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Abstract. Senescent cells are known to secrete proteins, 
including inflammatory cytokines and damage‑associated 
molecular patterns. This phenomenon is known as the 
senescence‑associated secretory phenotype (SASP). SASP in 
cancer stromal fibroblasts is involved in cancer growth and 
progression. Conversely, metformin, an antidiabetic drug, has 
been reported to inhibit SASP induction by inhibiting the acti‑
vation of NF‑κB, a regulator of SASP. To date, at least to the 
best of our knowledge, there have been no reports regarding 
cellular senescence in fibroblasts and tumor progression via 
the SASP‑mediated paracrine pathway. The present study 
thus aimed to elucidate the induction mechanisms of SASP 
in radiation‑induced fibroblasts and to determine its effects on 
cancer progression via the paracrine pathway. Furthermore, 
the present study aimed to determine whether controlling 

SASP using metformin suppresses cancer progression. A 
well‑differentiated esophageal cancer cell line established by 
the authors' department and fibroblasts isolated and cultured 
from the non‑cancerous esophageal mucosa of resected esoph‑
ageal cancer cases were used for the experiments. Fibroblasts 
were irradiated with 8 Gy radiation, and the changes in the 
expression of the senescence markers, SA‑β‑gal, p21, p16 and 
NF‑κB were evaluated using immunofluorescent staining and 
western blot analysis in the presence or absence of metformin 
treatment. The culture supernatants of irradiated fibroblasts 
treated with metformin and those treated without metformin 
were collected and added to the cancer cells to evaluate their 
proliferative, invasive and migratory abilities. Vimentin 
and E‑cadherin expression levels were also evaluated using 
immunofluorescent staining and western blot analysis. 
The expression levels of p16, p21 and NF‑κB in irradiated 
fibroblasts were attenuated by treatment with metformin. 
Supernatants collected from irradiated fibroblasts exhibited 
the proliferative activity of esophageal cancer cells, and the 
promotion of migratory and invasion abilities, which may be 
due to epithelial‑mesenchymal transition and changes in cell 
morphology. These reactions were confirmed to be suppressed 
by the addition of the supernatant of cultured fibroblasts 
pre‑treated with metformin. On the whole, the present study 
demonstrates that fibroblasts in the cancer stroma may be 
involved in tumor progression through cellular senescence.

Introduction

Esophageal cancer, the sixth leading cause of cancer‑related 
mortality worldwide, poses a significant health concern. 
Esophageal squamous cell carcinoma (ESCC) and esophageal 
adenocarcinoma, which are the two major subtypes of esopha‑
geal cancer, are epidemiologically and biologically distinct. 
ESCC is particularly prevalent in populous Asian regions with 
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a weak alcohol reductase and acetaldehyde reductase expres‑
sion, and accounts for ~90% of all esophageal cancer cases (1). 
Additionally, esophageal cancer is known to be one of the solid 
cancers with a very poor prognosis despite multidisciplinary 
treatment. This is due to malnutrition associated with the 
cancerous stenosis of the esophageal lumen, metastases to 
distant organs and lymph nodes, and its invasiveness to other 
organs around the esophagus (2).

In cases of esophageal cancer progression, not only cancer 
cells, but also the tumor microenvironment constructed 
from the extracellular matrix, fibroblasts, immune cells, 
blood vessels, cytokines and chemokines, and exosomes, 
are considered to play a critical role. Each of these factors 
greatly contributes to cancer cell proliferation, invasiveness 
and metastatic potential, and the fibrosis of the cancer stroma. 
In particular, investigating the roles and mechanisms of 
cancer‑associated fibroblasts (CAFs), which are intratumoral 
fibroblasts, in the cancer microenvironment is necessary to 
elucidate the pathology and develop new therapeutic methods.

Cellular senescence has been reported to be involved 
in cancer growth and progression (3). Cellular senescence, 
along with apoptosis, is considered a major pathway of cancer 
suppression. The senescence‑associated secretory phenotype 
(SASP), which indicates the secretion of inflammatory cyto‑
kines [interleukin (IL)‑6, IL‑1, IL‑8, TNF‑α, and INF‑γ], 
chemokines [growth‑regulated protein (GRO)‑α, C‑X‑C motif 
chemokine ligand (CXCL), CC chemokine ligand], extracel‑
lular matrix remodeling factors [matrix metalloproteases 
(MMPs) and so on] and growth factors (hepatocyte growth 
factor, platelet‑derived growth factor AA, fibroblast growth 
factor, epidermal growth factor and vesicular endothelial 
growth factor) secreted from senescent CAFs, is a key factor 
affecting the fibrosis of the cancer stroma, cancer a paracrine 
mechanism which induces migration and invasiveness in 
the epithelial mesenchyme, a hallmark of malignancy  (1). 
Senescent stromal cells also secrete membrane cofactor 
protein, colony‑stimulating factor, macrophage inflammatory 
protein, GRO and CXCL, and may have an amplification 
activation loop to replenish inflammatory and immune cells 
that also secrete pro‑angiogenic factors (vascular endothelial 
growth factor, IL‑8 and MMPs) (3). In fibroblasts surrounding 
ovarian cancer, the chemokine GRO‑1 has been reported to 
induce fibroblast senescence via the RAS signaling pathway, 
which in turn contributes to ovarian tumorigenesis (4). SASP 
is among the homeostatic mechanisms inherent in cells to 
prevent carcinogenesis. In this phenomenon, cells undergo 
irreversible cell cycle arrest by DNA damage, such as telomere 
shortening and oncogene activation (5).

Unlike apoptosis, senescent cells are considered to survive 
for a long period of time without immediately dying. In the 
mechanism of tissue repair, progenitor cells and fibroblasts 
undergo cellular senescence in the body (6). The process of 
cellular senescence is as follows: Telomere shortening due 
to mitotic lifespan and accumulation of DNA damage due 
to external stress induce the activation of growth inhibitory 
factors, including the p53‑p21 and p16 pathways. RB protein is 
constitutively activated by the induction of the CDK inhibitors, 
p21 and p16. RB protein activation inhibits the transcriptional 
activity of E2F, a transcription factor required for the transition 
from the G1 phase to the S phase, resulting in cell cycle arrest 

and cellular senescence. p16 binds to CDK4/6 and p21 binds to 
CDK2. This results in complete RB activation, which alone, is 
insufficient (7‑9). Several factors alter the expression of genes 
encoding the SASP factors. In particular, C/EBPβ and NF‑κB 
are considered major factors. Although cellular senescence 
is considered to be involved in tissue repair and immune cell 
migration, it is also considered to be involved in the promotion 
of carcinogenesis and the development of age‑related diseases 
through the action of SASP (1).

Conversely, it has become clear that epithelial‑mesenchymal 
transition (EMT) is involved in the metastasis and invasion 
of esophageal cancer  (10). In the EMT process, epithelial 
cells lose their cell polarity and cell adhesion function with 
surrounding cells by responding to intracellular and extra‑
cellular signaling pathways (11). EMT is induced by several 
transcription factors and cytokines, including transforming 
growth factor‑β (TGF‑β) and cell growth factors, increasing 
the expression of these transcription factors and inducing 
EMT (12,13). These SASP‑associated factors are considered 
to promote tumor growth by inducing EMT (3,14).

As a drug affecting SASP, rapamycin suppresses SASP 
expression by repressing NF‑κB activation through the inhibi‑
tion of IL‑1α translation by mammalian target of rapamycin 
(mTOR)C1  (15). Additionally, metformin, which is used 
widely as an antidiabetic drug, has been reported to inhibit 
mTOR. The inhibition of the mTOR and Stat3 pathways by 
metformin suppresses the action of SASP (16).

Controlling the induction of SASP from senescent fibro‑
blasts in cancer tissues suppresses the paracrine effects on 
cancer cells; however, the details of this mechanism remain 
unclear. The present study aimed to elucidate the in vitro 
SASP‑mediated interactions between ESCC cells and radia‑
tion‑induced senescent CAFs in the tumor microenvironment. 
Additionally, the present study aimed to determine the effect 
of preventing cancer progression through the regulation of 
SASP by drug repositioning using metformin.

Materials and methods

Ethics approval. The present study was approved by the 
Institutional Review Board of Kanazawa University (study 
no. 2016‑463). Written informed consent was obtained from 
all patients for the use of surgically resected specimens.

Cell line and cell culture. The human ESCC cell line, KES, 
has been previously established in the authors' laboratory 
from endoscopic biopsy specimens obtained from a patient 
carrying a well‑differentiated ESCC (17). KES cells were 
cultured in RPMI‑1640 (Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with 10% heat‑inactivated fetal bovine 
serum (FBS; Nichirei Biosciences Inc.), 100 IU/ml penicillin, 
100 µg/ml streptomycin (Thermo Fisher Scientific, Inc.), and 
2‑mM glutamine (Nissui Pharmaceutical Co. Ltd.) at 37˚C 
with 5% CO2.

Establishment of the fibroblast cell line. Normal esophageal 
mucosae were collected from surgically resected specimens 
from patients with advanced‑stage esophageal cancer. The 
fibroblasts were separated and cultured using the following 
method: i)  Tissues were washed with serum‑free DMEM 
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(FUJIFILM Wako Pure Chemical) containing 200  µg/ml 
kanamycin (Meiji Seika Pharma Co., Ltd.) and 10 µg/ml ampho‑
tericin B (Bristol‑Myers Squibb) three times; ii) tissues were 
cut into 3‑5 mm square sections, which were placed on 200 µl 
BD Matrigel Matrix (BD Biosciences) in a 12‑well plate; iii) to 
prevent the small tissues from moving in each well, the tissues 
were covered with a sterilized 15‑mm round cover glass and 
cultured with DMEM containing 10% FBS (Gibco; Thermo 
Fisher Scientific, Inc.), 50 µg/ml kanamycin (Meiji Seika 
Pharma Co., Ltd.) and 2.5 µg/ml amphotericin B at 37˚C in 
a humidified atmosphere; i) the medium was changed every 
other day until the tissues were surrounded by adherent fibro‑
blasts; and v) when the fibroblasts reached 30‑50% confluency, 
they were harvested with 0.25% trypsin and 1‑mM EDTA and 
then re‑plated in a T25 culture flask.

Reagents and antibodies. Metformin was purchased from 
FUJIFILM Wako Pure Chemical and was dissolved in 
phosphate‑buffered saline at a stock concentration of 100 mM 
and stored at ‑20˚C. The reagents and primary antibodies used 
are listed in Table I.

Irradiation of fibroblasts. Cultures were irradiated using an 
MBR‑1520R‑3 (Hitachi Medical Corporation), with a power 
output of 125 kV and 20 mA. Forward‑scattered radiation with 
0.5 mm Al and 0.2 mm Cu filters were used. Normal fibroblasts 
were irradiated with a single X‑ray dose at 4, 8 and 10 Gy. In 
subsequent experiments, the fibroblasts irradiated with 8 Gy 
and cultured for 5‑8 days (IR+FB) were used as senescent cells, 
and non‑irradiated fibroblasts within 2‑5 passages (IR‑FB) 
were used as normal fibroblasts.

Assessment of cellular senescence in irradiated fibroblasts 
using SA‑β‑gal staining. SA‑β‑gal staining was used to count 
the number of senescent cells in each condition after 4, 8 and 
10 days (Fig. S1). The cells were stained with SA‑β‑Gal using 
the senescence kit (OZ Bioscience) according to the manu‑
facturer's protocol. The cells were incubated with staining 
solution at 37˚C overnight, and SA‑β‑Gal‑positive cells were 
counted. The number of dead and viable cells was measured 
using an EVE automatic cell counter (AR Brown Co., Ltd.). 
Using this result, the radiation dose and number of days 
after irradiation required for senescence were determined. A 
microscope (BX‑50, Olympus Corporation) was used for cell 
observation.

The irradiated fibroblasts were supplemented with 5 mM 
metformin for the following defined periods: i) The control 
(no addition); and ii) 8 days after irradiation. A total of 5 mM 
metformin was added to the non‑irradiated fibroblasts. In the 
irradiated fibroblast group, irradiation was performed at 72 h 
after fibroblast seeding. In each group, the number of surviving 
cells and percentage of cells positive for SA‑β‑gal staining at 
11 days after seeding were determined.

Collection of fibroblast culture supernatant. IR+FB and 
IR‑FB were each cultured in a confluent state in a six‑well 
plate. The medium was replaced (RPMI‑1640 + 10% FBS ± 
5 mM metformin) and cultured at 37˚C with 5% CO2 for 48 h. 
The medium was replaced with serum‑free RPMI‑1640 and 
cultured at 37˚C with 5% CO2 for 24 h. The culture medium was 

recovered, centrifuged at a temperature of 4˚C at 358.08 x g 
for 10 min, and the supernatants were obtained, which were 
as follows: i) IR‑FB with metformin (IR‑Met+FB); ii) IR‑FB 
without metformin (IR‑Met‑FB); iii) IR+FB with metformin 
(IR+Met+FB); and iv) IR+FB without metformin (IR+Met‑FB). 
The harvested culture supernatant was added to the KES cells 
and cell proliferation, migration and invasion, and the promo‑
tion of EMT were evaluated using immunocytochemistry, 
western blot analysis, cell proliferation assay, scratch wound 
assay and Matrigel invasion assay.

Immunocytochemistry. KES cells were cultured on Lab‑Tec 
chamber slides (Nalge Nunc International Corporation). The 
cells were cultured in a serum‑free medium for 24 h and then 
incubated with supernatant separated from the fibroblasts for 
48 h. The cells were blocked with 1.5% bovine serum albumin 
and incubated with a mouse mono‑clonal antibody against 
vimentin (sc‑6260, 1:100 dilution; Santa Cruz Biotechnology 
Inc.) or a rabbit poly‑clonal antibody against E‑cadherin 
(sc‑7870, 1:100 dilution; Santa Cruz Biotechnology, Inc.) 
and mouse monoclonal antibody against β‑catenin (A5441, 
1:100 dilution; Santa Cruz Biotechnology Inc.) overnight at 
a temperature of at 4˚C. Immunoreactivity was visualized 
by incubating the cells with anti‑rabbit IgG conjugated with 
Alexa Fluor 488 (A11008) or 594 (A11012) (Molecular Probes; 
Thermo Fisher Scientific, Inc.) for 1 h at 26˚C. The cells were 
counterstained with bisbenzimide (Hoechst 33258, 100 ng/ml; 
MilliporeSigma) to visualize the nuclei. Finally, the cells 
were examined under an immunofluorescence microscope 
(BX50/BX‑FLA, Olympus Corporation).

Western blot analysis. KES cells were cultured in a 
serum‑free medium for 24 h and then incubated with super‑
natant separated from fibroblasts for 72 h. IR+FB and IR‑FB 
were each cultured in a serum‑free medium for 24 h and then 
incubated at 37˚C with various concentrations (0‑10 mM) of 
metformin for 5 days. First, cells were lysed in RIPA buffer 
(Wako Pure Chemical Industries, Ltd.) containing a protease 
and phosphatase inhibitor cocktail (MilliporeSigma). The 
protein concentration of each sample was measured using a 
BCA protein assay kit (Thermo Fisher Scientific, Inc.). The 
cell lysates were prepared in denatured sodium dodecyl sulfate 
(SDS) sample buffer and subjected to SDS‑polyacrylamide gel 
electrophoresis. The proteins (20 µg) from each sample were 
loaded on a 10% polyacrylamide gel (Bio‑Rad Laboratories, 
Inc.). The separated proteins were transferred to a polyvinyli‑
dene difluoride (PVDF) membrane (Bio‑Rad Laboratories, 
Inc.) and blocked with a commercial gradient buffer (PVDF 
blocking reagent; Can Get Signal, Toyobo Life Science) for 
1 h at 26˚C. The membranes were incubated with the primary 
antibody overnight at 4˚C. The primary antibodies used 
are listed in Table  I. After washing, the membranes were 
incubated with horseradish peroxidase‑labeled anti‑mouse 
(NA931) or anti‑rabbit IgG (NA934) (1:10,000 dilution; 
Cytiva) or anti‑goat IgG (sc‑2354, 1:10,000 dilution; Santa 
Cruz Biotechnology, Inc.) for 1 h at 26˚C. Antibody‑antigen 
complexes were detected using the ECL Plus Kit (Cytiva) and 
the Light Capture System (Atto Co., Ltd.). The intensity of the 
protein bands was quantified using ImageJ software ver 1.51k 
(National Institutes of Health).

https://www.spandidos-publications.com/10.3892/or.2024.8788
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Cell proliferation assay. The proliferation of fibroblasts 
or KES cell was determined using a 3‑(4,5‑dimethyl‑
thiazol‑2‑yl)-2,5-diphenyl tetrazolium bromide (MTT; 
MilliporeSigmah) assays. The cells were seeded in a 
96‑well culture plate at a density of 4x103 cells/200 µl/well 
and incubated for 24 h at 37˚C to confirm cell colonization. 
In the experiments with fibroblasts, fibroblasts were treated 
with various concentrations (0.1‑10 mM) of metformin for 
48 and 72 h. In the experiments with KES cells, the KES 
cells were cultured in a serum‑free medium for 24 h. The 
KES cells were then incubated with supernatants separated 
from the fibroblasts at various concentrations for 24, 48 and 
72 h. The medium was removed and crystallized formazan 
dye in the cells was solubilized by addition of dimethyl 
sulfoxide. The absorbance was measured at 535 nm and 
the effect on cell proliferation in proportion to the control 
was investigated by comparing the cell density of the 
drug‑treated cells with that of the untreated controls. In 
experiments with fibroblasts, the MTT assay was used to 
evaluate the toxicity of metformin on cells and to determine 
the metformin concentration to be used. All experiments 
were repeated at least three times.

Scratch wound assay. The scratch wound assay was used for 
the assessment of the migratory ability of the cancer cells. 
The KES cells were seeded in six‑well plates at a density of 
1.2x105 and incubated overnight at 37˚C until reaching conflu‑
ency (100%). The cells were scratched with a 1,000‑µl pipette 
tip and washed twice with serum‑free RPMI‑1640 to remove 
the exfoliated cells. The medium was then replaced with the 
respective supernatants prepared. Wound closure rates were 
assessed and images were obtained after 24, 48, and 72 h. 
Each value was derived from three fixed points. A microscope 
(BX‑50, Olympus Corporation) was used for cell observation.

Matrigel invasion assay. The Matrigel invasion assay was used 
to examine the invasiveness of the cancer cells. The KES cells 
were cultured in RPMI‑1640 medium without FBS for 24 h. 
The cells were collected by trypsinization and resuspended 
in a serum‑free medium at 1x105 cells/ml. Altogether, 2.5x104 
KES cells were cultured in the upper chamber of a 24‑well 
Transwell insert (Corning Life Sciences) that was coated 
with 50 µl Matrigel (1:10 dilution in serum‑free medium; BD 

Biosciences). IR+FB or IR‑FB with RPMI‑1640 with or without 
5 mM metformin were added to the lower chamber. The cells 
were incubated at 37˚C for 24  h. The cells that migrated 
through the Matrigel and membranes with a pore size of 
8 µm were fixed in 100% methanol (FUJIFILM Wako Pure 
Chemical) for 1 min, stained with by hematoxylin (FUJIFILM 
Wako Pure Chemical) for 2 min at 26˚C and counted under 
an optical microscope (BX‑50, Olympus Corporation). All 
experiments were carried out with three repetitions.

Statistical analysis. The data were analyzed using two‑way 
ANOVA followed by the Bonferroni post hoc test, one‑way 
ANOVA followed by Tukey's post hoc test, and repeated 
measures two‑way ANOVA followed by the Bonferroni 
post hoc test as appropriate. The results are expressed as the 
mean ± standard deviation. All analyses were performed using 
SPSS software (IBM Statistics ver. 25; IBM Corp.). A value 
of P<0.05 was considered to indicate a statistically significant 
difference.

Figure 1. Transition of the number of SA‑β gal‑positive fibroblasts that 
received irradiation. Fibroblasts were irradiated with a single dose of radia‑
tion, and the number of cells positive for SA‑β‑gal staining on days 4, 8 and 
10 was counted. In the groups receiving irradiation of 8 and 10 Gy, ≥50% 
of the cells were positive in SA‑β‑gal staining after the irradiation of 8 and 
10 days. *P<0.05, day 4 vs. day 8 and day 4 vs. day 10.

Table I. Primary antibodies used for western blot analysis.

Primary antibody	 Supplier	 Clonality	 Cat. no.	 Isotype	 Dilution

Anti‑ATM	 Abcam	 2C1(1A1)	 ab78	 Mouse monoclonal IgG	 1:2,000
Anti‑C/EBPβ	 Santa Cruz Biotechnology, Inc.	 H‑7	 sc‑7962	 Mouse monoclonal IgG	 1:200
Anti‑NF‑κB	 Abcam	 P65	 ab16502	 Rabbit polyclonal IgG	 1:1,000
Anti‑p21	 Abcam	 EPR362	 ab109520	 Rabbit monoclonal IgG	 1:1,000
Anti‑CDKN2A/p16INK4a	 Abcam	 EPR1473	 ab108349	 Rabbit monoclonal IgG	 1:2,000
Anti‑β‑actin	 MilliporeSigma	 AC‑15	 A5441	 Mouse monoclonal IgG	 1:10,000
Anti‑E‑cadherin	 Santa Cruz Biotechnology, Inc.	 H‑108	 sc‑7870	 Rabbit polyclonal IgG	 1:2,000
Anti‑N‑cadherin	 Santa Cruz Biotechnology, Inc.	 H‑63	 sc‑7939	 Rabbit polyclonal IgG	 1:1,000
Anti‑vimentin	 Santa Cruz Biotechnology, Inc.	 V9	 sc‑6260	 Mouse monoclonal IgG	 1:2,000



ONCOLOGY REPORTS  52:  129,  2024 5

Results

Induction of cellular senescence of fibroblasts by radia‑
tion. Normal fibroblasts were exposed to various doses 
of radiation, and SA‑β‑gal staining was used over time to 
confirm whether cellular senescence occurred (Fig. S1). 
With 4 Gy irradiation, 50% of the cells were not stained in 
any time period. After 8 days of 8 Gy irradiation, >50% of 
the cells exhibited positivity for SA‑β‑gal staining (Fig. 1). 
In the subsequent experiments, fibroblasts that had been 
irradiated with 8 Gy for 5‑8 days were used as senescent 
cells.

Cytotoxicity of metformin to fibroblasts. The present study 
examined the effects of metformin on the proliferation of 
fibroblasts using MTT assay. Metformin loading did not 
significantly inhibit cell proliferation at any concentra‑
tion used, with or without irradiation (Fig. 2). Subsequent 
experiments were performed using a dilution of 5  mM 
metformin.

Effects of metformin on cellular senescence. The irradiation 
of fibroblasts was found to induce a decrease in the number 
of viable cells and cellular senescence. The treatment of irra‑
diated fibroblasts with metformin decreased the number of 
viable cells to 57.3% (P=0.02) and increased the proportion of 
senescent cells to 68.4% (P<0.001) (Fig. 3).

Various concentrations of metformin were added to the 
irradiated fibroblasts and specific proteins were evaluated by 
performing western blot analysis. Loading higher metformin 
concentrations tended to suppress the expression of NF‑κB, 
which is responsible for major signaling that stimulates the 
expression of SASP, whereas the expression of anti‑p21, a 
senescence marker, was enhanced (Fig. 4).

Metformin suppresses irradiation‑induced SASP secretion. 
The present study investigated the effects of SASP factors 
secreted by irradiated fibroblasts on cancer. The present study 

also investigated the effects of the addition of metformin to 
fibroblasts on SASP secretion. As illustrated in Figs. 5‑8, 
the esophageal cancer cells cultured with the supernatant 
obtained from the irradiated fibroblasts exhibited cell prolif‑
eration (Fig. 5), migratory ability (Fig. 6) and invasiveness 
(Fig. 7), and EMT was promoted (Fig. 8). When the fibro‑
blasts were cultured in the supernatant from the irradiated 
fibroblasts pre‑treated with metformin, there was no effect 
on the migratory ability of the cancer cells; however, the 
proliferative ability, invasiveness and EMT were confirmed 
to be suppressed.

Figure 2. Effects of metformin treatment on the proliferation of fibroblasts. In the MTT assay, significant inhibitory effects on cell proliferation were not 
observed in the (A) non‑irradiated (IR‑FB) or (B) irradiated (IR+FB) fibroblasts pre‑treated with any concentration of metformin. Henceforth, the metformin 
concentration used in the experiments was 5 mM, which did not cause cytotoxicity.

Figure 3. Effects of irradiation and metformin on the viability and senes‑
cence of fibroblasts. Irradiation increased the SA‑β‑gal‑positive rate of 
fibroblasts. Metformin pre‑treatment for 8 days following irradiation (Post) 
induced a decrease in cell viability and an increase in the SA‑β‑gal positivity 
rate as compared to the control group. Particularly, a significant increase in 
the SA‑β‑gal positivity rate (control group, 46.2%; metformin group, 68.4%; 
P=0.03) was observed in the fibroblasts treated with metformin for 8 days 
after irradiation. The cell numbers were quantified by counting the positive 
cells/HPF in 10 randomly selected non‑overlapping HPFs (100x). *P<0.05, 
significant difference of cell viability; **P<0.05 significant difference in the 
SA‑β‑gal positive rate. ‘Post’ indicates Metformin pre‑treatment for 8 days 
following irradiation. HPF, high power field.

https://www.spandidos-publications.com/10.3892/or.2024.8788
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Discussion

The aim of the present study was to clarify the role of 
SASP‑mediated interactions between the ESCC cells and radi‑
ation‑induced senescent CAFs and to examine the effects of 
preventing cancer progression through the regulation of SASP 
by metformin. In the present study, the irradiation of fibroblasts 
induced cellular senescence and subsequent SASP secretion. 
Moreover, metformin inhibited the radiation‑induced cellular 
senescence and subsequent SASP in the cell lines and ESCC 
progression via the activation of EMT.

It is clinically important to perform chemotherapy or 
radiotherapy to control the primary lesions, metastasis, 
and circulating tumor cells in the blood to treat cancer and 
improve disease prognosis. Contrarily, in recent years, cellular 
senescence has attracted attention as a reaction induced by 
DNA damage that causes carcinogenesis, including the short‑
ening of telomeres and activation of oncogenes, in contrast to 
apoptosis, which has long been known as a cancer‑suppressing 
mechanism (7‑9). In the SASP state, senescent cells secrete 
inflammatory cytokines, such as IL‑6 and IL‑1, chemokines, 
such as IL‑8 and CXCL, and proteins, such as MMPs and 

Figure 4. Effects of metformin on the senescence of irradiated fibroblasts. (A) A total of 0‑10 mM metformin was added to the irradiated fibroblasts and 
cultured for 5 days. The expression of each senescence‑associated marker was examined using western blot analysis. The attenuation of NF‑κB expression 
and the increase in p21 expression in a concentration‑dependent manner of metformin are shown. No changes were observed in the expression of anti‑ATM, 
anti‑C/EBPβ and anti‑CDKN2A/p16INK4a despite the addition of metformin. Fibroblasts at 5 days post‑irradiation were used. In a similar experiment using 
fibroblasts at 8 days post‑irradiation, anti‑CDKN2A/p16INK4a and p21 were not expressed (data not shown). (B) Densitometric analysis; band densities for 
each antibody were normalized to β‑actin.
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various growth factors  (1‑3). Some fundamental studies 
have reported that SASP is deeply involved in cancer 
progression through the paracrine action in cancer tissues 
caused by SASP (1,2,18). Additionally, the administration 
of anticancer drugs or irradiation, which are major means 
of treatment for esophageal cancer, also causes cellular 
senescence in normal cells including fibroblasts in the host. 
Hernandez‑Segura et al (19) reported that cellular senescence 
occurred in benign cells due to irradiation. This is considered 
to play a critical role in further cancer progression and the 
acquisition of treatment resistance.

The present study investigated whether cellular senescence 
occurs in fibroblasts isolated and cultured from resected human 
esophageal cancer tissues. A time‑dependent increase was 
observed in the positive counts in SA‑β gal staining following 
a single dose of radiation. Additionally, an expression of 
increased p16 and p21 was observed, which comprehensively 
supports the occurrence of cellular senescence in fibroblasts. 
In the experimental results presented in Fig. 4, p21 expres‑
sion was not observed in fibroblasts at day 8 (data not shown) 
following irradiation; thus, those at day 5 following irradia‑
tion were used. The reason for this is that once activated, p16 
and p21 are inactivated during the aging process (9), and the 
measurement on day 8 may have been made at a time when 
they were inactivated. Another possibility is that there may 
have been a procedural error.

The expression of Lys53 (Ac‑p382) and acetylated p21 at 
p53 has been shown to be increased in hepatocellular carci‑
noma following treatment with metformin (20). Metformin 
also enhanced the expression of p21, a senescence marker 
in a concentration‑dependent manner. Moreover, irradiation 
increased the expression of NF‑κB in fibroblasts and induced 

the transcriptional enhancement of IL‑1, IL‑2, IL‑6, IL‑8, 
IL‑12 and TNF‑α, among others. The irradiation also 
promoted SASP‑induced cytokine secretion (21). Contrarily, 
p53 functions suppressively in the induction of SASP and 
the upregulation of p16, and it has been reported that the 
expression of the F‑box protein gene, known as FBXO22, is 
specifically induced among the genes specifically expressed in 
senescent cells (22).

Low‑dose metformin also induces p53‑dependent senes‑
cence in hepatoma cells by activating AMPK signaling (20). 
The data of the present study also suggested metformin‑induced 
fibroblast senescence. Therefore, it was expected that the 
administration of metformin in addition to irradiation would 
further induce cellular senescence. However, the percentage 
of senescent cells increased, although the number of viable 
cells decreased. The present study was not able to examine in 
detail how metformin acts on the target cells. Studies to date 
have revealed a variety of effects of metformin. Metformin 
activates AMPK by increasing intracellular AMP concentra‑
tions (23). This acts on energy metabolism and inhibits cell 
proliferation. It has also been shown to inhibit the progression 
of the cell cycle from G1 to S phase by decreasing the level of 
cyclin D1 (24). It is considered that these factors contribute to 
the decreased survival rate.

Whether DNA damage induces apoptosis or cellular senes‑
cence is dependent on the amount of stress present. Excessive 
stress was considered to induce increased apoptosis beyond 
cellular senescence. Recently, several genes controlling these 
factors have been reported (25).

In the experimental results presented in Figs. 2 and 3, 
fibroblasts were used 5‑8 days following irradiation and 72 h 
following treatment with metformin in the MTT assay as the 
cause of the difference in the number of viable cells. In the 
cell count experiment, metformin was administered for 8 days 
immediately following irradiation. Thus, the decrease in cell 
number may be due to spontaneous cell dropout over time or 
increased cell death due to excessive DNA stress from radia‑
tion and metformin. As a limitation, however, this hypothesis 
was not experimentally proven in the present study and is an 
issue for the future.

For controlling cancer, not only the proliferative activity 
of cancer cells themselves, but also the metastatic ability, 
invasiveness, fibrogenesis of cancer stroma, and overcoming 
treatment resistance are considered critical. The fibroblasts 
of the host are induced into the tumor tissue by microen‑
vironment changes caused by growth factors and cytokines 
secreted by autocrine or paracrine manners from tumor cells 
and CAFs in and around the cancer stroma. Induced CAFs 
generate extracellular matrices, such as hyaluronic acid 
and collagen, which accelerate tumor growth and stromal 
fibrosis  (26). SASP factors do not only promote tumor 
cell proliferation, but also have synergistic effects on the 
induction of EMT and stromal fibrosis. Okamoto et al (13) 
previously reported that the interaction between CAFs, 
including hepatic stellate cells and myofibroblasts, and 
cholangiocarcinoma cells promotes cancer cell proliferation 
and EMT through the function of angiotensin II, stromal 
derived factor‑1 and TGF‑β derived from activated CAFs, 
which is deeply involved in cancer progression, metastasis 
and the invasiveness of cholangiocarcinoma. Additionally, 

Figure 5. Effect of fibroblast culture supernatant and metformin on the 
proliferation of KES cells. The IR+FB culture supernatant was diluted to each 
concentration (0, 20, 40, 60 and 80%) and used as the KES culture medium. 
The addition of the culture supernatant of IR+FB enhanced the proliferative 
ability according to the concentration gradient after 72 h. By contrast, the 
addition of metformin suppressed the cell proliferative ability, which was 
activated by the addition of IR+FB supernatant. *P<0.01 and **P<0.05. IR+FB, 
irradiated fibroblasts; IR‑FB, non‑irradiated fibroblasts; IR+Met+FB, irradi‑
ated fibroblasts treated with metformin.
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Figure 6. The effect of fibroblast culture supernatant and metformin on the migration ability of KES. (A) Representative image of migration assay (scratch 
wound assay). Cell monolayers were scratched with a 1,000‑µl pipette tip and after washing, the medium was replaced with the respective supernatant. Images 
were obtained after 24, 48 and 72 h. (B) In the scratch wound assay, significant differences (*P<0.001) were observed between the control vs. the IR+FB, control 
vs. IR+Met+FB, IR‑FB vs. IR+FB, and IR‑FB vs. IR+Met+FB groups. The addition of supernatant significantly enhanced the migratory activity of cancer cells. 
However, there was no difference between the IR+FB and IR+Met+FB groups, and the addition of metformin had a minimal effect on migration. Data were 
analyzed by repeated measures two‑way ANOVA followed by the Bonferroni post hoc test. IR+FB, irradiated fibroblasts; IR‑FB, non‑irradiated fibroblasts; 
IR+Met+FB, irradiated fibroblasts treated with metformin.
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abnormally high levels of membrane type 1‑MMP are often 
expressed in the tumor microenvironment. MMP has been 
reported to be highly expressed in senescent fibroblasts (27). 
Membrane type 1‑MMP promotes the EMT of cancer 
cells by degrading the extracellular matrix, invading the 
surrounding tissue, and gaining the ability to form new blood 
vessels (28). Takino et al (29) demonstrated that MT1‑MMP 
inhibited nascent fibronectin assembly by not only cleaving, 
it but also controlling the cell‑matrix adhesions in the close 
proximity of cell‑cell contacts, resulting in the reduction 
of N‑cadherin adhesions and fibronectin matrix assembly. 
Nakayama  et al  (30) conducted fundamental research on 
radiation‑induced EMT in ESCC cells and the EMT inhibi‑
tory effect of metformin through TGF‑β regulation (30). The 
present study demonstrated that the addition of supernatant 
from irradiated fibroblasts to KES cells significantly increased 
the cancer cell proliferation, invasive and migratory abilities, 
and EMT marker activation. This result supports the findings 
that CAF‑derived inflammatory cytokines and chemokines 
in the SASP state‑induced EMT and the CAF‑mediated para‑
crine action synergistically have a significant effect on cancer 
cell activation (14). In the experimental results presented in 
Fig. 7, the results of Matrigel assay revealed the promotion of 
cancer cell invasion by irradiated fibroblasts and its suppres‑
sion by metformin. However, there was a large variation in 
the number of invading cells in the IR+Met‑FB group. The 
possible reasons for this event were that the cancer cells did 
not adhere uniformly or were not distributed uniformly due 
to a partial lack of Matrigel.

In solid malignant tumors, the fibrous tissue development 
in the cancer stroma inhibits the development of peripheral 
blood vessels and the distribution of anticancer drugs to the 
cancer cells, which can be among the causes of anticancer 
drug resistance. To the best of our knowledge, there has been 
no basic research on the mechanisms of cancer progression, 
fibrosis and treatment resistance through cellular senescence 
in fibroblasts coexisting in cancer tissues, and their influence 
on the cancer microenvironment via SASP in esophageal 
cancer, which is among the refractory solid tumors.

Metformin exerts antitumor effects by inhibiting mTORC1 
through AMPK activation  (31). Metformin also inhibits 
NF‑κB via mTOR (32). Additionally, metformin inhibits ROS 
production in senescent cells (33), and mitochondrial reac‑
tive oxygen species are involved in NF‑κB activation (34,35). 
Metformin inhibits IKKα/β kinases, but not p38 MAPK. Since 
these pathways are downstream of TGF‑β‑activated kinase 1 
(TAK1), they are considered to interfere only with the IKK 
activation pathway. In addition, in a previous study, qPCR 
analysis confirmed that the expression of multiple cytokines 
and chemokines, such as CXCL5, IL‑1b, IL‑6 and IL‑8, was 
inhibited (16).

Several factors have been reported to alter the expres‑
sion of genes encoding SASP factors in the molecular 
mechanisms involved in induction. The present study 
focused on NF‑κB, which is considered to be a major factor, 
with the aim of regulating SASP in senescent fibroblasts. 
NF‑κB is a transcription factor that regulates the gene 
expression of chemokines that bind to CXCR2 (18). Cellular 

Figure 7. Effect of fibroblast culture supernatant and metformin on the invasiveness of KES cells. (A) Representative images of the Matrigel invasion assay. 
(B) The number of cells that invaded he lower surface of the filter was counted. Data are expressed as the mean ± SD of triplicate experiments. Both the IR‑FB 
and IR+FB supernatant groups exhibited an increase in invasive ability as compared to the control group, although this ability was suppressed by the addition 
of metformin. *P<0.01 and **P<0.05. SD, standard deviation. HPF, high power field. IR+FB, irradiated fibroblasts; IR‑FB, non‑irradiated fibroblasts; IR+Met+FB, 
irradiated fibroblasts treated with metformin.
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senescence signals phosphorylate p65 and translocate the 
p65/p50 complex (NF‑κB) into the nucleus. As a result, the 
p65 subunit of NF‑κB functions as a transcription factor 
by binding to the transcriptional regulatory region of the 
SASP gene (36). mTOR is involved in regulating NF‑kB. 
mTOR positively regulates SASP gene expression through 
the NF‑KB pathway by promoting IL‑1a translation (37). 
IL‑1a is a master regulator that acts upstream of many SASP 
factors, including IL‑6 and IL‑8. Furthermore, SASP factors 
induced by IL‑1a expression exhibit paracrine effects on the 

surrounding cells and induce cellular senescence (38,39). 
In the present study, mTORC1 was hypothesized to inhibit 
metformin‑suppressed SASP, resulting in an antitumor 
effect. However, the present study did not examine the 
secretion of SASP, such as IL‑6. Further studies are thus 
required to elucidate this matter.

Clinical studies have reported several beneficial effects 
of metformin in the treatment of cancer. A previous 
retrospective study demonstrated that patients with type 2 
diabetes taking metformin for >4 years had a significantly 

Figure 8. Effect of fibroblast culture supernatant and metformin on the EMT changes of KES. (A) Immunocytochemistry. The addition of the supernatant in 
the IR+FB group enhanced the expression of vimentin and attenuation of E‑cadherin expression as compared to the addition of the supernatant in the control 
and IR‑FB groups. These reactions were suppressed by the addition of metformin. (B) Western blot analysis. The addition of supernatant in the IR+FB group 
enhanced the expression of mesenchymal markers, vimentin and N‑cadherin, and the attenuation of the expression of the epithelial marker, E‑cadherin, as 
compared to the addition of supernatant in the control and IR‑FB groups. These reactions were suppressed by the addition of a supernatant in the cultured 
fibroblasts pretreated with metformin.
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lower incidence of cancer than patients receiving other 
diabetes treatments (40). Additionally, metformin increases 
the pathological response rate following neoadjuvant 
chemotherapy for breast cancer in diabetic patients (41). In 
another study, the administration of metformin to patients 
who had undergone surgery for early‑stage colorectal cancer 
reduced the cancer recurrence by 37% and increased the 
survival rate by 31% (42). Metformin use also reduced the 
risk of mortality in patients with pancreatic cancer by 12%. 
The effect was particularly large in patients with stage I or 
II cancer detected at a relatively early stage, and the risk 
of mortality decreased by 26% (43). All these effects may 
have been the result of antitumor effects, as the secondary 
effects of metformin may have reflected the effect of the 
drug's rearrangement on the cancer cells themselves and 
their microenvironment.

The present study has some limitations. First, the majority 
of in  vitro studies investigating the anticancer effects of 
metformin have used metformin at concentrations of 1‑10 mM 
(165‑1,650 mg/l), which are well below therapeutic plasma 
levels (0.465‑2.5 mg/l or 2.8‑15 µM) (44). The present study 
utilized a high dose of metformin relative to the therapeutic 
plasma level of 5 mM. Second, the present study ensured the 
prevention of the direct effects of metformin on cancer cells by 
avoiding the exposure of ESCC cells to metformin. However, 
the possibility that metformin remained in the supernatant and 
directly affected cancer cells cannot be denied and the serum 
concentration of metformin will affect both fibroblasts and 
cancer cells in vivo. The authors deemed that this experimental 
environment was close to the actual condition in vivo. Third, 
no in vivo experiments were performed herein. This is neces‑
sary for clinical application and is an issue to be addressed 
in the future. Finally, the present study demonstrated only 
the radiation‑induced cellular senescence of fibroblasts and 
events resulting in the paracrine‑style activation of SASP 
factors secreted from them against cancer cells. The detailed 
composition of the SASP factors and the role of each factor 
were shown in the present study, and these are worthy of inves‑
tigation in the future. To date, reports on this mechanism of 
cancer cell activation in esophageal cancer are limited (45,46), 
and the present study is a preliminary experiment for further 
research and the results may prove useful as a mechanism of 
cancer progression.

In conclusion, the present study demonstrated that the 
radiation‑induced cellular senescence of CAFs and subsequent 
SASP secretion induced an increase in cell proliferation, 
migratory and invasive activities, and EMT in cancer cells. 
Moreover, metformin is expected to be effective as a chemical 
modulator and a therapeutic agent of esophageal cancer that 
targets cellular senescence and SASP through a novel mecha‑
nism. The antitumor effect by suppressing radiation‑induced 
SASP is expected to be very promising in future anticancer 
therapy as a drug repositioning.
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