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ABSTRACT

Chronic Helicobacter pylori infection is a major contributor to gastric disease progression, with its
involvement in autophagy and stem cell dynamics playing a critical role in disease mechanisms. This
study investigated how H. pylori, particularly in combination with the carcinogen N-nitroso-
N-methylurea (NMU), disrupted autophagy and stem cell function, driving gastric pathology. H. pylori
infection significantly increased autophagy, promoted the epithelial-mesenchymal transition, sup-
pressed Tff2 and Ghrelin expression in mouse gastric organoids, and enhanced stem cell proliferation
(organoid numbers increased 92% compared to control at 24 weeks, p < 0.001), while NMU caused
milder autophagy, severe inflammation, glandular dilation, and reduced stemness markers (CD133
decreased 30% at 24 weeks, p < 0.05). Combined H. pylori and NMU exposure synergistically dysre-
gulated Tff2/Ghrelin expression, exacerbated autophagic flux disruption, and impaired stem cell
function, reducing organoid budding (decreased 43% vs. H. pylori alone at 36 weeks, p < 0.01) and
dysregulating CD133, CD44, Lgr5, and SOX2 expression. Pathologically, this combination led to severe
gastric damage, including intestinal metaplasia and neutrophil infiltration. Chloroquine (CQ) treat-
ment mitigates these effects by reversing autophagic dysfunction, restoring stem cell capacity (Lgr5
increased 97% at 44 weeks, p < 0.05), differentially modulating Tff2/Ghrelin: potentiating Tff2 and
suppressing Ghrelin, normalizing organoid growth, attenuating the EMT, and reducing inflammation,
particularly in the H. pylori + NMU group. These findings elucidate how H. pylori and NMU drive gastric
pathology through autophagy-stem cell crosstalk and highlight CQ's potential as a targeted ther-
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apeutic strategy for infection-associated gastric damage.

Introduction

Gastric diseases, including gastritis and gastric cancer,
are strongly associated with Helicobacter pylori infec-
tion, which affects a substantial portion of the global
population [1,2]. H. pylori infection is a key driver of
various gastric conditions, ranging from inflammation
and ulcers to more severe outcomes such as cancer.
This disease is multifactorial, progressing through
a complex, prolonged course influenced by various
environmental, genetic, and microbial factors [3]. The
pathogenicity of H. pylori involves its ability to deliver
virulence factors into host cells, disrupting normal cel-
lular processes, and leading to tissue damage [4,5]. This
disruption can cause abnormal stem cell behavior, con-
tributing to both precancerous conditions and cancer
development [6,7]. H. pylori alter stem cell dynamics by
inducing uncontrolled proliferation and survival of
these cells, laying the foundation for precancerous
changes that can lead to the development of gastric
cancer [8].

Stem cells play a critical role in maintaining gastric
tissue homeostasis through self-renewal and differentia-
tion [9]. Under normal conditions, these processes are
tightly regulated, but H. pylori infection can disrupt this
balance, leading to altered stem cell dynamics and dis-
ease progression [8]. One key factor in this process is
autophagy, a cellular degradation pathway that helps
regulate stem cell function, tissue repair, and responses
to infection [10].

Autophagy influences gastric stem cell behavior by
regulating cellular homeostasis and stress responses,
contributing to both inflammation and oncogenesis
[11,12]. Notably, autophagy interacts with the epithe-
lial - mesenchymal transition (EMT). The EMT
enhances cell migration, invasion, and stemness acqui-
sition [13,14], and its crosstalk with autophagy drives
tissue pathology through pathways like PI3K/AKT/
mTOR, AMPK, and TGF-B [15]. PI3K/AKT/mTOR
hyperactivation suppresses epithelial markers and upre-
gulates mesenchymal markers via Twist/Snail/ZEB1,
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while its inhibition reverses these effects [16]. AMPK,
activated by LKB1 or ghrelin, inhibits mTOR to pro-
mote autophagy and suppresses the EMT by targeting
Snail and Hedgehog/Glil [17]. TGF-p drives the EMT
via SMAD/non-SMAD pathways and induces autop-
hagy through BECNI1/ATG5/ATG7, with context-
dependent outcomes [18]. Notably, these pathways are
co-opted during H. pylori infection, where chronic
inflammation disrupts the autophagy - EMT balance.
The loss of epithelial markers (e.g. E-cadherin) and
gain of mesenchymal markers (e.g. a-SMA, vimentin)
not only facilitate the EMT but also alter stem cell
plasticity, promoting gastritis-to-cancer transition
[19,20]. This synergy between autophagy dysregulation
and EMT activation not only remodels gastric epithe-
lium but also accelerates the Correa cascade, highlight-
ing their dual role as therapeutic targets in H. pylori-
associated carcinogenesis.

Organoids, which are three-dimensional structures
derived from stem cells, have emerged as a powerful
tool for studying tissue biology. Organoids replicate the
structure and function of real organs, providing an
advanced platform for studies [21]. In 2009, small
intestinal organoids from Lgr5" stem cells in mice
were successfully cultured, demonstrating the potential
of organoid technology in research [22]. Based on past
studies, the size, number, and budding of organoids
serve as important indicators of stem cell dynamics,
including their capacities for proliferation, differentia-
tion, and self-renewal, as reported in numerous studies
[23-25]. These morphological features reflect the func-
tional state of stem cells and also provide a model for
understanding developmental processes and tissue
regeneration, highlighting their relevance in modeling
organogenesis and disease. While most studies on H.
pylori -related gastric diseases still rely on traditional
two-dimensional cell cultures and mouse models [26],
organoids provide a more physiologically relevant sys-
tem for studying how H. pylori affect stem cell
dynamics during the progression of gastric diseases.

In recent decades, the link between H. pylori infec-
tion and the progression of gastric diseases, such as
gastritis and gastric cancer [27], has been well-
established. However, despite extensive research, the
interactions between H. pylori, host cell autophagy,
and stem cell dynamics remain only partially under-
stood, particularly in the presence of exposure to carci-
nogens, which significantly alters the gastric tissue
microenvironment. N-nitroso-N-methylurea (NMU),
a potent alkylating agent, induces gastric epithelial
DNA damage and synergizes with H. pylori-induced
inflammation to model early-stage gastric pathology
[28,29]. This study therefore aimed to: (1) clarify how

H. pylori and NMU exposure enhances autophagic
activity; (2) reveal how autophagy dysregulation influ-
ences the EMT and disrupts stem cell function; and (3)
investigate how chloroquine (CQ), an autophagy inhi-
bitor, mitigates pathological changes by restoring nor-
mal stem cell function and promoting tissue repair.
These findings provide new insights into potential ther-
apeutic approaches for H. pylori-related gastric diseases
and emphasize the importance of targeting autophagy
as a novel strategy for various treatments.

Materials and methods
Bacterial culture

The SS1 strain of Helicobacter pylori, stored as
a glycerol stock at—80°C in the Pathogenic Biology
Laboratory of Binzhou Medical University, was revived
by thawing at room temperature and washing in sterile
phosphate-buffered saline (PBS). The revived strain was
inoculated by streaking approximately 100 pL of bacter-
ial suspension onto Karmali agar plates (OXOID,
CMO0935, GBR), which contained 39.0 g/L. Columbia
agar base, 4.0g/L activated charcoal, and 32mg/L
hemin chloride, adjusted to pH 7.2 £ 0.2 (at 25°C post-
sterilization), and supplemented with 5% defibrinated
sheep blood. Plates were incubated at 37°C in a three-
gas incubator (Thermo, 3131, USA) under microaero-
philic conditions (5% O,, 10% CO,, 85% N,). Bacterial
growth was monitored every 2-3d, and fresh Kamali
agar plates were prepared as needed to maintain opti-
mal growth conditions.

Animal model establishment and sampling

For this study, 5-week-old male C57BL/6 mice were
sourced from Jinan Pengyue Experimental Animal
Breeding Co., Ltd. (SCXK Lu 20,190,003, China) and
kept in specific pathogen-free facilities with a 12-hour
light/dark cycle, at 22+1°C and 40-60% humidity.
After 1week of adaptation, the mice were randomly
divided into four groups: Control, H. pylori, NMU,
and H. pylori+ NMU (n=45 per group). The initial
grouping of mice was performed using a random num-
ber table to ensure unbiased allocation. An independent
researcher, who was not involved in subsequent experi-
mental procedures, assigned each mouse a unique iden-
tifier and allocated them to groups according to the
pre-generated random sequence. The Control group
received no treatment, while the H. pylori group was
administered H. pylori (SS1 strain) by gastric gavage
(0.6 mL of bacterial suspension at 1 x 10° cfu/mL) every
other day for 3 weeks. The NMU group was gavaged



with NMU (5mg/3 mL, 0.3 mL) weekly for 10 weeks.
The H. pylori+ NMU group received H. pylori for 3
weeks, followed by NMU for 10 weeks. The control
group was maintained under identical baseline condi-
tions to the experimental groups, providing reference
values for normal physiological parameters throughout
the study period. The single-treatment groups (H.
pylori-only and NMU-only groups) were designed to
assess the individual effects of each intervention,
whereas the combined treatment group (H. pylori+
NMU) allowed evaluation of potential synergistic
effects between the two agents.

At 41 weeks of age, mice were further divided into
two subgroups: one group receiving phosphate-
buffered saline (PBS) gavage (0.5mL) and the other
receiving intraperitoneal injections of CQ (60 mg/kg,
0.5mL) daily for 1 week. This resulted in eight groups:
Control, H. pylori, NMU, H. pylori + NMU, Control +
CQ, H. pylori+ CQ, NMU + CQ, and H. pylori + NMU
+ CQ. The position of each mouse cage was re-shuffled
at the end of intragastric treatment to ensure that there
was no fixed order of treatment. Each time, the num-
bers were re-arranged and processed in a randomly
generated sequence to ensure treatment randomization.
Intraperitoneal injection was performed in a similar
manner. All mouse treatments were performed by two
separate individuals, and no specific grouping was
given. The weight and hair status of the animals were
observed every week. From the end of drug treatment
to the end of the experiment, the mice had normal food
and water intake, normal hair, and slightly decreased
weight; quality of life of the mice was ensured as best as
possible.

Mice were euthanized at 24, 36, and 44 weeks of age,
and gastric tissues were collected for analysis. At
24 weeks of age, gastric tissues were collected to con-
firm successful colonization of H. pylori using Giemsa
staining. To confirm H. pylori colonization and exclude
contamination, gastric tissue samples were subjected to
PCR amplification of the pathogen-specific cytotoxin-
associated gene A (cagA) gene, a standard virulence
marker for H. pylori identification. Gastric tissues
were collected at 24, 36, and 44 weeks for hematoxylin
and eosin staining, and immunohistochemistry ana-
lyses for E-cadherin and vimentin. Stem cells were
isolated for organoid culture. Subsequently, the devel-
opment and differentiation of the organoids were
examined. At 24 and 44 weeks, LC3B (microtubule-
associated protein 1A/1B-light chain 3B) levels were
assessed by immunohistochemistry and autophago-
somes/autolysosomes were analyzed by transmission
electron microscopy (TEM). For each independent
experiment, six samples of stomach tissue were selected
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from six random mice in each group. No animals died
during the experiment.

The study was approved by the Animal Use and
Care Committee of Binzhou Medical University
(Approval No. 2021-012), with all procedures comply-
ing with national and international standards for ani-
mal care and use. The ethical review process entails
a thorough assessment of the experimental protocol,
animal welfare provisions, and study endpoints to
ensure adherence to institutional and regulatory ethical
standards. All procedures were performed in accor-
dance with ARRIVE 2.0 guidelines, with particular
attention to randomization, blinding and sample size
calculation to ensure robust and unbiased experimental
design. A completed ARRIVE checklist has been pro-
vided as supplementary material.

Giemsa staining

Gastric tissues were dissected, and paraffin sections
were prepared. Giemsa staining solution was made by
diluting concentrated Giemsa solution 1:9. Fresh
Giemsa dye solution was prepared, and paraffin was
removed with xylene followed by dehydration with
gradients of alcohol. The dye was applied to the slides,
covering all specimens, and stained for 20 minutes.
After rinsing with tap water, the samples were cleared
with gradient alcohol and xylene, sealed with neutral
gum, and observed under a light microscope for
imaging.

DNA extraction and cagA gene amplification

Genomic DNA from mouse tissues was extracted using
a Tiangen Genomic DNA Extraction Kit (DP304,
CHN) according to the manufacturer’s instructions.
DNA was extracted from 0.01g of gastric tissue col-
lected from 5-week-old C57BL/6 mice. The tissue was
chopped, suspended in 1mL of PBS, homogenized
using ultrasound, and centrifuged. The resulting pellet
was resuspended in 200 uL of buffer GA, followed by
the addition of 4 uL of RNase A, and incubated at room
temperature for 5minutes. Then, 20 uL of proteinase
K was added and the mixture was incubated at 56°C for
1 hour. The solution was then treated with buffer GB
and ethanol, purified using a spin column, and DNA
was isolated for subsequent PCR analysis.

The H. pylori cagA gene was amplified using primers
cagA-F and cagA-R (Table 1) designed from the SSI
strain sequence. The 25 uL PCR reaction consisted of
12.5 uL mix, 1 pL of each primer, 1 uL template DNA,
and 9.5 uL nuclease-free water. The amplification was
conducted under the following conditions: initial
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Table 1. Primers used in this study.

Primer name Primer Sequence

cagA-F 5"-GAGCCTACTGGTGGGGATTG-3"
cagA-R 5"-TGTGAGCCTGTGAGTTGGTC-3"
GAPDH-F 5"-AGTATGACTCCACTCACGGCAA-3”
GAPDH-R 5"-ACACCAGTAGACTCCACGACA-3"
E-cadherin-F 5"-GATCCTGACCAGCAGTTCGTT-3"
E-cadherin-R 5"-GGGCTTCATTCACGTCTACCAC-3"
Tff2-F 5"-TCCAAACCAAGAATCGGAGCAG-3”
Tff2-R 5"-ACCCACAATTCTTGCGAGCTGA-3"
Ghrelin-F 5"-ATGCTGTCTTCAGGCACCATC-3"
Ghrelin-R 5"-CTCCTGACAGCTTGATGCCAAC-3"
CD133-F 5"-CTGGTGGGCTGCTTCTTTTGTATG-3"
CD133-R 5"-CCGAGTCCTGGTCTGCTGGTTAG-3"
CD44-F 5"-CACATATTGCTTCAATGCCTCAG-3"
CD44-R 5"-CCATCACGGTTGACAATAGTTATG-3"
Lgr5-F 5"-GACAATGCTCTCACAGAC-3"
Lgr5-R 5"-GGAGTGGATTCTATTATTATGG-3"
SOX2-F 5"-GCACATGAACGGCTGGAGCAACG-3"
SOX2-R 5"-TGCTGCGAGTAGGACATGCTGTAGG-3"

denaturation at 95°C for 30 seconds, followed by 40
cycles of 95°C for 30seconds, 60°C for 30 seconds,
and 72°C for 1 minute, with a final extension at 72°C
for 10 minutes. The PCR products were verified using
agarose gel electrophoresis.

Immunohistochemical staining

Paraffin-embedded sections of mouse gastric tissue
were prepared for immunohistochemistry. Sections
were dried at 60°C for 2hours, dewaxed, and rehy-
drated. Following antigen retrieval and peroxidase inac-
tivation, sections were blocked with serum for
15 minutes. Primary antibodies were incubated over-
night at 4°C. Secondary antibody (goat anti-mouse/rab-
bit IgG polymer; Cell Signaling Technology, USA) was
then applied and incubated at 37°C for 30 minutes.
DAB (3,3’ —diaminobenzidine) solution was used for
visualization, with staining observed under a light
microscope for 1-5minutes. Hematoxylin counter-
staining was performed for 2 minutes, followed by
treatment with 1% hydrochloric acid/alcohol for 5
seconds. The sections were then rinsed, dehydrated,
cleared, and mounted with neutral gum. Under the
microscope, nuclei were stained blue-purple and posi-
tive regions appeared yellow-brown.

Transmission electron microscopy (TEM)

Mouse gastric tissues were dissected and fixed in 4% par-
aformaldehyde for 20 minutes followed by treatment with
2.5% glutaraldehyde at 4°C for 2hours. Tissues were
washed in 0.1 M PBS, then fixed in 1% osmium tetroxide
at 4°C for 90 minutes. After washing, the tissues were
dehydrated using graded ethanol (50%, 70%, 80%, 95%,
and 100%) and acetone. Tissues were then impregnated
with acetone-to-embedding reagent mixtures at ratios of

2:1, then 1:2 at 37°C. Polymerization was conducted by
embedding the tissues in resin at 60°C for 48 hours.
Ultrathin sections (70 nm) were cut, placed on copper
grids, and stained with 2% uranyl acetate for 15 minutes
and lead citrate for 5 minutes. After washing and drying,
sections were examined using a transmission electron
microscope (Hitachi, HT-7800, Japan).

Gastric organoid culture

The gastric organoid culture protocol was established
based on modified methods from Sato et al. [22] and
Sato & Clevers [25]. C57BL/6 mice were euthanized by
cervical dislocation following intraperitoneal anesthesia,
then sterilized by immersion in 75% alcohol. The stomach
was aseptically dissected on a sterile surface maintained
on crushed ice, and the luminal contents were thoroughly
rinsed with ice-cold Dulbecco’s phosphate buffered saline
(DPBS). The tissue was then transferred to a sterile 10 cm?
Petri dish and washed three times with chilled DPBS to
remove residual debris. Under sterile conditions, the
cleaned gastric tissue was minced into 1-2mm” frag-
ments using sterile surgical blades. The pieces were trans-
ferred to a centrifuge tube, washed with DPBS by gentle
pipetting, and the supernatant was replaced repeatedly
until it became clear. The tissue fragments were enzyma-
tically digested at 37°C for 1 hour in a digestion solution
containing collagenase IV (1 mg/mL), hyaluronidase (0.5
mg/mL), 20% fetal bovine serum (FBS), and 1% penicil-
lin-streptomycin (P/S) in RPMI-1640 base medium (total
volume of 10 mL). The reaction was terminated by adding
an equal volume of fresh RPMI-1640 medium. The sus-
pension was filtered twice through a 200-mesh cell strai-
ner to obtain a single-cell suspension, which was
centrifuged at 500 x g for 10 minutes at 4°C. The resulting
pellet was resuspended in 1640 medium as required for
the experiment. The single-cell suspension was mixed 1:1
with Matrigel, seeded at 50 pL per well in a preheated 24-
well plate, and incubated at 37°C for 30 minutes to facil-
itate formation of a solid. Organoid medium was subse-
quently added and the cells were cultured at 37°C in a 5%
CO; incubator with medium changes every 2 d. Organoid
growth was monitored using a light microscope.

Real-time quantitative PCR (qPCR)

Approximately 0.01 g of gastric tissue was homogenized in
1 mL of TRIzol reagent (Invitrogen , USA) and incubated
on ice for 30 minutes. After adding 200 pL of chloroform,
the mixture was shaken for 30 seconds, left on ice for 3
minutes, and centrifuged at 12,000 x g for 15 minutes at
4°C. The supernatant was mixed with an equal volume of
isopropanol, then incubated at room temperature for 20



minutes before repeating centrifugation. The resulting
RNA pellet was washed with 75% ethanol, air-dried, and
dissolved in 20 pL enzyme-free water. For reverse tran-
scription yielding cDNA, 8 uL RNA was mixed with 2 pL
enzyme (SparkJade, AG0304, CHN) and incubated at 42°C
for 5minutes, followed by incubation at 85°C for 5
minutes. The qPCR reaction mix contained 2.0 uL. cDNA,
04uL SYBR Green Master Mix (ROX) (SparkJade,
AHO0104, CHN), 0.4 uL of forward and reverse primers
(Table 1), and 6.8 uL nuclease-free water, making a total
volume of 10 puL per reaction. The qPCR was performed
using a thermal cycler (Thermo Fisher Scientific, USA)
with the following program: 50°C for 2 minutes, 95°C for
30 seconds, followed by 40 cycles of 95°C for 5 seconds, and
60°C for 30seconds. The number of cycle values were
recorded and relative gene expression was calculated
using GAPDH as the internal reference.

Haematoxylin and eosin (H&E) staining

Gastric tissues were washed, sectioned, and fixed in 4%
paraformaldehyde for 24 hours. After rinsing in PBS,
the tissues underwent dehydration with graded concen-
trations of ethanol (75% for 5 minutes, 85% for 5
minutes, and 95% twice for 15 minutes), followed by
paraffin embedding and sectioning. Slides were dried
and baked at 60°C for 2 hours before dewaxing and
hematoxylin staining for 8 minutes. Differentiation
was conducted with 1% hydrochloric acid/alcohol for
30 seconds, followed by rinsing, eosin staining for 5
minutes, and dehydration using anhydrous ethanol.
After clearing with xylene, the slides were sealed with
neutral gum and viewed using a light microscope.

Statistical analysis

Quantitative data were expressed as means + standard
deviation (SD) and analyzed using one-way analysis of
variance (ANOVA) in SPSS Statistics (version 22.0),
and group differences were compared using
Bonferroni’s post hoc test. Statistical charts were cre-
ated with GraphPad Prism and Adobe Illustrator.
Statistical significance was defined as follows: *p <
0.05, *p < 0.01, **p < 0.001, and ****p < 0.0001.

Results

H. pylori chronic infection induces autophagy
dysregulation in gastric tissue

Giemsa staining confirmed the presence of H. pylori in
the gastric tissue of infected mice, revealing its charac-
teristic slender, curved, rod-shaped morphology. PCR
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amplification further identified the H. pylori cagA gene,
and sequencing confirmed the gene sequence. These
results demonstrated successful establishment of the
H. pylori-infected mouse model (Figure S1).

To investigate the role of autophagy in gastric tissue
during chronic H. pylori infection, immunohistochem-
ical staining for LC3B was performed (Figure 1A).
LC3B expression in 24-week-old mice was higher in
the H. pylori group compared with the control group,
and the H. pylori + NMU group showed elevated LC3B
levels compared with the NMU group. In 44-week-old
mice (Figure 1B), LC3B expression remained higher in
the H. pylori group than that in the control group, and
the H. pylori+ NMU group continued to show higher
LC3B expression than the NMU group. After CQ treat-
ment, autophagy was inhibited, leading to the accumu-
lation of LC3B. Expression of LC3B was higher in the
H. pylori+ CQ group compared with the H. pylori
group, and the H. pylori+ NMU + CQ group showed
increased LC3B levels relative to the H. pylori + NMU
group.

To assess the effects of autophagy at the ultra-
structural level, TEM was performed. In 24-week-old
mice (Figure 2A), the H. pylori group showed more
pronounced mitochondrial ridge dissolution com-
pared with the NMU group. Ribosome adhesion
was observed on the rough endoplasmic reticulum
(ER) and cytoplasmic surfaces, with enlarged cister-
nal spaces and moderate ER expansion accompanied
by membrane dissolution. Autophagic lysosomes,
enclosed by a single membrane, were also present.
In the H. pylori+ NMU group, ER and cisternal
spaces were significantly enlarged, with marked
degranulation of cytoplasmic ribosomes.
Autophagic lysosomes were observed, indicating
more severe autophagy compared with the H. pylori
group.

In 44-week-old mice (Figure 2B), extensive autop-
hagic lysosomes, coated with a single membrane,
were observed in both the H. pylori and H. pylori
+NMU groups. These lysosomes contained dis-
solved cell contents, and the myeloid forms repre-
sented the final stage of autophagic hydrolysis. No
significant autophagy was seen in the NMU group.
After CQ treatment, autolysosome degradation was
inhibited, leading to the accumulation of single-
membrane autolysosomes with dissolved contents.
The H. pylori+ CQ group exhibited an increased
number of autophagic lysosomes and significant ER
dilation with membrane dissolution. Similarly, in the
H. pylori+ NMU + CQ group, the number of autop-
hagic lysosomes and smooth ER expansion further
increased.
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Figure 1. LC3B accumulation in gastric tissues during chronic H. pylori infection, N-nitroso-N-methylurea (NMU) treatment, and
chloroquine (CQ) treatment. (A) immunohistochemical staining for LC3B in gastric tissues of 24-week-old mice across experimental
groups: control, H. pylori, NMU, H. pylori + NMU (n = 6). (B) LC3B expression were observed in 44-week-old mice across experimental
groups: control, H. pylori, NMU, H. pylori + NMU, H. pylori+ CQ, and H. pylori + NMU + CQ (n =6). Scale bar: 100 um.

CQ treatment attenuates H. pylori- and
NMU-mediated EMT

At both 24 and 36 weeks of age, immunohistochem-
istry staining revealed a consistent reduction in the
epithelial marker E-cadherin in the H. pylori and H.
pylori+ NMU groups, when compared with the con-
trol and NMU groups. Furthermore, the mesenchy-
mal marker vimentin was significantly elevated in
the H. pylori and H. pylori+ NMU groups, indicat-
ing EMT progression. These changes suggested that
H. pylori infection, especially in combination with
NMU, promoted the EMT, leading to alterations in
gastric tissue structure (Figure 3A,B). At later stages
of the experiment, the EMT became even more
pronounced, with further decreases in E-cadherin
and increased vimentin levels in the H. pylori and
H. pylori+ NMU groups. However, after CQ treat-
ment, the EMT was partially reversed, as shown by
higher E-cadherin and lower vimentin expressions in
the H. pylori+CQ and H. pylori+ NMU + CQ
groups, suggesting an improvement in the EMT
(Figure 3C).

Changes in E-cadherin, Tff2, and ghrelin expression
during gastric organoid development

Expression of E-cadherin, Tff2, and Ghrelin during gas-
tric organoid development was examined under different
treatment conditions (Figure 4). Compared to controls,
H. pylori infection led to a progressive decrease in
E-cadherin levels at all time points: 0.71-fold at 24 weeks,
0.64-fold at 36 weeks, and 0.62-fold at 44 weeks. The
combination of H. pylori and NMU further reduced
E-cadherin at 24 weeks. However, treatment with CQ
restored E-cadherin expression, with the H. pylori + CQ
group reaching 2.35-fold and the H. pylori + NMU + CQ
group showing a 1.62-fold increase, consistent with
immunohistochemical findings.

To investigate the link between H. pylori-induced
autophagy and the EMT, Tff2, and Ghrelin expression
was quantified: At 24 weeks, H. pylori significantly sup-
pressed both genes versus controls. The H. pylori+
NMU group showed further reductions compared to
NMU alone (ATff2: —25%; AGhrelin: —36%; p <0.01).
By 36 weeks, H. pylori infection induced divergent
effects: Tff2 became elevated, while Ghrelin remained
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Figure 2. Accumulation of autophagosomes and autolysosomes in gastric tissues of mice exposed to H. pylori, N-nitroso-
N-methylurea (NMU), and chloroquine. (A) transmission electron microscopy of autophagy-related structures in gastric tissue of 24-
week-old mice: control group, H. pylori group, NMU group, H. pylori + NMU group (n =5 independent fields of view analyzed per
group). (B) autophagy-related structures were observed in the stomach tissue of 44-week-old mice under transmission electron
microscopy across the following groups: control, H. pylori, NMU, and H. pylori + NMU. Orange arrows, mitochondria; green arrows,
rough endoplasmic reticulum; blue arrows, free lipid droplets; and red arrows, polyvesicular bodies and medullary structures (n=5
independent fields of view analyzed per group).
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Figure 3. Epithelial-mesenchymal transition (EMT) in gastric tissues of mice under H. pylori, N-nitroso-N-methylurea (NMU), and
chloroquine (CQ) exposure. (A, B) immunohistochemical staining for E-cadherin and vimentin at 24 and 36 weeks across experi-
mental groups: control, H. pylori, NMU, H. pylori + NMU (n =6). (C) immunohistochemical staining for E-cadherin and vimentin at
44 weeks across experimental groups: control, H. pylori, NMU, H. pylori + NMU, H. pylori + CQ, and H. pylori + NMU + CQ. Scale bar:
100 pm.
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Figure 4. E-cadherin, Ghrelin, and Tff2 expression profiles in mouse gastric organoid. Quantitative PCR analysis of E-cadherin, Ghrelin,
and Tff2 mRNA expression levels in gastric organoids from mice at (A) 24, (B) 36, and (C) 44 weeks post-treatment (n = 3). Statistical

significance: *p < 0.05, **p < 0.01, ***P < 0.001, ****p < 0.0001.

suppressed. The H. pylori+ NMU group exhibited
synergistic upregulation of Tff2. At 44 weeks, all treat-
ment groups showed marked Tff2 upregulation (H.
pylori: 2.18-fold; NMU: 2.15-fold; p < 0.01 vs. control).
CQ treatment differentially modulated this response,
potentiating Tff2 in the H. pylori + NMU + CQ group
but suppressing Ghrelin.

H. pylori and NMU alter gastric organoid
morphology and budding capacity

To evaluate the proliferative capacity of gastric cancer
stem cells, these cells were isolated from mice and
cultured as gastric organoids (Figure 5A,E,I). At 24
weeks, organoid diameters in the combined exposure
group (H. pylori + NMU, 53.52 + 12.33 pm) were signif-
icantly smaller compared to the single exposure groups
(H. pylori, 74.23 +14.28 ym; NMU, 69.9 £ 18.79 um;
both, p < 0.001) (Figure 5B). By 36 weeks, the inhibitory
effect was more pronounced, with the H. pylori + NMU
group (48.70 + 11.62 pm) exhibiting significantly smal-
ler organoids compared to the H. pylori or NMU group
alone (p<0.01) (Figure 5F). At 44 weeks, treatment

with the autophagy inhibitor CQ partially reversed
this inhibition, with the H. pylori + NMU + CQ group
(70.63 £ 14.66 um) showing a recovery in diameter,
approaching that of the single CQ-treated groups.
Moreover, the H. pylori+CQ group (93.74+
18.22 um) exhibited the largest diameters among all
CQ-treated conditions (Figure 5J).

Organoid numbers followed a similar trend of mod-
ulation across exposure groups (Figure 5C,G,K). At 24
weeks, the H. pylori group (66.00 + 4.32) exhibited sig-
nificantly higher organoid numbers compared with the
control group (34.33 £+ 4.03; p < 0.001), while NMU also
increased organoid numbers (50.67 + 2.49). In contrast,
the H. pylori+ NMU group (64.67 +3.40) showed no
significant difference from the H. pylori group alone. At
36 weeks, organoid numbers in the H. pylori + NMU
group (47.67 £2.05) were significantly lower than in
the H. pylori group (61.33 £2.49; p <0.001), highlight-
ing a potential inhibitory interaction between H. pylori
and NMU. By 44 weeks, CQ treatment elicited distinct
effects, with the H. pylori+ CQ group (58.00 + 1.63)
exhibiting the highest organoid numbers after treat-
ment. In contrast, the NMU+ CQ group (28.00+
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Figure 5. Gastric organoid growth and budding dynamics following H. pylori, N-nitroso-N-methylurea (NMU), and chloroquine
exposure. (A, E, 1) Representative images of gastric organoids at 24, 36, and 44 weeks. Scale bar: 500 um. (B, F, J) comparisons of
organoid diameters across experimental groups. (C, G, K) organoid number comparisons across different conditions. (D, H, L) budding
analysis of gastric organoids under various treatments. The number of organoids is the total number of organoids in a single well of
24-well cell culture plate (n = 6). Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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1.63) showed a further decline in organoid numbers,
and the H. pylori+ NMU + CQ group (41.33 +2.49)
showed only a slight increase compared with the H.
pylori + NMU group without CQ.

Organoid budding varied across groups and time
points (Figure 5D,H,L). At 24 weeks, the H. pylori+
NMU group (0.57 + 0.07% budding) showed a notable
reduction, when compared with the NMU group (0.73
+0.01%). By 36 weeks, the H. pylori group (0.83 +
0.04%) maintained the highest budding percent,
while the H. pylori+ NMU group showed
a significant decline (0.47 + 0.02%; p < 0.01) compared
with NMU treatments. At 44 weeks, the H. pylori+
NMU group showed reduced budding (0.61 £ 0.06%),
which was significantly lower than either single expo-
sure group (all, p <0.05). CQ treatment further influ-
enced budding. The H. pylori+ CQ group had the
highest budding (0.88 +0.02%; p <0.001), while the
NMU + CQ group (0.70 £0.01%) displayed a slight
but significant increase over NMU alone (p <0.05).
However, the H. pylori+ NMU + CQ group (0.55*
0.04%) showed no improvement compared with the
H. pylori+ NMU group.

H. pylori and NMU modulate gastric stem cell
markers through CQ-sensitive pathways

To determine the expressions of gastric stem cell mar-
kers, QRT-PCR was performed to evaluate mRNA levels
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of CDI133, CD44, Lgr5, and SOX2 in mice at different
ages (Figure 5).

At 24 weeks, the mRNA expression levels of CD44,
CD133, Lgr5, and SOX2 showed distinct changes in the
experimental groups (Figure 6A). Compared to the
control group, H. pylori treatment significantly
increased the expression levels of CD44, Lgr5, and
SOX2 by approximately 35%, 92%, and 81%, respec-
tively (all, p<0.05), while the expression of CDI33
showed no significant difference. NMU treatment
alone significantly decreased expression levels of CD44
and CDI33 by 35% and 30%, respectively, while Lgr5
levels increased by 85% (all, p <0.05). The combined
treatment of H. pylori + NMU exhibited unique expres-
sion patterns. Compared to the NMU group, the CD44
and CD133 levels significantly increased, while SOX2
expression was significantly reduced, when compared
with the H. pylori group (all, p < 0.05). Together, these
results indicated that combined H. pylori + NMU treat-
ment modulated mRNA expression differently, enhan-
cing the levels of CD44 and CD133 relative to NMU
treatment alone, while suppressing SOX2, compared
with H. pylori treatment alone.

At 36 weeks, the mRNA expression levels of CD44,
CD133, Lgr5, and SOX2 exhibited notable changes in
the experimental groups (Figure 6B). Both H. pylori
and NMU treatments alone significantly increased the
mRNA levels of these molecules, when compared with
the Control group (all, p <0.05), with the exception of
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Figure 6. Expression of gastric stem cell markers in mice following H. pylori, N-nitroso-N-methylurea, and chloroquine exposure.
expression level of CD44, CD133, Lgr5, and SOX2 at (A) 24, (B) 36, and (C) 44 weeks of mice in each group was detected by gPCR (n =
3). Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



SOX2, which showed no significant change after NMU
exposure. Specifically, the mRNA levels of CD44 and
Lgr5 in the H. pylori group increased by approximately
65% and 246%, respectively, while NMU exposure ele-
vated levels of CD44 and Lgr5 by 44% and 86%, respec-
tively. SOX2 levels increased significantly (p < 0.05) in
the H. pylori group by 69%. In the combined H. pylori
+ NMU treatment group, distinct trends were observed.
The mRNA levels of CDI133, Lgr5, and SOX2 were
significantly reduced compared with the H. pylori
group alone (all, p<0.05), indicating a suppressive
effect of combined exposure. Notably, CD44 expression
in the combined group was significantly higher than in
the NMU group (p <0.05), whereas CD133 expression
was significantly lower (p <0.01), when compared with
NMU alone. Together, these results showed that com-
bined exposure to H. pylori and NMU modulated
mRNA expression of these molecules differently than
individual treatments, suggesting potential interactions
between these treatments during alterations of gene
expressions.

At 44 weeks, mRNA expression levels of CD44,
CD133, Lgr5, and SOX2 showed significant variations
in different treatment groups (Figure 6C). Exposure to
H. pylori alone increased CD44 expression by 37%
compared with the control group, while Lgr5 levels
were reduced by approximately 32% (both, p <0.05).
When CQ was administered with H. pylori, CD44 levels
decreased by 49%, and Lgr5 levels increased by 77%,
indicating a notable reversal of the effects induced by
H. pylori alone. In the NMU-treated group, CD133 and
SOX2 levels rose by 65% and 74%, respectively, while
Lgr5 levels were reduced by nearly 48% compared with
the control (all, p <0.01). The addition of CQ to NMU-
treated groups caused CD133 expression to decrease (p
<0.0001) by  approximately = 57%,  showing
a pronounced inhibitory effect. For the combined H.
pylori+ NMU exposure group, the addition of CQ
resulted in significant changes. CD44 and CD133 levels
decreased by 55% and 50% (both, p <0.0001), respec-
tively, relative to the H. pylori + NMU group without
CQ, while Lgr5 and SOX2 levels rose by 97% and 47%,
respectively (both, p < 0.05). Taken together, these find-
ings suggested that CQ modulated mRNA expression
patterns induced by H. pylori and NMU, and also had
variable effects on different molecules, either amplify-
ing or attenuating their expression changes.

Autophagy inhibition by CQ reduces H. pylori- and
NMU-induced gastric pathology

At 24 weeks of age, H&E staining revealed that the
control group had a normal gastric structure with no
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inflammatory cell infiltration. In contrast, the NMU
group showed clear inflammatory infiltration at the
base of the mucosal layer, while the H. pylori + NMU
group exhibited mild structural abnormalities, includ-
ing dilation of gastric pits and fundic glands, with
significant neutrophil infiltration in the submucosa
(Figure 7A). At 36 weeks, the Control group main-
tained a normal gastric structure without inflammation.
However, the H. pylori group showed gastric mucosal
atrophy, glandular expansion, and inflammatory infil-
tration. The NMU group displayed more pronounced
inflammation, while the H. pylori+ NMU group
showed abnormal gastric structure, with glandular dila-
tion, intestinal metaplasia, and heavy neutrophil infil-
tration (Figure 7B). By 44 weeks, the H. pylori group
demonstrated moderate gastric atrophy, epithelial exfo-
liation, and increased inflammatory infiltration. In the
NMU group, severe glandular abnormalities and
inflammation were observed. The H. pylori + NMU
group had extensive glandular expansion, intestinal
metaplasia, and heavy neutrophil infiltration. After
CQ treatment, both the H. pylori + CQ and H. pylori
+NMU + CQ groups showed reduced inflammation
and glandular dilation, with necrotic areas appearing
in the H. pylori+ NMU + CQ group (Figure 7C).

Discussion

Autophagy modulates the host response to chronic H.
pylori infection, with the bacteria inducing autophagy
in gastric epithelial cells. This occurs through mechan-
isms like VacA-mediated incomplete autophagosome
formation and Beclinl-Vps34-dependent activation,
promoting both host defense and bacterial persistence
[11,30-34]. Our study showed that H. pylori and NMU
co-exposure upregulated LC3B expression and
increased autophagic structures, particularly in the H.
pylori + NMU group, indicating NMU amplifies autop-
hagy to sustain infection (Figure 1, 2). Chloroquine
(CQ), an autophagy inhibitor, mitigated these effects
by blocking autophagic degradation and reducing H.
pylori virulence, as evidenced by LC3B accumulation.
These findings align with clinical observations of LC3
overexpression in 58% of human gastric cancers,
where elevated LC3 levels correlate with advanced
stage and poor prognosis [35,36]. The clinical potential
of autophagy inhibition is further supported by Phase
I/II trials demonstrating good tolerance and efficacy of
CQ derivatives in combination therapies for various
cancers [37]. These results provide a strong rationale
for exploring CQ-based autophagy-targeted therapies
in H. pylori-related gastric diseases, particularly for
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treatment-resistant infections or high-risk patients
with precancerous lesions.

The EMT is a critical process in tumor progression,
particularly in the migration and invasion of cancer
cells [38]. Our study demonstrated that H. pylori infec-
tion and NMU exposure significantly enhanced the
EMT in gastric tissue, as indicated by the decreased
expression of E-cadherin, reflecting a stronger shift
from epithelial to mesenchymal cells (Figure 3). This
EMT induction suggests pathological stem cell differ-
entiation, contributing to tumor progression and dis-
rupted tissue homeostasis [39,40]. Our data reveal that
H. pylori infection disrupts gastric homeostasis by co-
ordinately suppressing Ghrelin and E-cadherin while
later inducing Tff2—a pattern exacerbated by NMU co-

treatment (Figure 4). The Ghrelin downregulation likely
impairs AMPK-mediated autophagy and activates
mTOR [15], promoting the EMT through Snail/Twist
upregulation and E-cadherin degradation [41].
Conversely, the sustained Tff2 overexpression — poten-
tiated by H. pylori+ NMU - may drive [B-catenin
nuclear translocation, as evidenced in pancreatic mod-
els, where TFF2/B-catenin complexes upregulate EMT
effectors and inhibit apoptosis [42]. CQ’s differential
effects (rescuing E-cadherin but amplifying Tff2) sug-
gest autophagy inhibition preferentially blocks the
Ghrelin-AMPK-EMT axis while permitting p-catenin-
mediated Tff2 signaling. This duality underscores
a crosstalk between Ghrelin-autophagy and Tff2/B-
catenin pathways in H. pylori-induced EMT, where



Ghrelin loss exacerbates mucosal injury while T2 ele-
vation may facilitate pre-neoplastic plasticity. Clinically,
EMT drives invasiveness and drug resistance in H.
pylori-related gastric cancer, as seen in pazopanib-
treated xenografts with upregulated cancer stem cell
markers

. Targeting the EMT with autophagy inhibitors may
reduce tumor progression and overcome resistance.

H. pylori infection promotes gastric cancer via
chronic inflammation, genotoxic stress, and gastric
stem cell dysregulation [43]. It also enhances epithelial
proliferation and synergizes with carcinogens to drive
aberrant stem cell behavior [44,45]. In this study, H.
pylori significantly increased organoid size, number,
and budding, with peak effects at 36 weeks (Figure 5).
This persistent stem cell activation underscores the
role of H. pylori as an early carcinogenic driver.
Combined H. pylori and NMU exposure initially
showed synergistic effects, but over time, resulted in
suppression of organoid size, number, and budding,
particularly by 44 weeks (Figure 5). This suppression
likely results from synergistic inflammation and geno-
toxicity, collectively disrupting stem cell homeostasis
and accelerating gastric pathology [46]. These findings
suggest that combined exposure altered stem cell
behavior and also expedited the progression of pre-
cancerous lesions to malignancy. Autophagy, with
protective and tumor-promoting roles in gastric stem
cell regulation [47], enhances H. pylori-induced Wnt/
B-catenin signaling and organoid growth [48].
However, in the H. pylori+ NMU co-exposure
model, CQ only partially alleviated suppression and
failed to restore organoid morphology, suggesting that
the combined inflammatory and genotoxic stress over-
whelms the protective capacity of autophagy. These
findings highlight the need for therapeutic strategies
that simultaneously target both pathogenic pathways
in gastric carcinogenesis.

Bacterial infections and carcinogens can drive cancer
progression by disrupting stem cell function [49]. Our
study showed that H. pylori and NMU significantly
altered gastric stem cell markers, impacting stem cell
regulation (Figure 6). H. pylori infection increased CD44
and Lgr5 expression, which are linked to stem cell self-
renewal and gastric gland regeneration, respectively, con-
sistent with its role in promoting stem cell proliferation
during chronic inflammation [50,51] and creating
a carcinogenic microenvironment [52]. NMU initially
upregulated Lgr5, likely for tissue repair, but later sup-
pressed differentiation markers like SOX2, reflecting its
genotoxic effect on the stem cell niche [45]. Combined H.
pylori and NMU exposure intensified these effects, elevat-
ing CD44 and CDI133 while reducing Lgr5, indicating
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disrupted stem cell dynamics. CQ treatment mitigated
these changes by reducing CD44 and CD133, while restor-
ing Lgr5 and SOX2 expression, promoting epithelial dif-
ferentiation and normal stem cell function, consistent
with autophagy inhibition reducing pathological prolif-
eration [53,54]. These findings highlight the role of autop-
hagy in mediating H. pylori- and NMU-driven stem cell
changes, suggesting a therapeutic approach to counter
inflammation-driven carcinogenesis.

Previous studies have reported that autophagy inhibi-
tion by CQ regulates necrosis and promotes tissue repair
in various cell types and during bacterial infections [55].
H. pylori infection and NMU exposure caused significant
gastric tissue damage, including inflammation, glandular
dilation, and disruption. Combined exposure intensified
these effects, leading to intestinal metaplasia and
increased neutrophil infiltration, indicating a synergistic
role in gastric injury. CQ, an autophagy inhibitor, reduced
inflammation and glandular dilation in both H. pylori and
H. pylori+ NMU groups, suggesting autophagy drives
damage from chronic infection and carcinogen exposure
(Figure 7). CQ inhibited autophagic degradation, redu-
cing uncontrolled autophagy, inflammation, and promot-
ing tissue recovery [56]. By shifting cellular responses
from excessive autophagy to controlled necrosis, CQ
facilitated damaged cell clearance, reduced neutrophil
infiltration, and restored gastric gland structure [57,58].
This suggests the potential of CQ as a therapeutic agent
for managing H. pylori-induced gastric damage, especially
with carcinogenic co-exposure.

This study has two key limitations that warrant
further investigation. First, while mouse models pro-
vide mechanistic insights, they may not fully replicate
human H. pylori pathogenesis, requiring cautious clin-
ical translation and phase I trials to assess long-term
CQ safety (including gastrointestinal and microbiome
effects). Additionally, although our 24-44 weeks of
observation captured early pathology, longer durations
are needed to monitor progression to advanced pre-
neoplastic stages. Future studies should therefore: (1)
establish longer-term preclinical models to delineate
the complete temporal dynamics of H. pylori- and
NMU-driven carcinogenesis, and (2) systematically
combined CQ with targeted anti-
inflammatory/genotoxic therapies on stem cell regula-
tion and disease progression.

evaluate

Conclusion

This study systematically elucidated the critical role of
autophagy regulation in the pathogenesis of H. pylori-
associated gastric diseases. Our findings demonstrate
that H. pylori infection disrupts gastric stem cell
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homeostasis by activating autophagy pathways, leading
to abnormal proliferation, self-renewal, and differentia-
tion of stem cells. Co-exposure with the carcinogen
NMU exacerbates this process through synergistic pro-
motion of inflammatory responses and genotoxic stress,
accelerating EMT and gastric mucosal pathological
changes. Although CQ partially restored stem cell func-
tion and alleviated tissue damage by inhibiting autop-
hagy, its limited efficacy in reversing severe
pathological remodeling suggests the constraints of
autophagy-targeted monotherapy. Based on these find-
ings, we recommend the following future research
focus: 1) development of more human-relevant mouse
models with extended observation periods; and 2)
exploration of combination therapies of autophagy
inhibitors with anti-inflammatory or anti-genotoxic
agents.
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