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gastritis via m6A-CXCL1/NF-κB modulation
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Helicobacter pylori (H. pylori) infection is a significant cause of gastric diseases, with its pathogenic mechanisms still not fully
understood. This study investigates the role of METTL3, an enzyme involved in m6A methylation, in modulating the CXCL1/NF-κB
signaling pathway in H. pylori-induced gastritis. Using both bioinformatics analysis of GEO database and experimental approaches
including MeRIP, RIP assays, and immunostaining, this research highlights how METTL3 influences CXCL1 expression and NF-κB
pathway activation. Results from both in vitro and in vivo models show that METTL3 increases inflammatory responses and
apoptosis in gastric cells. Suppression of METTL3 resulted in decreased inflammation and apoptosis, suggesting its potential as a
therapeutic target in gastritis management.
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INTRODUCTION
Helicobacter pylori (HP) infection is an etiological factor for global
gastric inflammation, gastric ulcers, and gastric cancer. Extensive
research has validated its direct correlation with the development
of diverse gastric diseases [1–4]. HP infection could result in
persistent inflammatory responses in the gastric mucosa, which
could progress gradually to conditions such as gastric ulcers,
gastric atrophy, intestinal epithelial dysplasia, and even gastric
cancer [5–8]. However, the specific molecular mechanisms
responsible for the inflammatory response in the gastric mucosa
after H. pylori infection have not been fully elucidated.
In recent years, research has revealed that N6-methyladenosine

(m6A) modification plays a crucial role in a range of physiological
and pathological processes, including tumor progression, neuro-
development, and cellular metabolism [9–11]. METTL3, as the
primary methyltransferase of m6A, holds a crucial position in
numerous cellular signal transduction pathways, and its aberrant
expression is connected to the development of various diseases
[12–14]. However, the specific role and underlying mechanism of
METTL3 in the inflammatory response of the gastric mucosa
following H. pylori infections are still not well understood.
CXCL1 is an established chemotactic factor that regulates the

activation and migration of numerous inflammatory cells [15–17].
The expression of CXCL1 is regulated within the inflammatory
environment of the gastric mucosa, and it is closely linked to the
development and progression of inflammation [18]. The NF-κB
signaling pathway is a central regulatory pathway involved in
inflammatory reactions in various cells and tissues [19–21]. Recent
studies suggest that METTL3 may play a role in regulating the

m6A modification of CXCL1, which is involved in the inflammatory
response of Gastritis and subsequently affects the NF-κB signaling
pathway [22].
This study aimed to examine how METTL3 regulates the

expression of CXCL1 via m6A modification. This process subse-
quently mediates the NF-κB signaling pathway and contributes to
the molecular mechanism of gastric inflammation following H.
pylori infection. Our objective is to contribute novel molecular
targets and strategies for diagnosing, treating, and preventing
Gastritis through comprehensive mechanism research. Simulta-
neously, we aim to enhance the precision of treatment plans in
clinical medicine and mitigate the health risks associated with HP
infection.

MATERIALS AND METHODS
Open the database to retrieve transcriptome sequencing data
Transcriptome RNA sequencing data for H. pylori (HPI) gastritis were
retrieved from the Gene Expression Omnibus (GEO) database at http://
www.ncbi.nlm.nih.gov/geo/. The sample information for the chip dataset is
provided in Table S1. Ethical approval or informed consent was not
required since the data were obtained from public databases.

Differential gene analysis
The GEO dataset was utilized to select genes that met the criteria of
|logFC | > 1 and P < 0.05 for filtering. The R language limma package was
employed to identify differentially expressed genes. Heatmaps were
generated using the R package “pheatmap”, while volcano plots were
drawn using “ggplot2”. The analysis was conducted using R version 4.2.1,
developed by the R Foundation for Statistical Computing [23].
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Construction of protein-protein interaction networks (PPI)
The STRING database, which integrates experimental data, text mining
results from PubMed abstracts, and data from other databases, was utilized
to investigate PPIs. The differentially expressed genes identified through
the intersection of multiple gene sets were analyzed for PPI interactions
within the human species, restricted to a confidence score of 0.7. The
results were visualized using Cytoscape software [24].

Gene function enrichment analysis
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses of the differentially expressed genes from the
combined dataset were performed using the “clusterProfiler” package in R.
Bar plots of the enrichment results for the three GO categories—biological
process (BP), cellular component (CC), and molecular function (MF)—as
well as the bar plot for KEGG enrichment analysis, were generated using
the “enrichplot” package [25].

Cell and HP cultivation, transfection, and grouping
GES-1 cells (FH0273, Fulenbio, China) were cultured in RPMI 1640 medium
(11875101, Gibco, USA) supplemented with 10% fetal bovine serum (FBS)
(12483020, Gibco, USA) and 1% penicillin/streptomycin (15070063, Gibco,
USA) at 37 °C in a 5% CO2 humidified incubator [26].
Cell transfections were performed using Lipofectamine 2000

(11668019, Invitrogen, USA) with small interfering RNA negative control
(si-NC), si-METTL3-1, si-METTL3-2, si-METTL3-3, si-CXCL1-1, si-CXCL1-2,
and si-CXCL1-3. The siRNA sequences (Table S2) were designed using
siDirect and synthesized by GenePharma (Shanghai, China). The
silencing efficiency of si-METTL3 and si-CXCL1 sequences was assessed
by RT-qPCR 48 hours post-transfection. For CXCL1 overexpression, CXCL1
cDNA was amplified by RT-PCR and cloned into the pcDNA3 vector. All
expression plasmids were obtained from Shanghai Hanheng Biotechnol-
ogy Co., Ltd. (Shanghai, China) at a concentration of 50 ng/ml.
Helicobacter pylori (HP) (43504, ATCC, USA) was cultured in brain heart
infusion (BHI) broth (237300, Gibco, USA) supplemented with 10% rabbit
blood freeze-dried powder (MP20019-100 mL, Ocean, China) under
microaerobic conditions at 37°C (10% CO2, 5% O2, 85% N2). Bacterial
density was determined by measuring absorbance at 600 nm, with 1
OD600= 1 × 109 CFU/mL. Bacteria were resuspended in serum-free RPMI
1640 medium (11875101, Gibco, USA) for experimentation. GES-1 cells
were treated with different concentrations of HP for 24 h and with 100
multiplicity of infection (MOI) of HP for various durations. Protein
expression and mRNA levels of CXCL1 and METTL3 were assessed.
Subsequently, GES-1 cells were uniformly treated with 100 MOI of HP for
24 h in subsequent experiments [27].
Lipopolysaccharides (LPS) (HY-D1056, MedChemexpress, USA) were used

as NF-κB stimuli, and GES-1 cells were treated with LPS at 100 ng/mL for
24 h [28]. HPI GES-1 cells were divided into 10 groups for specific
treatments (Table S3).

Colony formation assay
GES-1 cells were pretreated with HP before being inoculated into a 6-well
plate at a density of 500 cells per well. A single cell colony was allowed to
proliferate for 14 days. The samples were then washed twice with
phosphate-buffered saline (PBS) (10010023, Gibco, USA), fixed with 70%
ethanol (E111989-500ml, Aladdin, China) and stained with 0.5% crystal
violet dye solution (C0121, Beyotime Biotechnology, China). The colonies
were then counted, and the process was repeated three times for each
group [29].

ELISA
Cell culture supernatant was collected for ELISA. Levels of IL-6, IL-8, and
TNFα in the supernatant were measured using a human IL-6 ELISA kit
(ab100572, Abcam, UK), human IL-8 ELISA kit (ab214030, Abcam, UK), and
human TNF-α ELISA kit (ab285312, Abcam, UK).
Mouse plasma was obtained by dissecting the eyeballs of mice that

underwent experimental modeling for 9 weeks. The collected blood was
allowed to stand for 30min and then centrifuged at 3000 rpm for 10min at
4 °C. The supernatant was used for ELISA analysis. CXCL1, IL-6, and TNFα in
mouse serum were measured using the Mouse CXCL1 ELISA Kit (ab229426,
Abcam, UK), Mouse IL-6 ELISA Kit (ab222503, Abcam, UK), and Mouse TNF
alpha ELISA Kit (ab208348, Abcam, UK). Each experiment was repeated
three times [30].

Flow cytometry
Cell apoptosis was detected through the dual staining method of
membrane-associated proteins V-FITC/PI (propidium iodide). GES-1 cells
were inoculated at a density of 2 × 105 cells per well in a 6-well plate and
treated with trypsin (R001100, Gibco, USA). The cells were harvested into a
15mL centrifuge tube and centrifuged at 800 g to collect the supernatant.
The precipitate was resuspended in 500 μL of binding buffer and mixed
with 5 μL of FITC and 5 μL of PI in the dark for 15min, according to the
apoptosis detection kit (556547, BD Biosciences, USA). After that, apoptosis
analysis was performed using the BD FACSCalibur flow cytometer (BD
Biosciences, USA). In this analysis, dead cells were represented by the
upper left quadrant, late apoptotic cells by the upper right quadrant, early
apoptotic cells by the lower right quadrant, and normal cells by the lower
left quadrant. The apoptotic rate of cells was calculated as the sum of the
percentages in the upper right and lower right quadrants [27]. Each
experiment was repeated three times.

Detecting biological membrane
HP suspension was incubated in a 48-well microfluidic plate to allow the
formation of mature biofilms. After incubation, the waste culture medium
was removed, and the biofilm was washed with a fresh culture medium to
eliminate planktonic HP. The wells were rinsed with PBS to remove non-
adherent cells and stained with a 1% (w/v) crystal violet solution for
15min. The biofilm was observed using confocal laser scanning micro-
scopy (CLSM, Olympus, Japan). Biofilms were also stained with the LIVE/
DEAD BacLight Bacterial Viability Kit (L13152, Invitrogen, USA) in the dark
for 15min and then visualized using CLSM. Live cells were stained with
SYTO 9 (excitation wavelength: 488 nm), while dead cells were stained with
PI (excitation wavelength: 561 nm). Each experiment was repeated three
times [31].

Quantification of HP adherence using immunofluorescence
staining
GES-1 cells were fixed at room temperature with 4% paraformaldehyde for
15minutes and washed twice with PBS. The cells were permeabilized with
0.5% Triton X-100 (P0096, Beyotime Biotechnology, China) for 10min.
Afterward, the cells were incubated overnight at 4 °C with an anti-HP
antibody (ab20459, 1:1000, Abcam, UK). Following three washes with PBS,
the cells were incubated with an Alexa Fluor 488-conjugated secondary
antibody (ab150077, 1:200, Abcam, UK) for 1 hour. After another three
washes with PBS, DAPI staining (D3571, 10 μg/mL, Protein Tech, USA) was
performed for 10min. The samples were stored at 4 °C and examined
under a fluorescence microscope (IMT-2, Olympus, Japan). Blue fluores-
cence indicated the GES-1 cell nuclei, while green fluorescence indicated
HP [32]. The HP fluorescence area was quantified as a ratio to the DAPI
fluorescence area using ImageJ software. For each cell sample, five slices
were examined with 6–10 randomly chosen fields of view. Each
experiment was repeated three times.

Immunofluorescence staining
GES-1 cells and gastric mucosal tissues were fixed in 4% paraformalde-
hyde at room temperature for 15 min, followed by two washes with PBS.
After that, they were permeabilized with 0.5% Triton X-100 (P0096,
Beyotime Biotechnology, China) for 10 min. Next, the organizations and
cells were incubated overnight at 4 °C with the following primary
antibodies: METTL3 (ab195352, 1:100, Abcam, UK), CXCL1 (12335-1-AP,
1:100, Protein Tech, USA), NF-κB p65 (ab32536, 1:100, Abcam, UK), NF-κB
p-p65 (ab131100, 1:100, Abcam, UK), GIF (K004862P, 1:100, Solarbio,
China), Ki67 (ab15580, 1:200, Abcam, UK), MPO (ab208670, 1:200, Abcam,
UK). After three washes with PBS, the sections were incubated with Alexa
Fluor 647 (ab150083, 1:200, Abcam, UK) or Alexa Fluor 488-conjugated
secondary antibodies (ab150077, 1:200, Abcam, UK) for 1 hour. Next, the
sample was washed three times with a PBS solution. After that, it was
stained with DAPI (D3571, 10 μg/mL, Abcam, UK) at room temperature
for 10 min. The slices were stored at 4 °C and subsequently analyzed
using a fluorescence microscope (IMT-2, Olympus, Japan). In the cell
experiments, 5 slices were randomly examined in 6–10 fields per cell,
with each experiment repeated 3 times. In the animal experiments, 6
mice were included in each group, and 5 slices from each mouse were
randomly examined in 6–10 fields [33]. All the antibodies mentioned
above, except CXCL1 (purchased from Protein Tech), were obtained
from Abcam.
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Methylated RNA immunoprecipitation (MeRIP) assay
The binding sites of CXCL1 and m6A-related genes could be predicted using
the SRAMP online database available at http://www.cuilab.cn/sramp. Reverse
transcription was performed on 10 μl of m6A PolyA+ RNA from MeRIP using
the iScript cDNA Synthesis Kit (1708890, Bio-Rad Laboratories, CA). Following
a two-fold dilution of the cDNA, real-time quantitative PCR was performed
utilizing primers sourced from ABI Prism 7900HT/FAST (1708890, Bio-Rad
Laboratories, CA) and Integrated DNA Technologies, Inc. (Coralville, Iowa). The
mRNA of MeRIP was quantitatively analyzed using the 2−ΔΔct method with
non-immunoprecipitated input RNA. All primers used for real-time PCR are
designed to encompass at least one intron. Amplification of a singular
product is validated through visualization using agarose gel electrophoresis
and/or melt curve analysis [34]. The primers used for MeRIP are displayed in
Table S4. Furthermore, each experiment was repeated three times.

RNA immunoprecipitation (RIP) assay
The RIP assay was performed using the RIP Kit (17-701, Millipore, USA) to detect
the binding interactions between METTL3 and CXCL1, and BHLHE41 and
CXCL1 proteins. When the GES-1 cells in a six-well plate reached 80-90%
confluence, the culture medium was discarded, and the cells were washed with
1mL of cold PBS. Equal volumes of RIPA lysis buffer (P0013B, Beyotime
Biotechnology, China) were added, and the cells were incubated on ice for
5min to induce lysis. The lysates were centrifuged at 1500 rpm for 10min at
4 °C, and the supernatants were collected. A portion of the cell lysate was
reserved as Input, while the remainder was incubated with specific antibodies
for co-immunoprecipitation. For each co-precipitation reaction, 50 μL of lysate
was used. Magnetic beads (17-701, Millipore, USA) were washed and
resuspended in 100μL of RIP Wash Buffer, followed by the addition of the
appropriate antibody: rabbit anti-METTL3 (ab195352, 1:100, Abcam, USA), rabbit
anti-BHLHE41 (1H18L6, 1:100, Thermo Fisher, USA), or rabbit anti-IgG (ab6715,
1:100, Abcam, USA). The mixture was incubated at room temperature for
30min. The antibody-magnetic bead complexes were washed and resus-
pended in 900μL of RIP Wash Buffer, and 100 μL of the cell lysate was added,
incubating overnight at 4 °C. The samples were then placed on a magnetic
stand to collect the magnetic bead-protein complexes. After digestion with
proteinase K (17-701, Millipore, USA), RNA was extracted from both the samples
and the Input for subsequent PCR detection of CXCL1 expression. Primer
sequences are listed in Table S4 [35]. The experiment was repeated three times.

Dual luciferase reporter gene experiment
The catRAPID online database (http://service.tartaglialab.com/) was used to
predict the binding sites between CXCL1 and METTL3. The wild-type CXCL1
(CXCL1-WT) (5’-CTGGTAGCCGC-3’) and mutant CXCL1 (CXCL1-MUT) (5’-AG
ACCAUCGGCG-3’) were inserted into the pGL-3 luciferase reporter vector
(4351372, Thermo Fisher, USA). The dual-luciferase reporter plasmids were
transfected into GES-1 cells with either si-NC (5’-GATCGTACTCACATCCACAC
T-3’), si-METTL3 (5’-AGGAACAATCCATTGTTGAAAAA-3’), or si-BHLHE4 (5’-CCGC
ACAGATTAATAGAAATT-3’). After 48 h, the cells were collected and lysed, and
the supernatant was centrifuged at 250 × g for 3–5min. Luciferase activity
was measured using the Dual-Luciferase® Reporter Assay System (E1910a,
Promega, USA). Firefly luciferase activity was measured by adding 100 μL of
Firefly luciferase working solution to the cell sample, and Renilla luciferase
activity was measured by adding 100 μL of Renilla working solution. The
relative luciferase activity was calculated as the ratio of Firefly luciferase to
Renilla luciferase activity [36]. The experiment was repeated three times.

RT-qPCR
Total RNA was extracted from cells and tissues using TRIzol (15596026,
ThermoFisher, USA). The concentration and purity of the extracted total
RNA were measured using a Nanodrop 2000 spectrophotometer (Thermo-
Fisher, USA). RNA was reverse transcribed into cDNA using the PrimeScript
RT reagent Kit (RR047A, Takara, Japan) following the manufacturer’s
instructions. The synthesized cDNA was then subjected to RT-qPCR
detection using the Fast SYBR Green PCR Kit (11736059, ThermoFisher,
USA). Three replicates were performed for each well [37]. GAPDH was used
as an internal reference. The relative expression was calculated using the
2-ΔΔCt method. The experiment was repeated three times. The primer
sequences utilized for the reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) in this study are presented in Table S5.

Western blot
Cells were lysed using RIPA lysis buffer (P0013B, Beyotime Biotechnology,
China). Protein concentration was quantified using the BCA protein assay

kit (A53226, Thermo Fisher Scientific, USA). After separating proteins by
polyacrylamide gel electrophoresis, they were transferred onto a PVDF
membrane (PVH85R, Millipore, Germany) using the wet transfer method.
The membrane was blocked with 5% BSA at room temperature for 1 hour
and then incubated overnight at 4 °C with the following primary
antibodies: rabbit anti-METTL3 (ab195352, 1:1000, Abcam, USA), rabbit
anti-BHLHE41 (1H18L6, 1:100, Thermo Fisher, USA), rabbit anti-CXCL1
(12335-1-AP, 1:1000, Proteintech, USA), rabbit anti-p-IκBα (2859, 1:1000,
Cell Signaling Technology, USA), rabbit anti-IκBα (4812, 1:1000, Cell
Signaling Technology, USA), rabbit anti-NF-κB p65 (ab32536, 1:1000,
Abcam, USA), rabbit anti-NF-κB p-p65 (ab131100, 1:1000, Abcam, USA),
rabbit anti-GAPDH (ab181602, 1:1000, Abcam, USA), rabbit anti-cleaved
caspase-3 (ab214430, 1:1000, Abcam, USA), rabbit anti-cleaved caspase-9
(9509, 1:1000, CST, USA), and rabbit anti-cleaved PARP (9541, 1:1000, CST,
USA). After washing, the membrane was incubated with HRP-conjugated
goat anti-rabbit IgG (ab6721, 1:5000, Abcam, UK) for 2 h. The membrane
was washed three times with TBST for 5 min each, and proteins were
detected using a chemiluminescent detection system. Protein quantifica-
tion was performed using ImageJ 1.48 software (V1.48, National Institutes
of Health, USA), and the grayscale values of the proteins were normalized
to GAPDH or the corresponding non-phosphorylated protein [38]. The
experiment was repeated three times. The antibodies for CXCL1
were obtained from Proteintech, while p-IκBα and IκBα antibodies were
purchased from Cell Signaling Technology, and all other antibodies were
sourced from Abcam.

Constructing HPI-induced gastric injury mouse model
A total of 55 C57BL/6 mice (213, Charles River, China) were purchased, with
body weights between 18 and 22 grams and ages between 6 and 8 weeks.
The mice were housed in separate cages in an SPF-grade animal
laboratory, with humidity maintained at 60%–65% and temperature at
22–25 °C. After a 1-week acclimation period, the experiment began, and
the health of the mice was observed before the experiment.
Using CRISPR-Pro gene knockout technology, 40 METTL3−/− mice and 20

CXCL1−/− mice were generated. First, gRNA plasmids corresponding to the
METTL3 target gene in mice (5’-GAGUUGAUUGAGGUAAAGCG-3’) and the
CXCL1 target gene (5’-AUUGGCGAUAGGCGCCCCUA-3’) were designed and
constructed. These plasmids were transcribed into RNA, and Cas9 mRNA was
injected in vitro. Positive individuals from F0 heterozygous mice were
screened and identified by sequencing. The F0 heterozygotes were then
bred with WT mice to obtain F1 heterozygous mice, which were confirmed
as PCR-positive and identified by sequencing. F1 mice of the same genotype
from the same F0 mouse were selected, and after reaching sexual maturity,
they were paired to produce F2 mice. F2 METTL3−/− mice were confirmed
by PCR testing and sequencing. Additionally, 12 METTL3−/− mice were
successfully generated from the same cage as WT mice, with a success rate
of 30% [39].
To construct the HPI gastritis mouse model, 24 mice were divided into

the following 4 groups: WT group (uninfected HP mice), HPI group (HPI
gastritis mice), METTL3−/− group (uninfected METTL3−/− mice), HPI +
METTL3−/− group (HPI gastritis METTL3−/− mice), CXCL1−/− group
(uninfected CXCL1−/− mice), and HPI + CXCL1−/− group (HPI gastritis
CXCL1−/− mice), with 6 mice in each group. Each group of mice received
daily injections of 200 μL of an antibiotic cocktail for 7 consecutive days to
eliminate most of the remaining intestinal pathogens and reduce
contamination. Six mice were randomly assigned to each group. Every
other day, 3 × 108 CFU HP (0.4 mL of saline) was administered via oral
gavage, twice a day, and completed within 1 h [27]. The experimental
protocol and animal use procedures were approved by the Institutional
Animal Ethics Committee.

Rapid urease test
The fresh mouse gastric mucosal tissue was added to the reagent tube
using a rapid urease test kit (Shandong Bomaida Biotechnology Co., Ltd,
China), produced on July 29, 2019. The color change inside the tube was
observed within 30min. If the solution changes from yellow to red, it
indicates a positive test result, suggesting the presence of HPI in the
biopsy tissue. If the solution remains yellow, it indicates a negative test
result, suggesting the absence of HPI [40].

H&E staining
The H&E staining was performed using the H&E Staining Kit (C0105,
Beyotime, China) with the following steps: (1) Mouse gastric mucosal
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tissues were fixed in 10% neutral buffered formalin at 4 °C for 24 h. (2) The
tissues were dehydrated, embedded in paraffin, and sectioned. (3) The
sections were deparaffinized with xylene, rehydrated through a graded
alcohol series, and rinsed with distilled water. (4) Hematoxylin staining
solution was applied for 5–10min. (5) The sections were rinsed with
deionized water for approximately 10min to remove excess stains. (6)
Eosin staining solution was applied for 30 s to 2min. (7) The sections were
dehydrated again through a graded alcohol series and cleared with xylene.
(8) Finally, the slides were mounted with neutral resin or another mounting
medium, and observed under an inverted microscope (IX73, OLYMPUS,
Japan) for imaging. Based on literature standards and the criteria in Table
S6, two pathologists independently evaluated the slides using a double-
blind method, assigning scores for inflammation from anatomical
(CORPUS) and pathological (ANTRUM) perspectives. Inflammation was
scored as follows: 0 for no inflammation, 1 for mild, 2 for moderate, and 3
for significant inflammation. The overall inflammation grade was
determined as normal (STAGE 0) to significant (STAGE III), and an average
score was calculated [41].

TUNEL staining
Cell apoptosis in mouse gastric mucosal tissue was detected using the
TUNEL Kit (C1098, Beyotime, China). The slices were treated with 3% H2O2
and added 50 μL of TUNEL culture medium. Subsequently, the slices were
incubated at 37 °C for 60min in a dark environment. Next, add 50 μL of the
streptavidin-HRP working solution and incubate it for 30min. Apply
0.2–0.5 mL of the suitable DAB staining solution to the section and let it
stand for 5 min, utilizing an appropriately sized organizational block. After
the staining process, five slices were randomly selected from each of the
six mice. These slices were observed using an inverted microscope (IX73,
Olympus, Japan). For each mouse, 6–10 fields were examined, and the
count of positive cells was recorded. Next, determine the total number of
cells and count the number of apoptotic cells. Subsequently, calculate the
apoptosis rate in the cell population [42].

Immunohistochemistry experiment
The gastric mucosal sample is fixed using a 4% paraformaldehyde solution,
dehydrated, clarified, embedded in paraffin, and subsequently sliced. In
immunohistochemical staining, the slides were initially dewaxed and
rehydrated, followed by antigen retrieval through immersion in PBS and
subsequent boiling of the liquid using a microwave oven. Following that,
staining was conducted using the universal two-step method with the PV-
9000 kit (Protein Tech, USA) in accordance with the instructions provided
by the manufacturer. The staining results were observed and recorded
using the CX43 optical microscope from OLYMPUS, Japan. Positive cells
manifest as a light brown or tan staining outcome. Five slices were
randomly selected from each of the six mice. Six to ten fields were
observed, and positive cells were recorded. The analysis was carried out
using the image analysis system, namely the Aperio Scanscope System
(Vista, CA) [43].

Statistical analysis
Statistical analysis for this study was performed using IBM SPSS Statistics
software (version 21.0, USA). Quantitative data is represented by mean ±
standard deviation. To begin with, it is recommended to conduct
normality and homogeneity of variances tests. If the data meets the
assumptions of normal distribution and homogeneity of variances,
the independent t-test could be employed to compare the two groups.
In the case of repeated measurements, one-way ANOVA or repeated
measures ANOVA was utilized to compare multiple groups. Pearson
correlation analysis is employed to examine the correlation among
indicators. A P-value lower than 0.05 indicates statistical significance [44].

RESULTS
Bioinformatics analysis indicates that high expression of
CXCL1 may promote the occurrence and development of HPI
gastritis
HP is a human pathogen and a primary contributor to the
development of pathological damage, ranging from chronic
Gastritis to gastric cancer [45]. Gastritis and HP infection are linked
to persistent colonization of the gastric mucosa. Most severe
gastric diseases develop due to chronic mucosal inflammation,

which is mediated by the secretion of pro-inflammatory cytokines
and chemokines, mainly IL-8, triggered by activated neutrophils
and macrophages [46]. Nevertheless, the precise mechanism by
which HP infection causes Gastritis remains uncertain. Thus, we
investigated the analysis of HPI gastritis by retrieving transcriptome
RNA sequencing data from the GEO database. Genes with an
absolute log-fold change (|logFC | ) greater than 1 and a p-value (P)
less than 0.05 were filtered as differentially expressed genes. In the
GSE5081 dataset, 347 genes were upregulated, and 375 genes
were downregulated (Fig. S1A). In the GSE60427 dataset, 1032
genes were upregulated, and 299 were downregulated (Fig. S1B).
In the GSE6624 dataset, 1103 genes were upregulated, and 452
genes were downregulated (Fig. S1C).
We intersected the differentially expressed genes of HPI gastritis

from the three datasets with the gene set of HP from the
GeneCards database. First, we took the intersection of the
upregulated genes across the four datasets and identified 22
common differentially expressed genes (CCL20, CD40LG, CHI3L1,
CLEC4A, CXCL1, CXCL13, CXCL2, CXCL3, CXCL5, CXCL9, FGR,
GPR65, HLA-DOB, ITGB7, LCN2, LTF, MS4A1, PDE4B, S100A8,
S100A9, SERPINA3, TNFRSF4) (Fig. S2A). For the downregulated
genes, one common differentially expressed gene (CCKAR) was
identified by taking the intersection of the four datasets (Fig. S2B).
The heatmap of the expression of these 23 common differentially
expressed genes across the datasets is shown in (Fig. S3A–C).
To further filter the differentially expressed genes of HPI

gastritis, we input these 23 common genes into the STRING
database, specifying the species as human and setting the
confidence score at 0.7. This allowed us to obtain the PPI network
of the proteins encoded by the differentially expressed genes (Fig.
S2C). From the PPI network, we observed that CXCL1 had the
highest degree at 12. Additionally, high expression of CXCL1 in the
Gastritis group was observed in all three HPI gastritis datasets
(Fig. S2D–I). According to the literature, CXCL1 is one of the most
important chemokines involved in the development of various
inflammatory diseases, and its expression is elevated during the
inflammatory response [47]. Based on these results, we speculate
that the increased expression of CXCL1 may play a role in
promoting the progression of HPI gastritis.
To further demonstrate the role of CXCL1 in promoting HPI

gastritis, we divided the gastritis samples from the three datasets
into a CXCL1 low-expression (CXCL1-Low) group and a CXCL1
high-expression (CXCL1-High) group based on CXCL1 expression
levels, and performed differential analysis. In the GSE5081 dataset,
381 upregulated genes and 358 downregulated genes were
identified (Fig. S1D); in the GSE60427 dataset, 160 upregulated
genes and 68 downregulated genes were identified (Fig. S1E); in
the GSE60662 dataset, 415 upregulated genes and 431 down-
regulated genes were identified (Fig. S1F).
The analysis suggests that CXCL1 promotes the progression

of HPI gastritis by regulating signaling pathways such as the TNF,
NF-κB, and chemokine signaling pathway.

Potential regulatory role of METTL3 in m6A modification of
CXCL1 in HPI gastritis
m6A is the most prevalent post-transcriptional modification in
both mRNA and non-coding RNA. This modification plays a crucial
role in determining the fate of RNA, including processes such as
splicing, localization, stability, translation efficiency, and nuclear
export [48–50]. Currently, most research on the role of m6A in HPI-
related diseases concentrates on gastric cancer, with compara-
tively less emphasis on the role of m6A RNA modification in
HPI-related non-cancerous diseases. Literature reports suggest
that HPI increases levels of gastric inflammation, both extra-
cellularly and intracellularly, through m6A modification [51].
By intersecting the differentially expressed genes from these

three datasets, we identified seven common differentially
expressed genes (Fig. 1A). The expression patterns of these seven
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common differentially expressed genes in each dataset are shown
in (Fig. 1B–D). To explore the function of CXCL1 in HPI gastritis, we
conducted GO functional analysis and KEGG pathway analysis on
the common differentially expressed genes from the three
datasets.

The results of GO functional analysis showed that the
differentially expressed genes were mainly enriched in biological
processes (BP) such as chemokine-mediated signaling pathways,
and neutrophil chemotaxis. In terms of cellular components (CC),
the differentially expressed genes were primarily enriched in
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terms such as secretory granule lumen, cytoplasmic vesicle lumen,
vesicle lumen, and specific granule lumen. Regarding molecular
functions (MF), the genes were mainly enriched in chemokine
activity, chemokine receptor binding, and cytokine activity
(Fig. 1E). KEGG pathway analysis indicated that the candidate
genes were primarily enriched in pathways such as the IL-17
signaling pathway, TNF signaling pathway, chemokine signaling
pathway, cytokine-cytokine receptor interaction, and the NF-κB
signaling pathway (Fig. 1F). To examine the overall expression of
genes related to m6A modification in patients with HPI gastritis,
we extracted m6A-related genes from three datasets and
conducted a differential analysis. The differential genes in the
GSE5081 dataset are METTL3, RBM15B, and IGFBP2 (Fig. 1G, Fig.
S3D). In the GSE60427 dataset, the differential genes are IGFBP2,
METTL3, and IGFBP3 (Fig. 1H, Fig. S3E). Additionally, in the
GSE60662 dataset, the differential genes include METTL3, CBLL1,
and YTHDF3 (Fig. 1I, Fig. S3F). The m6A-related differentially
expressed genes were intersected from these three datasets, and
subsequently, the METTL3 gene was filtered out (Fig. 1J).
According to the existing literature, METTL3 has been shown to
promote the growth and metastasis of gastric cancer cells [52].
However, research on m6A modification in HPI gastritis, a non-
cancerous disease, is still limited.
According to literature studies, it has been discovered that

YTHDF1 can increase the expression of CXCL1 by enhancing the
translation of p65. This study suggests the potential involvement
of m6A-related genes in the methylation of CXCL1 [53]. To
evaluate the existence of a regulatory relationship between
METTL3 and CXCL1, we conducted correlation analysis on their
expressions in three GEO datasets. The results demonstrated a
positive correlation between METTL3 and CXCL1 in all three
datasets (Fig. 1K–M). We plan to investigate further to determine
whether METTL3 could regulate the m6A modification of CXCL1 in
HPI gastritis based on the above results.

METTL3-mediated m6A modification of CXCL1 drives
inflammation and apoptosis in HPI-treated GES-1 Cells
In order to investigate the impact of HP on the expression of
METTL3 and CXCL1, we co-cultured HP with human gastric
epithelial cells (GES-1) at varying multiplicities of infection (MOI)
for 24 h. Moreover, GES-1 cells were co-cultured with HP at an MOI
of 100 for different durations to assess the effects on METTL3 and
CXCL1 expression. We detected the expression levels of CXCL1
and METTL3. Western blot and RT-qPCR analysis revealed that
following HP treatment, the expression of CXCL1 in GES-1 cells
progressively increased, showing a correlation with both the
multiplicity of infection (MOI) and exposure duration (Fig. 2A, B). In
summary, HP has the ability to enhance the expression of CXCL1
and METTL3 in GES-1 cells. Subsequent experiments involved the
intervention of GES-1 cells with HP at an MOI of 100 for 24 hours.
To investigate the regulatory relationship between CXCL1 and

METTL3, we conducted three si-METTL3 transfections in GES-1
cells. The results of RT-qPCR demonstrated that si-METTL3-2 had

the most effective silencing efficiency. As a result, si-METTL3-2 (si-
METTL3) was selected for subsequent experiments (Fig. 2C).
Subsequently, the results of the MeRIP experiment demonstrated
a reduction in the m6A modification level of CXCL1 mRNA in the
si-METTL3 group compared to the si-NC group (Fig. 2D). Moreover,
the RIP experiment results showed a substantial decrease in the
levels of CXCL1 mRNA pulled down by METTL3 in the si-METTL3
group compared to the si-NC group (Fig. 2E). Additionally, the
findings of the dual-luciferase reporter gene experiment indicated
a marked reduction in dual-luciferase activity in the si-METTL3
group compared to the si-NC group in the WT (wild-type) CXCL1
group, while no change was observed in the MUT (CXCL1 mutant)
group, where the CXCL1 gene had been mutated to prevent
METTL3 binding (Fig. 2F). The aforementioned results indicate that
METTL3 selectively regulates m6A modification on CXCL1 mRNA.
Western blot and RT-qPCR detection results revealed that the

protein and mRNA levels of CXCL1 and METTL3 were down-
regulated in the si-METTL3+oe-NC group compared to the si-NC
+oe-NC group. There was no change in the METTL3 protein and
mRNA levels in the oe-CXCL1+si-NC group, but there was an
upregulation in the protein and mRNA levels of CXCL1. Moreover,
the protein and mRNA levels of CXCL1 were upregulated in the si-
METTL3+oe-CXCL1 group compared to the si-METTL3+oe-NC
group (Fig. 2G, H). The immunofluorescence staining results are
consistent with the results obtained from the Western blot
experiment (Fig. 2I). In summary, HP induces METTL3 to perform
m6A modification on CXCL1, thereby influencing its expression.
METTL3, as a potential therapeutic target for CRC immunother-

apy, can reverse immunosuppression through the m6A-BHLHE41-
CXCL1 axis. The inhibition of METTL3, combined with anti-PD1
therapy, has shown promising anti-tumor effects in CRC [22]. To
investigate whether BHLHE41 is involved in the regulation of
CXCL1 expression mediated by METTL3 in HP-treated GES-1 cells,
we designed relevant experiments for validation. Through MeRIP
experiments, it was found that the m6A modification level of
CXCL1 mRNA in the si-BHLHE41 group was significantly reduced
(Fig. 2J); RIP experiment results showed that the level of CXCL1
mRNA pulled down by BHLHE41 was significantly decreased in the
si-BHLHE41 group (Fig. 2K); dual-luciferase reporter assay results
showed that the luciferase activity in the si-BHLHE41 group was
significantly reduced, while no significant change was observed in
the MUT group (Fig. 2L). These results suggest that BHLHE41
targets and regulates the m6A modification of CXCL1 mRNA.
Western blot and RT-qPCR results showed that the protein and
mRNA levels of CXCL1 and BHLHE41 in the si-BHLHE41+oe-NC
group were significantly downregulated, while the BHLHE41
protein and mRNA levels in the oe-CXCL1+si-NC group did not
show significant changes, but the CXCL1 protein and mRNA levels
were significantly upregulated. Compared with the si-
BHLHE41+oe-NC group, the CXCL1 protein and mRNA levels in
the si-BHLHE41+oe-CXCL1 group were significantly upregulated
(Fig. 2M, N). Immunofluorescence staining results were consistent
with the Western blot results (Fig. 2O). In conclusion, BHLHE41

Fig. 1 Functional and differential gene analysis of CXCL1 and m6A modifications in gastric tissue. A Venn diagram of the intersection of
differentially expressed genes from three HPI gastritis datasets. B Heatmap of the expression of the 7 intersecting differentially expressed
genes in the GSE5081 dataset (CXCL1-Low group: n= 4; CXCL1-High group: n= 4). C Heatmap of the expression of the 7 intersecting genes in
the GSE60427 dataset (CXCL1-Low group: n= 8; CXCL1-High group: n= 8). D Heatmap of the expression of the 7 intersecting genes in the
GSE60662 dataset (CXCL1-Low group: n= 4; CXCL1-High group: n= 4). E GO functional analysis of the 7 intersecting differentially expressed
genes in terms of biological process (BP), cellular component (CC), and molecular function (MF). F KEGG pathway enrichment analysis of the 7
intersecting differentially expressed genes. G Heatmap of the expression of 3 differentially expressed m6A modification-related genes in the
GSE5081 dataset (Control group: n= 8; Gastritis group: n= 8). H Heatmap of the expression of 3 differentially expressed m6A modification-
related genes in the GSE60427 dataset (Control group: n= 8; Gastritis group: n= 16). I Heatmap of the expression of 3 differentially expressed
m6A modification-related genes in the GSE60662 dataset (Control group: n= 4; Gastritis group: n= 8). J Venn diagram of the intersection of
differential genes related to m6A modification in three HPI gastritis datasets. K Correlation analysis of METTL3 and CXCL1 in the GSE5081
dataset. L Correlation analysis of METTL3 and CXCL1 in the GSE60427 dataset. M Correlation analysis of METTL3 and CXCL1 in the GSE60662
dataset. Values are expressed as mean ± standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001 compared to Control.

Q. Lu et al.

6

Cell Death and Disease          (2025) 16:625 



affects the expression of CXCL1 by regulating its m6A
modification.
Subsequently, we will explore the impact of the METTL3/

CXCL1 signaling pathway on the phenotype of GES-1 cells treated
with HPI. First, the experimental results demonstrated increased

cell cloneability in the si-METTL3+oe-NC group compared to the
si-NC+oe-NC group. Conversely, cell cloneability showed a notable
decrease in the oe-CXCL1+si-NC group. Additionally, the si-
METTL3+oe-CXCL1 group exhibited a decrease in cell cloneability
compared to the si-METTL3+oe-NC group (Fig. 3A). The results of
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the subsequent flow cytometry assay revealed that the apoptosis
rate of cells was reduced in the si-METTL3+oe-NC group
compared to the si-NC+oe-NC group.
Conversely, the apoptosis rate of cells in the oe-CXCL1+si-NC group

was increased. Furthermore, the apoptosis rate of cells in the si-
METTL3+oe-CXCL1 group was higher compared to the si-METTL3+oe-
NC group (Fig. 3B). Meanwhile, WB results showed that compared
with the si-NC+oe-NC group, the levels of cleaved caspase-3, cleaved
caspase-9, and cleaved PARP in the si-METTL3+oe-NC group were
decreased, while the levels of cleaved caspase-3, cleaved caspase-9,
and cleaved PARP in the CXCL1+si-NC group were increased;
compared with the si-METTL3+oe-NC group, the levels of cleaved
caspase-3, cleaved caspase-9, and cleaved PARP in the si-METTL3+oe-
CXCL1 group were increased (Fig. 3C). Subsequent RT-qPCR and ELISA
results showed that compared with the si-NC+oe-NC group, the
mRNA expression levels and content of IL-6, IL-8, and TNF-α in the si-
METTL3+oe-NC group were significantly decreased, while the mRNA
expression levels and content of IL-6, IL-8, and TNF-α in the oe-
CXCL1+si-NC group were significantly increased; compared with the
si-METTL3+oe-NC group, the mRNA expression levels and content of
IL-6, IL-8, and TNF-α in the si-METTL3+oe-CXCL1 group were
significantly increased (Fig. 3D–G).
Finally, the immunofluorescence staining results indicated that in

comparison to the si-NC+oe-NC group, the green fluorescence was
attenuated, and the biofilm was impaired in the si-METTL3+oe-NC
group. Conversely, the green fluorescence was intensified, leading to
the formation of a mature biofilm in the oe-CXCL1+si-NC group.
Furthermore, the biofilm formation increased in the si-METTL3+oe-
CXCL1 group compared to the si-METTL3+oe-NC group (Fig. 3H).
Immunofluorescence staining was performed to evaluate HP adhe-
sion. The results showed that in the si-METTL3+oe-NC group,
compared to the si-NC+oe-NC group, the green fluorescence was
reduced, and HP adhesion was decreased in the cells. Conversely, in
the oe-CXCL1+si-NC group, the green fluorescence was enhanced,
and HP adhesion was increased. Moreover, in the si-METTL3+oe-
CXCL1 group, HP adhesion was further increased compared to the si-
METTL3+oe-NC group (Fig. 3I).
In conclusion, METTL3 enhances the expression of CXCL1 by

regulating the m6A modification of RNA. This regulation exacer-
bates cell apoptosis, biofilm formation, HP adhesion, and the
inflammatory response induced by HPI treatment.

CXCL1 regulates the NF-κB signaling pathway, promoting
apoptosis, biofilm formation, and inflammatory responses in
HP1-treated GES-1 cells
Our analysis of GO and KEGG indicated an association between
the upregulation of CXCL1 in HPI and the NF-κB pathway, as
demonstrated in Fig. 1F. Hence, we postulate that HPI could
potentially activate the NF-κB pathway by upregulating CXCL1
expression. LPS activates the NF-κB signaling pathway by binding
to Toll-like receptors (TLRs) on the cell surface. Hence, we selected
LPS as the agonist to activate the NF-κB signaling pathway [54].

First, GES-1 cells were transfected with three si-CXCL1
sequences, and RT-qPCR results showed that si-CXCL1-1 had
the highest silencing efficiency. Therefore, si-CXCL1-1 (CXCL1-1)
was selected for subsequent experiments (Fig. 4A). Western blot
results showed that, compared to the Control group, the protein
levels of the p-IκBα/IκBα and p-p65/p65 ratios were significantly
upregulated in the HP group. Compared to the si-NC group, the
p-IκBα/IκBα and p-p65/p65 protein levels were significantly
downregulated in the si-CXCL1 group, while in the LPS+si-NC
group, the p-IκBα/IκBα and p-p65/p65 protein levels were
significantly upregulated. Compared to the si-CXCL1 group,
the protein levels of p-IκBα/IκBα and p-p65/p65 were signifi-
cantly upregulated in the si-CXCL1 + LPS group (Fig. 4B).
Immunofluorescence staining results showed that, compared
to the Control group, the fluorescence intensity of CXCL1 and
p-p65 was enhanced in the HP group. Compared to the si-NC
group, the fluorescence intensity of CXCL1 and p-p65 was
decreased in the si-CXCL1 group, while in the LPS+si-NC group,
the fluorescence intensity of CXCL1 and p-p65 was enhanced.
Compared to the si-CXCL1 group, the fluorescence intensity of
CXCL1 and p-p65 was enhanced in the si-CXCL1 + LPS group
(Fig. 4C). These results indicate that si-CXCL1 can inhibit the
nuclear translocation of p65, thereby suppressing the NF-κB
signaling pathway, which is corroborated by the Western blot
results. Thus, CXCL1 is an upstream regulator of the NF-κB
signaling pathway.
Next, we explored the effect of the CXCL1/NF-κB signaling axis

on the phenotype of HPI-treated GES-1 cells. First, colony
formation assay results showed that, compared to the Control
group, the colony-forming ability of the HP group was significantly
reduced. Compared to the si-NC group, the colony-forming ability
of the si-CXCL1 group was significantly increased, while the
colony-forming ability of the LPS+si-NC group was significantly
reduced. Compared to the si-CXCL1 group, the colony-forming
ability of the si-CXCL1 + LPS group was significantly reduced
(Fig. 5A). Next, flow cytometry results showed that, compared to
the Control group, the apoptosis rate in the HP group was
significantly increased. Compared to the si-NC group, the
apoptosis rate in the si-CXCL1 group was significantly reduced,
while the apoptosis rate in the LPS+si-NC group was significantly
increased. Compared to the si-CXCL1 group, the apoptosis rate in
the si-CXCL1 + LPS group was significantly increased (Fig. 5B).
Meanwhile, WB results showed that, compared to the Control
group, the levels of cleaved caspase-3, cleaved caspase-9, and
cleaved PARP were elevated in the HP group. Compared to the si-
NC group, the levels of cleaved caspase-3, cleaved caspase-9, and
cleaved PARP were reduced in the si-CXCL1 group, while they
were significantly increased in the LPS+si-NC group. Compared to
the si-CXCL1 group, the levels of cleaved caspase-3, cleaved
caspase-9, and cleaved PARP were elevated in the si-CXCL1 + LPS
group (Fig. 5C). Next, RT-qPCR and ELISA results showed that,
compared to the Control group, the mRNA expression levels and

Fig. 2 Validation of METTL3-CXCL1 Target Relationship. A Western blot analysis of CXCL1 and METTL3 protein levels in GES-1 cells after co-
culture with HP at different MOIs (0, 20, 50, 100, and 200) and for different durations (0, 3, 6, 12, and 24 h). B RT-qPCR analysis of CXCL1 and
METTL3 mRNA levels in GES-1 cells after co-culture with HP at different MOIs (0, 20, 50, 100, and 200) and for different durations (0, 3, 6, 12,
and 24 h). C RT-qPCR and Western blot screening of three si-METTL3 sequences. D MeRIP-qPCR experiment detecting m6A methylation
modifications of CXCL1 mRNA in GES-1 cells. E RIP-qPCR experiment detecting the target relationship between CXCL1 mRNA and METTL3 in
GES-1 cells. F Dual-luciferase reporter assay detecting the target relationship between CXCL1 and METTL3 in GES-1 cells. G Western blot
analysis of CXCL1 and METTL3 protein expression levels in HP-infected GES-1 cells. H RT-qPCR analysis of CXCL1 and METTL3 mRNA levels in
HP-infected GES-1 cells. I Immunofluorescence staining detecting the expression levels of CXCL1 and METTL3 in HP-infected GES-1 cells.
J MeRIP-qPCR experiment detecting m6A methylation modifications of CXCL1 mRNA in GES-1 cells. K RIP-qPCR experiment detecting the
target relationship between CXCL1 mRNA and BHLHE41 in GES-1 cells. L Dual-luciferase reporter assay detecting the target relationship
between CXCL1 and BHLHE41 in GES-1 cells. M Western blot analysis of CXCL1 and BHLHE41 protein expression levels in HP-infected GES-
1 cells. N RT-qPCR analysis of CXCL1 and BHLHE41 mRNA levels in HP-infected GES-1 cells. O Immunofluorescence staining detecting the
expression levels of CXCL1 and BHLHE41 in HP-infected GES-1 cells. Scale bar: 25 μm. Values are presented as the mean ± standard deviation,
and all cell experiments were repeated three times. ***indicates P < 0.001.
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content of IL-6, IL-8, and TNF-α were significantly increased in the
HP group. Compared to the si-NC group, the mRNA expression
levels and content of IL-6, IL-8, and TNF-α were significantly
reduced in the si-CXCL1 group, while they were significantly
increased in the LPS+si-NC group. Compared to the si-CXCL1
group, the mRNA expression levels and content of IL-6, IL-8, and
TNF-α were significantly increased in the si-CXCL1 + LPS group
(Fig. 5D–G).
Finally, immunofluorescence staining results for biofilm forma-

tion showed that, compared to the Control group, the green
fluorescence was enhanced in the HP group, indicating the
formation of a mature biofilm. Compared to the si-NC group, the
green fluorescence in the si-CXCL1 group was reduced, indicating

biofilm disintegration, while the green fluorescence in the LPS+si-
NC group was enhanced, indicating the formation of a mature
biofilm. Compared to the si-CXCL1 + LPS group, biofilm formation
was increased in the CXCL1 + LPS group (Fig. 5H). Immunofluor-
escence staining results for HP adhesion showed that, compared
to the Control group, the green fluorescence in the HP group was
enhanced, and HP adhesion was significantly increased. Com-
pared to the si-NC group, the green fluorescence in the si-CXCL1
group was reduced, and HP adhesion was significantly decreased,
while the green fluorescence in the LPS+si-NC group was
enhanced, and HP adhesion was significantly increased. Com-
pared to the si-CXCL1 group, HP adhesion was increased in the si-
CXCL1 + LPS group (Fig. 5I).
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Fig. 3 Impact of METTL3/CXCL1 Signaling Axis on HPI GES-1 Cells. A Colony formation assay to assess cell viability in HPI GES-1 cells. B Flow
cytometry analysis to measure cell apoptosis in HPI GES-1 cells. C Western blot analysis of cleaved caspase-3, cleaved caspase-9, and cleaved
PARP levels. D mRNA levels of IL-6, IL-8, and TNF-α in HPI GES-1 cells as detected by RT-qPCR. E IL-6 content in HPI GES-1 cells as measured by
ELISA. F IL-8 content in HPI GES-1 cells as measured by ELISA. G TNF-α content in HPI GES-1 cells as measured by ELISA. H HP biofilm formation
in HPI GES-1 cells as detected by immunofluorescence staining; Scale bar: 50 μm. I Adhesion of HP in HPI GES-1 cells as detected by
immunofluorescence staining; Scale bar: 25 μm. Values are expressed as mean ± standard deviation. ***P < 0.001.
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In summary, our results indicate that CXCL1 activates the NF-κB
signaling pathway, further exacerbating cell apoptosis, biofilm
formation, HP adhesion, and the inflammatory response induced
by HPI.

METTL3 activates the CXCL1/NF-κB axis to induce
inflammation in HPI-treated GES-1 Cells
METTL3 Activation of the CXCL1/NF-κB Signaling Axis Promotes
Inflammatory Response in HPI GES-1 Cells. Previous research has
indicated that METTL3 promotes CXCL1 expression through RNA
m6A modification, leading to the activation of the NF-κB signaling
pathway. To further investigate whether METTL3 can activate the
NF-κB signaling pathway by upregulating CXCL1 expression, the
following experiments were conducted. Western blot results
showed that compared to the si-NC group, the si-METTL3 group
exhibited significant downregulation of METTL3 and CXCL1
protein levels, with a slight decrease in the p-IκBα/IκBα and
p-p65/p65 ratios. In the LPS+si-NC group, there were no

significant changes in METTL3 and CXCL1 protein levels, while
the protein levels of p-IκBα/IκBα and p-p65/p65 ratios were
significantly upregulated. Moreover, compared to the si-METTL3
group, both the si-METTL3 + LPS and si-METTL3+oe-CXCL11
groups showed a partial increase in the protein levels of p-IκBα/
IκBα and p-p65/p65 ratios (Fig. 6A). Immunofluorescence staining
results showed that, compared to the si-NC group, the p-p65
fluorescence intensity was reduced in the si-METTL3 group and
increased in the LPS+si-NC group. Compared to the si-METTL3
group, the fluorescence intensity was increased in the si-
METTL3 + LPS group and the si-METTL3+oe-CXCL11 group. These
results suggest that si-METTL3 reduces the nuclear translocation of
p65, thereby inhibiting the NF-κB signaling pathway, which
corroborates the Western blot results (Fig. 6B).
Subsequently, the effects of the METTL3/CXCL1/NF-κB signaling

axis on the phenotype of HPI GES-1 cells were investigated.
Initially, the experimental results demonstrate a marked increase
in the colony formation ability of the si-METTL3 group compared
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Fig. 4 Validation of the relationship between CXCL1 and the NF-κB signaling pathway. A RT-qPCR screening of three si-CXCL1 sequences.
B Western blot analysis of p-IκBα, IκBα, p-p65, and p65 protein expression levels in HPI-treated GES-1 cells. The bar charts represent the ratios
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to the si-NC group. Conversely, the colony formation ability was
decreased in the LPS+si-NC group. Furthermore, the colony
formation ability in the si-METTL3 + LPS group was reduced
compared to the si-METTL3 group (Fig. 7A). Furthermore, flow
cytometry results demonstrated that the cell apoptosis rate
decreased in the si-METTL3 group compared with the si-NC
group; conversely, it increased in the LPS+si-NC group.
Additionally, the cell apoptosis rate increased in the si-

METTL3 + LPS group relative to the si-METTL3 group (Fig. 7B).
Meanwhile, Western blot results showed that, compared to the
si-NC group, the levels of cleaved caspase-3, cleaved caspase-9,
and cleaved PARP were reduced in the si-METTL3 group, while

these levels were elevated in the LPS+si-NC group. Compared to
the si-METTL3 group, the levels of cleaved caspase-3, cleaved
caspase-9, and cleaved PARP were increased in the si-
METTL3 + LPS group (Fig. 7C). Furthermore, RT-qPCR and ELISA
results showed that, compared to the si-NC group, the mRNA
expression levels and content of IL-6, IL-8, and TNF-α were
significantly increased in the si-METTL3 group, and the mRNA
expression levels and content of IL-6, IL-8, and TNF-α were also
significantly increased in the LPS+si-NC group. Compared to the
si-METTL3 group, the mRNA expression levels and content of IL-6,
IL-8, and TNF-α were significantly increased in the si-
METTL3 + LPS group (Fig. 7D–G).
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Fig. 5 Impact of CXCL1/NF-κB signaling axis on HPI GES-1 cells. A Colony formation assay to detect the survival of HPI-treated GES-1 cells.
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Finally, immunofluorescence staining results for biofilm forma-
tion showed that, compared to the si-NC group, the green
fluorescence was reduced, and biofilm formation was disrupted in
the si-METTL3 group. The green fluorescence in the LPS+si-NC

group was significantly increased, indicating the formation of a
mature biofilm. Compared to the METTL3 + LPS group, biofilm
formation increased in the si-METTL3 + LPS group (Fig. 7H).
Immunofluorescence staining results for HP adhesion showed
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Fig. 6 Validation of the relationship between METTL3 and the NF-κB signaling pathway. A Western blot analysis of the protein expression
levels of p-IκBα, IκBα, p-p65, and p65 in HPI GES-1 cells; bar graphs represent the ratios of p-IκBα/IκBα and p-p65/p65 protein levels.
B Immunofluorescence staining to detect the expression levels of METTL3 and NF-κB in HPI GES-1 cells, scale bar: 25 μm. Values are presented
as mean ± standard deviation; all cell experiments were repeated three times, and *** indicates P < 0.001.
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that, compared to the si-NC group, the green fluorescence in the
si-METTL3 group was reduced, and HP adhesion was decreased.
In contrast, the green fluorescence in the LPS+si-NC group was
enhanced, and HP adhesion increased. Compared to the
si-METTL3 group, HP adhesion was increased in the si-
METTL3 + LPS group (Fig. 7I).
In summary, these results demonstrate that METTL3 activates

the NF-κB signaling pathway by upregulating CXCL1 expres-
sion, thereby exacerbating HPI-induced apoptosis, biofilm
formation, HP adhesion, and the inflammatory response in
GES-1 cells.

METTL3 activation of the CXCL1/NF-κB pathway exacerbates
inflammatory responses in HPI-induced gastritis: in vivo
evidence
Finally, we established a mouse gastritis model using HP
bacterial solution gavage to investigate the regulatory role of
the METTL3/CXCL1/NF-κB signaling axis in vivo. First, METTL3−/−

and CXCL1−/− mice were generated using CRISPR-Pro gene
knockout technology. RT-qPCR and sequencing results con-
firmed successful knockout of METTL3 and CXCL1 (Fig. 8A). To
evaluate whether the model was successfully established, we
conducted a rapid urease test and H&E staining. The rapid urease
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test results showed that the solution in the reagent tubes
containing gastric tissue from the WT, METTL3−/−, and CXCL1−/−

groups remained yellow without change, while the solution from
the HPI group turned from yellow to purple-red. In the
HPI + METTL3−/− and HPI + CXCL1−/− groups, the reagent
solution remained yellow (Fig. 8B). H&E staining results showed
that the gastric mucosa in the WT, CXCL1−/−, and METTL3−/−

groups appeared smooth, with orderly glandular arrangement
and no swelling or hemorrhage. In the HPI group, the gastric
mucosa appeared less smooth, with some epithelial necrosis and
detachment, significant congestion and swelling, disordered

glandular arrangement, and scattered hemorrhage, with infiltra-
tion of lymphocytes, plasma cells, and a few neutrophils. In the
HPI + METTL3−/− and HPI + CXCL1−/− groups, mucosal epithelial
damage was significantly reduced, and the glandular arrange-
ment remained orderly (Fig. 8C). These results indicated that the
HPI gastritis mouse model was successfully established, and
knockout of METTL3 and CXCL1 alleviated HPI-induced gastritis
symptoms.
Next, we investigated the effect of METTL3 knockout on the

phenotype of HPI-induced gastritis in mice. First, WB and TUNEL
assay results showed low background staining in the gastric
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Fig. 8 Effects of METTL3 knockout on HPI gastric inflammation in mice. A Construction of METTL3−/− and CXCL1−/− mice using CRISPR-Pro
gene knockout technology, along with RT-qPCR and sequencing results. B Rapid urease test to detect gastric mucosal infection in mice. C H&E
staining to observe the morphology and structure of gastric mucosal cells, scale bar: 50 μm. D TUNEL assay to detect apoptosis in gastric
mucosal cells, scale bar: 25 μm. E Western blot analysis of cleaved caspase-3, cleaved caspase-9, and cleaved PARP levels. F RT-qPCR analysis of
CXCL1, IL-6, IL-8, and TNF-α mRNA levels in the gastric mucosa of mice. G ELISA analysis of CXCL1, IL-6, and TNF-α levels in the gastric mucosa
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mucosa of WT mice, with clear nuclear staining and few or no
brown crystals. In contrast, the HPI group showed weak nuclear
staining and many brown crystals. The METTL3−/−, CXCL1−/−,
HPI + METTL3−/−, and HPI + CXCL1−/− groups had fewer brown
crystals, suggesting that METTL3 and CXCL1 knockdown reduced
apoptosis in the gastric mucosa (Fig. 8D). Meanwhile, WB results
showed that, compared to the WT group, the levels of cleaved
caspase-3, cleaved caspase-9, and cleaved PARP were upregulated
in the gastric mucosa of HPI mice. These levels were slightly
reduced in the METTL3−/− and CXCL1−/− groups. Compared to
the HPI group, the levels of cleaved caspase-3, cleaved caspase-9,
and cleaved PARP were significantly reduced in the HPI +
METTL3−/− and HPI + CXCL1−/− groups (Fig. 8E). RT-qPCR results
showed that, compared to the WT group, METTL3, CXCL1, IL-6, and
TNF-α mRNA expression levels were upregulated in the gastric
mucosa of HPI mice. METTL3 was not expressed in the METTL3−/−

group, and CXCL1, IL-6, and TNF-α mRNA levels were slightly
reduced in both the METTL3−/− and CXCL1−/− groups. Compared
to the HPI group, METTL3 was not expressed, and CXCL1, IL-6, and
TNF-α mRNA levels were significantly reduced in the HPI +
METTL3−/− and HPI + CXCL1−/− groups (Fig. 8F). ELISA results
showed that, compared to the WT group, serum levels of CXCL1,
IL-6, and TNF-α were significantly elevated in HPI mice. In the
METTL3−/− and CXCL1−/− groups, IL-6 and TNF-α levels were
slightly reduced. Compared to the HPI group, serum IL-6 and TNF-
α levels were significantly reduced in the HPI + METTL3−/− and
HPI + CXCL1−/− groups (Fig. 8G).
GIF secretion reflects gastric acid secretion, bacterial infection,

and gastric mucosal damage [55]. Ki67 is a nuclear antigen, and
Ki67+ immunostaining shows the expression and distribution of
Ki67 protein in cells, indicating proliferative activity [56]. MPO is an
enzyme found in neutrophils that is mainly involved in immune
response and inflammation [57]. Immunofluorescence staining
results showed that, compared to the WT group, the areas positive
for GIF + , Ki67 + , and MPO+ were significantly increased in the
gastric mucosa of HPI mice, while these areas were slightly
reduced in the METTL3−/− and CXCL1−/− groups. Compared to
the HPI group, the GIF + , Ki67 + , and MPO+ areas were
significantly reduced in the gastric mucosa of the HPI +
METTL3−/− and HPI + CXCL1−/− groups (Fig. 8H–J). These findings
suggest that METTL3 and CXCL1 knockout reduced gastric
mucosal cell proliferation and neutrophil infiltration. Taken
together, METTL3 knockdown alleviated apoptosis and inflamma-
tion in the gastric mucosa of HPI gastritis mice.
Finally, we investigated whether HP exacerbates the inflamma-

tory response in gastritis mice through the METTL3/CXCL1/NF-κB
signaling axis. First, Western blot results showed that, compared
with the WT group, the expression of METTL3, CXCL1, p-IκBα/IκBα,
and p-p65/p65 protein ratios were significantly upregulated in the
gastric mucosal tissues of the HPI +WT group. In the METTL3−/−

group, the expression of CXCL1, p-IκBα/IκBα, and p-p65/p65
protein ratios in the gastric mucosa were slightly downregulated,
while in the CXCL1−/− group, the expression of p-IκBα/IκBα and p-
p65/p65 protein ratios was slightly downregulated, with METTL3
protein levels unaffected. Compared to the HPI +WT group, in the
HPI + METTL3−/− group, the expression of CXCL1, p-IκBα/IκBα, and
p-p65/p65 protein ratios in the gastric mucosa was significantly
downregulated, and in the HPI + CXCL1−/− group, the expression
of p-IκBα/IκBα and p-p65/p65 protein ratios in the gastric mucosa
was significantly downregulated, with METTL3 protein levels
unaffected (Fig. 9A, B).
Next, immunohistochemistry results showed that compared to

the WT group, the HPI +WT group exhibited a large amount of
brown-yellow staining, with high expression of CXCL1 protein in
the gastric mucosa. In the METTL3−/− and CXCL1−/− groups, there
was no significant brown-yellow staining in the gastric mucosa.
Compared to the HPI +WT group, the HPI + METTL3−/− and

HPI + CXCL1−/− groups exhibited reduced brown-yellow staining,
and the expression of CXCL1 protein was downregulated (Fig. 9C).
Finally, immunofluorescence results showed that the HPI +WT

group exhibited an increased trend of p65 nuclear translocation
and upregulated p-p65 protein levels in the gastric mucosa. In the
METTL3−/− and CXCL1−/− groups, there was a slight decrease in
p65 nuclear translocation and p-p65 protein levels. Compared to
the HPI +WT group, the HPI + METTL3−/− and HPI + CXCL1−/−

groups showed a significant decrease in the trend of p65 nuclear
translocation and a downregulation of p-p65 protein levels in the
gastric mucosa (Fig. 9D, E).
In conclusion, METTL3 upregulates CXCL1 expression through

m6A modification, activating the NF-κB signaling pathway and
exacerbating the inflammatory response in HPI-induced gastritis
in mice.

DISCUSSION
HP is a contributor to Gastritis and gastric ulcers, and persistent
infection is also linked to the development of gastric cancer
[2–4, 6]. The inflammatory response plays a central role in the
pathogenesis of HP infection [58]. Previous studies have revealed
that the NF-κB signaling pathway is strongly linked to inflamma-
tory responses. However, the specific regulatory mechanisms
underlying this association have not yet been fully elucidated
[19–21]. This study emphasizes the crucial role of METTL3 in
regulating m6A modification on CXCL1 throughout this process.
A positive correlation was discovered between METTL3 and

CXCL1 in the gastric mucosa of patients infected with HPI in this
study. This finding is consistent with previous studies regarding
the regulatory role of METTL3 in other inflammatory reactions and
tumors [59, 60]. However, it sheds new light on the specific
mechanism of METTL3 in HP-infected Gastritis, which has not
been reported before [13, 14, 61]. This discovery offers a novel
functional perspective on METTL3 and provides valuable insights
for further exploration of therapeutic strategies for HP infection.
This study provides evidence that METTL3 promotes CXCL1
expression through m6A modification in vitro cell experiments,
leading to the activation of the NF-κB signaling pathway. This
finding offers novel insights into the involvement of NF-κB in HP
infection, thereby enhancing our comprehension of this integral
signaling pathway in inflammation. Simultaneously, it also high-
lights the significance of m6A modification in this process. After
HP treatment, CXCL1 expression in GES-1 cells was significantly
increased (Fig. 2A, B). CXCL1 is a chemokine that is typically
associated with inflammatory responses and immune reactions.
Previous studies have shown that elevated CXCL1 expression can
exacerbate bacterial proliferation [62, 63], thereby increasing HP
bacterial load. This suggests that HP may increase bacterial load
by regulating METTL3 to elevate CXCL1 expression, which could
be part of HP’s self-survival mechanism.
Early studies have reported that the NF-κB signaling pathway is

crucial in HP-induced gastritis [64]. However, there is still a need
for further in-depth research to investigate the specific regulation
mechanisms, particularly concerning post-transcriptional modifi-
cations. This study confirms the roles of METTL3 and CXCL1 in
HP-induced Gastritis while also elucidating their connection to the
NF-κB signaling pathway. This study conducted a comprehensive
set of rigorous experiments, from bioinformatics analysis to
in vitro cell experiments and, ultimately, in vivo animal models.
These experiments provide robust evidence to support the
research findings. Specifically, the study’s findings were further
verified through in vivo experiments that suppressed METTL3 and
observed its impact on gastric mucosal cells in HPI mice. Based on
the findings of this study, METTL3 could potentially serve as a
novel therapeutic target for the management of HP-induced
Gastritis. By disrupting the activity of METTL3 or its modifications
on CXCL1, patients may be offered novel therapeutic strategies.

Q. Lu et al.

15

Cell Death and Disease          (2025) 16:625 



Nevertheless, this study is currently in its preliminary stages, and
additional experimental validation and comprehensive research
will be necessary to facilitate the application of this discovery in a
clinical environment.
NF-κB is generally considered to negatively regulate apoptosis

by promoting the transcription of anti-apoptotic genes. However,
in specific cell types, under environmental stress, or within certain
interaction networks, it may participate in pro-apoptotic processes
under specific conditions. For example, during inflammation, NF-
κB activation may lead to the release of inflammation-related
cytokines, thereby exacerbating cell damage and apoptosis [65].
Moreover, there are complex interactions between the NF-κB
pathway and other signaling pathways. Under particular physio-
logical or pathological conditions, reducing the activation of one
pathway (such as the NF-κB signaling axis) can shift the
intracellular signaling balance, potentially leading to reduced
levels of apoptosis [66, 67].
Based on the above findings, we could preliminarily deduce

the following conclusions: METTTL3 enhances the activation of the
NF-κB signaling pathway, leading to apoptosis and inflammatory
response in HPI gastritis through RNA m6A modification of CXCL1
(Fig. S4).
This study uncovers the role of METTL3 in regulating CXCL1

expression through m6A modification, thereby activating the NF-

κB signaling pathway in the pathogenesis of HP-induced gastritis.
It provides a novel understanding of the molecular mechanisms
involved in HP-induced Gastritis. The correlation between METTL3
and CXCL1 suggests a potential therapeutic target for HP-induced
gastritis [22]. Regulating this pathway could provide more precise
and effective treatment options for patients with Gastritis. The
signaling pathway involving METTL3-CXCL1-NF-κB is not limited to
HP-infected gastritis alone. This pathway may also influence other
inflammatory diseases, offering novel treatment strategies for
these conditions.
The preliminary findings of this study, which utilized the GEO

database and other bioinformatics tools, indicate that despite
their overall usefulness, these tools may still introduce biases or
lead to misinterpretations. The data obtained in GES-1 cells may
differ from the in vivo environment. Therefore, it is necessary to
further validate these in vitro experimental results using animal
models and human samples. Although this study primarily
investigates the METTL3-CXCL1-NF-κB signaling pathway, there
could be additional unidentified signaling pathways that regulate
the development and advancement of Gastritis. In the future,
further validation and a more comprehensive understanding of
the role of METTL3 in HP-induced Gastritis could be attained by
increasing the utilization of databases and tools. Building upon
animal models, this study provides additional confirmation of the
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Fig. 9 Effects of METTL3 knockout on the CXCL1/NF-κB signaling axis in HPI gastric inflammation mice. A Western blot analysis of the
protein levels of METTL3, CXCL1, p-IκBα, IκBα, p-p65, and p65 in gastric mucosa of mice. BMETTL3, CXCL1 and ratios of p-IκBα/IκBα, p-p65/p65
protein levels. C Immunohistochemical staining to detect the expression of CXCL1 in gastric mucosa of mice, scale bar: 50 μm.
D Immunofluorescence staining to assess the expression levels of p65 in gastric mucosa of mice, with the right images showing enlarged
views of the left images, scale bar: 50 /25 μm. E Immunofluorescence staining to assess the expression levels of p-p65 in gastric mucosa of
mice, with the right images showing enlarged views of the left images, scale bar: 50 /25 μm. Each group consisted of 6 mice, values are
presented as mean ± standard deviation, * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001.
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precise function of the METTL3-CXCL1-NF-κB signaling pathway in
HP-induced gastritis and also investigates its potential implica-
tions for other diseases. Suppose the results of animal model
studies are positive. In that case, clinical trials may be potentially
undertaken to assess the advantages of treatment strategies that
aim at this pathway for patients with HP-induced gastritis.
Overall, this study yields valuable data for the scientific research

community and introduces a fresh treatment perspective to
clinical doctors. Despite its inherent limitations, the prospects
appear promising.

DATA AVAILABILITY
The data that supports the findings of this study are available on request from the
corresponding author upon reasonable request.

REFERENCES
1. FitzGerald R, Smith SM. An Overview of Helicobacter pylori Infection. Methods

Mol Biol. 2021;2283:1–14. https://doi.org/10.1007/978-1-0716-1302-3_1.
2. Smyth EC, Nilsson M, Grabsch HI, van Grieken NC, Lordick F. Gastric cancer.

Lancet. 2020;396:635–648.
3. Alipour M. Molecular Mechanism of Helicobacter pylori-Induced Gastric Cancer. J

Gastrointest Canc. 2020;52:23–30.
4. Toyoshima O, Nishizawa T, Koike K. Endoscopic Kyoto classification of Helico-

bacter pylori infection and gastric cancer risk diagnosis. WJG. 2020;26:466–477.
5. Park JM, Han YM, Hahm KB. Rejuvenation of Helicobacter pylori–Associated

Atrophic Gastritis Through Concerted Actions of Placenta-Derived Mesenchymal
Stem Cells Prevented Gastric Cancer. Front Pharmacol. 2021;12. https://doi.org/
10.3389/fphar.2021.675443.

6. Sharndama HC, Mba IE. Helicobacter pylori: an up-to-date overview on the
virulence and pathogenesis mechanisms. Braz J Microbiol. 2022;53:33–50.

7. Han L, Shu X, Wang J. Helicobacter pylori-Mediated Oxidative Stress and Gastric
Diseases: A Review. Front Microbiol. 2022;13. https://doi.org/10.3389/
fmicb.2022.811258.

8. Malfertheiner P, Camargo MC, El-Omar E, Liou J-M, Peek R, Schulz C et al. Heli-
cobacter pylori infection. Nat Rev Dis Primers. 2023;9. https://doi.org/10.1038/
s41572-023-00431-8.

9. Yang C, Hu Y, Zhou B, Bao Y, Li Z, Gong C, et al. The role of m6A modification in
physiology and disease. Cell Death Dis. 2020;11. https://doi.org/10.1038/s41419-
020-03143-z.

10. Sun T, Wu R, Ming L. The role of m6A RNA methylation in cancer. Biomed.
Pharmacother. 2019;112:108613.

11. Deng L-J, Deng W-Q, Fan S-R, Chen M-F, Qi M, Lyu W-Y, et al. m6A modification:
recent advances, anticancer targeted drug discovery and beyond. Mol Cancer.
2022; 21. https://doi.org/10.1186/s12943-022-01510-2.

12. Ye K, Li L, Wu B, Wang D. METTL3 m6A-dependently promotes miR-21-5p
maturation to accelerate choriocarcinoma progression via the HIF1AN-induced
inactivation of the HIF1A/VEGF pathway. Genes Genom. 2022;44:1311–1322.

13. Zeng C, Huang W, Li Y, Weng H. Roles of METTL3 in cancer: mechanisms and
therapeutic targeting. J Hematol Oncol. 2020;13. https://doi.org/10.1186/s13045-
020-00951-w.

14. Liu S, Zhuo L, Wang J, Zhang Q, Li Q, Li G, et al. METTL3 plays multiple functions
in biological processes. Am J Cancer Res. 2020;10:1631–1646.

15. Mikolajczyk TP, Szczepaniak P, Vidler F, Maffia P, Graham GJ, Guzik TJ. Role of
inflammatory chemokines in hypertension. Pharmacology Therapeutics.
2021;223:107799.

16. Korbecki J, Simińska D, Gąssowska-Dobrowolska M, Listos J, Gutowska I, Chlubek
D, et al. Chronic and Cycling Hypoxia: Drivers of Cancer Chronic Inflammation
through HIF-1 and NF-κB Activation: A Review of the Molecular Mechanisms.
IJMS. 2021;22:10701.

17. Korbecki J, Maruszewska A, Bosiacki M, Chlubek D, Baranowska-Bosiacka I. The
Potential Importance of CXCL1 in the Physiological State and in Noncancer Diseases
of the Cardiovascular System, Respiratory System and Skin. IJMS. 2022;24:205.

18. Ashrafizadeh M, Zarrabi A, Mostafavi E, Aref AR, Sethi G, Wang L, et al. Non-coding
RNA-based regulation of inflammation. Seminars Immunol. 2022;59:101606.

19. Qu J, Li J, Zhang Y, He R, Liu X, Gong K, et al. AKR1B10 promotes breast cancer
cell proliferation and migration via the PI3K/AKT/NF-κB signaling pathway. Cell
Biosci. 2021;11. https://doi.org/10.1186/s13578-021-00677-3.

20. Barnabei L, Laplantine E, Mbongo W, Rieux-Laucat F, Weil R. NF-κB: At the Borders
of Autoimmunity and Inflammation. Front. Immunol. 2021;12. https://doi.org/
10.3389/fimmu.2021.716469.

21. Capece D, Verzella D, Flati I, Arboretto P, Cornice J, Franzoso G. NF-κB:
blending metabolism, immunity, and inflammation. Trends Immunol.
2022;43:757–775.

22. Chen H, Pan Y, Zhou Q, Liang C, Wong C-C, Zhou Y, et al. METTL3 Inhibits
Antitumor Immunity by Targeting m6A-BHLHE41-CXCL1/CXCR2 Axis to Promote
Colorectal Cancer. Gastroenterology. 2022;163:891–907.

23. Deng Y-J, Ren E-H, Yuan W-H, Zhang G-Z, Wu Z-L, Xie Q-Q. GRB10 and E2F3 as
Diagnostic Markers of Osteoarthritis and Their Correlation with Immune Infiltra-
tion. Diagnostics. 2020;10:171.

24. Wang Y, Chu F, Lin J, Li Y, Johnson N, Zhang J, et al. Erianin, the main active
ingredient of Dendrobium chrysotoxum Lindl, inhibits precancerous lesions of
gastric cancer (PLGC) through suppression of the HRAS-PI3K-AKT signaling
pathway as revealed by network pharmacology and in vitro experimental ver-
ification. J Ethnopharmacol. 2021;279:114399.

25. Du Y, Miao W, Jiang X, Cao J, Wang B, Wang Y, et al. The Epithelial to
Mesenchymal Transition Related Gene Calumenin Is an Adverse Prognostic
Factor of Bladder Cancer Correlated With Tumor Microenvironment Remodeling,
Gene Mutation, and Ferroptosis. Front Oncol. 2021;11. https://doi.org/10.3389/
fonc.2021.683951.

26. Zhou W, Zhang H, Wang X, Kang J, Guo W, Zhou L, et al. Network pharmacology
to unveil the mechanism of Moluodan in the treatment of chronic atrophic
gastritis. Phytomedicine. 2022;95:153837.

27. Zuo W, Yang H, Li N, Ouyang Y, Xu X, Hong J. Helicobacter pylori infection
activates Wnt/β-catenin pathway to promote the occurrence of gastritis by
upregulating ASCL1 and AQP5. Cell Death Discov. 2022;8. https://doi.org/
10.1038/s41420-022-01026-0.

28. Guo D, Zhu Y, Sun H, Xu X, Zhang S, Hao Z, et al. Pharmacological activation of
REV-ERBα represses LPS-induced microglial activation through the NF-κB path-
way. Acta Pharm Sin. 2018;40:26–34.

29. Li N, Xu X, Yang H, Wang H, Ouyang Y, Zhou Y, et al. Activation of Aquaporin 5 by
carcinogenic Helicobacter pylori infection promotes epithelial-mesenchymal
transition via the MEK/ERK pathway. Helicobacter. 2021;26. https://doi.org/
10.1111/hel.12842.

30. Wen J, Wu S, Ma X, Zhao Y. Zuojin Pill attenuates Helicobacter pylori-induced
chronic atrophic gastritis in rats and improves gastric epithelial cells function in
GES-1 cells. J Ethnopharmacol. 2022;285:114855.

31. Shen Y, Zou Y, Chen X, Li P, Rao Y, Yang X, et al. Antibacterial self-assembled
nanodrugs composed of berberine derivatives and rhamnolipids against Heli-
cobacter pylori. Journal Controlled Release. 2020;328:575–586.

32. Jia X, Huang Q, Lin M, Chu Y, Shi Z, Zhang X, et al. Revealing the novel effect of
Jinghua Weikang capsule against the antibiotic resistance of Helicobacter pylori.
Front Microbiol. 2022;13. https://doi.org/10.3389/fmicb.2022.962354.

33. Yue B, Song C, Yang L, Cui R, Cheng X, Zhang Z, et al. METTL3-mediated N6-
methyladenosine modification is critical for epithelial-mesenchymal transition
and metastasis of gastric cancer. Mol Cancer. 2019;18. https://doi.org/10.1186/
s12943-019-1065-4.

34. Jin D, Guo J, Wu Y, Du J, Yang L, Wang X, et al. RETRACTED ARTICLE: m6A mRNA
methylation initiated by METTL3 directly promotes YAP translation and increases
YAP activity by regulating the MALAT1-miR-1914-3p-YAP axis to induce NSCLC
drug resistance and metastasis. J Hematol Oncol. 2019;12. https://doi.org/
10.1186/s13045-019-0830-6.

35. Wan W, Ao X, Chen Q, Yu Y, Ao L, Xing W, et al. METTL3/IGF2BP3 axis inhibits
tumor immune surveillance by upregulating N6-methyladenosine modification of
PD-L1 mRNA in breast cancer. Mol Cancer. 2022;21. https://doi.org/10.1186/
s12943-021-01447-y.

36. Jin Z, Ren J, Qi S. Exosomal miR-9-5p secreted by bone marrow–derived
mesenchymal stem cells alleviates osteoarthritis by inhibiting syndecan-1. Cell
Tissue Res. 2020;381:99–114.

37. Liang N, Li Y, Chung HY. Two natural eudesmane-type sesquiterpenes from
Laggera alata inhibit angiogenesis and suppress breast cancer cell migration
through VEGF- and Angiopoietin 2-mediated signaling pathways. International J
Oncol. 2017;51:213–222.

38. Zou S, Wang C, Cui Z, Guo P, Meng Q, Shi X, et al. β-Elemene induces apoptosis of
human rheumatoid arthritis fibroblast-like synoviocytes via reactive oxygen
species-dependent activation of p38 mitogen-activated protein kinase. Pharma-
cological Rep. 2016;68:7–11.

39. Shi L, Jin X, Li Z, Gong R, Guo Y, Ma J, et al. Mettl3 deficiency leads to the
upregulation of Cav1.2 and increases arrhythmia susceptibility in mice. ABBS.
2022;54:199–208.

40. Pih GY, Noh JH, Ahn JY, Han GS, Jung HS, Jung H-Y, et al. Objective Interpretation
of the Rapid Urease Test forHelicobacter pyloriInfection Using Colorimetry. J
Korean Med Sci. 2022;37. https://doi.org/10.3346/jkms.2022.37.e227.

41. Rugge M, Genta RM. Staging and grading of chronic gastritis. Human Pathol.
2005;36:228–233.

Q. Lu et al.

17

Cell Death and Disease          (2025) 16:625 

https://doi.org/10.1007/978-1-0716-1302-3_1
https://doi.org/10.3389/fphar.2021.675443
https://doi.org/10.3389/fphar.2021.675443
https://doi.org/10.3389/fmicb.2022.811258
https://doi.org/10.3389/fmicb.2022.811258
https://doi.org/10.1038/s41572-023-00431-8
https://doi.org/10.1038/s41572-023-00431-8
https://doi.org/10.1038/s41419-020-03143-z
https://doi.org/10.1038/s41419-020-03143-z
https://doi.org/10.1186/s12943-022-01510-2
https://doi.org/10.1186/s13045-020-00951-w
https://doi.org/10.1186/s13045-020-00951-w
https://doi.org/10.1186/s13578-021-00677-3
https://doi.org/10.3389/fimmu.2021.716469
https://doi.org/10.3389/fimmu.2021.716469
https://doi.org/10.3389/fonc.2021.683951
https://doi.org/10.3389/fonc.2021.683951
https://doi.org/10.1038/s41420-022-01026-0
https://doi.org/10.1038/s41420-022-01026-0
https://doi.org/10.1111/hel.12842
https://doi.org/10.1111/hel.12842
https://doi.org/10.3389/fmicb.2022.962354
https://doi.org/10.1186/s12943-019-1065-4
https://doi.org/10.1186/s12943-019-1065-4
https://doi.org/10.1186/s13045-019-0830-6
https://doi.org/10.1186/s13045-019-0830-6
https://doi.org/10.1186/s12943-021-01447-y
https://doi.org/10.1186/s12943-021-01447-y
https://doi.org/10.3346/jkms.2022.37.e227


42. Tang Q, Ma Z, Tang X, Liu Y, Wu H, Peng Y, et al. Coptisine inhibits Helicobacter
pylori and reduces the expression of CagA to alleviate host inflammation in vitro
and in vivo. J Ethnopharmacol. 2023;314:116618.

43. Cai Q, Shi P, Yuan Y, Peng J, Ou X, Zhou W, et al. Inflammation-Associated
Senescence Promotes Helicobacter pylori–Induced Atrophic Gastritis. Cellular Mol
Gastroenterol Hepatol. 2021;11:857–880.

44. Wan W, Wang L, Liu Y, Hu Y. Improving the detection of Helicobacter pylori in
biopsies of chronic gastritis: a comparative analysis of H&E, methylene blue,
Warthin-Starry, immunohistochemistry, and quantum dots immunohistochem-
istry. Front Oncol. 2023;13. https://doi.org/10.3389/fonc.2023.1229871.

45. Silvan JM, Guerrero-Hurtado E, Gutiérrez-Docio A, Alarcón-Cavero T, Prodanov M,
Martinez-Rodriguez AJ. Olive-Leaf Extracts Modulate Inflammation and Oxidative
Stress Associated with Human H. pylori Infection. Antioxidants. 2021;10:2030.

46. Denic M, Touati E, De Reuse H. Review: Pathogenesis of Helicobacter pylori
infection. Helicobacter. 2020;25. https://doi.org/10.1111/hel.12736.

47. Korbecki J, Barczak K, Gutowska I, Chlubek D, Baranowska-Bosiacka I. CXCL1:
Gene, Promoter, Regulation of Expression, mRNA Stability, Regulation of Activity
in the Intercellular Space. IJMS. 2022;23:792.

48. Guo J, Zheng J, Zhang H, Tong J. RNA m6A methylation regulators in ovarian
cancer. Cancer Cell Int. 2021;21. https://doi.org/10.1186/s12935-021-02318-8.

49. Li P, Wang Y, Sun Y, Jiang S, Li J. N6-methyladenosine RNA methylation: From
regulatory mechanisms to potential clinical applications. Front Cell Dev Biol.
2022;10. https://doi.org/10.3389/fcell.2022.1055808.

50. Zhang M, Yang C, Ruan X, Liu X, Wang D, Liu L et al. CPEB2 m6A methylation
regulates blood–tumor barrier permeability by regulating splicing factor
SRSF5 stability. Commun Biol. 2022;5. https://doi.org/10.1038/s42003-022-03878-9.

51. Li H, Lin J, Cheng S, Chi J, Luo J, Tang Y et al. Comprehensive analysis of dif-
ferences in N6-methyladenosine RNA methylomes in Helicobacter pylori infec-
tion. Front Cell Dev Biol. 2023;11. https://doi.org/10.3389/fcell.2023.1136096.

52. Wang Q, Chen C, Ding Q, Zhao Y, Wang Z, Chen J, et al. METTL3-mediated m6A
modification of HDGF mRNA promotes gastric cancer progression and has
prognostic significance. Gut. 2019;69:1193–1205.

53. Bao Y, Zhai J, Chen H, Wong CC, Liang C, Ding Y, et al. Targeting m6A reader
YTHDF1 augments antitumour immunity and boosts anti-PD-1 efficacy in color-
ectal cancer. Gut. 2023;72:1497–1509.

54. Meng M, Huo R, Wang Y, Ma N, Shi X, Shen X, et al. Lentinan inhibits oxidative
stress and alleviates LPS-induced inflammation and apoptosis of BMECs by
activating the Nrf2 signaling pathway. International J Biol Macromolecules.
2022;222:2375–2391.

55. Heinrich HC. Gastric Intrinsic Factor and Iron Absorption. Lancet. 1970;296:1256.
56. Sobecki M, Mrouj K, Colinge J, Gerbe F, Jay P, Krasinska L, et al. Cell-Cycle Reg-

ulation Accounts for Variability in Ki-67 Expression Levels. Cancer Res.
2017;77:2722–2734.

57. Siraki AG. The many roles of myeloperoxidase: From inflammation and immunity
to biomarkers, drug metabolism and drug discovery. Redox Biol. 2021;46:102109.

58. Tang D, Kroemer G, Kang R. Ferroptosis in immunostimulation and immuno-
suppression. Immunological Rev. 2023;321:199–210.

59. Zhao W, Cui Y, Liu L, Ma X, Qi X, Wang Y, et al. METTL3 Facilitates Oral Squamous
Cell Carcinoma Tumorigenesis by Enhancing c-Myc Stability via YTHDF1-
Mediated m6A Modification. Molecular Ther - Nucleic Acids. 2020;20:1–12.

60. Liu L, Wu Y, Li Q, Liang J, He Q, Zhao L, et al. METTL3 Promotes Tumorigenesis
and Metastasis through BMI1 m6A Methylation in Oral Squamous Cell Carcinoma.
Molecular Ther. 2020;28:2177–2190.

61. Wang X, Xu D, Chen B, Huang D, Li Z, Sui Y, et al. Delicaflavone Represses Lung
Cancer Growth by Activating Antitumor Immune Response through N6-
Methyladenosine Transferases and Oxidative Stress. Oxidative Med Cell Longev.
2022;2022:1–16.

62. Liu Z-Y, Zheng M, Li Y-M, Fan X-Y, Wang J-C, Li Z-C, et al. RIP3 promotes colitis-
associated colorectal cancer by controlling tumor cell proliferation and CXCL1-
induced immune suppression. Theranostics. 2019;9:3659–3673.

63. Casasanta MA, Yoo CC, Udayasuryan B, Sanders BE, Umaña A, Zhang Y, et al.
Fusobacterium nucleatum host-cell binding and invasion induces IL-8 and
CXCL1 secretion that drives colorectal cancer cell migration. Sci Signal. 2020;13.
https://doi.org/10.1126/scisignal.aba9157.

64. Song Y, Yin D, Zhang Z, Chi L. Research progress of treatment of functional
dyspepsia with traditional Chinese medicine compound based on cell signal
pathway. Front Pharmacol. 2023;13. https://doi.org/10.3389/fphar.2022.1089231.

65. Lawrence T. The Nuclear Factor NF- B Pathway in Inflammation. Cold Spring Harb
Perspect Biol. 2009;1:a001651–a001651.

66. Morgan MJ, Liu Z. Crosstalk of reactive oxygen species and NF-κB signaling. Cell
Res. 2010;21:103–115.

67. Poma P. NF-κB and Disease. IJMS. 2020;21:9181.

AUTHOR CONTRIBUTIONS
QL, ZW, and SC contributed equally to this work and were involved in the design,
experimental execution, and data analysis. HW and NL contributed to bioinformatics
analysis and assisted with experimental validation. YH conducted statistical analyses
and helped draft the manuscript. WD, WZ, and JH supervised the project, provided
critical revisions, and finalized the manuscript. All authors reviewed and approved the
final manuscript.

FUNDING
This work was supported by National Natural Science Foundation of China
(81760106), The Education Department of Jiangxi Province (GJJ180115) and the
Natural Science Foundation of Jiangxi Province of China (20212BAB206024), the Key
Laboratory Project of Digestive Diseases in Jiangxi Province (2024SSY06101), and
Jiangxi Clinical Research Center for Gastroenterology (20223BCG74011).

COMPETING INTERESTS
The author declares no competing interests.

ETHICAL APPROVAL
All experiments involving mice were carried out in accordance with the relevant
guidelines and regulations and approved by the Animal Ethics Committee of The First
Affiliated Hospital of Nanchang University.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-025-07841-4.

Correspondence and requests for materials should be addressed to Wuhui Ding,
Wei Zuo or Junbo Hong.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Q. Lu et al.

18

Cell Death and Disease          (2025) 16:625 

https://doi.org/10.3389/fonc.2023.1229871
https://doi.org/10.1111/hel.12736
https://doi.org/10.1186/s12935-021-02318-8
https://doi.org/10.3389/fcell.2022.1055808
https://doi.org/10.1038/s42003-022-03878-9
https://doi.org/10.3389/fcell.2023.1136096
https://doi.org/10.1126/scisignal.aba9157
https://doi.org/10.3389/fphar.2022.1089231
https://doi.org/10.1038/s41419-025-07841-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Unraveling the Role of METTL3 in Helicobacter pylori-induced gastritis via m6A-CXCL1/NF-&#x003BA;B modulation
	Introduction
	Materials and methods
	Open the database to retrieve transcriptome sequencing data
	Differential gene analysis
	Construction of protein-protein interaction networks (PPI)
	Gene function enrichment analysis
	Cell and HP cultivation, transfection, and grouping
	Colony formation assay
	ELISA
	Flow cytometry
	Detecting biological membrane
	Quantification of HP adherence using immunofluorescence staining
	Immunofluorescence staining
	Methylated RNA immunoprecipitation (MeRIP) assay
	RNA immunoprecipitation (RIP) assay
	Dual luciferase reporter gene experiment
	RT-qPCR
	Western blot
	Constructing HPI-induced gastric injury mouse model
	Rapid urease test
	H&#x00026;E staining
	TUNEL staining
	Immunohistochemistry experiment
	Statistical analysis

	Results
	Bioinformatics analysis indicates that high expression of CXCL1 may promote the occurrence and development of HPI gastritis
	Potential regulatory role of METTL3 in m6A modification of CXCL1 in HPI gastritis
	METTL3-mediated m6A modification of CXCL1 drives inflammation and apoptosis in HPI-treated GES-1 Cells
	CXCL1 regulates the NF-&#x003BA;B signaling pathway, promoting apoptosis, biofilm formation, and inflammatory responses in HP1-treated GES-1 cells
	METTL3 activates the CXCL1/NF-&#x003BA;B axis to induce inflammation in HPI-treated GES-1 Cells
	METTL3 activation of the CXCL1/NF-&#x003BA;B pathway exacerbates inflammatory responses in HPI-induced gastritis: in vivo evidence

	Discussion
	References
	Author contributions
	Funding
	Competing interests
	Ethical approval
	ADDITIONAL INFORMATION




