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Simple Summary

Gastric cancer remains a leading cause of cancer-related death worldwide. While Helicobac-
ter pylori is a well-known risk factor, emerging evidence suggests that broader imbalances
in the microbial communities of the mouth, stomach, and gut are significantly associated
with disease progression. This article explores the ‘oral-gastric-gut axis’, explaining how
specific bacteria and the substances they produce are linked to the disruption of the body’s
immune system and metabolism, potentially facilitating tumor growth. We aim to clarify
how declining bacterial diversity and expansion of harmful microbes contribute to inflam-
mation and cancer development. These findings are significant, as they identify consistent
microbial patterns that could serve as new, noninvasive tools for early diagnosis. Ultimately,
understanding these complex interactions provides a foundation for developing novel
therapies that target the microbiome to prevent or treat gastric cancer more effectively.

Abstract

The etiology of gastric cancer (GC) is increasingly defined by the complex interplay within
the oral-gastric microbial axis. This conceptual shift extends beyond the classical Heli-
cobacter pylori (H. pylori) model. Instead, it encompasses a broader polymicrobial network.
Mechanisms underlying ectopic colonization of oral pathobionts are examined alongside
their synergistic contributions to mucosal dysbiosis. Remodeling of the tumor microenvi-
ronment is discussed through the analysis of critical functional modules, including biofilm
formation, metabolic reprogramming, and immune dysregulation. Carcinogenesis is report-
edly promoted by specific genotoxic metabolites and perpetuation of chronic inflammation.
Diagnostic capabilities are evaluated with a focus on noninvasive biomarkers, where inte-
gration of artificial intelligence for risk stratification is identified as a transformative tool for
early detection. Furthermore, therapeutic perspectives are expanded by evidence linking
microbial composition to the efficacy of immune checkpoint inhibitors and chemotherapy.
Strategies for prevention and treatment are proposed based on restoration of microbial
homeostasis. Collectively, a roadmap for translating microbiome research into personalized
clinical practice for gastrointestinal malignancies is provided by this review.

Keywords: gastric cancer; oral–gastric microbial axis; microbiota dysbiosis; microbial
metabolites; tumor microenvironment
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1. Introduction
Gastric cancer (GC) is ranked as the fifth most common malignancy worldwide and

the fourth leading cause of cancer-related mortality. Approximately one million new cases
and over 780,000 deaths are reported annually [1]. High incidence rates are observed
primarily in East Asia, specifically within China, Japan, and South Korea. It is estimated
that China alone accounts for approximately 44% of incident cases and 49% of deaths
worldwide [2]. Although a gradual decline in global incidence has been noted, GC contin-
ues to represent a major public health burden in the Asia–Pacific region due to population
aging and persistent environmental exposures [3,4]. A multifactorial etiology has been
recognized, in which genetic susceptibility, environmental exposures, dietary patterns, and
Helicobacter pylori (H. pylori) infection are implicated. Among these factors, modifiable risks
such as high salt intake, smoking, excessive alcohol consumption, and obesity have been
associated with a substantially increased risk of disease. Furthermore, non-modifiable
determinants, including family history, age, and sex, have been shown to contribute to GC
susceptibility [5]. Collectively, these influences contribute to a heterogeneous landscape of
GC pathogenesis. Consequently, the need for targeted investigation of additional oncogenic
mechanisms is underscored.

The microbiota is increasingly recognized as a key modulator of human health, and
evidence linking microbial communities to carcinogenesis across multiple cancer types has
continued to accumulate. Although H. pylori is established as the primary carcinogenic bac-
terium in GC, it is suggested by emerging data that other gastric microbial taxa contribute
to tumor initiation and progression. These contributions are mediated through immune
dysregulation, metabolic reprogramming, and chronic inflammation [6]. Significantly, oral
and intestinal microbial communities have been implicated in the risk of GC. Oral bacteria
translocated to the stomach via swallowing or reflux may interact with resident gastric
microbiota. This interaction establishes an oral–gastric microbial axis, which influences
gastric microbial stability and potentially drives carcinogenesis [7]. Unlike the broader
oral-gut network, where the stomach functions primarily as a transit corridor, this specific
axis identifies the gastric niche as a definitive site for active microbial colonization. Conse-
quently, this concept updates the traditional H. pylori model by emphasizing a synergistic
polymicrobial etiology rather than a solitary infection.

In this review, the association of microbiota with GC development is examined, with
particular emphasis placed on the emerging concept of the oral–gastric microbial axis.
The potential roles of this axis in GC pathogenesis are summarized, and implications for
prevention and therapeutic strategies are discussed (Figure 1).

Six core modules are illustrated in the inner ring: adhesion and biofilm components,
H. pylori virulence factors, analytical platforms, host immune effectors, genotoxic and
epigenetic damage, and key oral pathogens. Representative examples for each module are
shown in the outer panels, including extracellular polymeric substances (EPS), H. pylori,
LC–MS/MS, tumor-associated neutrophils (TANs), reactive oxygen species (ROS), and
Porphyromonas gingivalis (P. gingivalis).
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Figure 1. Schematic representation of the oral–gastric microbial axis in gastric cancer (GC).

2. The Oral–Gastric Axis Concept and Gastric Specificity
2.1. Anatomical and Physiological Basis of Oral-to-Gastric Transmission

Although the oral cavity and gastrointestinal tract are anatomically distinct, functional
continuity is maintained through habitual swallowing of saliva. By this mechanism, oral
microorganisms are delivered to the esophagus and stomach. While the highly acidic
gastric milieu is generally considered an impediment to microbial survival and sustained
colonization under physiological conditions, viable microbial translocation is increasingly
supported by evidence when this barrier is compromised [8]. Hypochlorhydria, particularly
the condition induced by chronic proton pump inhibitor (PPI) therapy, is recognized as
a major driver of this disruption. In a prospective interventional study, an increased
proportion of gastric sequencing reads was attributed to oral sources following 8 weeks
of PPI administration. Furthermore, the number of identical oral–gastric strain pairs
was approximately doubled. These data collectively indicate that large-scale microbial
translocation is facilitated by an elevated intragastric pH [9,10].

Complementing these host-driven alterations, intrinsic capacities that permit survival
under gastric stress appear to be possessed by several oral pathogens. It is suggested
by experimental findings that amino acids are metabolized by Fusobacterium nucleatum
(F. nucleatum) and P. gingivalis to generate ammonia and butyrate. Consequently, local pH
is increased, and bacterial persistence is enhanced. Furthermore, multispecies biofilms are
formed by numerous oral taxa, and collective resistance to acid stress and host immune
clearance has been reported within these structures [11].

At the molecular level, specific adaptations that facilitate mucosal seeding have been
identified. For instance, the synthesis of membranes enriched with erucic acid by F. nuclea-
tum via the enoyl-CoA hydratase-related protein FnFabM has been reported; through this
mechanism, survival is observed even at pH 1.5 [12]. Once the acidic barrier is bypassed,
stable attachment may be enabled through ligand-directed adhesion. Expression of TMPC
surface protein, which binds Annexin A2 on gastric epithelial cells, has been demonstrated
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in Streptococcus anginosus (S. anginosus). Through this interaction, epithelial adherence is
enhanced, mitogen-activated protein kinase (MAPK) signaling is activated, and barrier
integrity is compromised, thereby establishing an inflammatory niche [13]. Collectively,
pharmacologically induced hypochlorhydria, lipid-mediated acid resistance, and receptor-
specific adhesion are inferred to constitute a coordinated pathway by which oral microbiota
migrate to the stomach, persist, and remodel the gastric ecosystem.

2.2. Enrichment of Specific Oral Pathogens in GC Tissues

Methodological advances in metagenomics have indicated that the gastric microbiome
of patients with GC increasingly resembles the oral microbiome. This phenomenon is
often termed oral–gastric convergence. In a 2024 study spanning multiple stages of GC, an
overall reduction in microbial α-diversity was reported alongside the selective enrichment
of oral-associated taxa. Specifically, Schaalia odontolytica and Streptococcus cristatus were
detected at higher levels in gastric fluid from patients with low-grade dysplasia and GC.
These findings suggest the potential utility of these taxa as early indicators of oral-to-gastric
colonization [14]. Consistent patterns were observed in a longitudinal cohort from Korea,
where progression from atrophic gastritis to cancer was accompanied by increasing overlap
between salivary and gastric communities. Notably, more than 60% of dominant genera
were reportedly shared at later stages [15]. Within these altered communities, elevated
abundance of Aggregatibacter was identified and independently validated as a marker of
poor prognosis [14].

Among translocated taxa, F. nucleatum and P. gingivalis are most consistently impli-
cated. In parallel clinical surveys, F. nucleatum was reported in 70–90% of H. pylori–negative
GC biopsies and is proposed as an independent microbial risk factor [16]. Mechanistically,
Wnt/β-catenin and MAPK signaling are activated by intratumoral F. nucleatum, thereby
potentially facilitating tumor proliferation and invasiveness. Concurrently, protumorigenic
neutrophil recruitment is linked to NF-κB activation [17,18]. The tumor microenvironment
is likewise potentially influenced by P. gingivalis through immunosuppression and path-
way modulation. PD-L1 expression in gastric epithelial cells is upregulated by virulence
determinants such as gingipains and lipopolysaccharide (LPS), with consequent inhibition
of T cell–mediated antitumor immunity [19]. Metastatic potential is further facilitated by
outer membrane vesicles released by P. gingivalis. These vesicles are described as carrying
small RNAs, specifically sRNA23392, which target desmocollin-2 (DSC2) [20].

Documentation of oral-associated pathobionts in GC tissues extends to organisms such
as Prevotella intermedia. Cellular proliferation and epithelial–mesenchymal transition have
been shown to be accelerated in vitro by isolates of this bacterium from tumors through
the upregulation of perilipin 3 (PLIN3). Furthermore, higher intratumoral abundance is
associated with advanced stage and poorer survival [21]. Distinct colonization patterns
are observed in proximal (upper-third) gastric tumors, where an oral-associated module
dominated by Veillonella parvula and Streptococcus oralis was identified. The presence of
these taxa in H. pylori–negative cancers is associated with reduced overall survival, a finding
that suggests a more aggressive molecular phenotype [22]. Based on these cumulative data,
it was proposed in a 2025 expert review that a reproducible microbial signature linked
to elevated GC risk is constituted by declining community richness combined with the
selective expansion of proinflammatory taxa, such as S. anginosus and F. nucleatum [23].

2.3. Connection to the General Oral-Gut Microbiota Axis

Although the oral–gastric link is proposed as a distinct carcinogenic pathway, it is
likely embedded within the broader framework of the oral–gut microbiota axis. This axis is
described as a bidirectional regulatory system in which communication and translocation
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occur between oral and gut microbiomes via microbial dissemination and signaling. Viable
microbial translocation and functional interactions between these communities are increas-
ingly supported by evidence, despite the anatomical separation of the oral cavity and the
gastrointestinal tract [8].

The relationship between oral and gut environments is characterized by dynamic
interchange. Colonization of the gut by oral microbes swallowed with saliva is observed,
particularly when epithelial barriers are compromised, resulting in disrupted microbial
stability [24]. In the reverse direction, the composition and resilience of oral communities
may be perturbed by the reflux-associated transfer of intestinal microbes to the oral cavity,
specifically during gastroesophageal reflux. Furthermore, translocation is reported in
association with dietary exposures, systemic diseases including diabetes, and antibiotic
therapy [25]. Evidence of shared mechanisms shaping the tumor microenvironment along
the digestive tract is provided by the observation that oral pathogens enriched in GC,
including F. nucleatum, are frequently enriched in the gut microbiota of patients with
colorectal cancer [26].

These connections are elucidated largely through methodological advances. Metage-
nomics and metabolomics are relied upon for most investigations of the oral–gut microbiota
axis. Specifically, 16S rRNA gene sequencing provides a cost-effective taxonomic overview,
whereas shotgun metagenomics yields superior resolution for species-level identification
and functional gene profiling. Despite these analytical capabilities, microbiome profiling
in gastric research is frequently limited by inherent methodological challenges, particu-
larly significant host DNA interference and low microbial biomass. Concurrently, micro-
bial metabolites with potential effects on host physiology are identified via metabolomic
profiling, a process often performed using liquid chromatography–mass spectrometry
(LC–MS) [27]. For instance, alteration of short-chain fatty acid (SCFA) production and bile
acid metabolism by oral microbes following gut colonization is indicated by integrated
metagenomic and metabolomic analyses. Through these metabolic shifts, intestinal in-
flammatory responses are potentially modulated [28]. Further support for the oral–gut
microbiota axis as a relevant conceptual framework for GC research is provided by metage-
nomic tracking, which suggests that oral bacteria detected in GC tissues overlap with taxa
commonly observed in the gut microbiome [29].

3. Gastric Dysbiosis and Microbial Interactions
3.1. Progressive Alterations of Gastric Microbiota During Carcinogenesis

Marked ecological shifts within the gastric microbial community during gastric car-
cinogenesis are indicated by growing evidence. Relative to healthy individuals, reduced
microbial diversity is repeatedly observed in GC alongside the expansion of taxa associ-
ated with carcinogenic processes. Specifically, significant enrichment of oral-associated
genera, including Fusobacterium, Peptostreptococcus, and Streptococcus, is documented in GC
tissues by 16S rRNA gene sequencing studies. In contrast, healthy tissues are reported
to be predominantly colonized by Lactobacillus and Lactococcus [30]. These tissue-level
observations are further supported by large-scale clinical datasets. In the DELIVER clinical
trial conducted in Japan, fecal profiles from 476 patients with advanced GC and 106 healthy
controls were analyzed. The patient cohort was characterized by increased relative abun-
dance of Streptococcus, Lactobacillus, and Odoribacter, whereas controls were enriched for
Bifidobacterium and Anaerostipes [31]. Collectively, these patterns suggest that key metabolic
and immune pathways are closely associated with the shifts in tumor-associated microbial
communities. Consistent with this premise, enrichment of bacterial genes involved in
amino acid metabolism and nucleotide transport is indicated by functional predictions
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derived from metagenomic analyses, a finding that suggests metabolic adaptation within
the tumor microenvironment [32].

The features of gastric dysbiosis at both taxonomic and functional levels have been
further clarified by recent integrative studies. A consistent bloom of Lactobacillus and
Streptococcus, accompanied by depletion of Rothia and Porphyromonas, was confirmed by
a 2024 meta-analysis of 33 case–control cohorts (n = 4829) [33]. The magnitude of these
effects was reported to vary by geography. For instance, Helicobacter and Streptococcus were
particularly elevated in Korean cohorts. Variation was also noted by specimen type, as more
pronounced shifts were exhibited by mucosal samples compared to fecal samples [33].

Enrichment of tumor-stage gastric tissues for oral-associated genera, including Veil-
lonella and Peptostreptococcus, alongside proinflammatory Erysipelotrichaceae, was reported
in an updated synthesis published in Gut. Conversely, health-associated Lactobacillales
are diminished [34]. Complementing these taxonomic changes, upregulation of microbial
functional pathways is revealed by metagenomic reconstruction. These pathways include
urease activity, LPS biosynthesis, and nitrate reduction, all of which may aggravate mucosal
inflammation and facilitate DNA damage [34]. Mechanistic insights are further deepened
by the application of advanced computational approaches to gastrectomy-derived shotgun
metagenomes, such as the PredCMB gene–metabolite pipeline. Through these methods, se-
lective enrichment of metabolites linked to polyamine biosynthesis and sulfur metabolism
is predicted. Mechanistic clues are provided by these findings regarding how dysbiosis
may contribute to accelerated tumor growth and enhance redox-stress tolerance within the
gastric microenvironment [35].

3.2. Synergistic Interactions Between H. pylori and Oral Bacteria

Although complex community-level interactions are involved in shaping the gastric
microbiome, H. pylori is regarded as a primary ecological driver that establishes molecular
and immunological conditions conducive to carcinogenic progression and potential micro-
bial synergy. A central determinant of pathogenicity is the virulence factor CagA, which is
translocated into gastric epithelial cells, where a pro-tumorigenic program is orchestrated.
Through aberrant activation of multiple downstream pathways, including MET, PI3K/AKT,
NF-κB, and Wnt/β-catenin, proliferation and migration are promoted by CagA signaling
while resistance to apoptosis is increased [36]. Crucially, these specific oncogenic effects
are fundamentally restricted to CagA-positive strains. Because CagA-negative variants
naturally lack this potent virulence factor, they do not possess the same capacity to hijack
host signaling networks or drive pronounced malignant transformation. This fundamental
distinction underscores the importance of evaluating strain-specific pathogenic potential in
clinical contexts. Concurrently, a pro-carcinogenic inflammatory milieu is induced by H.
pylori–mediated immune dysregulation, a state characterized by enhanced Th17 activity
and elevated secretion of IL-6 and IL-10. In animal and zebrafish models, a reduction in
central memory regulatory T cells (Tregs) is observed during disease progression, whereas
early-stage responses are marked by heightened Th17 activity [37]. This dysregulation
is further amplified by epigenetic remodeling. Specifically, DNA methylation–mediated
silencing of tumor-suppressive microRNAs, such as miR-210, is induced by H. pylori. Con-
sequently, oncogenic targets such as STMN1 and DIMT1 are upregulated, and aberrant
proliferation of gastric mucosal cells is driven [38]. Furthermore, the TLR/MyD88 signaling
pathway is identified as a critical mediator of H. pylori–induced immune activation and
tumorigenesis through the modulation of tumor-associated immune-cell phenotypes and
cytokine profiles [39].

Carcinogenesis is also promoted by H. pylori through mechanisms extending to non-
canonical pathways, as indicated by recent structural and functional analyses. A pivotal
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regulatory element is identified in the phase-variable outer membrane protein OipA. The
efficiency of the type IV secretion system (T4SS) is reported to increase when OipA is in the
“on” state. Conversely, reduced CagA phosphorylation and altered bacterial morphology
are observed when OipA is “off”. These findings position OipA as a key checkpoint that
controls effector translocation and epithelial responses [40]. Structural insights are further
provided by high-resolution cryo-electron microscopy (cryo-EM), which has resolved key
architectural features of the secretion apparatus. These features include CagX-enriched
subdomains within the outer membrane core complex. The structural flexibility of these
domains is suggested to influence the efficiency of CagA delivery, thereby contributing to
the strain-specific oncogenic potential observed clinically [41].

Mitochondrial injury is independently induced by the vacuolating cytotoxin VacA,
and a mitophagy response is consequently triggered. Although initially protective, chronic
activation of this pathway is linked to deleterious outcomes that culminate in autophagic
cell death and genomic instability [42]. Exploitation of this pathway by CagA is also
observed. Specifically, mitophagy is promoted to suppress NLRP3 inflammasome activation
and apoptosis, an effect that sustains a persistent inflammatory niche favoring tumor
survival [43]. Prolonged oncogenic signaling is further ensured by the upregulation of
the RNA-binding protein AUF1, which is reported to prevent lysosomal degradation of
intracellular CagA [44]. These findings collectively support a coordinated pathogenic
strategy in which virulence gene regulation, secretion-system plasticity, and manipulation
of host mitochondrial quality control converge to sustain chronic inflammation. Through
these processes, immune evasion is facilitated, and a permissive microenvironment for
synergistic interactions with oral pathobionts is created.

3.3. Gastrointestinal Microecological Imbalance in GC Progression

Gastrointestinal microecological imbalance is implicated as a key factor associated
with GC progression through the exacerbation of inflammatory activation, facilitation of
immune evasion, and disruption of metabolic homeostasis. Enrichment of potentially
proinflammatory genera, including Desulfovibrio and Escherichia, is reported in patients
with GC. The association of these taxa with increased levels of proinflammatory cytokines,
specifically IL-1β and IL-18, suggests that sustained inflammation represents a critical
mechanism contributing to tumor initiation [45]. Impairment of intestinal mucosal barrier
integrity and alteration of the Treg-to-Th17 cell balance are shown to be linked to GC-
associated microbiota. Creation of an immunologically permissive microenvironment is
proposed to correlate with this shift. Within this milieu, immune surveillance is attenuated,
and tumor immune escape is enabled [46]. Functional gene analyses have further revealed
increased abundance of genes related to hydrogen sulfide (H2S) production and dysreg-
ulated amino acid metabolism in the gut microbiota of patients with GC. Tumorigenesis
is suggested to be facilitated by the resulting metabolites through the induction of DNA
damage and activation of oncogenic signaling pathways [47].

GC-associated dysbiosis is indicated by recent multi-omics studies to extend beyond
bacterial imbalance, incorporating metabolite-driven selection and shifts in viral and fungal
communities. Accumulation of unconjugated secondary bile acids (SBAs), particularly
deoxycholic acid (DCA), is reported in tumor mucosa. This accumulation selectively
promotes the expansion of proinflammatory taxa such as Veillonella and Erysipelotrichaceae,
while commensal Rothia is suppressed. Uptake of DCA by bacteria is demonstrated in
in vitro experiments. Consequently, ribosomal transcription and amino acid metabolism
are reprogrammed, a process that provides a mechanistic link between bile acid stress
and nutrient pathways capable of supporting rapid tumor growth [48]. Establishment of
a “bile acid amplification loop” by the expansion of the bai operon within GC-associated
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communities is suggested by a pharmacology meta-analysis. This loop sustains mucosal
inflammation and promotes the progression of precancerous lesions [49]. Disruption is
also reported in the fungal compartment. A consistent reduction in mycobiome α-diversity
and an increased Ascomycota-to-Basidiomycota ratio in GC were described in a systematic
review of gastrointestinal tumors. These data indicate that fungal antigens may further
contribute to a tumor-tolerant immune milieu [50].

While bacterial and fungal alterations are central to gastric dysbiosis, oncogenic viruses
act as equally important drivers of gastrointestinal malignancies. Recent evidence high-
lights how specific viral oncoproteins, including Hepatitis B Virus (HBV) HBx, Hepatitis C
Virus (HCV) core protein, and Epstein–Barr Virus (EBV) latent membrane protein 1 (LMP1),
actively hijack host signaling networks. These viral proteins fundamentally disrupt cellular
homeostasis by inactivating tumor suppressors like p53 and retinoblastoma protein (Rb)
and constitutively activating pro-proliferative pathways such as NF-κB and Akt, which
ultimately drive chronic inflammation and metabolic dysregulation [51]. Within the spe-
cific landscape of GC, EBV infection defines a distinct molecular subtype (EBVaGC) that
frequently presents as carcinoma with lymphoid stroma [52]. This unique entity exhibits a
genomic profile characterized by extensive DNA hypermethylation, recurrent mutations
in PIK3CA and ARID1A, and the marked overexpression of JAK2 and PD-L1 [53]. Given
its pronounced immune activation and elevated PD-L1 levels, this virus-driven subtype is
increasingly recognized as a highly vulnerable target for emerging immunotherapies.

Collectively, the convergence of these alterations in bile acid metabolism and in viral
and fungal populations with previously described bacterial signatures appears to generate
a functionally rewired microecosystem. Within this ecosystem, genotoxic metabolites are
supplied, antitumor immunity is suppressed, and the metabolic demands of proliferating
GC cells are supported.

3.4. Multi-Omics Perspectives on the Oral-Gastric Axis

Most investigations of the oral-gastric axis currently rely on compositional sequenc-
ing methods that identify microbial dysbiosis but fail to establish mechanistic causality.
Bridging the gap from correlation to causation requires the application of integrative multi-
omics pipelines. Combining metagenomics with metabolomics allows researchers to map
specific bacterial products, such as short-chain fatty acids and polyamines, directly to
their functional roles within the gastric tumor microenvironment [27,28]. Furthermore,
the incorporation of host transcriptomic and epigenetic profiling reveals exactly how
translocated oral pathogens manipulate local immune responses and contribute to genomic
instability [38]. The key molecular targets, signaling networks, and biological consequences
elucidated by these integrated approaches are systematically summarized in Table 1.

Table 1. Multi-omics mechanisms of the oral–gastric microbial axis in gastric carcinogenesis.

Omics Layer Microbial Source &
Effectors Molecular Targets and Pathways Biological Consequences in GC

Metabolome
• F. nucleatum
• P. gingivalis
• Translocated

oral taxa

• Ammonia and
butyrate (SCFAs)

• Secondary bile acids
• Polyamines and

sulfur metabolites

• ↑ Local pH
(supports survival)

• ↑ Redox-stress tolerance
• Alters tumor metabolic

microenvironment

Host
Transcriptome

• F. nucleatum
• S. anginosus

(TMPC protein)
• P. intermedia

• Wnt/β-catenin and MAPK
signaling

• PLIN3 upregulation
• DSC2 suppression

(via sRNA)

• ↑ Epithelial–mesenchymal
transition (EMT)

• ↑ Tumor cell proliferation
• Associated with increased tumor

invasiveness
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Table 1. Cont.

Omics Layer Microbial Source &
Effectors Molecular Targets and Pathways Biological Consequences in GC

Immune
Signaling

• P. gingivalis
(Gingipains, LPS)

• F. nucleatum
• H. pylori

(CagA, OipA)

• PD-L1 upregulation
• NF-κB and TLR/

MyD88 activation
• Cytokines: IL-6, IL-10, IL-1β

• ↓ T cell-mediated
antitumor immunity

• ↑ Tumor-associated neutrophils
(TANs)

• Facilitates Th17/
Treg dysregulation

Epigenetic
Modulation

• H. pylori
• Associated oral

pathobionts

• DNA hypermethylation
(miR-210)

• STMN1 and DIMT1 activation
• Genotoxic ROS production

• Silences tumor-suppressive
microRNAs

• Drives aberrant mucosal
proliferation

• Linked to genomic instability
Note: ↑ indicates an increase/promotion, and ↓ indicates a decrease/inhibition.

4. Molecular Mechanisms Linking the Axis to Pathogenesis
4.1. Metabolic Reprogramming and the Role of Bile Acids

Microbial metabolites derived from oral and gut microbiota are implicated in GC
progression through the modulation of host immunity, intracellular signaling, and epige-
netic regulation. Among these metabolites, SCFAs and SBAs are viewed as functionally
contrasting influences within the metabolic landscape. SCFAs, particularly butyrate, are
generally associated with anti-inflammatory and antitumor activities. Induction of apop-
tosis and suppression of tumor cell proliferation are reported to be mediated by butyrate,
effects achieved in part through the inhibition of histone deacetylase (HDAC) activity and
consequent modulation of tumor-suppressor gene expression [54]. Furthermore, activation
of SCFA-mediated antitumor signaling via G-protein-coupled receptors (GPCRs) is shown
to contribute to metabolic homeostasis, a process that may confer protection against GC [55].
In contrast, protumorigenic effects are linked to SBAs such as DCA, especially when present
at elevated concentrations. Attenuation of antitumor immunity by DCA through the impair-
ment of CD8+ T cell function is suggested by available evidence. This mechanism facilitates
immune evasion within the tumor microenvironment and promotes GC progression [56].
Oncogenic pathways such as NF-κB are also reported to be activated by SBAs, leading to
the stimulation of proinflammatory cytokine production and increased DNA damage in
host cells. These effects may collectively facilitate gastric carcinogenesis [57]. Thus, the
biological impact of microbial metabolites appears to be context dependent and influenced
by metabolite identity, local concentration, and host physiological state.

GC-associated metabolic reprogramming extends to polyamines, tryptophan-derived
indoles, and trimethylamine N-oxide (TMAO). Upregulation of spermine oxidase (SMOX)
in gastric epithelial cells is shown to be mediated by H. pylori. This upregulation promotes
the conversion of spermine to spermidine while generating the reactive aldehyde acrolein.
Accumulation of acrolein is detected in both human and murine stomachs and is linked
to DNA adduct formation and accelerated malignant transformation. Reduction in tumor
incidence in INS-GAS mice is notably reported following genetic or pharmacological
SMOX blockade [58].

Distinct from these pro-oncogenic effects, several indole derivatives, including indole-
3-lactic acid, indole-3-propionic acid, and indole-3-aldehyde, are produced by Lactobacillus
species and other oral and gut commensals. Activation of aryl hydrocarbon receptor
(AhR) signaling, restraint of IL-17/Th17-associated inflammation, enhancement of CD8+
T cell function, and inhibition of epithelial proliferation are reported functions of these
metabolites. Together, these observations support a context-dependent tumor-suppressive
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role for the indole branch of tryptophan metabolism [59]. In opposition to these protective
effects, the choline-derived metabolite TMAO is implicated as a protumor effector. The
association of elevated gastric TMAO levels with poorer outcomes is documented, and
amplification of oxidative stress and NF-κB signaling alongside compromised epithelial
tight-junction integrity is suggested by mechanistic studies. This combination creates a
microenvironment potentially permissive for cancer progression [60]. Collectively, these
findings illustrate how diverse microbial metabolites, encompassing both oncogenic and
protective species, intersect with inflammatory, genotoxic, and immune pathways to shape
the trajectory of gastric carcinogenesis.

4.2. Modulation of the Tumor Microenvironment and Immune Responses

The tumor microenvironment is potently modulated by chronic microbial colonization,
and persistent inflammation predisposing to GC can be initiated. Toll-like receptors (TLRs)
are activated by virulent microbes such as H. pylori. Consequently, NF-κB signaling is
engaged, and sustained secretion of proinflammatory cytokines, including IL-1β, TNF-α,
and IL-6, is driven. Apoptosis resistance, increased cellular proliferation, and enhanced
DNA damage have been linked to prolonged inflammatory exposure [61]. The immune
landscape is also reshaped by chronic inflammation through alteration of the balance among
Th17 cells, Tregs, and myeloid-derived suppressor cells (MDSCs). An immunosuppressive
milieu is promoted by this shift; consequently, effective antitumor immunity is weakened,
and immune evasion is facilitated [62].

In parallel, exploitation of specific metabolic substrates by commensals such as Es-
cherichia coli is enabled by dysbiosis. Generation of genotoxic products, including reactive
oxygen species (ROS) and nitrites, is subsequently observed. Cellular injury may be ag-
gravated by these metabolites, and oncogenic mutations contributing to GC progression
may be promoted [63]. Collectively, chronic inflammation and immune dysregulation are
driven by microbes. Through these processes, not only is the development of precancerous
gastric lesions promoted, but GC progression is also sustained via immunosuppression
and metabolic disturbance.

Mechanisms extending past canonical TLR and NF-κB signaling are suggested by
recent studies, in which GC-associated microbes interfere with innate immune sensing and
promote the recruitment of immunosuppressive myeloid populations. The cGAS-STING
and RIG-I pathways are reported to be dampened by viable H. pylori through the blocking
of IRF3 phosphorylation. Through this mechanism, type I interferon production is reduced,
and cytokine programs are biased toward a protumor Th17 profile [64]. Furthermore,
remodeling of the gut microbiota by GC cells is shown to increase SCFAs turnover. This
alteration is linked to the systemic expansion and gastric homing of polymorphonuclear
MDSCs (PMN-MDSCs). Arginase 1 and ROS are secreted by these cells; concurrently, CD8+
T-cell cytotoxicity is suppressed, and formation of a premetastatic niche accelerating tumor
growth is supported [65]. Immunosuppressive signaling may be further reinforced by
microbe-associated extracellular vesicles. Delivery of PD-L1-inducing cues to macrophages
and dendritic cells by exosomes from patients with GC, which are enriched in bacterial com-
ponents, has been reported. As a result, antigen presentation is impaired, and checkpoint
blockade efficacy is weakened [66]. Engagement of ST2 on infiltrating myeloid cells can also
be affected by the dysbiosis-associated release of the epithelial alarmin IL-33. These cells are
subsequently polarized toward M2-like and MDSC-like programs, an effect that enhances
local immune tolerance [67]. Together, a model is supported by these mechanisms in which
the oral–gut microbial axis sustains chronic inflammation while enabling multi-layered
immune evasion that promotes GC progression.
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Figure 2 outlines how the oral–gut microbial axis is associated with an immuno-
suppressive tumor microenvironment in GC. Top, H. pylori inhibits cGAS-STING and
RIG-I signaling by blocking IRF3 phosphorylation, reducing type I interferon and fa-
voring a Th17-biased cytokine profile. Bottom left, dysbiosis alters short-chain fatty
acid (SCFA) metabolism and facilitates gastric homing of polymorphonuclear myeloid-
derived suppressor cells (PMN MDSCs), which suppress CD8+ T cell cytotoxicity via
arginase 1 (Arg1) and ROS. Bottom right, microbe-associated exosomes induce PD-L1 ex-
pression on macrophages and dendritic cells, while IL-33 engages ST2 to promote M2-like
polarization and immune tolerance.

 

Figure 2. Immune microenvironment remodeling and chronic inflammation driven by the oral–gut
microbial axis in GC. Red upward arrows (↑) indicate promotion, and blue downward arrows
(↓) indicate inhibition.

4.3. Microbiota-Induced Genomic Instability and Epigenetic Changes

Disruption of host genomic integrity and epigenetic regulation constitutes a second
major mechanism by which carcinogenesis is influenced by the oral–gut microbiota. Ge-
nomic instability is reportedly increased by certain bacterial taxa, including F. nucleatum
and Prevotella, through the induction of ROS. Consequently, DNA strand breaks and mu-
tation accumulation are exacerbated [68]. The epigenetic machinery is also influenced
by microbes, an interaction that indirectly exacerbates genomic instability. DNA methyl-
transferase (DNMT) activity is suggested to be modulated by specific microbes or their
metabolites, including indole derivatives. Aberrant promoter methylation of tumor-related
genes results from this modulation, facilitating tumorigenesis [69]. Strong correlations
between microbial community shifts and dysregulated microRNA profiles in GC tissues are
identified by multi-omics studies. These findings support the concept that host transcrip-
tional programs are rewired by microbiota through noncoding RNA pathways, thereby
influencing cellular transformation [70]. Microbiota-associated genotoxic stress and epi-
genetic remodeling thus represent important mechanisms contributing to GC initiation
and progression.
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Three complementary routes by which the oral–gut axis destabilizes the gastric
genome and epigenome are supported by emerging evidence. Intraluminal hydrogen
H2S levels can be increased by sulfur-reducing taxa enriched in dysbiotic stomachs, includ-
ing Desulfovibrionaceae and Veillonella. H2S is implicated as a genotoxic stressor capable
of inducing 8-oxoguanine lesions and double-strand breaks in gastric epithelial DNA.
Mutational pressure is thereby imposed during malignant transformation [71]. Production
of colibactin, a polyketide genotoxin, is attributed to genotoxic pks-positive Escherichia
coli detected in upper gastrointestinal specimens. Interstrand cross-links are formed, and
γH2AX foci are induced in gastric organoids by this toxin. Acceleration of dysplasia in
INS-GAS mice and enhancement of chromosomal instability signatures in vivo following
colibactin exposure are reported by recent work [72].

Evidence for microbiota-linked epigenetic reprogramming is likewise becoming in-
creasingly evident. Targeted CpG methylation profiling of genes such as TWIST1 and
DKK3 was integrated with 16S-based community indices in a 2024 case–control analysis.
A marked increase in the odds of H. pylori–negative GC was reported in association with
a high GC microbiome index combined with TWIST1 hypermethylation. A functional
association between specific taxa and DNMT-linked methylation changes is highlighted
by these results [73]. Convergence of toxin-mediated DNA damage, colibactin-associated
cross-linking, and microbiota-associated methylome perturbations is inferred to compro-
mise genomic integrity and epigenetic control. Through this convergence, GC initiation
and progression are accelerated.

5. Clinical Implications and Translational Perspectives
The identification of robust biomarkers for early detection and risk prediction is driven

by the accumulating evidence linking gastrointestinal and oral microbial dysbiosis to gastric
carcinogenesis. A noninvasive alternative to conventional gastroendoscopic assessment and
serum tumor markers is provided by microbiome-based profiling, which offers particular
value for screening and longitudinal monitoring in high-risk populations. Distinct microbial
community features are exhibited in the gastric mucosa of patients with early gastric cancer
(EGC) compared with individuals presenting with chronic gastritis or advanced GC. The
feasibility of microbiome-enabled early detection strategies is supported by the work of
Wang et al., in which a microbial classifier was developed to discriminate patients with
EGC from healthy individuals and those with advanced GC [74]. Diagnostic investigations
have been successfully extended beyond the gastric niche to include gut environmental
signatures. Risk stratification based on gut microbiota profiles was evaluated by Zhang
et al. through the construction of a random forest classifier. An area under the curve (AUC)
of 0.91 was reported for differentiating GC patients from healthy controls, with Lactobacillus
and Megasphaera identified as key predictive genera [32]. Quantitative frameworks for
estimating lesion progression risk are further provided by algorithmic scoring systems
such as the Gastric Mucosal Dysbiosis Detection Score (RGM-DT). High specificity (88.9%)
in identifying high-risk patients without H. pylori infection was notably reported using
this metric, which relies on the proportional abundance of Bacillus and Veillonella [75]. The
utility of these microbial signatures is potentially enhanced by their integration with liquid
biopsy markers. Salivary and serum microRNAs (miRNAs), noted for their stability, are
explored alongside microbial data, with reproducible diagnostic performance indicated by
systematic reviews regarding a 12-miRNA serum panel [76].

Figure 3 summarizes three pathways through which the microbiota contributes to
genomic and epigenetic instability during gastric carcinogenesis. First, sulfur-reducing
taxa and F. nucleatum increase H2S and ROS, leading to 8-oxoguanine accumulation and
DNA double-strand breaks. Second, pks-positive Escherichia coli produce colibactin, which
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induces DNA interstrand cross-links and chromosomal instability. Third, microbial metabo-
lites modulate DNA methyltransferase (DNMT) activity and noncoding RNA programs,
resulting in promoter hypermethylation of tumor suppressors such as TWIST1 and aber-
rant microRNA profiles. Together, these alterations facilitate progression from gastric
epithelium to dysplasia and carcinoma.

 

Figure 3. Mechanisms of microbiota-induced genomic and epigenetic instability in GC.

Parallel to these diagnostic advancements, modulation of the gastrointestinal and
oral microbiome is suggested as a key therapeutic intervention to enhance the efficacy of
conventional treatments. Sensitization of tumors to chemotherapy by specific probiotic
strains is indicated by preclinical studies. Enhancement of capecitabine efficacy by the
administration of Lactobacillus rhamnosus was demonstrated in a mouse xenograft model,
resulting in marked tumor volume reduction and the induction of apoptosis [77]. Mech-
anistically, mitogenic signaling in GC cells (HGC-27) is reported to be inhibited by L.
rhamnosus via the modulation of key polyamine-metabolizing enzymes [78]. Extending
these preclinical observations, the clinical translation of L. rhamnosus as a prophylactic
and therapeutic adjunct is gaining significant traction. By reinforcing the gastric mucosal
barrier and restoring immune homeostasis, targeted probiotic administration may provide
a viable strategy to impede the progression of precancerous lesions [79].

In human cohorts, improvement of gut microbial homeostasis was shown to result
from combining probiotics with dietary modifications, an effect that may indirectly limit GC
progression [80]. The interplay between the microbiome and immune checkpoint inhibitors
(ICIs) represents a frontier in precision therapy. An unexpected association between H.
pylori infection and increased immune-related progression-free survival was revealed by a
comprehensive study involving 218 GC patients. Higher alpha-diversity and an enrichment
of beneficial species, such as Clostridium leptum and Ruminococcus bromii, were exhibited
by H. pylori-positive patients, suggesting that infection status combined with specific
commensals could serve as a biomarker for immunotherapy response [81]. Potentiation of
anti-PD-1 therapy efficacy by Akkermansia muciniphila was further demonstrated in murine
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models (MFC cells). This synergistic effect was characterized by inhibited tumor growth
(p < 0.0001) and enhanced apoptosis, driven by CD8+ T-cell accumulation and a reduction
in the relative abundance of potential pathogens like Escherichia coli [82].

Translating complex microbial features into clinically actionable tools relies heavily on
artificial intelligence (AI) and machine learning. Classifiers built upon linear discriminant
analysis distinguish early malignancy from healthy states with high accuracy [75]. Similarly,
random forest algorithms convert the relative abundance of specific genera, such as Lacto-
bacillus and Megasphaera, into reliable predictive scores [32]. Algorithmic systems like the
RGM-DT further provide a quantitative framework to estimate progression risk based on
dysbiotic signatures [76]. However, clinical implementation requires addressing challenges
in reproducibility and cohort heterogeneity through rigorous validation in independent
populations. This stratification facilitates personalized interventions as alternatives to
broad-spectrum antibiotics. Targeted approaches using engineered bacteriophages and
precision probiotics can then selectively eradicate pro-tumorigenic oral pathobionts while
preserving the commensal ecosystem.

6. Conclusions
The conceptual framework of gastric carcinogenesis is being fundamentally expanded

by the delineation of the oral-gastric microbial axis. It is increasingly recognized that GC
etiology extends beyond the classical single-pathogen model driven solely by H. pylori.
Instead, a complex polymicrobial ecosystem is implicated, wherein the ectopic colonization
of oral pathobionts and their synergistic interactions with gastric residents create a pro-
tumorigenic microenvironment. This review has highlighted that the disruption of the
gastric mucosal barrier is not merely a consequence of infection but a cumulative result
of dysbiotic networking, biofilm formation, and the continuous influx of genotoxic and
inflammatory stimuli from the oral cavity.

A critical convergence of metabolic reprogramming and immune dysregulation is
identified as the primary engine driving this malignant transformation. The tumor microen-
vironment is reshaped by specific microbial functional modules, particularly the enrichment
of secondary bile acid producers, the dysregulation of polyamine metabolism, and the
accumulation of pro-inflammatory metabolites. These molecular signals act in concert to
sustain chronic inflammation, induce genomic instability, and facilitate immune evasion.
Notably, the capacity of the microbiome to modulate responses to immune checkpoint
inhibitors highlights a pivotal intersection between microbial ecology and host immunity.
The finding that specific commensal signatures can potentiate the efficacy of anti-PD-1
therapies suggests that the gut microbiome acts as a distinct, modifiable organ that dictates
therapeutic outcomes.

Despite these mechanistic insights, clinical translation is hindered by methodological
heterogeneity and reliance on cross-sectional profiling. These observational approaches
readily identify microbial associations but fail to establish causality, making it difficult to
determine whether specific taxa actively drive carcinogenesis or merely colonize the altered
tumor microenvironment opportunistically. Compounding these issues, gastric mucosa and
fluid represent low-biomass environments highly susceptible to reagent contamination and
sequencing bias. Detecting oral pathogens in the stomach also requires extreme caution due
to the inevitable risk of bacterial carryover during endoscopy. To overcome these limitations,
the field must transition from descriptive correlations to rigorous causal validation using
germ-free models and organoid systems. Concurrently, developing noninvasive diagnostic
tools relies on decoding high-dimensional microbial datasets through artificial intelligence.
Machine learning algorithms effectively integrate taxonomic, functional, and host-derived
markers such as microRNAs to achieve precision risk stratification. Validating these
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computational models across diverse geographical and ethnic cohorts remains an essential
step to ensure their global applicability.

Future longitudinal studies must capture the temporal dynamics of the oral-gastric
ecosystem to distinguish early microbial drivers from secondary colonizers thriving in the
achlorhydric tumor microenvironment. Clarifying these shifts is essential to define the
optimal window of intervention. Specifically, targeting the microbiota during the transi-
tion from chronic to atrophic gastritis, before the onset of irreversible metaplasia, could
effectively halt malignant progression. To facilitate this clinical translation, standardized
multi-omics pipelines are required to identify actionable therapeutic targets, including
precision probiotics, dietary modulation, and fecal microbiota transplantation. Ultimately,
restoring microbial homeostasis provides a compelling framework for the prevention and
personalized treatment of GC.
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AUC area under the curve
Arg1 arginase 1
AhR aryl hydrocarbon receptor
cryo-EM cryo-electron microscopy
DCA deoxycholic acid
DSC2 desmocollin-2
DNMT DNA methyltransferase
EGC early gastric cancer
EPS extracellular polymeric substances
F. nucleatum Fusobacterium nucleatum
RGM-DT Gastric Mucosal Dysbiosis Detection Score
GC gastric cancer
GPCRs G-protein-coupled receptors
H. pylori Helicobacter pylori
HDAC histone deacetylase
H2S hydrogen sulfide
LPS lipopolysaccharide
LC–MS liquid chromatography–mass spectrometry
miRNAs microRNAs
MAPK mitogen-activated protein kinase
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MDSCs myeloid-derived suppressor cells
PLIN3 perilipin 3
PMN-MDSCs polymorphonuclear MDSCs
P. gingivalis Porphyromonas gingivalis
PPI proton pump inhibitor
ROS reactive oxygen species
Tregs regulatory T cells
SBAs secondary bile acids
SCFAs short-chain fatty acids
SMOX spermine oxidase
S. anginosus Streptococcus anginosus
TLRs Toll-like receptors
TMAO trimethylamine N-oxide
TANs tumor-associated neutrophils
T4SS type IV secretion system
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