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Abstract. Cell senescence is caused by the activation of cell
cycle inhibition pathways induced by an accumulation of
cellular damage, where cells permanently leave the cell cycle.
Senescent cells undergo changes in cell morphology, transcrip-
tion, protein homeostasis, metabolism and other characteristic
alterations. At the same time, senescent cells are able to resist
apoptosis and accumulate in multiple organs and tissues
in vivo. Senescent cells are capable of activating inflammatory
factor secretion pathways, generating local, non-infectious
inflammatory microenvironments within tissues, leading to
organ degeneration and the development of aging-associated
diseases. A large number of recently published studies have
demonstrated that removing senescent cells from the body
delays the occurrence of various aging-associated diseases.
Therefore, the targeted killing of senescent cells potentially
has important clinical applications in the treatment of various
aging-associated diseases, aiming to improve the life span
of patients. The present review summarizes recent progress
that has been made in the field of senescent cell clearance
and various anti-aging strategies. The history of cell senes-
cence research is briefly reviewed, along with the association
between cell senescence and tumor therapy. Furthermore, the
potential of senescent cells to be used as therapeutic targets in
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various senescence-associated diseases is primarily discussed,
and the limitations, as well as the future prospects of this line
of research, are reviewed.
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1. Introduction

Cell senescence refers to the stable cell-cycle arrest caused
by telomere erosion, DNA damage, the abnormal activation
of oncogenes and other conditions, which is accompanied by
morphological, biochemical and epigenetic changes to the cells.
Cell senescence plays important roles in non-disease-related
physiological processes, including embryo development,
wound healing, tissue repair and aging (1). A large number
of previously published studies have demonstrated that cell
senescence plays an important role in the inhibition of poten-
tial cancer cell proliferation pathways (2-4). However, as the
detailed scientific knowledge in this field continues to expand,
it has been demonstrated that senescent cells also secrete a
variety of cytokines, chemokines, matrix-remodeling prote-
ases and growth factors to form the senescence-associated
secretory phenotype (SASP), which is a ‘double-edged sword’
in that it may either inhibit or promote tumor formation (5).
Therefore, establishing an in-depth understanding of the asso-
ciation between cell senescence and tumors that focuses on the
inhibitory function of cell senescence in tumors, rather than on
its promoting function, may provide more options in terms of
tumor therapies.

2. Characteristics of cell senescence related with tumors

When cells become senescent, they undergo changes in cellular
morphology, function and cellular process (Fig. 1).
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Cellular morphological changes. After entering the aging
phase, the senescent cells may be observed as polygonal-shaped
flat cells occupying a large volume, with increased nuclear and
nucleolar volumes, as observed under an optical microscope.
Moreover, the numbers of Golgi apparatus and lysosomes in
senescent cells are increased, along with a marked increase
in intracytoplasmic particles (6). In 1995, Dimri et al (7)
discovered that when the pH value was 6 in diploid fibroblasts
cultured in vitro, the positive rate of f-galactosidase staining
gradually increased with a rise in generation age. They defined
this neutral galactosidase as SA-B-gal. When cells become
senescent, lysosomes expand and increase, and galactosidase
clearly accumulates within lysosomes (8). Galactosidase is
produced by senescent cells and tissues, and is able to catalyze
the hydrolysis of its substrate, X-Gal, to produce an insoluble,
intensely dark blue product, which can be easily observed
under an optical microscope. The SA-f-gal is a type of
biological marker that can be simple and easy to use, it has
been widely applied in the detection of senescent cells.

Functional alterations. After the cells have entered the aging
process, their protein expression profiles are markedly altered.
Most importantly, senescent cells will secrete a large number
of cytokines and chemokines in this regard. The concept of
SASP was first proposed by Coppé et al (9) in 2008. These
researchers discovered that senescent cells are able to promote
malignancy in adjacent precancerous cells by secreting
inflammatory and oncogene-associated factors, and the SASP
includes pro-inflammatory cytokines [interleukin (IL)-6 and
IL-8], chemokines [monocyte chemoattractant proteins (MCP)
and macrophage inflammatory proteins (MIPs)], growth
factors [transforming growth factors (TGFs) and granulo-
cyte-macrophage colony-stimulating factor (GM-CSF)] and
proteases (10). Different biological activities induced by SASP
components indicate that SASP functions with other cells and
regulates the local microenvironment of tissues, which may
either lead to or promote tumor formation.

When telomeres decay to a critical extent, cells begin a
spontaneous aging process (11). Telomeres were first identified
by Muller in 1938 (12). He found that the damaged and broken
chromosome ends in Drosophila were easily connected,
forming various types of chromosome aberrations. Telomeres,
a special structure located at the chromosome ends, maintain
the stability of chromosome ends by forming protective ‘caps’,
thereby preventing them from being exposed and fusing with
adjacent chromosome ends. However, since DNA polymerase
may not completely replicate the lagging strands of chro-
mosomes, telomere DNA repeat sequences are continuously
shortened according to the increase in replication times.
This irreversible telomere DNA damage leads to a damage
response that may accelerate cell aging by activating tumor
suppressor genes, such as p53, and triggering the expression of
age-associated genes.

Cellular process alterations. Unlike resting cells, the growth
stagnation of senescent cells is relatively permanent. Even
when subjected to physiological stimulation, or after elimi-
nating factors that induce aging, senescent cells cannot regain
the ability to divide (13). Flow cytometric analysis has been
employed to demonstrated that senescent cells are mainly
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held in a state of G, phase arrest, although they may also be
found in G,/M phase arrest, or can be induced into a state of
G,/M phase arrest in certain cases (14). In addition, in certain
types of cell, low-level DNA damage activates DNA damage
repair, triggers cell senescence, causes the expression of
certain anti-apoptosis proteins, and leads to the inhibition of
apoptosis (15). A number of studies have confirmed that the
occurrence of aging is closely related to several oncogenes and
tumor suppressor genes (16-18).

3. Cell senescence has important functions in tumors

Senescence initiation in cancer is able to rely upon genetic
alterations, such as oncogene-induced senescence (OIS) and
tumor-suppressor gene (TSG) loss-induced senescence, or
upon therapeutic interventions [therapy-induced senescence
(TIS)]. OIS generally occurs early in tumorigenesis, and is
able to limit cell proliferation due to oncogene mutations,
maintaining tumors in a non-invasive precancerous state.
By examining lesions associated with OIS, new patterns of
tumorigenesis have been proposed (19,20). When cells have
cancer gene mutations, they are generally prevented from
being able to proliferate through the processes of apoptosis
and senescence. When the apoptotic or senescence program
cannot be initiated, and other genetic mutations occur at
the same time, the cells experience continuous growth and
eventually enter into the state of malignancy due to the lack
of effective defense mechanisms. Senescent cells remain
senescent for decades, and are presented as benign lesions.
It is certainly possible that other genetic mutations may also
be acquired, and the cells are subsequently transformed into
malignant tumors. Other studies have found that certain
aging markers are only present in precancerous lesions, but
are rarely expressed in corresponding malignancies. Using
a mouse prostate model in which PTEN tumor suppressor
was inactivated, Chen ef al (21) observed similar results, i.e.,
precancerous lesions or non-lethal tumors were able to express
senescence markers, whereas malignant tumors were not.
In cultured cells, as well as in vivo, p53 restricts the growth
and malignant evolution of PTEN-deficient cells by inducing
cellular senescence. This is similar to the situation with human
prostate cancer, in that PTEN loss-induced cellular senescence
(PICS) appears during the early stage, but is not expressed in
the advanced malignant stages (22,23). Patients with cancer
often receive radiotherapy and chemotherapy as a means of
treating the tumor. A previous study demonstrated that the
chemoradiotherapy of tumors induced cellular senescence (24).
Common chemoradiotherapeutic treatments include cisplatin
treatment, docetaxel treatment, cyclophosphamide treatment,
vincristine treatment, doxorubicin treatment or gamma-ray
irradiation. Notably, when lower drug concentrations are used
for chemotherapy or lower radiation intensities are used for
radiotherapy, such chemoradiotherapeutic treatments can
induce cell senescence. Conversely, if higher chemothera-
peutic drug concentrations or radiation intensities are used,
apoptosis can be induced (25). The main cause of cellular
senescence induced by chemoradiotherapy is the induction
of intracellular DNA damage; for example, in cultured cells
and mouse models of cancer, tumor cells expressing wild-type
p53 gene are more sensitive to chemotherapy than tumor cells
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Figure 1. Overview of characteristics of cell senescence related to tumors. Senescent cells will undergo changes in cellular morphological, senescence-associated
p-galactosidase (SA-f3-gal) activity staining, senescence-related secretory phenotype (SASP), telomere dysfunction, cell cycle arrest, and apoptosis resistance.

with a p53 gene mutation are, findings that are consistent with
p53 playing a key role in DNA damage-induced cellular senes-
cence (26). Other explanations underlying cellular senescence
induced by chemoradiotherapy are that chemotherapeutic
drugs cause the production of intracellular reactive oxygen
species (ROS), or that the chemoradiotherapy leads to the
inhibition of telomerase activity in the cells; these processes
are also involved in the induction of cellular senescence, and
may accelerate the cellular senescence process (17). After the
body receives chemoradiotherapy, even though the tumor cells
undergo senescence, exit the cell cycle, and lose the ability
to proliferate, these cells are potentially tumorigenic, and
after the tumor cells enter the state of senescence, the SASP
phenomenon may occur.

The role of SASP in vivo is closely associated with the
microenvironment where it is located. The secretion of SASP is
a dynamic process, and SASP factors can inhibit tumor devel-
opment by altering the tissue microenvironment, promoting
embryonic development and tissue repair, and recruiting and
activating immune cells. On the other hand, as senescent cells
accumulate in organisms, SASP drives tissue senescence in a
cell-involuntary manner, thereby inducing body inflammation
through autocrine and paracrine pathways, and transmitting
senescence signals to adjacent cells, resulting in increased
levels of inflammatory factors. The inflammatory environment
can promote the development of tumors by inhibiting immune
surveillance and/or stimulating malignant phenotypes (27).
SASP is secreted into the surrounding environment, where
it blocks the differentiation of cells, prevents the renewal of
damaged cells, interferes with the rejuvenation of tissues,

further accelerates aging and promotes tumor migration,
proliferation, invasion and angiogenesis, ultimately leading
to tumor metastasis. Tumor extracellular matrix proteins are
involved in the occurrence, development and immune adap-
tation of tumors, and senescent fibroblasts can regulate the
secretion of integrins mediated by surrounding cells, thereby
affecting extracellular matrix proteins. Integrins can enhance
both contractility and the focal adhesions produced by ERK
and Rho kinase (ROCK) activation, which interfere with
epithelial morphology and promote the malignant transforma-
tion of tumors (28). MMP members often exhibit an increasing
trend in SASP factors secreted by senescent fibroblasts,
whereas during tumor development, MMP mainly degrades
the extracellular matrix and destroys the basement membrane,
which, in turn, promotes the infiltration and metastasis of
tumor cells (29). Acosta and Gil (30) demonstrated that IL-8,
as one of the SASP factors secreted by senescent tumor cells,
is an effective agonist of chemokine (C-X-C motif) ligand 1
(CXCL1)/CXCL-2 receptors in granulocytes and monocytes,
which can mediate the migration of target cells to the tumor
microenvironment and promote tumor angiogenesis and tumor
cell proliferation. Ortiz-Montero et al (31) demonstrated that
IL-6 was a major regulator of the Janus kinase/signal trans-
ducer and activator of transcription (JAK/STAT) signaling
pathway, which promoted tumor cell proliferation, invasion
and immunosuppression and induce fibroblast morphological
changes in MCF-7 breast cancer cells.

Recently, it has been reported that senescence-inducing
factors can promote tumor formation. Carriere et al (32)
demonstrated that the oncogene Kras was able to induce an
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Table I. Senescence-inducing factors as targets for the promotion of tumor formation.

Category Inducement Target gene Tumor histology Year, (Refs.)
Oncogenes activated Kras p53 Pancreatic cancer 2011, (32)
Telomere shortening 50-60 population doublings PAR-1 Skin cancer 2013, (33)
DNA damage Radiotherapy, chemotherapy SPINK1 Prostate cancer 2018, (34)
DNA damage Chemotherapy Zscan4 Breast cancer, prostate cancer 2018, (35)
Oncogenes activated Ras NAD* Pancreatic cancer, ovarian cancer 2019, (36)
DNA damage Chemotherapy AREG Prostate cancer 2019, (37)
DNA damage Chemotherapy hTERT Hepatocellular carcinoma 2020, (38)
DNA damage Extracellular vesicles EGF Hepatocellular carcinoma 2020, (39)

Kras, V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog; PAR-1, protease-activated receptor 1; SPINK1, serine protease inhibitor kazal
type 1; Zscan4, zinc finger and SCAN domain containing 4; NAD*, nicotinamide adenine dinucleotide; AREG, amphiregulin; hTERT, human

telomerase reverse transcriptase; EGF, epidermal growth factor.

aging response, upregulating proinflammatory cytokines in
the pancreas and increasing the incidence of cystic tumors,
while accelerating the process of pancreatic ductal adenocar-
cinoma. Malaquin et al (33) suggested that skin carcinoma
may be activated through a paracrine axis in which matrix
metalloproteinases (MMPs) are secured via the oversynthesis
of the MMP-active receptor, protease-activated receptor-1.
Chen et al (34) demonstrated that stromal cell populations,
after having suffered DNA damage via radiotherapy and
chemotherapy, entered the aging stage and presented SASP,
leading to the formation of an inflammatory microenviron-
ment. Their clinical investigations have indicated that the
high expression of serine proteinase inhibitor Kazal Type 1
(SPINK1) in the tumor microenvironment is associated with
a worse clinical prognosis and a shorter the survival time of
patients. Zhang et al (35) observed that certain drugs, such as
vinblastine, taxanes, nitrogen mustard, nucleoside analogues
and platinum compounds, which directly or indirectly cause
DNA damage, may stimulate the SASP in cells at a high
frequency, while triggering cell senescence. They also found
that Zscan4 which is highly expressed in plasma cells that
suffer from DNA damage, plays a key role in the cascade
amplification of SASP over time. Nacarelli ef al (36) found that
an increased metabolism of NAD* promoted the proliferation
and progression of tumor cells in pancreatic cancer and ovarian
cancer in a mouse model by manipulating the expression
levels of high-mobility group AT-hook 1 (HMGAI) protein
and nicotinamide phosphoribosyltransferase (NAMPT).
Correspondingly, this demonstrated that the increase in NAD*
metabolism caused by the increase in HMGA1 and NAMPT
expression promoted high levels of SASP. Simultaneously, it
strengthened the inflammatory environment around the tumor,
and stimulated tumor growth. Xu et al (37) demonstrated
that human stromal cells passively entered the aging state
during chemotherapy, where they developed the typical SASP.
Stromal cells generated and released an exocrine factor termed
AREG (amphiregulin, bidirectional modulin), which continu-
ously enters damaged microenvironments. AREG promotes
the malignant phenotype of residual cancer cells in lesions,
thereby conferring drug resistance and causing resistance in
clinical care. However, it also induces cancer cells to upregulate

the expression of programmed death-ligand 1, forming an
immunosuppressive microenvironment, which enables cancer
cells to escape from immune monitoring. A recent study stated
that SASP counteracted atorvastatin-induced senescence in
hepatocellular carcinoma cells, and also found that the poor
overall survival of patients with hepatocellular carcinoma
was associated with an increased hTERT expression (38).
Miyazoe et al (39) reported that senescent human hepatic stel-
late cells released increased quantities of extracellular vesicles
particles compared with normal human hepatic stellate cells.
Extracellular vesicles resulted in increased EGF expression
levels and may create a more conducive tumor microenviron-
ment for proliferation of hepatoma cells (Table I).

4. Targeting senescent cells to inhibit tumor formation

Aging is a double-edged sword. When senescent cells are
retained, they promote chronic inflammation, which in turn
leads to aging-associated diseases, such as atherosclerosis,
cancer and fibrosis. Therefore, the targeted elimination of
senescent cells has become a promising new avenue for
therapeutic interventions, and researchers have confirmed the
feasibility of this approach. Currently, regulating SASP, acti-
vating apoptosis and immune-based elimination of senescent
cells are the three most important targeting strategies (Fig. 2).

Regulating SASP. Tumor necrosis factor (TNF) is the main
component of SASP, and adalimumab is a monoclonal
antibody that directly inhibits TNF. It has previously been
demonstrated that adalimumab can inhibit the secretion of
SASP and markedly reduce the release of IL-6, attenuating
the cancer-promoting effect of SASP (40). Xu et al (41)
demonstrated that JAK inhibitors reduce the secretion of
SASP in adipocyte precursor cells and human umbilical vein
endothelial cells (HUVECs:), suggesting that the JAK pathway
is a potential target for anti-senescence-associated treatments.
Mammalian target of rapamycin (mTOR) controls SASP by
regulating the translation of IL-1 and MAPK-activated protein
kinase 2 (MAPKAPK?2) (42,43). Rapamycin, an inhibitor of
mTOR, reduces the mRNA levels of IL-6 and other cytokines,
and selectively inhibits the translation of membrane-bound
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Figure 2. Various strategies of cancer therapy based on the characteristics of senescent cells. Regulating senescence-related secretory phenotype (SASP),
activating apoptosis and immune-based elimination of senescent cells are three mainstream targeting strategies.

cytokine IL-1, regulating SASP. A previous study confirmed
that rapamycin improved aging-associated diseases and tumors
by inhibiting aging-associated inflammation (44). Simvastatin is
an inhibitor of B-hydroxy f-methylglutaryl-CoA (HMG-CoA)
reductase, and Liu er al (45) demonstrated that simvastatin
reduced the SASP of aging human fibroblasts by inhibiting
protein isopentenylation without affecting the stagnation of age
growth. The study by Nacarelli et al (36) used a Ras-induced
IMROIO0 cell senescence model to demonstrate that the down-
regulation of HMGA1 or NAMPT, or using FK886 in senescent
cells, may inhibit the expression of SASP. They confirmed that
NAD™* promotes the activity of NF-kB to mediate SASP by
inhibiting the AMP-activated protein kinase (AMPK) signaling
pathway, thereby inhibiting the proliferation of tumor cells. They
postulated that targeting NAMPT may be an effective strategy
to inhibit proinflammatory and tumor microenvironment
promotion in tumors with high expression levels of HMGAL for
patients who are undergoing lifespan-extending cancer treat-
ment (such as chemotherapy or radiotherapy).

Activation of apoptosis. Wang et al (46) demonstrated that
a cell division cycle kinase 7 (CDC7) inhibitor (XL413)
specifically induced aging in TP53 mutant liver cancer cells,
whereas sertraline, a drug used to treat depression, specifically
promoted the apoptosis of aging liver cancer cells by down-
regulating the mTOR signaling pathway. Guerrero et al (47)
discovered that cardiac glycosides are anti-aging drugs that can
selectively kill senescent cells in the body, thereby avoiding the
toxic side-effects of conventional drug therapies. It has been
demonstrated that senescent cells exert a sensitizing effect with

regard to ouabain-induced apoptosis, which is partly mediated
by inducing the apoptosis-promoting Bcl-2 family protein,
NOXA. Hickson et al (48) demonstrated for the first time that
anti-aging drugs may successfully remove senescent cells in
human trials, where networks of senescent cell-resisting apop-
tosis pathways (SCAPs) were discovered. The anti-aging drugs,
dasatinib and quercetin (a flavonoid), have been used to target
these SCAP nodes: Dasatinib targets tyrosine kinase, whereas
the flavonoid quercetin targets Bcl-2, hypoxia-inducible
factor-1, phosphoinositide 3-kinase and p21, promoting apop-
tosis in senescent cells and allowing cancer cells to start the
process of apoptosis for self-destructive purposes (49).

Immune-based elimination of senescent cells.Researchers have
indicated that the body removes senescent cells by recruiting
immune cells. NRAS-H12V can cause oncogene-induced cell
senescence, and these senescent cells can be removed via both
the innate and adaptive immune systems, such as natural killer
(NK) cells and macrophages. Ta et al (50) demonstrated that
dipeptidyl-peptidase 4 (DPP4; also known as CD26) was highly
expressed in aging human fibroblasts, and senescent cells were
preferentially cleared by NK cells that recognize anti-DPP4
antibodies. Removing aging and damaged cells provides a
favorable microenvironment for tissue regeneration, which
stimulates the proliferation and differentiation of neighboring
cells, including tissue stem cells, enabled damaged tissues to
be replenished with healthy cells, aiding in tissue repair. The
results revealed that, in different models, the immune system
possesses a variety of mechanisms concerning the clearance
of senescent cells. Amor et al (51) analyzed the expression of
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transmembrane proteins found in human and mouse senescent
cells, and demonstrated that urokinase-type proenzyme-acti-
vating receptor (UPAR) was highly expressed in senescent cells
both in vivo and in vitro. Of note, a soluble uPAR (suPAR) that
lacked the transmembrane region was shown to be a component
secreted during the SASP response. The presence of suPAR is
a hallmark of several chronic diseases, including diabetes and
nephropathy. Subsequently, the investigators designed CAR-T
cells targeting uPAR, and tested these in mouse models of
several aging-associated diseases, including cancer and liver
fibrosis. It was found that CAR-T cell therapy targeting uPAR
led to the elimination of senescent cells in mouse models of
liver and lung cancer. Similarly, CAR-T cell therapy improved
the survival rate in a mouse model of lung cancer when used in
association with a drug previously shown to induce senescence
in this cancer type (Navitoclax).

As research has progressed in this area, Childs et al (52)
subsequently demonstrated that a series of drugs can be
targeted to induce the death of senescent cells, although they
exert minimal effects on non-senescent cells; these drugs
have been termed ‘senolytics’, and they have been used to
remove senescent cells from the human body. A number of
senolytic drugs have been successively developed, such as
dasatinib, mistletoe extracts, navitoclax (ABT263), piperine,
phenanthrone, A1331852 and A1155463, and numerous other
drugs are undergoing clinical studies and are expected to
be successively applied in the future (53,54) (https://clini-
caltrials.gov/ct2/results?pg=1&load=cart&id=NCT04063124).
Jeon et al (55) collected chondrocyte samples from patients
with severe osteoarthritis and cultured 3D-stereoscopic carti-
lage tissue models in vitro, and their results revealed that the
drug under investigation, UBX0101, was able to both selec-
tively remove senescent cells from the joints and effectively
prevent the generation and development of osteoarthritis. The
results of an interim report of a clinical trial for the treatment
of dysfunction in diabetic patients with chronic kidney disease
indicated that the use of dasatinib and quercetin in combina-
tion chemotherapy removed senescent cells from tissues,
delayed physical dysfunction and reduced inflammatory cyto-
kine secretion associated with human aging (48). Similarly,
another study (56) featuring a clinical trial study conducted on
a small group of patients with pulmonary fibrosis revealed that
dasatinib and quercetin selectively removed senescent cells to
treat idiopathic pulmonary fibrosis. Clinical trials of another
senolytic drug, UBX1967, for the treatment of ocular diseases
in the elderly are also advancing (57).

5. Conclusion

As the understanding of cell aging gradually develops, and
the mechanisms underlying the etiology of aging-associated
diseases are better understood, researchers will also better
understand the pathogenesis of aging-associated diseases,
and this knowledge should provide novel therapeutic targets,
giving rise to novel therapeutic approaches in the treatment of
aging-associated diseases.
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