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Abstract: Gastric cancer (GC) is a common cancer world-
wide with high mortality. Sirtuin 1 (SIRT1) and apurinic/
apyrimidinic endodeoxyribonuclease 1 (APE1) are abnor-
mally expressed in GC cells and related to p53, which is
involved in ferroptosis. Thus, we explore the mechanism
via which SIRT1, APE1, and p53 impact ferroptosis in GC
cells. Specifically, GC cells were transfected with small-
interfering RNA for SIRT1 (SiSIRT1) or small-interfering
RNA for APE1 (SiAPE1) or with short-hairpin RNA for p53,
and the cell viability, Fe2+, malondialdehyde (MDA), and
glutathione (GSH) contents were detected by cell counting kit-
8 assay and enzyme-linked immunosorbent assay. Western
blot, immunofluorescence, and quantitative real-time poly-
merase chain reaction were conducted to quantify SIRT1,
APE1, p53, solute carrier family 7 member 11 (SLC7A11), and
glutathione peroxidase 4 (GPX4) levels in GC cells. Silencing
of SIRT1 decreased viability, GSH content, and expressions of
GPX4 and SLC7A11, while increased Fe2+, MDA content, and
p53 expression in GC cells. Such aforementioned effects were
reversed by APE1 overexpression. Also, SiAPE1 generated the
same effects as SiSIRT1 on the above aspects, whichwas offset
by p53 silencing. In short, SIRT1/APE1 promotes the growth of
GC cells by targeting p53 to inhibit ferroptosis.
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1 Introduction

Gastric cancer (GC) is a common malignancy all over the
world with the fourth highest mortality rate [1]. In the
initial stage, GC is mainly treated by surgery; however,
patients after treatment still face risk of complications
without obvious improvement [2]. Unfortunately, most
patients are already in the late stage at first diagnosis,
where the tumor metastases and chemotherapeutic resis-
tance occur [3]. Recently, the programmed cell death
ligand 1 and human epidermal growth factor receptor 2
have been proven to prolong the survival of patients with
GC [4], signifying the feasibility of targeted therapy toward
GC [5]. Thus, further research on the molecular mechan-
isms of GC is conducive to the development of targeted
therapies for GC.

Ferroptosis is a form of non-apoptotic cell death
characterized by iron-dependent lipid peroxidation [6].
Accumulating studies have demonstrated the involve-
ment of ferroptosis in many cancers including GC [7–9].
Accordingly, ferroptosis has been recognized as a novel
therapeutic target to eliminate cancer cells, which is not
limited by chemotherapeutic resistance [10]. Previous
studies have suggested that multiple pathways are impli-
cated in the regulation of ferroptosis, including Nrf2, p53,
and solute carrier family 7 member 11 (SLC7A11) [11]. It
has been reported that p53 knockdown inhibited ferrop-
tosis by regulating SLC7A11 and glutathione peroxidase 4
(GPX4) expressions in osteocytes [12]. In addition, Tan-
shinone IIA induces ferroptosis in GC cells through p53-
mediated downregulation of SLC7A11 [13]. These studies
indicated that p53 indeed mediated ferroptosis in cells.
However, the mechanism via which ferroptosis participates
in the development of GC cells needs further experiment.

Sirtuin 1 (SIRT1) is the founding member of class III
histone deacetylases. In GC, SIRT1 is identified as a
marker for prognosis and is involved in cell proliferation,
cell cycle, autophagy, and drug resistance [14–16]. A pre-
vious study has demonstrated that SIRT1 is lowly expressed
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in GC following the silence of VEGF and causes the upre-
gulation of p53 [17]. Ma et al. [18] also pointed out that SIRT1
could inhibit the ferroptosis-induced cell death through
inhibiting the acetylation and protein levels of p53 in
cardiomyocytes. Furthermore, SIRT1 could facilitate the
development of cancer cells by deacetylating p53 [19].
Nonetheless, the function of SIRT1 and p53 in ferroptosis
of GC has not been reported.

Moreover, it has been reported that SIRT1 silencing
leads to the death of human embryonic stem cells via sup-
pressing apurinic/apyrimidinic endodeoxyribonuclease 1
(APE1), a member of DNA repair enzymes [20]. APE1 is
associated with tumorigenesis and indicates the poor prog-
nosis of patients with GC [21]. Meanwhile, it is involved in
DNA damage response and repair in GC [22]. In addition,
APE1 participates in redox homeostasis, and its overexpres-
sion decreases the reactive oxygen species (ROS) content
[23–25]. Of note, the ROS content is a main characteristic
of ferroptosis [26]. Furthermore, APE1 is negatively regu-
lated by p53, which is a regulatory factor in ferroptosis,
and the interaction between these two boosts the degrada-
tion of p53 [27,28]. In colon cancer cells, the p53-mediated
cell death is activated when the endonuclease activity of
APE1 is retarded [29]. In GC cells, the APE1 expression is
upregulated and APE1 silencing causes the cell death by
inducing DNA damage [30,31]. DNA damage is repaired
by p53, which, however, is hindered by the silencing of
APE1 [32]. As such, APE1 may inhibit ferroptosis to prevent
cell death [23]. It is worthy to fathom out the association
between APE1 with SIRT1 or p53 in the ferroptosis in GC
cells.

In light of this, an in vitro GC model was established
using two GC cell lines in this study aiming to explore the
regulatory network of SIRT1, APE1, and p53 in ferroptosis
of GC cells.

2 Materials and methods

2.1 Cells and culture

Human GC cell lines including SNU-1 (CRL-5971) and AGS
(CRL-1739) were acquired from the American Type Culture
Collection (ATCC, Manassas, VA, USA). These GC cells,
accordingly, were grown in the Rosewell Park Memorial
Institute-1640medium (30-2001, ATCC, USA) supplemented
with 10% fetal bovine serum (S9020; Solarbio, Beijing,
China) and 1% antibiotic/antifungal reagent (B1356-108,
BIOEXPLORER Life Sciences, Boulder, CO, USA) at 37°C

with 5% CO2. According to the cell growth conditions, the
medium was changed every 2 days.

2.2 Cell transfection

The transfection was conducted using Lipofectamine®

3000 (L3000008; Solarbio) according to the manufac-
turer’s instructions. The plasmid overexpressing APE1 was
constructed with pcDNA vector (V38520; Thermo Fisher
Scientific, Inc., Waltham, MA, USA). The empty pcDNA
vector was used as a negative control (NC). Besides, the
small-interfering RNA for SIRT1 (SiSIRT1, 5′-ATGGAGAAACA
TGTTATATATAC-3′), small-interfering RNA for APE1 (SiAPE1,
5′-CGGTATCGATAAGCTTGATATCG-3′), short-hairpin RNA for
p53 (Shp53, 5′-CACCATCCACTACAACTACAT-3′), small-inter-
fering RNA for NC (SiNC; A06001), and short-hairpin RNA
for NC (ShNC; C03002) were designed and constructed by
GenePharma (Shanghai, China).

Subsequently, SiNC, NC, SiSIRT1, SiAPE1, Shp53, and
plasmid overexpressing APE1 were separately transfected
into GC cells, while SiNC and NC, SiSIRT1 and plasmid
overexpressing APE1, SiNC and ShNC, or SiAPE1 and
Shp53 were co-transfected into other GC cells. After incu-
bation for 48 h, these GC cells were collected for later
experiments.

2.3 Quantitative real-time polymerase chain
reaction (qRT-PCR)

Total RNA was extracted from GC cells with Total RNA
Extractor (B511311; Sangon, Shanghai, China) and the
purity was determined by NanoDrop™ One/OneC UV-Vis
Spectrophotometer (701-058112; Thermo Fisher Scientific,
Inc.). Then, 1 µg RNA was reversely transcribed into com-
plementary DNA (cDNA) with Thermo Scientific RevertAid
RT kit (K1691; Thermo Fisher Scientific, Inc.). Subsequently,
the cDNAs were subjected to qRT-PCR with the specific
primers of SIRT1, APE1, or p53 using Maxima SYBR Green/
ROX qPCR (K0223, Thermo Fisher Scientific, Inc.) in the
Mx3005P system (Agilent Technologies, Inc., CA, USA). The
expressions of SIRT1, APE1, and p53 were calculated and
determined using the 2−ΔΔCt method with glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as the normalization
control [33]. The reaction conditions of PCR were as follows:
10min at 95°C and then 40 cycles of 15 s at 94°C, 30 s at 58°C,
and 15 s at 72°C. The sequences of primers are shown in
Table 1.
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2.4 Cell counting kit-8 (CCK-8) assay

GC cells were collected at the logarithmic phase and resus-
pended in phosphate-buffered solution (PBS; P4474, Sigma-
Aldrich, St. Louis, MO, USA). Subsequently, 100 µL of cell
resuspension was added to 96-well plates and the density
was adjusted to 1 × 103 cells per well. Next, GC cells were
transfected as aforementioned and cultured in a cell incu-
bator (51033546, Thomas Scientific, Swedesboro, NJ, USA) at
37°C with 5% CO2 for 48 h. After that, 10 µL CCK-8 solution
(C0037; Beyotime, Shanghai, China)was added to every well
and incubated at 37°C for 4 h. The optical density (OD) value
of every well was measured by an ELISA microplate reader
(ELx808, Bio Tek, Winooski, VT, USA) at the wavelength of
450 nm.

2.5 Measurement of Fe2+ content

The Iron Assay Kit (MAK025; Sigma-Aldrich) was applied
to determine the Fe2+ content in GC cells, AGS and SNU-1.
In detail, GC cells (5 × 105) were homogenized in Iron
Assay Buffer and centrifuged (1,600 × g) at 4°C for
10 min, followed by the collection of supernatant. Then,
50 µL of supernatant was mixed with 5 µL of Iron Assay
Buffer in 96-well plates and incubated at 25°C for 30min
in the dark. Thereafter, 100 µL of Iron Probe was added to
every well and cultured at 25°C for 60min avoiding light.
Finally, the OD value was measured at the wavelength of
593 nm with an ELISA microplate reader.

2.6 Lipid peroxidation assay

The concentration of malondialdehyde (MDA) in GC cells
was detected by Lipid Peroxidation (MDA) Assay Kit
(ab118970; Abcam, UK). GC cells were first cultivated
with thiobarbituric acid (TBA) solution at 95°C for 1 h and
then lysed with RIPA lysis buffer (C500005; Sangon). After
the mixture was centrifuged (13,000 × g) at 4°C for 5min,
the supernatant was collected. Next, the supernatant and

the standard were chilled in ice bath for 10min. The sam-
ples were finally transferred to a new 96-well microplate
and the OD value was calculated using an microplate
ELISA reader at the wavelength of 532 nm.

The glutathione (GSH) level in GC cells was deter-
mined by GSH ELISA Kit (D751008; Sangon). The GC cells
were washed with cold PBS and digested with trypsin
(C0202; Beyotime). Post centrifugation at 1,000 × g for
5 min, cells were collected and washed with PBS three
times. The supernatant was collected for detection fol-
lowing the resuspension of cells with PBS and the cen-
trifugation at 1,500 × g for 10min. The 50 µL of standard
and supernatant were separately added to the standard
well and sample wells and mixed with 50 µL of working
fluid (100 µg/mL) created by the mixture of standard and
standard/sample diluent 1, followed by incubation for
45min. After the incubation, theworking fluidwas removed,
and 350 µL of washing solution was added to every well for
2min. Thereafter, the samples were incubated with 100 µL
of horseradish peroxidase (HRP)-conjugated streptavidin
working solution at 37°C for 30 min. Next, 300 µL of
washing solution was used to wash each well four times.
After staining with 90 µL of chromogenic agent at 37°C for
15 min without light, 50 µL of stop solution was used to
terminate the reaction and the OD value was measured by
an ELISA microplate reader at the wavelength of 450 nm.

2.7 Immunofluorescence

GC cells at the logarithmic phase were collected and
washed twice with PBS for 5 min. Then, cells were fixed
with 4% paraformaldehyde (P1110; Solarbio) and washed
three times with PBS for 5 min. Next, these cells were
transparentized with Triton X-100 (A110694; Sangon) at
room temperature for 10min, rinsed with PBS, and incu-
bated in an immunofluorescence blocking buffer (ab126587;
Abcam) at room temperature for 30min. Thereafter, cells were
incubated with anti-GPX4 antibody (1 µg/mL, ab40993;
Abcam) at 4°C overnight, followed by being washed three
times with PBS for 5min. Afterwards, cells were cultured
with Goat Anti-Rabbit IgG H&L (Alexa Fluor® 647) (1:1000,

Table 1: All primers in qRT-PCR experiments in this study

ID Forward sequence (5′–3′) Reverse sequence (5′–3′)

SIRT1 TAGCCTTGTCAGATAAGGAAGGA ACAGCTTCACAGTCAACTTTGT
APE1 CCAGCCCTGTATGAGGACC GGAGCTGACCAGTATTGATGAGA
p53 CAGCACATGACGGAGGTTGT TCATCCAAATACTCCACACGC
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
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ab150083; Abcam) at room temperature for 1 h in the dark.
Subsequently, cells were washed with PBS thrice for 5min
and stained with 4′,6-diamidino-2-phenylindole (E607303;
Sangon), followed by being sealed with cover-glass
(F518112; Sangon) away from light. The image was
observed under a fluorescence microscope (Leica DM
6000B; Leica, Wetzlar, Germany) at the magnification
of ×200.

2.8 Western blot

The proteins of cells were lysed in RIPA lysis buffer, and
their concentrations were measured by Bicinchoninic
Acid Assay (BCA) Protein Assay Kit (GK10009; Glpbio,
Montclair, CA, USA). Following this, they were added to
the protein loading buffer (C516031; Sangon) and heated
at 95°C for 5 min to ensure the denaturation. Then, the
proteins were separated by 12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (P0678; Beyotime) and
transferred onto polyvinylidene difluoride membranes
(88585; Thermo Fisher Scientific, Inc.). Subsequently, the
membranes were blocked with bovine serum albumin
(37520; Thermo Fisher Scientific, Inc.) for 1 h and incu-
bated with the primary antibodies against p53, SLC7A11,
GPX4, or GAPDH (a loading control) at 4°C overnight. The
expressions of proteins were normalized to that of GAPDH.
After washing three times with tris-buffered saline wash
buffer with Tween 20 (TBST; 28352; Thermo Fisher Scientific,
Inc.) for 5min, the proteins were incubated with secondary
antibodies including goat anti-rabbit IgG H&L (HRP) and
rabbit anti-mouse IgG H&L (HRP) for 1 h and washed three
times with TBST for 5min. The protein bands were visua-
lized with High Sensitivity ECL Substrate Kit (ab133406;
Abcam) and analyzed with an iBright™ CL1500 Imaging
System (A44114; Thermo Fisher Scientific, Inc.). The infor-
mation about all antibodies in this experiment is exhibited in
Table 2.

2.9 Statistical analysis

All experiments in this study were repeated three times.
All data were analyzed using GraphPad Prism 8.0 soft-
ware (GraphPad, Inc., San Diego, CA, USA) and pre-
sented as mean ± standard deviation. The comparison
among multiple groups was conducted by one-way ana-
lysis of variance. The data with P < 0.05 were defined to
be statistically significant.

3 Results

3.1 APE1 overexpression reversed the effects
of SIRT1 silencing on cell viability and
contents of GSH, Fe2+, and MDA in SNU-1
and AGS cells

The relevant results of qRT-PCR are shown in Figure 1a–d.
It was obvious that the SIRT1 expression was notably
downregulated after the transfection of SiSIRT1 in both
SNU-1 (Figure 1a, P < 0.001) and AGS (Figure 1b, P <
0.001) cells. The expression of APE1, contrarily, was clearly
upregulated after the transfection of plasmid overexpressing
APE1 in SNU-1 (Figure 1c, P < 0.001) and AGS (Figure 1d, P <
0.001) cells. These results indicated the successful transfec-
tion of SiSIRT1 and plasmid overexpressing APE1.

According to Figure 1e and f, the cell viability was
significantly decreased after SIRT1 silencing in SNU-1
(Figure 1e, P < 0.001) and AGS (Figure 1f, P < 0.001) cells,
the change of which was obviously offset by APE1 over-
expression (Figure 1e and f, P < 0.01). Compared with
the cells transfected with SiNC and NC, the memorably
increased Fe2+ content was evident in SNU-1 (Figure 1g,
P < 0.001) and AGS (Figure 1h, P < 0.001) cells transfected
with SiSIRT1. Likewise, this impact of SiSIRT1 was neutra-
lized by APE1 overexpression (Figure 1g and h, P < 0.001).

Table 2: All antibodies information and sources in western blot in this study

ID Catalog number Company (country) Molecular weight (kDa) Dilution ratio/concentration

p53 ab26 Abcam (Cambridge, UK) 53 1 µg/mL
SLC7A11 ab175186 Abcam (Cambridge, UK) 55 1:1,000
GPX4 ab125066 Abcam (Cambridge, UK) 17 1:1,000
GAPDH ab8245 Abcam (Cambridge, UK) 37 1:10,000
Goat anti-rabbit IgG H&L (HRP) ab6702 Abcam (Cambridge, UK) 1:2,000
Rabbit anti-mouse IgG H&L (HRP) ab6728 Abcam (Cambridge, UK) 1:2,000
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The graphical representation of GSH and MDA con-
tents is shown in Figure 1i–l. Transfection of SiSIRT1
caused the overtly increased MDA content and the dra-
matically decreased GSH content in SNU-1 (Figure 1i and j,
P < 0.001) and AGS (Figure 1k and l, P < 0.001) cells,

the trend of which was offset by overexpressed APE1
(Figure 1i–l, P < 0.001). Collectively speaking, SIRT1 silen-
cing decreased cell viability and GSH content but increased
Fe2+ and MDA contents in SNU-1 and AGS cells. Such
impacts, however, were reversed by APE1 overexpression.

Figure 1: APE1 reversed the effects of SiSIRT1 on cell viability, Fe2+ content, and lipid peroxidation level in GC cells. (a–d) The expressions of
SIRT1 and APE1 were determined by qRT-PCR in SNU-1 and AGS cells after the transfection of SiSIRT1 or APE1 overexpression plasmid.
GAPDH was used as an internal reference. (e–l) The GC cells SNU-1 and AGS after transfection were separately divided into three groups:
SiNC + NC, SiSIRT1, and SiSIRT1 + APE1. (e and f) The cell viability was detected by CCK-8 assay in SNU-1 and AGS cells with/without
transfection. (g and h) The Iron Assay Kit was utilized to determine the Fe2+ content in SNU-1 and AGS cells following the transfection or not.
(i–l) The MDA and GSH contents were detected in SNU-1 and AGS cells by Lipid Peroxidation (MDA) Assay Kit and GSH ELISA Kit,
respectively, after the transfection or not. ***P < 0.001 vs SiNC; ^^^P < 0.001, vs NC; +++P < 0.001 vs SiNC + NC; ΔΔP < 0.01, ΔΔΔP < 0.001 vs
SiSIRT1.
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Figure 2: APE1 overexpression reversed the effect of SIRT1 silencing on GPX4 expression in GC cells. (a and b) The GC cells SNU-1 and AGS
after transfection were separately divided into three groups: SiNC + NC, SiSIRT1, and SiSIRT1 + APE1. (a and b) The GPX4 expression was
determined by immunofluorescence in GC cells after transfection (at a magnification of ×200, scale bar: 50 µm).
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3.2 APE1 overexpression reversed the
effects of SIRT1 silencing on GPX4,
SLC7A11, and p53 levels in SNU-1 and
AGS cells

The results of immunofluorescence assay are presented
in Figure 2a and b. It could be noticed that after SIRT1
silencing in SNU-1 and AGS cells, the GPX4 level was
decreased, while such level was then elevated with the
additional transfection of APE1 overexpression plasmid.

Based on the assay of Western blot, we found that
following the transfection of SiSIRT1, the p53 protein level
was remarkably augmented but SLC7A11 and GPX4 levels
were signally lessened in SNU-1 (Figure 3a and b, P <
0.001) and AGS cells (Figure 3c and d, P < 0.001). Besides,
in SNU-1 (Figure 3a and b, P < 0.001) and AGS (Figure 3c
and d, P < 0.001) cells with the transfection of SiSIRT1,
APE1 overexpression decreased p53 level but increased
SLC7A11 andGPX4 levels. Taken together, the overexpression

of APE1 reversed the effects of SIRT1 silencing on GPX4,
SLC7A11, and p53 levels in SNU-1 and AGS cells.

3.3 p53 silencing offset the effects of APE1
depletion on cell viability and contents
of GSH, Fe2+, and MDA in SNU-1 and AGS
cells

The results of qRT-PCR (Figure 4a–d) demonstrated that
the expression of APE1 was evidently downregulated
after the transfection with SiAPE1 in SNU-1 (Figure 4a,
P < 0.001) and AGS cells (Figure 4b, P < 0.001). Likewise,
the expression of p53 was also markedly downregulated
after transfection with Shp53 in SNU-1 (Figure 4c, P <
0.001) and AGS (Figure 4d, P < 0.001) cells.

In line with the data presented in Figure 4e and f, the
cell viability was obviously suppressed after APE1 silencing

Figure 3: APE1 overexpression offset the effects of SIRT1 silencing on p53, SLC7A11, and GPX4 expressions in GC cells. (a–d) The SNU-1 and
AGS cells after transfection were separately assigned into three groups: SiNC + NC, SiSIRT1, and SiSIRT1 + APE1. (a–d) The relevant results
of Western blot showed the expressions of p53, SLC7A11, and GPX4 in GC cells after transfection. GAPDH was used as an internal reference.
+++P < 0.001 vs SiNC + NC; ΔΔΔP < 0.001 vs SiSIRT1.
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in SUN-1 (Figure 4e, P < 0.001) and AGS (Figure 4f, P <
0.001) cells, but p53 silencing abrogated APE1 silencing-
induced suppression of cell viability (Figure 4e and f,
P < 0.01). Moreover, the transfection of SiAPE1 observably
increased the Fe2+ content in SNU-1 (Figure 4g, P < 0.001)
and AGS (Figure 4h, P < 0.001) cells; however, such
effect was evidently offset after the transfection of Shp53
(Figure 4g and h, P < 0.001).

In addition, it was demonstrated that after APE1 silen-
cing, the MDA content was memorably increased, while
the GSH content was prominently decreased in SNU-1
(Figure 4i and j, P < 0.001) and AGS (Figure 4k and l,
P < 0.001) cells. Such levels of MDA and GSH were
pronouncedly reversed following the knockdown of p53
(Figure 4i–l, P < 0.001). In short, APE1 silencing decreased
cell viability and GSH content yet increased Fe2+ and MDA

Figure 4: Shp53 neutralized the effects of SiAPE1 on cell viability, and contents of GSH, Fe2+, and MDA in GC cells. (a–d) The expressions of
APE1 and p53 were determined by qRT-PCR in SNU-1 and AGS cells after the transfection with SiAPE1 or Shp53. GAPDH was used as an
internal reference. (e–l) SNU-1 and AGS cells after transfection were separately distributed into three groups: SiNC + ShNC, SiAPE1, and
SiAPE1 + Shp53. (e and f) The viability of SNU-1 and AGS cells after transfection or not was detected by CCK-8 assay. (g and h) The Iron Assay
Kit was applied to determine the Fe2+ content in SNU-1 and AGS cells after transfection or not. (i–l) The MDA and GSH contents were
detected by Lipid Peroxidation (MDA) Assay Kit and GSH ELISA Kit, respectively, in SNU-1 and AGS cells after transfection or not. ***P < 0.001
vs SiNC; εεεP < 0.001 vs ShNC; ‡‡‡P < 0.001 vs SiNC + ShNC; ††P < 0.01, †††P < 0.001 vs SiAPE1.
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Figure 5: Shp53 reversed the effect of SiAPE1 on GPX4 expression in GC cells. (a and b) The SNU-1 and AGS cells after transfection were
separately divided into three groups: SiNC + ShNC, SiAPE1, and SiAPE1 + Shp53. (a and b) The GPX4 expression was determined by
immunofluorescence in transfected GC cells (at a magnification of ×200, scale bar: 50 µm).
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contents in SNU-1 and AGS cells, while these effects were
reversed by p53 silencing.

3.4 p53 silencing neutralized the effects of
APE1 silencing on GPX4, SLC7A11, and
p53 levels in SNU-1 and AGS cells

As depicted in Figure 5a and b, GPX4 expression was
downregulated after APE1 silencing in SNU-1 and AGS
cells but was then restored by p53 silencing.

Based on the data (Figure 6a–d), after the silence of
APE1, the p53 expression was notably promoted, while
SLC7A11 and GPX4 expressions were prominently inhib-
ited in SNU-1 (Figure 6a and b, P < 0.001) and AGS
(Figure 6c and d, P < 0.001) cells. The changes in the
expressions of these aforementioned proteins were signif-
icantly reversed by p53 silencing (Figure 6a–d, P < 0.01).
In conclusion, APE1 silencing downregulated GPX4 and

SLC7A11 levels yet upregulated p53 level in SNU-1 and
AGS cells, the effects of which were offset by p53 silencing.

4 Discussion

In the present study, we found that SIRT1 silencing pro-
moted p53 expression and ferroptosis yet inhibited the
viability of GC cells, and APE1 overexpression reversed
these effects of SIRT1 silencing on GC cells. Moreover, the
depletion of APE1 had the similar effect to SIRT1 silencing
in the GC cells, and the knockdown of p53 reversed the
effects of APE1 silencing on GC cells. In conclusion,
SIRT1/APE1 participates in the development of GC by tar-
geting p53 to regulate ferroptosis.

Existing study has already demonstrated that SIRT1
is involved in the cell proliferation, apoptosis, and sur-
vival through regulating target gene expression and pro-
tein activities [34]. However, the function of SIRT1 in

Figure 6: Shp53 offset the effects of SiAPE1 on p53, SLC7A11, and GPX4 expressions in GC cells. (a–d) The SNU-1 and AGS cells after
transfection were separately divided into three groups: SiNC + ShNC, SiAPE1, and SiAPE1 + Shp53. (a–d) Western blot results showed the
expressions of p53, SLC7A11, and GPX4 in GC cells after transfection. GAPDH was used as an internal reference. ‡‡‡P < 0.001 vs SiNC + ShNC;
††P < 0.01, †††P < 0.001 vs SiAPE1.
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cancer is debatable [35]. It has been reported that the
depletion of SIRT1 promotes the proliferation and migra-
tion of GC cells through signal transducer and activator of
transcription (STAT3) signal pathway and nuclear factor-
kappa B/Cyclin D1 [35,36]. Also, Deng et al. [37] found
that miR-34a inhibits proliferation and boosts apoptosis
of GC cells by inhibiting SIRT1. In addition, Hirai et al.
[38] identified that the application of tenovin-6, a kind of
SIRT1 inhibitor, causes GC cell death through activating
death receptor 5, implying that the biological functions of
SIRT1, including regulation of gene expression and DNA
damage repair, are essential for the development of GC
cells. In our study, we found that SIRT1 silencing caused
the decrease in the viability of SNU-1 and AGS cells,
which signified the role of SIRT1 as an oncogene and
suggested that SIRT1 indeed played a role in modulating
cell viability.

Besides, some other studies pointed out that SIRT1
is implicated in the inhibition of ferroptosis [39–41].
Su et al. [42] discovered that the ROS level is increased
but GPX4 and SIRT1 expressions are decreased in ferric
ammonium citrate (FAC)-induced THP-1 macrophages,
the trends of which were reversed by SIRT1 overexpres-
sion. GPX4 is an inhibitor of ferroptosis [43,44], and its
expression is positively regulated by the GSH content.
Moreover, the depletion of GPX4 usually results in the
onset of ferroptosis [45–47]. In addition, SLC7A11 is the
other main regulator of ferroptosis like GPX4 and belongs
to the system XC [48]. SLC7A11 has the capabilities of
eliminating ROS and facilitating the GSH production so
as to maintain the redox homeostasis and inhibit ferrop-
tosis [49]. We uncovered that in GC cells with SIRT1 silen-
cing, GSH content and GPX4 expression were diminished,
while the Fe2+ content and the level of MDA, a marker
of oxidative stress-induced lipid peroxidation [50], were
all augmented. These findings thus reflected that SIRT1
silencing promoted the ferroptosis of GC cells. Further-
more, a previous study identified that p53 is activated by
SIRT1 silencing and inhibits the level of SLC7A11 [51]. In
this study, we confirmed that following the silence of
SIRT1, the expressions of p53 [52] (a positive factor of
ferroptosis) and SLC7A11 were upregulated and downre-
gulated in GC cells, respectively, which further proved
the positive effects of SIRT1 silencing in ferroptosis.

A previous study recognized that SIRT1 silencing
decreases the expression of APE1 and causes the death
of human embryonic stem cell [20]. Our results revealed
that the effect of SIRT1 silencing on cell viability was
reversed by APE1 overexpression, which proved the reg-
ulatory relation between SIRT1 and APE1. APE1 has also
been evidenced to play a crucial role in ferroptosis due to

its antioxidant property [23,53]. It has been reported that
APE1 overexpression decreases the accumulation of ROS
and increases the GSH content in myocardial ischemia–
reperfusion-induced cardiomyocytes [54]. The relation
between APE1 with GPX4 or SLC7A11 has not been reported,
but previous studies have recognized that APE1 and GPX4
are regulated by SIRT1 in cardiomyocytes and kidney
[18,55]. In our study, when compared with those in cells
transfected with SiSIRT1 alone, cell viability, GSH content,
GPX4 level, and SLC7A11 level were increased but p53
level, Fe2+ content, and MDA content were decreased in
cells co-transfected with SiSIRT1 and APE1 overexpression
plasmid. It could be then concluded that APE1 silencing
inhibited cell viability and promoted ferroptosis, while
SIRT1 silencing promoted ferroptosis by inhibiting APE1
expression.

APE1 is confirmed to be lowly expressed in GC cells
[30] and be closely associated with p53 [56,57]. The nega-
tive regulatory network between APE1 and p53 has been
already proved in lung endothelium [28]. Zhu et al. found
that the interaction of APE1 and p53 promotes the degra-
dation of p53 in other cancer cells like non-small-lung
cancer cells and cervical cancer cells [57]. However, the
specific relationship between APE1 and p53 in GC cells
remains to be clarified. Our discoveries revealed that p53
silencing elevated the cell viability, GPX4 expression,
and SLC7A11 expression, while diminishing the Fe2+

content, MDA content, and p53 expression in GC cells
transfected with ShAPE1. These discoveries indicated
that APE1 might inhibit ferroptosis via inactivating
p53-mediated signal pathway.

5 Conclusions

Collectively speaking, we identify that SIRT1 and APE1
can regulate ferroptosis in GC cells and affect the devel-
opment of GC cells by targeting p53. However, it should
be noticed that there may exist some other signal path-
ways and factors of ferroptosis involved. Accordingly, the
regulatory network targeting ferroptosis in GC cells needs
to be validated in further experiments.
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