK pathways, induces apoptosis and
senescence of GC cells, and exerts anti-cancer effects
Pyrotinib HER?2 inhibitor Induce Blocks the ERK signaling pathway activated by radiotherapy, [44]
senescence enhances radiotherapy-induced DNA double-strand breaks,
induces G2/M phase cell cycle arrest, accelerates cell
senescence, and also increases radiotherapy efficacy
DMP N-heterocyclic Induce Triggers DDR, activates p53/p21 and p16/Rb pathways, [43]
compound senescence leading to G2/M phase arrest and inducing senescent
phenotype
Palbociclib CDK4/6 inhibitor  Induce Dually regulates cell cycle arrest and apoptosis through the [190]
senescence Notch pathway; patients with low cyclin E expression are [191]
more likely to benefit; simultaneously induces senescence and ~ [192]
autophagy in GC cells with double positivity for pRB and p53, [193]
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and only induces senescence without autophagy in pRB-
negative cells
Oridonin Natural herbal Induce Low-dose oridonin downregulates the expression of c-Myc [186]
extract senescence and AP4, and simultaneously upregulates the expression of
p53 and p21, thereby inducing cell senescence
Ardisia Natural herbal Induce Induces GO/G1 phase cell cycle arrest, promotes excessive [86]
gigantifolia extract senescence ROS production, induces senescence and inhibits the growth
of GC cells
Leptocarpha  Natural herbal Induce A variety of bioactive molecules synergistically induce cell [174]
rivularis extract senescence cycle arrest and loss of mitochondrial membrane potential,
leading to cell senescence
Miliusane I Natural herbal Induce Exerts dual effects by inhibiting migration and inducing [263]
extract senescence senescence, especially suitable for the treatment of metastatic
tumors
Pinus Natural herbal Induce Regulates the cell cycle and senescence of GC cells through [262]
densiflora extract senescence the Skp2-p27KIP1 axis; combination with 5-FU and other
drugs can reduce the dose of chemotherapeutic drugs and
decrease side effects
WP1066 JAK inhibitor Senomorphics S-CAFs activate the JAK/STAT3 pathway by secreting IL-6 [124]
and causing peritoneal metastasis; JAK inhibitors can
effectively block this process
Manpixiao Compound Senomorphics Downregulates inflammation-related factors such as IL-1a.and  [242]
Decoction traditional inhibits the EMT process, blocking the progression of
Chinese medicine precancerous lesions
Navarixin IL-8 receptor Senomorphics Diffuse GC induces S-CAFs by releasing IL-8 and forms a [121]
antagonist positive feedback loop to promote peritoneal metastasis;
navarixin can inhibit this process
Nortriptyline Tricyclic Senomorphics Inhibits lysosome exocytosis-mediated SASP and significantly  [79]
antidepressant weakens the malignant phenotype of GC
QC6352 Histone Epigenetic QC6352 induces senescence of TP53-mutated GC cells; [134]
demethylase modulator; combination with senescent cell-clearing drug SSK1 can
inhibitor Induce further inhibit tumor growth
senescence
MY-1259 FAK/HDAC Epigenetic Exerts effects through dual pathways of inhibiting HDAC6 [137]
dual-target modulator activity and FAK phosphorylation, inducing apoptosis and
inhibitor senescence of GC cells
JQ1 BRD4 inhibitor Epigenetic JQ1 enhances abemaciclib-induced cell cycle arrest and [278]
modulator triggers a unique senescent phenotype of GC cells by inducing  [194]
DDR, thereby significantly inhibiting tumor growth
DTBP HDAC inhibitor Epigenetic Inhibits HDACS, increases the level of microtubule [136]
modulator acetylation, and then induces low-concentration senescence
and high-concentration mitotic catastrophe-related apoptosis
SHIN1 SHMT inhibitor Metabolic Blocks "serine—glycine" metabolism and nucleotide [171]
modulator synthesis, significantly inhibits GC growth and reverses 5-FU
resistance
Metformin Hypoglycemic Multiple Metformin antagonizes chemotherapy-induced senescence [175]
drug mechanisms through multiple mechanisms such as metabolic regulation;
combination with standard treatment may improve treatment
response rate and reduce drug resistance risk
Resveratrol Natural herbal Multiple Sirt1 is a key target of resveratrol in inhibiting GC; it induces [138]
extract mechanisms cell senescence by triggering cell cycle arrest of GC cells, [65]

4.1. Senescent Cell Clearance (Senolysis)

Senolytic therapy, as a novel anticancer strategy targeting
senescent cells, acts by selectively eliminating senescent
cells in the TME, interrupting the malignant biological

ultimately inhibiting cell proliferation and tumor growth;
combination with cisplatin can increase ROS levels, induce
cell senescence, and simultaneously inhibit tumor-related
inflammation

cycle mediated by senescent cells, and providing a new
perspective for cancer therapy [245, 246]. The mechanism
of senolytic therapy relies on the unique survival
characteristics of senescent cells: to evade apoptosis,
senescent cells highly express senescence-related survival
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molecules such as BCL-2 family anti-apoptotic proteins,
tyrosine kinases, and heat shock protein 90; senolytics can
precisely target these pathways to induce apoptosis
specifically in senescent cells without obvious toxicity to
normal proliferating cells, thereby avoiding the adverse
effects caused by traditional broad-spectrum cytotoxic
therapies [247].

Based on their distinct mechanisms of action and
targets, senolytic drugs can be categorized into five
classes: 1) natural products (e.g., quercetin, fisetin); 2)
anti-apoptotic pathway-targeting agents including BCL-2
family inhibitors (e.g., navitoclax); 3) senescence-
associated pathway and kinase inhibitors (e.g., dasatinib
plus quercetin combination); 4) p53 pathway modulators;
and 5) novel agents such as proteasome and autophagy
regulators [247]. Among them, quercetin eliminates
senescent cells through multiple pathways including
apoptosis, ferroptosis, pyroptosis, and lethal autophagy,
while inhibiting malignant processes such as SASP
secretion, EMT, and angiogenesis [248-251]. Fisetin is a
natural flavonoid widely distributed in fruits and
vegetables. It specifically targets mitochondrial
respiratory chain Complex I in GC cells, inducing massive
mitochondrial ROS production and subsequent DNA
damage, and further triggers G1 phase cell cycle arrest
and mitochondria-dependent apoptosis. Meanwhile,
fisetin mediates G2/M phase cell cycle arrest in GC cells
by inhibiting the activation of the ERKI1/2 signaling
pathway, thereby suppressing proliferation and inducing
apoptosis. Furthermore, fisetin inhibits the growth of H.
pyvlori and the activity of its virulence factor HtrA
protease, blocking H. pylori-induced gastric epithelial
injury and malignant transformation. With extremely low
toxicity to normal gastric mucosal and intestinal epithelial
cells, fisetin holds potential as a natural agent for the
chemoprevention and adjuvant therapy of GC [252-254].
Additionally, dasatinib, ABT-737 (the precursor of
navitoclax), the HDAC inhibitor panobinostat,
resveratrol, and other agents can synergistically eliminate
senescent GC cells and exert anti-tumor and toxicity-
reducing effects in conventional GC treatments, although
their detailed molecular mechanisms require further in-
depth investigation [255-258].

Notably, in current senolytic studies on GC, the
senescent cells targeted for elimination are mostly those
newly generated after induction therapy (e.g., AURK
inhibitors, KDM4C inhibitors), rather than pre-existing
endogenous senescent cells in the TME (e.g., replicative
senescent cells, oncogene-induced senescent cells) [66,
106, 134]. To date, no studies have confirmed that
senolytic strategies can directly eliminate endogenous
senescent GC cells and exert therapeutic effects without
prior induction. In contrast, the direct targeting and
elimination of endogenous senescent tumor cells have

shown significant efficacy and favorable safety profiles in
malignant tumors such as melanoma and breast cancer,
suggesting the important clinical translational potential of
senolytic therapy in GC [259-261].

4.2. Senescence Induction

Senescence induction is currently one of the core
therapeutic  strategies, particularly = demonstrating
potential in chemoresistant and refractory GC subtypes.
Its core mechanism is triggering the tumor cell senescence
process via chemotherapeutic drugs, targeted inhibitors,
or combination therapies, inhibiting proliferation and
progression. Olaparib, ILK kinase inhibitors, MLN4924
(NAE inhibitor), silver nanoparticles derived from
Ardisia japonica (Arg-AgNPs), and hexane extract of
Pinus densiflora needles (PNH), among other natural
products and synthetic drugs, can directly induce cellular
senescence and reduce proliferative activity [45, 86, 102,
157, 174, 262, 263]. Among these, drugs such as
MLN4924 and Arg-AgNPs exhibit a dose-dependent
effect. For GC subtypes refractory to traditional therapies,
senescence induction has initially shown efficacy in
preclinical models. TP53-mutant GC is resistant to
traditional chemotherapy, while QC6352 (KDM4C
inhibitor) monotherapy exhibits a stronger senescence-
inducing capacity than chemotherapeutic drugs [134].
Low-dose chemotherapy combined with senescence
induction can not only reverse drug resistance but also
reduce the toxicity of high-dose chemotherapy. Diffuse
GC is prone to cisplatin resistance; combination of the
CBX4 inhibitor (UNC3866) with low-dose cisplatin can
overcome resistance by enhancing senescence induction,
with efficacy comparable to that of conventional-dose

cisplatin treatment [100]. HER2-positive GC is
radioresistant; pyrotinib can promote radiotherapy-
induced senescence, and its combination with

radiotherapy increases the tumor inhibition rate by 29%—
53% [44]. MET-positive GC is closely associated with
advanced stages and poor prognosis; the combination of
the MET inhibitor tepotinib with radiotherapy can
significantly downregulate FOXM1 and its target genes
BRIP1 (DNA repair protein) and BMI-1 (senescence
inhibitor protein), thereby promoting cellular senescence
[264]. However, it is worth noting that the selective
pressure exerted by senescence induction can sometimes
lead to more aggressive tumor cell mutations, thereby
enabling tumor cells to acquire the ability to evade cellular
senescence [265]. Current research suggests that cellular
senescence is neither fully irreversible nor entirely
reversible. Beyond stable cell cycle arrest mechanisms,
cellular senescence is a tightly regulated and highly
dynamic state, characterized by a certain degree of self-
renewal potential and differentiation plasticity [266, 267].
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Malignant tumors can acquire intrinsic senescence-
associated stemness through multiple reprogramming
mechanisms, restoring the self-renewal potential of
tumors and driving the de novo generation of cancer cell
stemness that contributes to malignant tumor recurrence
[181, 268]. Even when maintained in a senescent arrest
state, these stemness-acquired cells can resume
proliferation through senescence escape and drive
malignant tumor recurrence and invasive growth by virtue
of their self-renewal properties [269]. In summary,
cellular senescence induction therapy offers a novel
avenue for the treatment of chemoresistant and refractory
GC. Nevertheless, the dynamic reversibility of cellular
senescence and the "senescence-escape-stemness
reprogramming” phenotype of tumor cells render this
therapy a double-edged sword. In the absence of
subsequent interventions, senescent tumor cells may
become a potential risk of recurrence. Future research
should focus on developing synergistic strategies to break
the vicious cycle of "senescence-escape-recurrence".

4.3. Senescent Cell Function Regulation and SASP
Modulation (Senomorphics)

Senescent cell function regulation and SASP modulation
are emerging therapeutic strategies, focusing on targeted
modulation of the activity of senescent cells or the
modulation of their SASP, rather than direct clearance
[208, 270-272]. Studies have shown that various targeted
interventions can effectively modulate the composition
and function of SASP. For example, JAK inhibitors can
block the activation of the JAK/STAT3 pathway mediated
by IL-6 secreted by S-CAFs, thereby inhibiting the tumor-
promoting SASP and restricting peritoneal metastasis
[124]. miR-205-3p mimics  downregulate the
CXCL11/Akt signaling pathway, thereby reducing PD-L1
expression while upregulating immunostimulatory SASP
factors such as IL-1a and IL-1p, thus enhancing the tumor
immune microenvironment [150]. However, some
interventions exhibit dual effects. For example, NMN
administration reduces the expression of typical SASP
factors such as IL-6 and IL-8 and delays cellular
senescence, but simultaneously promotes cell
proliferation, suggesting a potential double-edged sword
effect in the regulation of cellular senescence [163]. These
findings not only reveal the complexity of the SASP
regulatory network but also pose new challenges to the
development of senescence-associated microenvironment
-targeting therapeutic strategies.

4.4. Combination of Senescence-Inducing Therapy
with Senolytics or Senomorphics

The combination of senescence-inducing therapy with
senolytics (the "One-Two Punch" strategy) currently
represents the most promising therapeutic strategy. It
involves first using traditional therapies such as
chemotherapy, radiotherapy, or CDK4/6 inhibitors to
induce cancer cell senescence, followed by
senolytics/senomorphics to effectively eliminate these
induced senescent cells or inhibit their SASP, thereby
overcoming drug resistance and improving efficacy [93,
273, 274]. AURKIi, the histone demethylase KDM4C
inhibitor QC6352, and YBX1 inhibitors can all induce
cellular senescence [87, 106, 134]. However, researchers
highlight risks associated with senescence induction as
monotherapy. For example, senescent tumor cells induced
by AURKI secrete high levels of the chemokine MCP-
1/CCL2, which recruits macrophages and polarizes them
toward the immunosuppressive M2 type, forming a
microenvironment conducive to tumor survival and
immune evasion [106]. Therefore, after AURKi-induced
senescence as the "first punch", senolytic drugs must be
administered as the "second punch" to eliminate senescent
cells and block their harmful SASP, thereby converting
the tumor-suppressive potential of senescence into
tangible therapeutic benefits. However, externally
applied, simplistic interventions cannot fully recapitulate
a highly precise and ordered endogenous biological
process, and many critical questions remain to be resolved
prior to clinical application.

4.5. Immune/Microenvironment-Based Regulation

Senescent cells and their secreted SASP can remodel the
TME. During tumor progression, tumor cells can escape
senescence and immune surveillance via multiple
mechanisms and establish an immunosuppressive TME
[204, 275-277]. In EBV-positive GC, the viral miRNA
BART3-3p is a core hub connecting tumor cell
senescence and the immune microenvironment. BART3-
3p significantly downregulates factors such as IL-6 and
IL-8, leading to a significant reduction in the infiltration
of NK cells and macrophages within the TME, thereby
forming a "cold tumor." Treatment with BART3-3p
inhibitors can synergize with chemotherapy and
immunotherapy, restore cancer cell senescence, enhance
efficacy, and reduce drug resistance [80]. The IncRNA
PVT1 is highly expressed in GC cells and inhibits the
secretion of SYNPO protein. This not only maintains the
proliferative capacity of tumor cells but also causes
neutrophils to undergo premature replicative senescence,
thereby forming an immunosuppressive
microenvironment. Directly supplementing exogenous
SYNPO protein can mimic the effect of PVTI
knockdown, thereby directly activating neutrophils and
reversing immunosuppression [159].
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4.6. Multiple Modulators: Epigenetic, Metabolic, and
Organelle Function

In senescence-targeting therapeutic strategies, the
combination of epigenetic modulators, metabolic
intervention drugs, or organelle function regulators can
exert synergistic effects, thereby enhance the therapeutic
response and improving tolerance. At the epigenetic level,
various novel drugs can bypass common mutations such
as TP53 deletion and effectively induce cancer cells to
undergo irreversible senescence. For example, HDAC
inhibitors and natural products can induce senescence by
increasing histone acetylation levels [136, 137]. KDM4C
inhibitors induce senescence by interfering with histone
demethylation and CDK2 activity [134]. As a non-coding
RNA, circCHAF1A enhances the p53-p21 pathway-
mediated senescence program by stabilizing p21 mRNA
[156]. BRD4, an epigenetic reader of BET proteins, has
an inhibitor (JQ1) that can induce senescence alone and
further enhance this effect when combined with CDK4/6
inhibitors [194, 278].

At the signaling pathway level, the novel FAK
inhibitor 12s simultaneously induces apoptosis, cell cycle
arrest, and senescence by inhibiting FAK phosphorylation
and its downstream AKT/mTOR and MAPK signaling
pathways, indicating that targeting key signaling nodes
can indirectly regulate epigenetic states and senescence
processes [199]. Metabolic intervention is another
important synergistic strategy: targeting cystathionine [3-
synthase (CBS) can specifically restore the senescence
program in PI3K/AKT-driven GC, while metformin
reshapes energy metabolism to shift the chemotherapy
response from senescence to apoptosis [89, 175]. The
combination of the serine hydroxymethyltransferase
inhibitor SHIN1 with 5-FU can significantly inhibit tumor
growth and reverse drug resistance by synergistically
inducing metabolic disruption, DDR, and p53 activation
[171].

The effects of metabolic targeting strategies are
mostly achieved by modulating organelle functions. For
example, mitochondrion-localized CBS produces H.S to
regulate mitochondrial respiration and ROS metabolism;
inhibiting CBS activity disrupts OXPHOS and ROS
homeostasis, thereby triggering senescence and
suppressing tumor growth [89]. Metformin directly
inhibits mitochondrial Complex I, leading to impaired
ATP synthesis and AMPK activation, ultimately
inhibiting mTOR signaling and inducing apoptosis [175].
Additionally, targeting autophagy can affect the function
and interaction of various organelles. The combination of
the autophagy inhibitor Spautin-1 with the CDK4/6
inhibitor palbociclib can significantly enhance senescence
and anti-tumor efficacy [190], indicating that regulating

organelle-mediated autophagic processes is an effective
approach to synergistically induce senescence.

4.7. From Bench to Bedside: Multi-omics Driven
Biomarkers and Sensitive Patient Screening

In GC, therapeutic strategies targeting cellular senescence
have shown promising potential in basic research. The
advantages, risks, and limitations of these therapies are
summarized in Table 3. Although breakthrough clinical
studies have been reported in other cancers such as head
and neck squamous cell carcinoma and breast cancer [279,
280], no relevant clinical trials have been launched in GC,
resulting in the failure of effective translation from bench
to bedside. This bottleneck is partially due to the lack of
specific senescence biomarkers, whereas the complexity
and heterogeneity of the GC microenvironment also
hinder the precise identification of eligible patient
populations.

With deeper insights into GC and cellular senescence,
senescence-associated biomarkers have evolved from
traditional single-molecule indicators to multi-omics
signatures. Classic senescence markers have been well
summarized in previous reviews [107, 281]. To overcome
the low accuracy of single biomarkers caused by high
tumor heterogeneity, multi-omics approaches have
become essential for stratifying sensitive GC subgroups
[282]. Integrating genomic, transcriptomic, proteomic,
metabolomic, and single-cell RNA-sequencing data,
researchers have systematically profiled senescence-
related features in GC, identified senescence-associated
cancer cell subtypes, clarified the roles of endothelial cells
and fibroblasts, and screened key differentially expressed
genes and regulatory pathways, providing a molecular
basis for patient stratification.

Using machine learning algorithms including LASSO
regression and random forest, several senescence-related
scoring models have been established, such as the GC
Senescence Score (GSS) and Senescore [131, 139]. These
models allow precise stratification of patients and predict
therapeutic response. Proteomics validates gene-level
predictions by detecting SASP factors, and metabolomics
reveals senescence-related metabolic reprogramming,
both complementing the molecular features of sensitive
subgroups. The combination of spatial transcriptomics
and single-cell multi-omics further defines the spatial
distribution of senescent cells, enabling refined subgroup
stratification [283]. Furthermore, multi-omics-based
subgroup characteristics can be validated in GC organoids
for in vitro drug sensitivity testing. This improves the
accuracy of patient selection, provides reliable criteria for
clinical trial enrollment, facilitates rational trial design,
and accelerates the clinical translation of senescence-
targeted therapy in GC [25, 284].

Aging and Disease * Volume 18, Number 3, June 2027

19



Shi Z., et al.

Cellular Senescence in Gastric Cancer

Table 3. The advantages, risks, and limitations of therapeutic strategies targeting cellular senescence in GC.

Therapeutic Strategy
1. Senolytics (Senescent
Cell Clearance)

2. Senescence Induction

3. SASP Modulation
(Senomorphics)

4. Combination
Therapy (Induction +
Clearance/Modulation)

5. Immune/
Microenvironment-
Based Regulation

6. Multiple Modulators
(Epigenetic, Metabolic,
Organelle Function)

5. Current
Directions

Limitations

Advantages

« Selectively eliminates senescent cells
with low toxicity to normal proliferating
cells

« Synergizes with chemotherapy/targeted
therapy to enhance anti-tumor efficacy and
reduce toxicity

« Targets senescence-specific anti-
apoptotic pathways with high specificity

* Effective for chemoresistant/refractory
GC subtypes (TP53-mutant, diffuse-type,
HER2/MET-positive)

* Low-dose chemotherapy combination
reverses drug resistance and reduces
toxicity

« Exhibits dose-dependent effect with
favorable controllability

* Modulates senescent cell function
without direct clearance, relatively higher
safety

¢ Inhibits tumor-promoting SASP and
enhances immunostimulatory SASP
factors

* Restrains peritoneal metastasis and
improves tumor immune
microenvironment

* Overcomes drug resistance and
significantly improves therapeutic efficacy
« Converts senescence-associated tumor-
suppressive potential into clinical benefits
« Eliminates induced senescent cells and
blocks harmful SASP to avoid escape

* Targets core hubs linking senescence and
immune microenvironment

* Reverses immunosuppression and
transforms "cold tumors" to "hot tumors"
* Synergizes with chemo/immunotherapy
to reduce drug resistance

* Bypasses common mutations to induce
irreversible senescence

« Synergistic effects enhance therapeutic
response and tolerance

* Broad-spectrum efficacy via targeting
signaling nodes and organelle functions

and Future Research

Risks

No obvious acute toxic risks
reported in current GC
studies

* Selective pressure may
induce more aggressive
mutations and senescence
escape

* Dynamic reversibility of
senescence leads to
"senescence-escape-stemness
reprogramming", elevating
recurrence risk

* Senescent cells can restore
proliferation and drive
invasive growth

» Some agents show dual
effects

» Complex regulatory
network may cause off-target
unintended effects

* Senescence induction
monotherapy promotes
immunosuppressive TME

» Combined regimen may
increase uncertain adverse
effects

* Targets (non-coding RNAs,
secretory proteins) have high
difficulty in drug
development

* May disturb normal
immune homeostasis

* Multi-target intervention
may cause non-specific
biological effects

» Metabolic/epigenetic
regulation may affect normal
cell homeostasis

investigations  into
mechanisms  spanning

the
metabolic

Limitations

* Mainly clears therapy-
induced senescent cells,
cannot directly eliminate
endogenous senescent GC
cells

* Highly tumor-selective
specific senolytics remain to
be developed

* Detailed molecular
mechanisms require further in-
depth investigation

* Senescence is not completely
irreversible, monotherapy
carries recurrence potential

* Requires subsequent
interventions to break the
senescence-escape-recurrence
cycle

* SASP regulatory mechanism
is not fully elucidated

* Precise targeted modulation
is technically challenging

* Cannot fully recapitulate
precise endogenous biological
processes

* Optimal administration
sequence and dosage need
verification

* Only effective for specific
GC subtypes (e.g., EBV-
positive)

 Exogenous protein
supplementation strategies are
hard to translate clinically

* Most strategies are at basic
research stage

* Synergistic molecular
mechanisms remain unclear

* Clinical dosage and long-
term safety need validation

multi-layered

crosstalk
reprogramming,

Despite the valuable insights that existing studies have
yielded into the inducers and partial regulatory
mechanisms of cellular senescence in GC, critical
knowledge gaps persist in elucidating the crosstalk among
diverse regulatory factors and mechanistic pathways.
Furthermore, there is a paucity of systematic

epigenetic regulation, and the TME. In addition, the gut
and gastric microbiome have emerged as pivotal
regulators of host cellular senescence and tumor
progression, forming sophisticated bidirectional crosstalk
with the senescent microenvironment of GC [28].
Specific microbial components and metabolites
directly modulate telomere stability, oxidative stress, and
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epigenetic modifications to govern the initiation and
progression of gastric cellular senescence. Specific
microbial communities or their metabolites can modulate
senescence in gastric epithelial and tumor cells, whereas
dysbiotic commensal flora shapes the immune
microenvironment via metabolites such as short-chain
fatty acids and secondary bile acids, thereby influencing
the SASP and immune surveillance efficiency [285, 286].
Meanwhile, exosomes act as essential small extracellular
vesicles mediating intercellular communication within the
TME, transferring bioactive cargoes to regulate
proliferation, angiogenesis, invasion, immune evasion,
and therapy resistance, and exerting dual protumor and
immunomodulatory roles at the core of the TME signaling
networks [287-289]. Crucially, exosomes transmit
senescence-related signals to propagate or alleviate
cellular senescence among GC and stromal cells, directly
controlling senescence persistence and SASP output.
Given the fragmented nature of current research on the
molecular mechanisms underlying GC  cellular
senescence, future studies should prioritize the integration
of multi-omics datasets to dissect the molecular network
mechanisms governing cellular senescence throughout
GC initiation, progression, and metastasis, with deliberate
integration of microbiome, exosomal, and epigenetic
layers [282]. Such multi-omics integration will enable
comprehensive characterization of genetic,
transcriptional, proteomic, and metabolic alterations in
senescent GC cells, deepen our understanding of the
intricate regulatory networks driving cellular senescence,
facilitate the identification of novel therapeutic targets and
diagnostic biomarkers, and lay a robust theoretical
foundation for the development of more effective
therapeutic strategies.

A major limitation of current GC senescence research
lies in the reliance on conventional cell line and animal
models, which exhibit substantial discrepancies from
human clinical pathological conditions. Although patient-
derived gastric organoid models have been employed to
explore the senescence process and recapitulate human
tumor characteristics more faithfully than traditional
models [106, 284, 290], they still fail to fully replicate the
complex physiological and pathological micro-
environment of the human body, including the complete
immune system, circulatory system, microbial flora, and
dynamic TME. As highlighted in recent studies, the
translational gap of nanomaterial-based TME regulation
is further aggravated by species differences between
murine models and human malignancies, as well as
technical barriers between laboratory research and
industrial production [30]. These limitations impede the
full recapitulation of nanomaterial biodistribution,
exosome-mediated communication, and microbiome—
host interactions, leading to biased conclusions. Thus,

future efforts should focus on the development of
advanced experimental models that better mimic the in
vivo physiological and pathological context of human GC
[291]. Integrating cutting-edge technologies such as
bioengineering and microfluidics to construct next-
generation organoid models or novel ex vivo models with
functional reconstitution of the immune, circulatory, and
microbial systems will markedly improve the reliability
and clinical translatability of research findings and
mitigate the Dbiases arising from model-human
discrepancies [291, 292].

Although numerous potential therapeutic targets and
strategies for GC have been identified based on cellular
senescence mechanisms, their translation from preclinical
studies to clinical applications faces formidable
challenges. Most of these strategies, including those
targeting ILK activity [102] and the clinical application of
JAK inhibitors [124], are only validated in in vitro cell
experiments and  small-scale  animal  studies.
Encouragingly, anticancer bioactive peptides (ACBPs)
represent a promising class of tumor-targeting agents;
ACBPs inhibits GC cell proliferation in a dose-dependent
manner and suppresses tumor growth in vivo by activating
the p53 signaling pathway, upregulating Bax and PUMA,
and downregulating the anti-apoptotic gene Mcl-1, with
therapeutic effects comparable to those of 5-fluorouracil
[293]. Tumor-specific peptides further exhibit high
targeting specificity and controllable toxicity, and their
chemical modification can enhance stability and
pharmacokinetic properties [293, 294]. Despite these
advances, the lack of large-scale, multi-center clinical
trials has hindered the comprehensive evaluation of
safety, efficacy, and off-target effects in humans. Future
research should conduct well-designed large-scale, multi-
center clinical trials to rigorously validate the clinical
effectiveness and safety of preclinically identified
therapeutic targets and strategies.

In terms of targeted delivery and TME modulation,
systematic reviews have demonstrated that nanomedicine
enables metabolic intervention, precise targeting, drug
delivery, and combination therapy via organic or
inorganic nanomaterials, while nanovaccines indirectly
regulate the TME by targeting lymphoid organs; notably,
nanomedicine enables precise targeting and manipulation
of senescent GC cells, regulating senescence induction,
SASP inhibition, and senescent cell clearance at the
nanoscale. However, clinical translation is restricted by
biosafety concerns, spatiotemporal TME heterogeneity,
insufficient targeting selectivity, and immature evaluation
systems [30]. The development of novel drug delivery
systems is thus critical for precision therapy, enhancing
efficacy while reducing systemic toxicity [86, 295].
Regarding TME communication, comprehensive studies
have summarized exosome biogenesis, heterogeneity, and
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dual roles in the TME: tumor-derived exosomes drive
tumor progression, immune suppression, and therapy
resistance by delivering ncRNAs, proteins, and immune
checkpoint ligands, yet can be engineered to activate anti-
tumor immunity; they hold great potential as liquid biopsy
biomarkers and drug delivery platforms, but are limited
by non-standardized isolation methods, storage
instability, and safety risks [27]. Establishing
standardized biobanks and integrated clinical databases
linking patient clinical information, molecular
characteristics, and therapeutic response will accelerate
translational research.

Beyond conventionally targeted therapy, although
existing studies have noted the association between
immunotherapy and cellular senescence, research on
harnessing cellular senescence mechanisms to enhance
GC immunotherapy remains in its infancy [227]. While
several studies have preliminarily explored the correlation
between cellular senescence scores and immunotherapy
responses, they have not yet elucidated the specific
functional alterations and reciprocal regulatory
mechanisms of distinct immune cell subsets within the
senescent TME [139]. Future investigations should
deeply explore how to remodel the senescent TME by
targeting exosome-mediated senescence signaling,
microbiome-dependent senescence regulation, and
nanomaterial-facilitated precise senescence modulation,
with the goals of enhancing immune cell activity,
overcoming immune evasion, and improving
immunotherapy response rates [296, 297]. Ultimately,
translating advances in senescence regulation, exosome
engineering, nanomedicine, bioactive peptides, and
microbiome modulation into clinical practice requires
intensive cross-disciplinary collaboration among clinical
medicine, bioinformatics, materials science, and
oncology, thereby bringing more effective and precise
treatment options to GC patients.
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