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Abstract

Gastric cancer, a significant global health concern, arises from a complex interplay of genetic and environmental
factors. Helicobacter pylori (H. pylori) infection is a major risk factor that can be mitigated through eradication
strategies. Epstein-Barr virus (EBV) infection causes a distinct subtype of gastric cancer called EBV-associated gastric
cancer. The gastric microbiome, a dynamic ecosystem, is also involved in carcinogenesis, particularly dysbiosis and
specific bacterial species such as Streptococcus anginosus. Long-term use of proton pump inhibitors and potassium-
competitive acid blockers also increases the risk of gastric cancer, whereas non-steroidal anti-inflammatory drugs
including aspirin may have a protective effect. Smoking significantly increases the risk, and cessation can reduce

it. Dietary factors such as high intake of salt, processed meats, and red meat may increase the risk, whereas a diet
rich in fruits and vegetables may be protective. Extracellular vesicles, which are small membrane-bound structures
released by cells, modulate the tumor microenvironment and may serve as biomarkers for risk stratification and as
therapeutic targets in gastric cancer. This review highlights the multifaceted etiology of gastric cancer and its risk
factors and emphasizes the importance of a multi-pronged approach to prevention including H. pylori eradication

and modification of lifestyle factors, as well as the potential of microbiome-based and EV-based interventions.
Further research is needed to refine risk stratification and to develop personalized prevention strategies.
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Background

According to GLOBOCAN 2022, gastric cancer is the
fifth most common malignancy and the sixth leading
cause of cancer-related death worldwide [1]. The causal
relationship between Helicobacter pylori (H. pylori) infec-
tion and the development of gastric cancer has been
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demonstrated [2]. However, only 2.9% of patients with
H. pylori infection developed gastric cancer over a mean
follow-up period of 7.8 years [3]. A recent study showed
that germline pathogenic variants in nine genes (APC,
ATM, BRCAI1, BRCA2, CDH1, MLH1, MSH2, MSHS6,
and PALB2) are associated with the risk of gastric can-
cer [4]. At 85 years of age, persons with H. pylori infec-
tion and one pathogenic variant had a higher cumulative
risk of gastric cancer than noncarriers infected with H.
pylori (45.5% [95% confidence interval (CI), 20.7-62.6]
vs. 14.4% [95% CI, 12.2-16.6]). Epidemiological data and
basic research suggest that various environmental fac-
tors, such as medications, lifestyle, and commensal bac-
teria increase the risk of gastric carcinogenesis. Although
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Fig. 1 Potential interventions for the prevention of gastric cancer

germline pathogenicity cannot be a direct interventional
target for gastric cancer prevention, environmental fac-
tors can be modified as preemptive medicine. This review
summarizes current data on environmental factors asso-
ciated with the risk of gastric cancer and discusses poten-
tial interventions for preventing gastric cancer (Fig. 1).

Main text

H. pylori infection

H. pylori is a gram-negative bacterium classified as a
Group 1 carcinogen by the International Agency for
Research on Cancer (IARC) in 1994 [5]. H. pylori is con-
sidered a causative factor in gastric cancer, and several
underlying mechanisms have been proposed, among
them the oncogenic protein cytotoxin-associated gene
A (CagA) [6-8]. H. pylori produces CagA and delivers
it into the gastric epithelial cell cytoplasm via a type IV
transporter. Once inside the host cell, CagA undergoes
tyrosine phosphorylation at the EPIYA motifs, which
are short amino acid sequences containing the EPIYA
(Glu-Pro-Ile-Tyr-Ala) sequence [9]. The combination
and number of EPIYA motifs can influence the biological
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activity of CagA, which may explain the difference in
the prevalence of gastric cancer between East Asian and
Western countries [10]. In addition, CagA/PAR1b inter-
action subverts nuclear translocation of BRCA1 by inhib-
iting PAR1b-mediated BRCA1 phosphorylation, leading
to BRCAness-mediated genome instability [11].

A systematic review and meta-regression analysis that
investigated the trends in H. pylori infection rates in
Japan over nearly a century found a clear birth-cohort
pattern in the prevalence of H. pylori infection, with
infection rates decreasing significantly in successive gen-
erations [12]. The predicted prevalence of H. pylori infec-
tion was 60.9% for those born in 1910, but only 6.6% for
those born in 2000. Another survey conducted between
2010 and 2019 in China revealed that the prevalence of
H. pylori infection was lowest in adults aged 18—24 years
(39.71%), gradually increased in the middle-aged group
(40-59 years, 51.92%) and peaked in the older group
(60—94 years, 53.24%) [13]. As the prevalence of H. pylori
infection increases with age and is accompanied by a
corresponding rise in the incidence rate of gastric can-
cer, eradication of H. pylori remains a critical preventive
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strategy. Eradicating H. pylori decreases the incidence
of gastric cancer [14-18]. A recent systematic review
and meta-analysis showed that among 2480 individu-
als in whom H pylori was eradicated, 163 (6.57%) devel-
oped metachronous gastric cancer, compared with 176
(12.73%) among 1383 persistently infected individuals.
The pooled risk ratio of metachronous gastric cancer in
these studies was 0.46 [95% CI, 0.37-0.57] [19]. These
results support the implementation of eradication pro-
grams as a public health strategy [20].

However, the abnormalities in DNA methylation pat-
terns caused by the chronic inflammation induced by H.
pylori infection may not disappear after H. pylori eradica-
tion. Many studies have suggested that these abnormali-
ties are a risk factor for gastric cancer [21, 22]. The levels
of DNA methylation in the gastric mucosa after eradica-
tion remain high and are reported to be useful for pre-
dicting gastric cancer and extensive precancerous lesions
[23].

Epstein-barr virus infection

Epstein-Barr virus (EBV), also known as human herpes-
virus 4 (HHV-4), is a member of the herpesvirus family.
EBV is one of the most common viruses in humans. It is
estimated that >90% of the world’s population has been
infected with EBV by adulthood. Primary EBV infection
often occurs in childhood and is usually asymptomatic
or presents with mild symptoms [24]. In adolescents
and young adults, it can cause infectious mononucleo-
sis, which is characterized by fever, sore throat, swollen
lymph nodes, and fatigue. Once EBV enters the body, it
establishes a lifelong latent infection in the host.

EBV is also classified by the IARC as a Group 1 human
carcinogen and is associated with lymphomas, including
Burkitt lymphoma, Hodgkin lymphoma, post-transplant
lymphoproliferative disorder, and NK/T-cell lymphoma.
It is also associated with epithelial cancers such as naso-
pharyngeal carcinoma and gastric cancer, as well as with
autoimmune disorders such as multiple sclerosis [25].
EBV infects the epithelial cells of the gastric mucosa,
leading to clonal expansion of infected cells. EBV is asso-
ciated with a distinct subtype of gastric cancer known as
EBV-associated gastric cancer (EBVaGC), which is char-
acterized by recurrent PIK3CA mutations, extreme DNA
hypermethylation, and amplification of JAK2, PD-L1,
and PD-L2 [26]. EBVaGC accounts for approximately
10% of gastric cancers [27] and is more frequent in men
and younger individuals. It occurs predominantly in the
proximal stomach and is associated with a diffuse ade-
nocarcinoma histology [28]. In EBVaGC, EBV-encoded
microRNAs (miRNAs) alter apoptotic gene expres-
sion apoptosis and play important regulatory roles [29].
EBV infection has been suggested to be casually linked
to the development of lymphoepithelioma-like gastric
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carcinoma, which constitutes 1-5% of all gastric carcino-
mas [30]. A recent systematic review and meta-analyses
reported that the prevalence rate of EBV infection in
patients with lymphoepithelioma-like gastric carcinoma
is significantly higher than that in conventional adeno-
carcinoma. Additionally, the prevalence rate in patients
from East Asia (82.5% [95% CI, 75.2—88.0%]) is higher
than in other regions (29.5% [95% CI, 6.4—72.0%]) [31].

There is no specific strategy to reduce the risk of
EBVaGC because there is no treatment against EBV in
the latent phase. Research is ongoing to develop more
effective treatments and potential vaccines to prevent
EBVaGC, as well as to achieve a deeper understanding of
the role of EBV infection in EBVaGC [25].

Gastric microbiome

Recent advances in DNA sequencing technology con-
firmed the existence of a diverse gastric microbiome,
which plays a crucial role in gastric cancer development.
For example, the duration of gastric lesion development
is longer in germ-free INS-GAS mice (gastrin-overex-
pressing transgenic mice) than in specific pathogen-free
(SPF) INS-GAS mice [32]. Co-infection of germ-free
INS-GAS mice with H. pylori and three other intestinal
bacteria (Clostridium species, Lactobacillus murinus,
and Bacteroides species) resulted in gastric neoplasia for-
mation, similar to the effect of H. pylori infection under
SPF conditions [33]. Therefore, the gastric microbiome is
strongly associated with gastric carcinogenesis. H. pylori
infection disrupts the composition of the gastric micro-
biome, and eradication of H. pylori partially improves
dysbiosis [34], suggesting that modulation of the gastric
microbiome is one of the mechanisms by which H. pylori
promotes gastric cancer development.

Cross-sectional studies have described the differences
in the bacterial composition of the stomach between
patients with gastric cancer and those with atrophic
gastritis [35]. However, whether the altered bacteria are
pathogenic remains unclear. The importance of Strepto-
coccus anginosus (S. anginosus) in gastric carcinogenesis
was recently suggested. A multicenter study in China
reported significant enrichment in S. anginosus and S.
constellatus in gastric tissues and feces from patients
with intraepithelial neoplasia and early and advanced
gastric cancer [36]. The gastritis-promoting effect of S.
anginosus was confirmed in mice. TMPC, a surface pro-
tein in S. anginosus, interacts with the Annexin A2 recep-
tor on gastric epithelial cells; it mediates attachment and
colonization of S. anginosus and induces MAPK activa-
tion [37]. This mechanism may explain the involvement
of S. anginosus in gastric tumorigenesis.

In addition to bacteria, fungi may also be involved in
gastric carcinogenesis. Candida species found in gas-
tric cancer samples were linked to the expression of
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pro-inflammatory immune pathways and correlated with
poor survival [38]. Both antibiotics and antifungals have
a broad effect on the gut microbiome and affect disease
outcomes and clinical efficacy. Novel targeted and tai-
lored approaches against disease-causing bacteria and
fungi should be explored in future research and in clini-
cal practice [39]. Although probiotics may reduce the risk
of gastric cancer, there is no clear supporting evidence. A
systematic analysis and meta-analysis reported that pro-
biotics can reduce gastric cancer-related inflammation
more effectively by increasing the levels of CD4" T cells
and reducing the levels of IL-6 in the stomach [40].

Medications

The association between the incidence of gastric cancer
and medication history has been discussed for decades.
Gastric acid suppressants, such as potassium-competi-
tive acid blockers (P-CAB) and proton pump inhibitors
(PPIs), may increase the risk of gastric cancer. P-CAB
and PPIs are commonly used in the treatment of acid-
related conditions, such as gastroesophageal reflux dis-
ease and peptic ulcers. Long-term suppression of gastric
acid secretion by P-CAB/PPI use can drastically change
the gastric microbiome [41]. The overgrowth of pathobi-
onts can induce inflammatory responses in the stomach,
potentially leading to the development of gastric can-
cer. In a UK population-based cohort, the risk of gastric
cancer was 45% higher in PPI users than in histamine-2
receptor antagonist (H2RA) users (hazard ratio [HR]
1.45, 95% CI, 1.06-1.98) [42]. In a Korean population
database study, the adjusted HR for gastric cancer in PPI
users was 1.15 (95% CI, 1.06—1.25) compared with non-
PPI users. Long-term PPI use after H. pylori eradication
is associated with increased gastric cancer risk with a
dose-dependent effect. Gastric cancer-related mortality
does not differ significantly between PPI users and non-
users [43]. A Japanese population database study found
that the use of P-CABs is associated with a higher gastric
cancer risk than the use of H2RA among H. pylori-erad-
icated patients (matched HR, 1.92; 95% CI, 1.13-3.25).
Longer duration of P-CAB use and higher doses are sig-
nificantly associated with a higher incidence of gastric
cancer [44]. The studies above compared gastric can-
cer incidence rates, not cancer-related mortality rates.
P-CAB users may generally undergo esophagogastrodu-
odenoscopy more frequently than H2RA users, and this
bias may have influenced the results. In addition, a ran-
domized controlled trial has revealed that five-year use of
P-CAB and PPI showed no difference in the incidence of
gastric cancer [45]. Thus, P-CAB/PPIs should not be con-
sidered unduly dangerous, but patients and healthcare
providers need to weigh the benefits and risks of long-
term PPI use. PPIs should be used at the lowest effective
dose and for the shortest duration necessary to manage
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symptoms, especially in individuals with H. pylori infec-
tion history [46].

The role of non-steroidal anti-inflammatory drugs
(NSAIDs), including aspirin, in cancer prevention has
been well described for gastrointestinal cancers [47].
Two large prospective U.S. cohort studies reported
that the risk of gastric adenocarcinoma is 48% lower
in regular aspirin users (at least twice a week) than in
non-users (multivariable HR, 0.52; 95% CI, 0.37-0.73)
among women. This protective effect increases with
longer duration of use and higher doses. However, no
significant association was found between aspirin use
and gastric adenocarcinoma risk in men [48]. In a large
Korean nationwide cohort study and a systematic review,
researchers found that both aspirin and statin use were
significantly associated with a reduced risk of develop-
ing gastric cancer. Metformin, however, was not associ-
ated with gastric cancer risk. The study found that statins
have a strong protective effect against gastric cancer
in individuals with diabetes. The meta-analysis further
supported these findings, demonstrating the highest
effect size for statin, followed by aspirin and metformin
in reducing gastric cancer risk [49]. A Japanese multi-
center retrospective cohort study investigated the asso-
ciation between NSAIDs and the risk of gastric cancer
in patients who used PPIs after H. pylori eradication.
The study found that the risk of developing gastric can-
cer was 60% lower in NSAID users than in non-NSAID
users. This protective effect increased with both higher
doses and longer durations of NSAID use. There were no
gastric cancer cases among patients who used cyclooxy-
genase-2 (COX-2) inhibitor NSAIDs. These findings sug-
gest that NSAIDs have a chemopreventive effect and may
reduce the risk of gastric cancer in individuals who use
PPIs after H. pylori eradication [50].

Smoking

Smoking is a well-established risk factor for gastric can-
cer, and studies show that smokers have a higher risk of
developing gastric cancer than non-smokers. The risk
increases with the number of cigarettes smoked per day
and the duration of smoking. A large-scale pooled analy-
sis of 23 epidemiological studies examined the associa-
tion between cigarette smoking and gastric cancer risk
[51]. The study found that the risk of gastric cancer is sig-
nificantly higher in ever smokers than in never smokers.
Current smokers have a higher risk than former smokers,
and the risk increases with both the number of cigarettes
smoked per day and the duration of smoking. The risk of
gastric cancer decreases with increasing time since quit-
ting smoking, reaching levels similar to those in never
smokers approximately 10 years after cessation. The
study also found that the risk is slightly higher for car-
dia gastric cancer than non-cardia gastric cancer. These
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findings provide strong evidence supporting the detri-
mental effect of cigarette smoking on gastric cancer risk
and highlight the potential benefits of smoking cessation.

Dietary factors

Dietary factors are associated with the risk of devel-
oping gastric cancer. High intake of salt and salt-pre-
served foods, such as pickled vegetables and salted fish,
increases the risk of gastric cancer. A high salt content
can damage the stomach lining and promote the growth
of H. pylori, which is linked to gastric cancer. A meta-
analysis showed that a preference for salty taste, consis-
tent use of table salt, and high intake of salt-preserved
foods are associated with increased risk of gastric can-
cer, whereas total sodium intake was not associated
with increased risk [39]. The same group demonstrated
an increased risk of gastric cancer associated with the
consumption of processed meat and red meat in a meta-
analysis [52]. Consumption of processed meats (such as
sausages and ham) and red meats is linked to a higher
risk of gastric cancer. These foods often contain nitrates
and nitrites, which can form carcinogenic compounds
in the stomach. In a systematic review and meta-analy-
sis, Liu et al. demonstrated that increased consumption
of processed meat increases the risk of gastric cancer,
which is supported by moderate-quality evidence [53].
The same study suggested a positive correlation between
gastric cancer risk and alcohol consumption, supported
by high-quality evidence [53]. However, the increased
gastric cancer risk due to alcohol consumption may dif-
fer between men and women [54]. A diet rich in fruits
and vegetables is generally associated with a lower risk
of gastric cancer, although the correlation between fruit
and vegetable intake and gastric cancer risk is weak [53,
55]. These findings highlight the importance of dietary
choices in the prevention of gastric cancer.

Extracellular vesicles

Extracellular vesicles (EVs) are membrane-bound
nanovesicles released by cells into the extracellular envi-
ronment [56, 57]. They play a crucial role in intercellu-
lar communication by transporting proteins, lipids, and
nucleic acids between cells. EVs are implicated in various
aspects of gastric cancer development, including immune
responses and inflammation.

EVs may serve as potential targets for the prevention of
gastric cancer. The contents of EVs released from gastric
epithelial cells are modified during carcinogenesis [58,
59]. Atrophic gastritis, a precancerous condition for gas-
tric cancer, is associated with specific miRNAs in serum
EVs. miR-122-5p is considered as a potential biomarker
for chronic atrophic gastritis [60]. A systematic review
and meta-analysis that explored the diagnostic utility of
miRNAs and long non-coding RNAs (IncRNA) within

Page 5 of 8

EVs suggested that the contents of EVs could serve as
diagnostic biomarkers in gastric cancer [61]. The con-
tents of EVs vary during to the progression of gastric
cancer and may be secreted to either promote or inhibit
its progression. miR-122-5p is downregulated in gastric
cancer and suppresses gastric tumor proliferation and
metastasis by targeting GIT1 [62], suggesting that pro-
moting miR-122-5p function could suppress chronic
atrophic gastritis and potentially inhibit the development
of gastric cancer.

Serum EVs from patients with stage I/II gastric can-
cer contain elevated levels of one IncRNA (GClncl),
suggesting its potential as a biomarker for distinguish-
ing patients with early gastric cancer from healthy indi-
viduals and those with precancerous conditions such
as chronic atrophic gastritis and intestinal metaplasia
[63]. Sun et al. performed RNA sequencing and enrich-
ment analysis of gastric cancer cells subjected to shRNA-
mediated GClncl knockdown and found that gene sets
associated with the exacerbation of gastric cancer were
upregulated [64]. These findings suggest that GClncl is
involved in the transition from precancerous lesions to
early-stage gastric cancer. miR-181la-5p downregulates
ATM, whose pathogenic variants interact with H. pylori
infection to increase additively the risk of gastric cancer
[4, 65]. A IncRNA (CCAT1) downregulates miR-181a-5p,
and serum EV CCAT1 levels have been reported to be
significantly higher in patients with gastric cancer than
in healthy control subjects [66]. Gastric cancer cells may
maintain intracellular levels of miR-181a-5p and sup-
press ATM expression by secreting CCAT1 into EVs.
EVs derived from cells infected with H. pylori contain
elevated levels of CagA, PD-L1, and HSP60 [67, 68], sug-
gesting the potential utility of these proteins as diagnostic
biomarkers of H. pylori infection, precancerous condi-
tions, and gastric cancer.

Certain EVs derived from gut microbiota may help to
suppress gastric inflammation. Enterococcus faecium and
its EVs protect against ethanol-induced gastric injury in
rats by reducing inflammation, enhancing antioxidative
functions, and improving mucosal glycoprotein produc-
tion [69]. Similarly, EVs and cell-free supernatant derived
from Lactobacillus crispatus mitigate H. pylori-induced
inflammation in human gastric adenocarcinoma cells
by modulating the expression of pro- and anti-inflam-
matory cytokines. EVs are thus potential therapeutic
agents against H. pylori-triggered inflammation [70], and
because of their anti-inflammatory effects, EVs may serve
as a strategy for cancer prevention.

Conclusions

Traditionally, clinicians have relied on the severity
of gastric mucosal atrophy to predict the risk of gas-
tric carcinogenesis. However, assessment of the tumor
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microenvironment and lifestyle choices is necessary for
risk stratification. Proper risk stratification will enable
the optimization of surveillance strategies for gastric
cancer. Currently, the intervals between esophagogastro-
duodenoscopies are not individualized. Potentially effec-
tive prevention strategies should be provided only for
high-risk groups. Promising strategies should be verified
comprehensively and prospectively, although obtaining
evidence supporting the efficacy of treatments in reduc-
ing mortality could require a long time. Well-designed
prospective studies are necessary to develop optimal
strategies for preventing gastric cancer.

Acknowledgements
Not applicable.

Author contributions
YT and JM wrote the manuscript; YS and HS revised and approved the
manuscript.

Funding

This work was supported by a Grant-in-Aid for Scientific Research B (23K24188,
to JM) from the Japan Society for the Promotion of Science (JSPS) and AMED
under Grant Numbers JP23fk0108678h0401 and JP20jm0210088j0101, to HS.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 28 December 2024 / Accepted: 28 January 2025
Published online: 05 March 2025

References

1. Filho AM, Laversanne M, Ferlay J, Colombet M, Pineros M, Znaor A, et al. The
GLOBOCAN 2022 cancer estimates: data sources, methods, and a snapshot of
the cancer burden worldwide. Int J Cancer. 2024. https://doi.org/10.1002/ijc.3
5278

2. Malfertheiner P, Camargo MC, El-Omar E, Liou JM, Peek R, Schulz C, et al.
Helicobacter pylori infection. Nat Rev Dis Primers. 2023;9(1):19. https://doi.org
/10.1038/541572-023-00431-8

3. Uemura N, Okamoto S, Yamamoto S, Matsumura N, Yamaguchi S, Yamakido
M, et al. Helicobacter pylori infection and the development of gastric cancer.
N Engl J Med. 2001;345(11):784-9. https://doi.org/10.1056/NEJM0a001999

4. UsuiY, Taniyama Y, Endo M, Koyanagi YN, Kasugai Y, Oze |, et al. Helicobacter
pylori, homologous-recombination genes, and gastric Cancer. N Engl J Med.
2023,388(13):1181-90. https://doi.org/10.1056/NEJM0oa2211807

5. Infection with Helicobacter pylori. IARC Monogr Eval Carcinog Risks Hum.
1994,61:177-240.

6.  Tsugawa H, Suzuki H, Saya H, Hatakeyama M, Hirayama T, Hirata K, et al. Reac-
tive oxygen species-induced autophagic degradation of Helicobacter pylori
CagA is specifically suppressed in cancer stem-like cells. Cell Host Microbe.
2012,12(6):764-77. https://doi.org/10.1016/j.chom.2012.10.014

7. Tsugawa H, Mori H, Matsuzaki J, Sato A, Saito Y, Imoto M, et al. CAPZA1
determines the risk of gastric carcinogenesis by inhibiting Helicobacter pylori

20.

21.

22.

23.

24.

25.

Page 6 of 8

CagA-degraded autophagy. Autophagy. 2019;15(2):242-58. https://doi.org/1
0.1080/15548627.2018.1515530

Tsugawa H, Kato C, Mori H, Matsuzaki J, Kameyama K, Saya H, et al. Cancer
stem-cell marker CD44v9-Positive cells arise from Helicobacter pylori-
infected CAPZA1-Overexpressing cells. Cell Mol Gastroenterol Hepatol.
2019;8(3):319-34. https://doi.org/10.1016/j.jcmgh.2019.05.008

Higashi H, Tsutsumi R, Muto S, Sugiyama T, Azuma T, Asaka M, et al. SHP-2
tyrosine phosphatase as an intracellular target of Helicobacter pylori CagA
protein. Science. 2002,295(5555):683-6. https://doi.org/10.1126/science.1067
147

Mueller D, Tegtmeyer N, Brandt S, Yamaoka Y, De Poire E, Sgouras D, et al.
¢-Src and c-Abl kinases control hierarchic phosphorylation and function

of the CagA effector protein in western and east Asian Helicobacter pylori
strains. J Clin Invest. 2012;122(4):1553-66. https://doi.org/10.1172/JCI61143
Imai S, Ooki T, Murata-Kamiya N, Komura D, Tahmina K, Wu W et al.
Helicobacter pylori CagA elicits BRCAness to induce genome instabil-

ity that may underlie bacterial gastric carcinogenesis. Cell Host Microbe.
2021;29(6):941-58 e10; https://doi.org/10.1016/j.chom.2021.04.006

Wang C, Nishiyama T, Kikuchi S, Inoue M, Sawada N, Tsugane S, et al. Chang-
ing trends in the prevalence of H. Pylori infection in Japan (1908-2003): a
systematic review and meta-regression analysis of 170,752 individuals. Sci
Rep. 2017;7(1):15491. https://doi.org/10.1038/541598-017-15490-7

QiaoY, ZhouY, Zhao L, Yang S, Zhang X, Liu S. Sex differences in Helicobacter
pylori infection and recurrence rate among 81,754 Chinese adults: a cross-
sectional study. BMC Gastroenterol. 2024;24(1):305. https://doi.org/10.1186/s
12876-024-03404-7

Suzuki H, Matsuzaki J. Gastric cancer: evidence boosts Helicobacter pylori
eradication. Nat Rev Gastroenterol Hepatol. 2018;15(8):458-60. https://doi.or
9/10.1038/541575-018-0023-8

Lee YC, Chiang TH, Chou CK, Tu YK, Liao WC, Wu MS, et al. Association
between Helicobacter pylori Eradication and Gastric Cancer incidence: a sys-
tematic review and Meta-analysis. Gastroenterology. 2016;150(5):1113-e245.
https://doi.org/10.1053/j.gastro.2016.01.028

Fukase K, Kato M, Kikuchi S, Inoue K, Uemura N, Okamoto S, et al. Effect of
eradication of Helicobacter pylori on incidence of metachronous gastric
carcinoma after endoscopic resection of early gastric cancer: an open-label,
randomised controlled trial. Lancet. 2008;372(9636):392-7. https://doi.org/10.
1016/50140-6736(08)61159-9

Choi 1J, Kook MC, Kim Y1, Cho SJ, Lee JY, Kim CG, et al. Helicobacter pylori
Therapy for the Prevention of Metachronous Gastric Cancer. N Engl J Med.
2018;378(12):1085-95. https://doi.org/10.1056/NEJMoa1708423

Lin'Y, Kawai S, Sasakabe T, Nagata C, Naito M, Tanaka K, et al. Effects of Helico-
bacter pylori eradication on gastric cancer incidence in the Japanese popula-
tion: a systematic evidence review. Jpn J Clin Oncol. 2021;51(7):1158-70. http
s://doi.org/10.1093/jjco/hyab055

Fan F,Wang Z, Li B, Zhang H. Effects of eradicating Helicobacter pylori on
metachronous gastric cancer prevention: a systematic review and meta-
analysis. J Eval Clin Pract. 2020,26(1):308-15. https://doi.org/10.1111/jep.1317
9

Kato M, Ota H, Okuda M, Kikuchi S, Satoh K, Shimoyama T, et al. Guidelines
for the management of Helicobacter pylori infection in Japan: 2016 revised
Edition. Helicobacter. 2019;24(4):.e12597. https://doi.org/10.1111/hel.12597
Maeda M, Moro H, Ushijima T. Mechanisms for the induction of gastric cancer
by Helicobacter pylori infection: aberrant DNA methylation pathway. Gastric
Cancer. 2017;20(Suppl 1):8-15. https://doi.org/10.1007/510120-016-0650-0
Saito Y, Suzuki H, Tsugawa H, Nakagawa |, Matsuzaki J, Kanai Y, et al. Chro-
matin remodeling at Alu repeats by epigenetic treatment activates silenced
microRNA-512-5p with downregulation of Mcl-1 in human gastric cancer
cells. Oncogene. 2009;28(30):2738-44. https://doi.org/10.1038/0nc.2009.140
Chiang TH, Maeda M, Yamada H, Chan CC, Chen SL, Chiu SY, et al. Risk strati-
fication for gastric cancer after Helicobacter pylori eradication: a population-
based study on Matsu Islands. J Gastroenterol Hepatol. 2021;36(3):671-9. http
s://doi.org/10.1111/jgh.15187

Straus SE, Cohen JI, Tosato G, Meier J. NIH conference. Epstein-Barr virus
infections: biology, pathogenesis, and management. Ann Intern Med.
1993;118(1):45-58. https://doi.org/10.7326/0003-4819-118-1-199301010-000
09

Pociupany M, Snoeck R, Dierickx D, Andrei G. Treatment of Epstein-Barr

Virus infection in immunocompromised patients. Biochem Pharmacol.
2024;225:116270. https://doi.org/10.1016/j.bcp.2024.116270


https://doi.org/10.1002/ijc.35278
https://doi.org/10.1002/ijc.35278
https://doi.org/10.1038/s41572-023-00431-8
https://doi.org/10.1038/s41572-023-00431-8
https://doi.org/10.1056/NEJMoa001999
https://doi.org/10.1056/NEJMoa2211807
https://doi.org/10.1016/j.chom.2012.10.014
https://doi.org/10.1080/15548627.2018.1515530
https://doi.org/10.1080/15548627.2018.1515530
https://doi.org/10.1016/j.jcmgh.2019.05.008
https://doi.org/10.1126/science.1067147
https://doi.org/10.1126/science.1067147
https://doi.org/10.1172/JCI61143
https://doi.org/10.1016/j.chom.2021.04.006
https://doi.org/10.1038/s41598-017-15490-7
https://doi.org/10.1186/s12876-024-03404-7
https://doi.org/10.1186/s12876-024-03404-7
https://doi.org/10.1038/s41575-018-0023-8
https://doi.org/10.1038/s41575-018-0023-8
https://doi.org/10.1053/j.gastro.2016.01.028
https://doi.org/10.1053/j.gastro.2016.01.028
https://doi.org/10.1016/S0140-6736(08)61159-9
https://doi.org/10.1016/S0140-6736(08)61159-9
https://doi.org/10.1056/NEJMoa1708423
https://doi.org/10.1093/jjco/hyab055
https://doi.org/10.1093/jjco/hyab055
https://doi.org/10.1111/jep.13179
https://doi.org/10.1111/jep.13179
https://doi.org/10.1111/hel.12597
https://doi.org/10.1007/s10120-016-0650-0
https://doi.org/10.1038/onc.2009.140
https://doi.org/10.1111/jgh.15187
https://doi.org/10.1111/jgh.15187
https://doi.org/10.7326/0003-4819-118-1-199301010-00009
https://doi.org/10.7326/0003-4819-118-1-199301010-00009
https://doi.org/10.1016/j.bcp.2024.116270

Tan et al. Genes and Environment

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2025) 47:5

Cancer Genome Atlas Research N. Comprehensive molecular characteriza-
tion of gastric adenocarcinoma. Nature. 2014;513(7517):202-9. https://doi.or
9/10.1038/nature13480

Naseem M, Barzi A, Brezden-Masley C, Puccini A, Berger MD, Tokunaga R, et
al. Outlooks on Epstein-Barr virus associated gastric cancer. Cancer Treat Rev.
2018;66:15-22. https://doi.org/10.1016/j.ctrv.2018.03.006

Shinozaki-Ushiku A, Kunita A, Fukayama M. Update on Epstein-Barr virus and
gastric cancer. Int J Oncol. 2015;46(4):1421-34. https://doi.org/10.3892/ij0.20
15.2856

Saito M, Kono K. Landscape of EBV-positive gastric cancer. Gastric Cancer.
2021;24(5):983-9. https://doi.org/10.1007/510120-021-01215-3

Shibata D, Tokunaga M, Uemura Y, Sato E, Tanaka S, Weiss LM. Association

of Epstein-Barr virus with undifferentiated gastric carcinomas with intense
lymphoid infiltration. Lymphoepithelioma-like carcinoma. Am J Pathol.
1991;139(3):469-74.

Hirabayashi M, Georges D, Clifford GM, de Martel C. Estimating the Global
Burden of Epstein-Barr Virus-Associated Gastric Cancer: A Systematic Review
and Meta-Analysis. Clin Gastroenterol Hepatol. 2023;21(4):922-30 e21; https:/
/doi.org/10.1016/j.cgh.2022.07.042

Lofgren JL, Whary MT, Ge Z, Muthupalani S, Taylor NS, Mobley M, et al. Lack of
commensal flora in Helicobacter pylori-infected INS-GAS mice reduces gastri-
tis and delays intraepithelial neoplasia. Gastroenterology. 2011;140(1):210-20.
https://doi.org/10.1053/j.gastro.2010.09.048

Lertpiriyapong K, Whary MT, Muthupalani S, Lofgren JL, Gamazon ER, Feng Y,
et al. Gastric colonisation with a restricted commensal microbiota replicates
the promotion of neoplastic lesions by diverse intestinal microbiota in the
Helicobacter pylori INS-GAS mouse model of gastric carcinogenesis. Gut.
2014;63(1):54-63. https://doi.org/10.1136/gutjnl-2013-305178

GuoY, Zhang Y, Gerhard M, Gao JJ, Mejias-Luque R, Zhang L, et al. Effect of
Helicobacter pylori on gastrointestinal microbiota: a population-based study
in Linqu, a high-risk area of gastric cancer. Gut. 2020,69(9):1598-607. https://d
0i.org/10.1136/qutjnl-2019-319696

Ferreira RM, Pereira-Marques J, Pinto-Ribeiro |, Costa JL, Carneiro F, Machado
JC, et al. Gastric microbial community profiling reveals a dysbiotic cancer-
associated microbiota. Gut. 2018;67(2):226-36. https://doi.org/10.1136/gutjn
[-2017-314205

Zhou CB, Pan SY, Jin P, Deng JW, Xue JH, Ma XY, et al. Fecal signatures of
Streptococcus anginosus and Streptococcus constellatus for noninva-

sive screening and early warning of gastric Cancer. Gastroenterology.
2022;162(7):1933-e4718. https://doi.org/10.1053/j.gastr0.2022.02.015

Fu K, Cheung AHK, Wong CC, Liu W, Zhou Y, Wang F et al. Streptococcus
anginosus promotes gastric inflammation, atrophy, and tumorigenesis in
mice. Cell. 2024;187(4):882- 96 e17; https://doi.org/10.1016/j.cell.2024.01.004
Dohlman AB, Klug J, Mesko M, Gao IH, Lipkin SM, Shen X et al. A pan-cancer
mycobiome analysis reveals fungal involvement in gastrointestinal and lung
tumors. Cell. 2022;185(20):3807-22 e12; https://doi.org/10.1016/j.cell.2022.09.
015

Morais S, Costa A, Albuquerque G, Araujo N, Pelucchi C, Rabkin CS, et al. Salt
intake and gastric cancer: a pooled analysis within the stomach cancer pool-
ing (StoP) project. Cancer Causes Control. 2022;33(5):779-91. https://doi.org/
10.1007/510552-022-01565-y

Yang D, Meng XY, Wang Y, Zhang J, ZhaoY, Zheng ZC, et al. Effects of probiot-
ics on gastric cancer-related inflammation: a systematic review and meta-
analysis. J Food Biochem. 2022;46(5):14034. https://doi.org/10.1111/jfbc.140
34

Zhu J,Sun G, Li M, Hu G, Zhao XM, Chen WH. Compared to histamine-2
receptor antagonist, Proton pump inhibitor induces stronger oral-to-gut
microbial transmission and gut microbiome alterations: a randomised con-
trolled trial. Gut. 2024;73(7):1087-97. https://doi.org/10.1136/gutjnl-2023-330
168

Abrahami D, McDonald EG, Schnitzer ME, Barkun AN, Suissa S, Azoulay L.
Proton pump inhibitors and risk of gastric cancer: population-based cohort
study. Gut. 2022;71(1):16-24. https://doi.org/10.1136/gutjnl-2021-325097
Kim JW, Jung HK; Lee B, Shin CM, Gong EJ, Hong J, et al. Risk of gastric cancer
among long-term proton pump inhibitor users: a population-based cohort
study. Eur J Clin Pharmacol. 2023;79(12):1699-708. https://doi.org/10.1007/s0
0228-023-03580-7

Arai J, Miyawaki A, Aoki T, Niikura R, Hayakawa Y, Fujiwara H, et al. Association
between Vonoprazan and the risk of gastric Cancer after Helicobacter pylori
Eradication. Clin Gastroenterol Hepatol. 2024,22(6):1217-e256. https://doi.org
/10.1016/j.cgh.2024.01.037

45.

46.

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 7 of 8

Uemura N, Kinoshita Y, Haruma K, Kushima R, Yao T, Akiyama J, et al. Vono-
prazan as a long-term maintenance treatment for erosive esophagitis: vision,
a 5-year, randomized, open-label study. Clin Gastroenterol Hepatol. 2024.
[Online ahead of print]. https://doi.org/10.1016/j.cgh.2024.08.004

Suzuki H, Matsuzaki J. Helicobacter pylori eradication failure may have con-
founded the recent large-scale health database study that showed proton
pump inhibitors increase gastric cancer risk. Gut. 2018;67(11):2071-2. https://
doi.org/10.1136/gutjnl-2017-315698

Umar A, Loomans-Kropp HA. Role of aspirin in gastric cancer prevention.
Cancer Prev Res. 2022;15(4):213-5. https://doi.org/10.1158/1940-6207.CAPR-2
2-0014

Kwon S, Ma W, Drew DA, Klempner SJ, Leonardo BM, Flynn JJ, et al. Associa-
tion between aspirin use and gastric adenocarcinoma: a prospective cohort
study. Cancer Prev Res. 2022;15(4):265-72. https://doi.org/10.1158/1940-6207
CAPR-21-0413

Seo SI, Park CH, Kim TJ, Bang CS, Kim JY, Lee KJ, et al. Aspirin, metformin,

and statin use on the risk of gastric cancer: a nationwide population-based
cohort study in Korea with systematic review and meta-analysis. Cancer Med.
2022;11(4):1217-31. https://doi.org/10.1002/cam4.4514

Arai J, Niikura R, Hayakawa Y, Sato H, Kawahara T, Honda T, et al. Nonsteroidal
anti-inflammatory drugs prevent gastric cancer associated with the use of
Proton pump inhibitors after Helicobacter pylori eradication. JGH Open.
2021;5(7):770-7. https:/doi.org/10.1002/jgh3.12583

Praud D, Rota M, Pelucchi C, Bertuccio P, Rosso T, Galeone C, et al. Cigarette
smoking and gastric cancer in the stomach Cancer Pooling (StoP) project. Eur
J Cancer Prev. 2018;27(2):124-33. https://doi.org/10.1097/CEJ.000000000000
0290

Ferro A, Rosato V, Rota M, Costa AR, Morais S, Pelucchi C, et al. Meat intake
and risk of gastric cancer in the stomach cancer pooling (StoP) project. Int J
Cancer. 2020;147(1):45-55. https://doi.org/10.1002/ijc.32707

Liu SJ, Huang PD, Xu JM, Li Q, Xie JH, Wu WZ, et al. Diet and gastric cancer risk:
an umbrella review of systematic reviews and meta-analyses of prospective
cohort studies. J Cancer Res Clin Oncol. 2022;148(8):1855-68. https://doi.org/
10.1007/500432-022-04005-1

Li'Y, Eshak ES, Shirai K, Liu K, Dong JY, Iso H, et al. Alcohol consumption and
risk of gastric Cancer: the Japan Collaborative Cohort Study. J Epidemiol.
2021;31(1):30-6. https://doi.org/10.2188/jea.JE20190304

Phuoc LH, Sengngam K, Ogawa T, Ngatu NR, lkeda S, Hoc TH, et al. Fruit and
vegetable intake and stomach Cancer among male adults: a case-control
study in Northern Viet Nam. Asian Pac J Cancer Prev. 2020;21(7):2109-15. http
s://doi.org/10.31557/APJCP2020.21.7.2109

Welsh JA, Goberdhan DCI, O'Driscoll L, Buzas El, Blenkiron C, Bussolati B, et

al. Minimal information for studies of extracellular vesicles (MISEV2023): from
basic to advanced approaches. J Extracell Vesicles. 2024;13(2):e12404. https://
doi.org/10.1002/jev2.12404

Matsuzaki J, Ochiya T. Circulating microRNAs and extracellular vesicles

as potential cancer biomarkers: a systematic review. Int J Clin Oncol.
2017;22(3):413-20. https://doi.org/10.1007/5s10147-017-1104-3

Abe S, Matsuzaki J, Sudo K, Oda |, Katai H, Kato K, et al. A novel combination
of serum microRNAs for the detection of early gastric cancer. Gastric Cancer.
2021,24(4):835-43. https://doi.org/10.1007/510120-021-01161-0

Matsuzaki J, Kato K, Oono K, Tsuchiya N, Sudo K, Shimomura A, et al. Predic-
tion of tissue-of-origin of early stage cancers using serum miRNomes. JNCI
Cancer Spectr. 2023;7(1). https://doi.org/10.1093/jncics/pkac080

Liu H, Li PW, Yang WQ, Mi H, Pan JL, Huang YC, et al. Identification of non-
invasive biomarkers for chronic atrophic gastritis from serum exosomal
microRNAs. BMC Cancer. 2019;19(1):129. https://doi.org/10.1186/512885-01
9-5328-7

Xue J,Qin S, Ren N, Guo B, Shi X, Jia E. Extracellular vesicle biomarkers in
circulation for the diagnosis of gastric cancer: a systematic review and meta-
analysis. Oncol Lett. 2023;26(4):423. https://doi.org/10.3892/01.2023.14009
JiaoY, Zhang L, Li J, He Y, Zhang X, Li J. Exosomal mir-122-5p inhibits
tumorigenicity of gastric cancer by downregulating GIT1. Int J Biol Markers.
2021;36(1):36-46. https://doi.org/10.1177/1724600821990677

Guo X, Peng Y, Song Q Wei J, Wang X, Ru Y et al. A Liquid Biopsy Signature

for the Early Detection of Gastric Cancer in Patients. Gastroenterology.
2023;165(2):402- 13 e13; https://doi.org/10.1053/j.gastro.2023.02.044

SunTT, He J, Liang Q, Ren LL, Yan TT, Yu TC, et al. LncRNA GCInc1 promotes
gastric carcinogenesis and May Act as a Modular Scaffold of WDR5 and
KAT2A complexes to specify the histone modification pattern. Cancer Discov.
2016;6(7):784-801. https://doi.org/10.1158/2159-8290.CD-15-0921


https://doi.org/10.1038/nature13480
https://doi.org/10.1038/nature13480
https://doi.org/10.1016/j.ctrv.2018.03.006
https://doi.org/10.3892/ijo.2015.2856
https://doi.org/10.3892/ijo.2015.2856
https://doi.org/10.1007/s10120-021-01215-3
https://doi.org/10.1016/j.cgh.2022.07.042
https://doi.org/10.1016/j.cgh.2022.07.042
https://doi.org/10.1053/j.gastro.2010.09.048
https://doi.org/10.1053/j.gastro.2010.09.048
https://doi.org/10.1136/gutjnl-2013-305178
https://doi.org/10.1136/gutjnl-2019-319696
https://doi.org/10.1136/gutjnl-2019-319696
https://doi.org/10.1136/gutjnl-2017-314205
https://doi.org/10.1136/gutjnl-2017-314205
https://doi.org/10.1053/j.gastro.2022.02.015
https://doi.org/10.1016/j.cell.2024.01.004
https://doi.org/10.1016/j.cell.2022.09.015
https://doi.org/10.1016/j.cell.2022.09.015
https://doi.org/10.1007/s10552-022-01565-y
https://doi.org/10.1007/s10552-022-01565-y
https://doi.org/10.1111/jfbc.14034
https://doi.org/10.1111/jfbc.14034
https://doi.org/10.1136/gutjnl-2023-330168
https://doi.org/10.1136/gutjnl-2023-330168
https://doi.org/10.1136/gutjnl-2021-325097
https://doi.org/10.1007/s00228-023-03580-7
https://doi.org/10.1007/s00228-023-03580-7
https://doi.org/10.1016/j.cgh.2024.01.037
https://doi.org/10.1016/j.cgh.2024.01.037
https://doi.org/10.1016/j.cgh.2024.08.004
https://doi.org/10.1136/gutjnl-2017-315698
https://doi.org/10.1136/gutjnl-2017-315698
https://doi.org/10.1158/1940-6207.CAPR-22-0014
https://doi.org/10.1158/1940-6207.CAPR-22-0014
https://doi.org/10.1158/1940-6207.CAPR-21-0413
https://doi.org/10.1158/1940-6207.CAPR-21-0413
https://doi.org/10.1002/cam4.4514
https://doi.org/10.1002/jgh3.12583
https://doi.org/10.1097/CEJ.0000000000000290
https://doi.org/10.1097/CEJ.0000000000000290
https://doi.org/10.1002/ijc.32707
https://doi.org/10.1007/s00432-022-04005-1
https://doi.org/10.1007/s00432-022-04005-1
https://doi.org/10.2188/jea.JE20190304
https://doi.org/10.31557/APJCP.2020.21.7.2109
https://doi.org/10.31557/APJCP.2020.21.7.2109
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1007/s10147-017-1104-3
https://doi.org/10.1007/s10120-021-01161-0
https://doi.org/10.1093/jncics/pkac080
https://doi.org/10.1186/s12885-019-5328-7
https://doi.org/10.1186/s12885-019-5328-7
https://doi.org/10.3892/ol.2023.14009
https://doi.org/10.1177/1724600821990677
https://doi.org/10.1053/j.gastro.2023.02.044
https://doi.org/10.1158/2159-8290.CD-15-0921

Tan et al. Genes and Environment

65.

66.

67.

68.

(2025) 47:5

Zhang X, Nie Y, Li X, Wu G, Huang Q, Cao J, et al. MicroRNA-181a functions as
an oncomir in gastric cancer by targeting the tumour suppressor gene ATM.
Pathol Oncol Res. 2014;20(2):381-9. https://doi.org/10.1007/512253-013-970
7-0

Xiao K, Dong Z, Wang D, Liu M, Ding J, Chen W, et al. Clinical value of INcCRNA
CCAT1 in serum extracellular vesicles as a potential biomarker for gastric
cancer. Oncol Lett. 2021;21(6):447. https://doi.org/10.3892/01.2021.12708
Wang J, Deng R, Chen S, Deng S, Hu Q Xu B, et al. Helicobacter pylori CagA
promotes immune evasion of gastric cancer by upregulating PD-L1 level in
exosomes. iScience. 2023;26(12):108414. https://doi.org/10.1016/.isci.2023.10
8414

LiY, Cao H, Qiu D,Wang N, Wang Y, Wen T, et al. The proteomics analysis of
extracellular vesicles revealed the possible function of heat shock protein 60
in Helicobacter pylori infection. Cancer Cell Int. 2023;23(1):272. https://doi.org
/10.1186/512935-023-03131-1

69.

70.

Page 8 of 8

Luo M, Sun J, Li S, Wei L, Sun R, Feng X, et al. Protective effect of Enterococ-
cus faecium against ethanol-induced gastric injury via extracellular vesicles.
Microbiol Spectr. 2024;12(4):e0389423. https://doi.org/10.1128/spectrum.038
94-23

Fakharian F, Sadeghi A, Pouresmaeili F, Soleimani N, Yadegar A. Anti-inflam-
matory effects of extracellular vesicles and cell-free supernatant derived
from Lactobacillus crispatus strain RIGLD-1 on Helicobacter pylori-induced
inflammatory response in gastric epithelial cells in vitro. Folia Microbiol.
2024,69(4):927-39. https://doi.org/10.1007/512223-024-01138-3

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


https://doi.org/10.1007/s12253-013-9707-0
https://doi.org/10.1007/s12253-013-9707-0
https://doi.org/10.3892/ol.2021.12708
https://doi.org/10.1016/j.isci.2023.108414
https://doi.org/10.1016/j.isci.2023.108414
https://doi.org/10.1186/s12935-023-03131-1
https://doi.org/10.1186/s12935-023-03131-1
https://doi.org/10.1128/spectrum.03894-23
https://doi.org/10.1128/spectrum.03894-23
https://doi.org/10.1007/s12223-024-01138-3

	﻿Environmental factors in gastric carcinogenesis and preventive intervention strategies
	﻿Abstract
	﻿Background
	﻿Main text
	﻿﻿H. pylori﻿ infection
	﻿Epstein-barr virus infection
	﻿Gastric microbiome
	﻿Medications
	﻿Smoking
	﻿Dietary factors
	﻿Extracellular vesicles

	﻿Conclusions
	﻿References


