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Helicobacter pylori and hyperglycemia fuel gastric cancer
glycolysis: Mechanisms and targeted intervention (Review)
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Abstract. Helicobacter pylori (H. pylori) is a Gram-negative
bacterial pathogen, and infection with this pathogen is a
primary risk factor for gastric cancer (GC), often inducing
chronic gastritis, which further increases the risk of cancer.
Glycolysis carries out a key role in GC metabolism, serving
as the primary energy pathway for cancer cells, particularly
under hypoxic conditions. Enhanced glycolysis allows
GC cells to sustain high proliferation rates and produce
lactic acid, creating an acidic tumor microenvironment that
promotes tumor progression. Understanding the mechanisms
of H. pylori-driven glycolysis may provide new insights into
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GC pathogenesis and reveal novel therapeutic targets. The
present review addresses advances in glycolysis research in
GC, summarizing its characteristics, identifying key media-
tors involved in metabolic reprogramming and exploring
potential molecular mechanisms to recommend new targets
for therapy.
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1. Introduction

GC is a global health issue. According to 2022 GLOBOCAN
data, GC ranks as the 5th most common malignancy world-
wide and is a leading cause of cancer-related mortality (1).
In China, the incidence of GC is the 5th highest compared
with all types of cancer (2,3). Helicobacter pylori (H. pylori)
infection is recognized as one of the most pronounced patho-
genic factors for GC. In 1994, the International Agency for
Research on Cancer of the World Health Organization clas-
sified H. pylori as a Group 1 (definite) carcinogen associated
with GC (4). Among individuals infected with H. pylori, ~60%
of the general population is infected or has been previously
infected with H. pylori, with the infection rate reaching as
<84% among patients with GC (5). Despite improvements
in living standards and sanitation leading to a decline in the
global GC incidence and mortality, it remains one of the major
causes of mortality (6).

Glycolysis is a fundamental metabolic pathway widely
studied in cancer, especially within tumor cell metabolism,
where it serves as a key component. The present review


https://www.spandidos-publications.com/10.3892/ijmm.2026.5763

2 LIU et al: H. pylori-DRIVEN GLYCOLYSIS IN GASTRIC CANCER

emphasizes that glycolysis should not be rigidly classified as
‘aerobic’ or ‘anaerobic’ since lactate may be the end product
of glycolysis regardless of oxygen availability (7). Unless
otherwise specified, the term ‘glycolysis’ in the present review
predominantly refers to aerobic glycolysis, the Warburg effect,
in which cancer cells preferentially metabolize glucose to
lactate even in the presence of sufficient oxygen. This process
is distinct from anaerobic glycolysis, which occurs under
hypoxic conditions as a compensatory energy pathway when
oxidative phosphorylation is limited. While both processes
share the common endpoint of converting glucose into lactate,
aerobic glycolysis is a hallmark of several types of cancer,
enabling rapid ATP generation and supporting the biosynthetic
demands necessary for tumor cell proliferation. GC cells
typically exhibit enhanced glycolytic activity. During cancer
cell proliferation, the metabolic phenotype shifts to increased
glycolysis and lactate production to meet the elevated energy
and biosynthesis requirements (8,9). Currently, research
primarily focuses on the role of glycolysis in gastrointestinal
stromal tumors and colorectal cancer (10,11). However, the
specific mechanisms of glycolysis in GC and their impact on
GC progression remain insufficiently understood.

The present review aims to investigate the specific
mechanisms which drive glycolysis in the development and
progression of GC. By analyzing the relationship between the
expression of glycolysis-related enzymes and the prognosis of
GC, the present review aims to elucidate the effects of glyco-
lytic pathways on the growth, invasion and drug resistance
of GC cells. The present study also focuses on the impact of
H. pylori infection on the glycolytic pathways in GC. Given
the key role of metabolic reprogramming in GC, therapeutic
strategies targeting these pathways, collectively termed
metabolism-targeted therapy, hold potential. Such approaches
may include inhibiting key glycolytic enzymes, disrupting
H. pylori-induced metabolic adaptations or modulating the
tumor microenvironment (TME), with the potential to improve
outcomes and overcome drug resistance.

2. Combined effect of H. pylori and hyperglycemia in the
pathogenesis of GC

H. pylori and the pathogenic mechanisms of GC. Current
research indicates that H. pylori exerts carcinogenic effects on
the gastric mucosa through a complex interaction of bacterial,
host and environmental factors. H. pylori-induced carcinogen-
esis can be broadly divided into two mechanisms: i) Those
based on the induction of chronic inflammation and ii) those
associated with H. pylori-specific virulence factors.

H. pylori-induced carcinogenesis via chronic inflammation.
Infection by H. pylori and the ensuing chronic inflammation
of the gastric mucosa represent key steps in the initiation and
progression of GC. H. pylori infection can upregulate various
pro-inflammatory cytokines, which trigger an inflammatory
response. Among these cytokines, the activation of NF-kB
and the upregulation of IL-8 are considered key mechanisms
underlying H. pylori-induced chronic inflammation and GC
development (12). Activation of Jak1/Stat3 mediates NF-kB
activation and increases IL-8 upregulation in AGS cells
infected by H. pylori (13).

Carcinogenesis via specific virulence factors. Among all
virulence factors, CagA pathogenicity island and VacA are
considered the most important. Both phosphorylated and
non-phosphorylated CagA can extensively interact with
numerous host proteins to activate downstream signaling
pathways, leading to disorganization of gastric epithelial cell
polarity and initiation of pro-inflammatory responses (12,14).

Additionally, VacA exhibits various biological activities
such as binding to and being internalized by host cells to induce
notable cellular vacuolization. It also disrupts epithelial tight
junctions, and inhibits T lymphocyte activation and prolifera-
tion within the lamina propria, and releases pro-inflammatory
factors such as IL-6, IL-8 and TNF-a further intensifying
the local inflammatory environment (15,16) (Fig. 1). Through
the pathogenic effects of CagA or the chronic inflamma-
tion it induces, H. pylori can promote GC progression by
exacerbating aberrant DNA methylation patterns, especially
hypermethylation of tumor suppressor genes (17).

Glycolytic activity has been shown to upregulate immune
checkpoint expression, suggesting that glycolysis may enhance
responses to immunotherapy and predict its efficacy (18).
Hypoxia inducible factor (HIF)-1a, a transcriptional regu-
lator of immune and oncogenic responses, associates with
the severity of gastric lesions. H. pylori infection markedly
upregulates HIF-1a expression and increases reactive oxygen
species (ROS) in human gastric epithelial cells, promoting cell
cycle arrest in G,/G, and slowing the progression of precan-
cerous gastric lesions (19-21).

Hyperglycemia contributes to H. pylori colonization and
susceptibility. Hyperglycemia is associated with the release
of pro-inflammatory factors, oxidative stress, impaired
immune function and increased insulin secretion (20,21).
H. pylori infection induces metabolic disturbances mediated
by inflammatory cytokines produced in the gastric mucosa.
Evidence suggests that hyperglycemia and GC share common
risk factors, which may synergize with H. pylori infection to
promote GC (22).

Under high-glucose conditions, H. pylori can maintain
growth and viability for up to 48 h. The growth and adhe-
sion abilities of H. pylori are enhanced, further promoting
the expression of virulence factors associated with its type IV
secretion system (23). Glycated hemoglobin (HbAlc) is the
most valuable indicator of long-term blood glucose control. An
epidemiological study by lkeda et al assessed the interaction
between HbAlc levels and the incidence of GC, indicating
that hyperglycemia increases the risk of GC associated with
H. pylori infection (24). A study reported that persistently
impaired fasting glucose is associated with an increased risk
of several types of cancer, with gastrointestinal types of cancer
showing a dose-dependent association (25). Among patients
without a diabetes diagnosis, research has found a positive
association between blood glucose levels and cancer mortality
rates, with hyperglycemia promoting GC cell proliferation and
reducing sensitivity to chemotherapeutic agents (26).

The enhanced colonization of H. pylori in hyperglycemic
conditions is associated with several factors: Diabetes-induced
impairments in cellular and humoral immunity may increase
susceptibility to H. pylori infection; prolonged H. pylori
infection combined with high glucose levels disrupts the
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Figure 1. H. pylori-induced inflammatory and oxidative pathways converge on glycolytic reprogramming to drive GC progression. Pathogenic mechanisms of
H. pylori infection in GC. The virulence factor CagA activates JAK/STAT3, NF-xB and PI3K/AKT/mTOR pathways, inducing pro-inflammatory cytokines
(IL-6, IL-8 and TNF-a) and promoting cell proliferation. These signals upregulate glycolytic regulators (HIF-1a, GLUTs, HK2 and LDH-A), driving the
Warburg effect with increased glucose uptake and lactate production. Concurrently, H. pylori stimulates ROS generation, leading to oxidative stress, DNA
damage and tumor microenvironment remodeling, including CAF activation, angiogenesis and immune cell infiltration. Figure created using Procreate:
Savage Interactive Pty Ltd (Version 5.4.7) and Adobe Illustrator (Adobe Inc 2025; Version 29.x). H. pylori, Helicobacter pylori; GC, gastric cancer; CagA,
cytotoxin-associated gene A; HK2, Hexokinase 2; ROS, reactive oxygen species; GLUTS, glucose transporters; HIF-1a, hypoxia-inducible factor 1-a; LDH-A,
lactate dehydrogenase A; TNF-a, tumor necrosis factor a; CAF, cancer-associated fibroblasts.

gastrointestinal microbiota, reduces gastric acid secretion
and slows gastrointestinal motility, creating an environment
conducive to H. pylori colonization (27); changes in glucose
metabolism may alter the gastric mucosa, facilitating H. pylori
colonization (23) and diabetic patients have higher health-
care utilization rates, implying more frequent exposure to
pathogens (28).

H. pylori increases insulin resistance. H. pylori infection may
lead to chronic inflammatory responses in the gastrointes-
tinal tract, participating in immune responses by producing
inflammatory factors. Studies indicate that inflammation may
trigger and ultimately increase insulin resistance. Compared
with patients that are H. pylori-negative, those infected with
H. pylori show elevated levels of IL-6 and TNF-a (29-31).
The pro-inflammatory cytokine, IL-6, has been recognized
as one of the earliest predictors or pathogenic mediators of
insulin resistance, while TNF-a has been shown to exacerbate
insulin resistance (32). H. pylori employs its virulence factors,
CagA and VacA, to upregulate pro-inflammatory cytokines
and activate the NF-kB signaling cascade (33). Under normal
conditions, NF-xB remains inactive; however, factors such as
insulin resistance, inflammatory mediators and disruptions in

glucose and lipid metabolism can trigger the NF-«xB signaling
cascade within cells (34). NF-kB directly induces the produc-
tion of pro-inflammatory cytokines, including TNF-a and
IL-6, thereby initiating inflammatory responses (35). Through
its signaling pathways, NF-«B impacts various interconnected
organs, influencing glucose metabolism disorders (36).

H. pylori increases gastric hormone secretion. The presence
of H. pylori influences metabolism by regulating hormones
and markedly altering the gut microbiota. Ghrelin and leptin
are key hormones in human energy homeostasis: Leptin
suppresses food intake in response to satiety, while ghrelin
stimulates appetite (37). H. pylori not only indirectly regulates
energy homeostasis by altering gut microbiota composition but
also directly modulates leptin and ghrelin secretion (38,39).
H. pylori-induced gastric mucosal damage leads to increased
leptin and gastrin levels, while plasma ghrelin levels
decrease (40).

Research by Acbay et al showed that H. pylori acts
as a physiological amplifier of insulin release, potentially
enhancing insulin secretion in response to glucose and dietary
stimulation by increasing gastrin secretion (41), while also
inhibiting glucose absorption in the small intestine (42).
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However, Verhulst and Depoortere (43) found a negative feed-
back mechanism between ghrelin and insulin, which raises
circulating glucose levels (44).

Similarly, in the gastric mucosa of H. pylori-infected
Mongolian gerbils, ghrelin levels decreased due to infec-
tion (45). These findings suggest that H. pylori infection
negatively impacts ghrelin dynamics in the stomach and
plasma, increasing insulin secretion by lowering serum ghrelin
concentrations, which subsequently inhibits insulin release.

Additionally, a clinical study indicated higher insulin
resistance in H. pylori-infected individuals (46). This suggests
an association between H. pylori infection,-decreased ghrelin,
and increased leptin levels, associated with disrupted energy
homeostasis, elevated fasting insulin levels and reduced
insulin sensitivity.

H. pylori activates signaling pathways. In exploring the
mechanisms underlying the progression of GC, the present
review identified multiple key molecular targets and signaling
pathways. The innate immune response triggered by H. pylori
in gastric mucosa involves various cellular signaling pathways
associated with metabolic regulation, providing directions for
novel therapeutic strategies.

GC induced by H. pylori is associated with chronic
inflammation, characterized by neutrophil and macrophage
infiltration in gastric epithelial cells, which facilitates the
accumulation of pro-inflammatory cytokines and reactive
ROS (47). The release of the virulence factor CagA upon
infection activates downstream pathways, including and cyto-
kine-stimulated transduction JAK-STAT signaling (48). This
activation triggers expression of insulin growth factor (IGF)-1
and inflammatory pathways, further enhanced by cytokines
such as IL-8, IL-1p, IL-6 and TNF-a (49).

H. pylori induces NADPH oxidase activation, producing
ROS that activate NF-xB and Jak1-Stat3 pathways in gastric
epithelial cells (13). Jakl-Stat3 activation serves as an
upstream signal for NF-kB activation, inducing IL-8 expres-
sion in H. pylori-infected gastric cells (50). IL-8 transcription
requires NF-«kB activation, which is essential for the observed
increase in IL-8 mRNA in infected cells (51).

Additionally, elevated serum IGF-1 levels, combined with
H. pylori infection, may increase GC risk, H. pylori-induced
PI3K/Akt/mTOR signaling regulates glycolysis and protein
synthesis, supporting cellular growth and metabolism (52).
Both H. pylori and IGF-1 activate the PI3K/Akt-mTOR
pathway (49). The insulin pathway interacts with two tyrosine
kinase receptors activated by insulin, IGF-1 and IGF-2 (18).

Insulin receptors (IRs) for IGF-1 and IGF-2 are highly
expressed in GC cells (53,54). Exogenous IGF-1 and IGF-2
markedly stimulate GC cell proliferation and trigger down-
stream responses within the insulin pathway. Upregulation
of IGF-1R may activate the PI3K/AKT/mTOR signaling
cascade, promoting GC cell migration and invasion (49,55).
Conversely, downregulating IGF-1 expression may disrupt
IGF-1/IGF-2-1GF-1R signaling, inhibiting GC cell proliferation
and invasion (56).

Hyperglycemia often coincides with insulin resistance
and excessive activation of insulin signaling pathways may
contribute to GC development. Insulin resistance can stimu-
late inflammatory responses and activate NF-xB, carrying

out a key role in GC occurrence and progression (57).
Hyperinsulinemia is associated with an increased incidence
of GC and associates with elevated expression levels of IR
and IGF1R (57). Increased expression of IGF-1, induced by
hyperinsulinemia, acts as a mitogen, reducing apoptosis in
tumor cells (22). IGF1-mediated signaling regulates multiple
processes in GC (58), with interferon-induced transmembrane
protein (IFITM)2, considered a tumor suppressor that is
highly expressed in GC (58). The study indicated that IGF1R
activation upregulates IFITM?2 expression in GC and is associ-
ated with IL-6 secretion (58). STAT3, a transcription factor
activated by IGF1/IGF1R signaling, carries out a key role in
tumor progression (59) (Fig. 2); phosphorylated (p)-STAT3
is important in GC initiation and progression, promoting cell
survival, proliferation, angiogenesis and metastasis (60,61).
The IGF-2/IR-A signaling pathway has also been shown to
notably promote malignancy in diabetic and prediabetic popu-
lations (62).

These results indicate an association between hypergly-
cemia and H. pylori-induced GC. The synergistic effect of
hyperglycemia and H. pylori infection in GC development
can be explained by hyperinsulinemia or insulin resistance.
Hyperglycemia itself may act as a carcinogenic factor, exces-
sive ROS production under hyperglycemic conditions leads to
DNA strand breaks in nuclear or mitochondrial DNA, resulting
in mutations of proto-oncogenes and tumor suppressor genes.
Additionally, hyperglycemia-induced oxidative damage in
the gastric mucosa may enhance the proliferative effects of
H. pylori on epithelial cells, leading to genetic or epigenetic
changes that promote GC development (24,63). A major feature
of GC is altered glucose metabolism, with upregulated glycol-
ysis requiring substantial glucose intake for cell proliferation
and differentiation. Hyperglycemia promotes the growth and
migration of cancer cells, facilitating GC progression (64).

3. TME

The TME is the cellular milieu in which tumor or cancer stem
cells reside. The TME is a highly complex network composed
of structurally and functionally essential elements in the
typical matrix, including fibroblasts, myofibroblasts, neuro-
endocrine cells, immune and inflammatory cells, the blood
and lymphatic vascular networks, and the extracellular matrix
(ECM), which serves as a supportive framework (65). Due to
the inherent proliferative characteristics of tumors, the TME
provides a unique physicochemical environment and fosters
complex metabolic patterns. The TME contains various cell
types and secretory elements that can serve as potential targets
for cancer therapy. Increasing evidence indicates that under-
standing the relationship between glucose metabolism and
the TME represents a promising new direction for targeted
therapies (66-69).

Role of the TME in GC. The acidic conditions and unique
endocrine system in the stomach make the TME of GC
distinct. Metabolites and cytokines secreted by these cell
types, including GC cells, also constitute essential elements
of the TME. Each component of the GC TME carries out a
role in inducing immune tolerance, thereby promoting GC
progression (70).



SPANDIDOS
B) PUBLICATIONS

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 57: 92, 2026 5

Hyperinsulinemia and insulin resistance

° 8 8

High insulin o @

0°°
o
O O
PIBK/AKt/mTOR
pathway

High IGF-1

IGF-1R

' Gastric cancer cell

N Cancer hallmaks [

> y:C
>~ \oK

Uncontrolled proliferation

Angiogenesis

High IGF-2 @ e

©)

OO ©
. ‘00
o o)

Ooo
o @

STAT3 pathway

Invasion Inflammation |

R e e -

Figure 2. H. pylori infection under hyperglycemic conditions. H. pylori infection releases CagA and inflammatory cytokines (IL-8, IL-1@, IL-6 and TNF-a),
activating IGF-1R-mediated PI3K/AKT/mTOR and IR-A/STAT3 pathways. Hyperinsulinemia elevates IGF-1/IGF-2 levels, further stimulating these cascades.
Together, these signals promote glycolysis, proliferation, angiogenesis, invasion and chronic inflammation, reinforcing the Warburg effect in GC cells. Figure
created using Procreate, Savage Interactive Pty Ltd (Version 5.4.7) and Adobe Illustrator, Adobe Inc 2025 (Version 29.x). H. pylori, Helicobacter pylori; CagA,
Cytotoxin-associated gene A; GC, gastric cancer; IGF-1/2, insulin-like growth factor-1/2; IR-A, insulin receptor isoform A.

GC is associated with the TME. Typically, cancer cells
exhibit dysregulated metabolism characterized by increased
glucose consumption to fulfill anabolic demands. Emerging
evidence indicates that cancer cell metabolism influ-
ences the immune status of the TME. When both the TCA
cycle and glycolysis pathways are activated, the GC TME
displays increased infiltration of anti-tumor effector cells,
suggesting an enhancement in anti-tumor immune responses
that may contribute to immune evasion and resistance to
immunotherapy (71).

The TME is composed of diverse immune cells, including
T lymphocytes, macrophages, NK cells and dendritic
cells (72). Tumor-associated macrophages (TAMs), a notable
TME component, substantially influence the interactions
between cancer cells and their surroundings. TAMs exhibit
notable functional plasticity, transforming into TAMs through
reprogramming of monocytes that migrate to the tumor in
response to recruitment signals. This transformation acceler-
ates neovascularization and suppresses anti-tumor immune
responses, promoting tumor growth, malignant transformation
and invasiveness while diminishing anti-tumor T cell activity.

TAMs can be categorized into different subtypes based on
functional states, mainly reflected in two polarization modes:
M1 and M2. Ml-polarized macrophages exhibit anti-cancer
potential, producing pro-inflammatory cytokines such as
IL-6, IL-8, IL-12 and TNF-a, which collectively inhibit
tumor growth (65,66). Conversely, M2-polarized macrophages

secrete anti-inflammatory cytokines such as 1L-4, IL-10
and IL-13, which are key for tumor progression, metastasis
and angiogenesis, forming an essential component of the
pro-tumorigenic microenvironment (73,74).

H. pylori may decrease M1 macrophage differentiation
while promoting M2 macrophage differentiation or M1-to-M2
macrophage transdifferentiation, thereby facilitating tumor
progression and invasion through the induction of angiogen-
esis in solid tumors and the mediation of immunosuppressive
signals (75). In the early stages of GC, TAMs are recruited to
the tumor site via chemokine signaling, contributing to tumor
initiation. Notably, hypoxic environments enhance glycolytic
pathways, which reduce the number of M1 macrophages,
highlighting the role of metabolic reprogramming in the
TME (76). The majority of TAMs adopt the M2 phenotype,
which supports tumor expansion and metastasis by limiting
antigen presentation and anti-tumor immune responses.

Studies indicate that TAMs compete with tumor cells within
the TME for nutrients such as glucose (77,78). Carcinogenic
and anti-cancer signals interact in this metabolic process,
leading to glycolytic pathway activation and aerobic respira-
tion inhibition. Glucose metabolism is regulated by various
carcinogenic and tumor-suppressive signals, with activated
glycolysis and impaired aerobic respiration shaping the altered
glucose metabolism observed in GC (79). The acidic TME also
profoundly affects TAM polarization. Lactic acid produced
during high-glucose glycolysis intensifies TME acidification,
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inducing TAM polarization towards the M2 phenotype
and strengthening Treg function (80). Consequently, TAMs
undergo glucose metabolism similar to that of tumor cells,
contributing to metabolic reprogramming through activated
glycolysis. Tumor progression may be hindered by reversing
M2 TAM polarization back to the M1 state, thereby stimulating
the immune system with pro-inflammatory characteristics (81).

TAMs secrete growth factors such as vascular endothe-
lial growth factor and transform TGF-f, actively promoting
vascular network formation and tissue structure remodeling.
In advanced and metastatic GC, TAMs construct an immu-
nosuppressive microenvironment through mechanisms that
include T cell inhibition, regulatory Treg recruitment and the
release of anti-inflammatory factors such as IL-10, IL-6 and
TGF-p (82). These cumulative effects weaken the anti-cancer
immune response of the host, leading to treatment resistance
in advanced GC (83).

Adjacent to immune components, the metabolism of
non-tumor cells in the TME also carries out a key role in
cancer progression and treatment response. For instance,
cancer-associated fibroblasts (CAFs) are primary components
of the TME, secreting cytokines and ECM components that
promote tumor cell proliferation, invasion and metastasis.

To survive under hypoxic tumor conditions, CAFs adopt
a glycolytic metabolic pattern, supporting cancer cells by
secreting growth factors and modifying the ECM, thereby
undergoing metabolic reprogramming to meet TME demands.
A study on secretomics revealed that H. pylori infection
induces mesenchymal stem cell differentiation into CAF-like
cells, reprogramming normal epithelial cells toward a
pro-tumorigenic, invasive phenotype through an EMT associ-
ated with cancer stem cells (84). This transition disrupts cell
junctions, enhances migration, reduces apoptosis and increases
oncogenic potential.

TGF-f signaling in CAFs drives ECM remodeling and
alters the physical properties of ECM fibers (82,85). Activation
of TGF-B1/Smad2/3 signaling in CAFs upregulates glycol-
ysis (86) (Fig. 3). Furthermore, ROS from cancer cells can
induce oxidative stress in CAFs (87), leading to a metabolic
shift from anaerobic respiration to glycolysis. This shift results
in energy-rich metabolite production, including pyruvate,
lactate and fatty acids, which nutritionally support other cancer
cells (88).

CAFs secrete lactate, which tumors utilize for energy and
intermediate products, a phenomenon known as the reverse
Warburg effect (89). Lactate acts as both an energy source and
a signaling molecule, underscoring the complexity of metabolic
interactions within the TME. Understanding and targeting TME
components holds potential for GC treatment, offering strate-
gies to inhibit tumor growth and improve treatment efficacy.

Glucose metabolism in the TME. During growth, tumor
cells adjust a range of metabolic processes to adapt to
the nutrient-deprived TME, meeting the energy demands
required for rapid proliferation. To support tumorigenesis
and development, cells within the TME maintain a dynamic
balance in interaction with cancer cells. As cancer cells prolif-
erate abnormally, their oxygen demand sharply increases,
triggering hypoxia and the formation of an acidic microen-
vironment within the tumor. In this context, the uncontrolled

proliferation of tumor cells is closely associated with hypoxia
and acidosis (8,90).

The study suggests that lactic acidosis can shift the
predominant Warburg effect toward a non-glycolytic pheno-
type, suppressing glycolysis and enhancing mitochondrial
respiration in cancer cells, potentially enabling cells to
utilize glucose more efficiently in a metabolically restricted
environment (91). Hypoxia not only directly influences tumor
cell metabolic patterns but also disrupts the normal physi-
ological structure of the gastric mucosa. Hypoxia is primarily
mediated by HIFs, which enhance the ‘Warburg effect’ by
upregulating glycolytic genes such as hexokinase, LDH-A and
GLUT (92). In glycolysis, glucose or glycogen is broken down
into pyruvate, ATP, NADH and lactate. Lactate, a byproduct
of glycolysis, is present in the GC microenvironment and
promotes macrophage polarization through HIF-1a-mediated
angiogenic signals within the GC microenvironment (93).
HIF-1 enhances glycolysis by promoting mitochondrial fission
under hypoxic conditions, thereby facilitating malignant trans-
formation of the gastric mucosa (94). These findings highlight
the intricate and interdependent relationship between cancer
cell metabolism and the TME.

4. H. pylori and glycolysis

H. pylori infection can lead to alterations in host metabolic
reprogramming. In this section, unless otherwise specified,
‘glycolysis’ refers to aerobic glycolysis (Warburg effect) as
defined in the Introduction. Glycolysis (commonly referred to as
the Warburg effect in tumor metabolism) is a cellular phenom-
enon, which is also a key indicator of tumor progression, and
there is an association between glycolysis and GC (95). The
Warburg effect confers various survival advantages to cancer
cells and markedly impacts the metabolic state and functional
regulation of neighboring cells within the TME. The majority
of the energy needed for tumor cell proliferation is derived from
glycolysis, which is the main driver of the Warburg effect (96).

Tumor cells utilize glycolysis, oxidative phosphorylation
(OXPHOS) and fatty acid oxidation as energy sources, adapting
to microenvironmental changes and ensuring survival through
metabolic reprogramming (97). H. pylori-induced glycolytic
abnormalities not only increase energy consumption in host
cells but also promote cytokine release and inflammatory
responses. The elevated glycolytic rate provides a rich nutrient
source for the bacteria, exacerbating gastric mucosal damage
and establishing a vicious cycle. Consequently, targeting the
glycolytic pathway has emerged as a novel strategy for treating
H. pylori infection.

Characterization of glycolysis in GC. In normal, differenti-
ated cells, OXPHOS serves as the primary energy pathway.
Mitochondria are the main site of cellular OXPHOS, where
NADH and FADH, transfer electrons to oxygen through the
electron transport chain (ETC), generating a proton gradient
that drives ATP synthase to produce ATP, the most efficient
cellular energy production method (8). By contrast, tumor cells
exhibit a marked preference for glycolysis, even in oxygen-rich
conditions, displaying a high capacity for glucose uptake
and lactate accumulation. This metabolic shift is considered
an adaptive response to the high energy demands of rapidly
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phate and nucleotide synthesis, and conversion to lactate via LDH-A/B. Lactate is exported from CAFs or cancer cells, acidifying the microenvironment and
promoting EMT. Meanwhile, pyruvate generated during glycolysis enters the TCA cycle through PDH, producing acetyl-CoA, citrate, OAA and aKG. This
schematic illustrates the metabolic cross-talk between H. pylori-associated GC cells and CAFs, highlighting how stromal-derived signaling and metabolites
reinforce tumor glycolysis and biosynthetic activity within the ‘reverse Warburg effect’ framework. Figure created using Procreate (Version 5.4.7); Savage
Interactive Pty Ltd and Adobe Illustrator, Adobe Inc 2025 (Version 29.x). H. pylori, Helicobacter pylori. GC, gastric cancer; TNF-a, tumor necrosis factor a;
TGF-f, transforming growth factor-f; HK2, Hexokinase 2; Glucose 6-P, Glucose-6-Phosphate; PPP, pentose phosphate pathway; PDH, pyruvate dehydroge-

nase; EMT, epithelial-mesenchymal transition; LDH A/B, lactate dehydrogenase A/B; OAA, oxaloacetate; aKG, a-ketoglutarate.

proliferating tumor cells, enabling cancer cells to meet their
metabolic requirements during rapid growth (98,99).

Under aerobic conditions, GC cells exhibit abnormal
metabolic characteristics, primarily converting pyruvate to
lactate. Although this process is less efficient in terms of ATP
production, it effectively generates the intermediate metabolites
necessary for rapid cell proliferation, resulting in a proliferation
rate distinct from that of normal cells. Additionally, lactate is the
final product of the Warburg effect, and its accumulation during
glycolysis creates an acidic environment that destabilizes the
extracellular matrix, promoting tumor cell metastasis. Lactate
can also facilitate immune evasion by directly inhibiting the
cytotoxicity and proliferation of immune cells (100).

H. pylori is a primary factor in GC development The
study indicates that it promotes GC by enhancing glycolysis
and inducing mitochondrial dysfunction (101). Mitochondrial
functional defects often result from elevated ROS levels during
mitochondrial electron transport, which halts OXPHOS

and promotes a switch to glycolysis in tumor cells (102).
This abnormal mitochondrial metabolic pattern supplies
the tumor with a steady flow of nutrients and adaptability,
enabling cancer cells to survive and proliferate rapidly. The
underlying mechanisms involve the reversibility of several
reactions within the TCA cycle and the presence of multiple
anaerobic pathways centered around mitochondria, which
ensure metabolic flexibility (103,104). The Warburg effect
facilitates efficient energy acquisition in tumor cells through
glycolysis and lactic acid fermentation, providing a metabolic
advantage conducive to growth and proliferation. Meanwhile,
mitochondrial metabolism remains essential for sustained
tumor growth, coordinating the TCA cycle and ETC to offer a
stable biosynthetic source for tumor cells.

Challenges and clinical considerations in targeting glycolysis
for cancer therapy. Although inhibition of glycolysis has
emerged as a promising anti-cancer strategy, multiple
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challenges hinder its clinical translation. Metabolic plasticity
in tumors allows cancer cells to adapt to glycolytic blockade
by switching to alternative energy pathways, such as oxidative
phosphorylation or glutaminolysis, thereby reducing the effi-
cacy of therapy (105,106). Glycolysis is also indispensable for
certain normal rapidly proliferating cells, including activated
immune cells, raising concerns regarding systemic toxicity
when it is broadly inhibited (107). Moreover, marked meta-
bolic heterogeneity exists both among tumor types and within
distinct intratumoral regions; hypoxic areas rely predomi-
nantly on glycolysis, whereas normoxic regions favor oxidative
metabolism, making uniform targeting less effective (96,108).
Prolonged inhibition of glycolysis may activate compensatory
signaling networks and induce metabolic reprogramming,
resulting in acquired drug resistance (109).

Despite these challenges, the dependence of H. pylori-asso-
ciated GC on specific glycolytic enzymes such as HK2,
PKM?2, LDHA and PDKI1 presents actionable vulnerabilities.
The following section provides a comprehensive overview
of these glycolysis-related therapeutic targets, summarizing
their regulatory mechanisms, prognostic relevance and current
pharmacological strategies, including synthetic inhibitors,
repurposed drugs and phytochemicals, to guide future trans-
lational research.

Association between the expression of glycolysis-related
enzymes and the prognosis of GC. The Warburg effect can
enhance the expression of key glycolytic enzymes such
as hexokinase (HK), glucose transporter (GLUT), lactate
dehydrogenase (LDH), pyruvate kinase (PK) and 3-phos-
phoinositide-dependent protein kinase 1 (PDK1), increasing
tumor cell tolerance to hypoxic conditions and promoting the
invasion and metastasis of malignancies (95). Therefore, the
state of glycolysis may also serve as a potential biomarker for
cancer prognosis.

HK2 carries out a central role in the Warburg effect and the
development of malignant tumors. As a downstream effector of
Akt in cancerous environments, HK2 exhibits a high affinity
for glucose (110). HK2 is anchored to the outer mitochondrial
membrane through its interaction with the mitochondrial
protein voltage-dependent anion channel (VDAC), shielding
it from inhibition by glucose-6-phosphate, the end product of
its catalysis. This anchoring markedly increases the glycolysis
rate, enhancing ATP production efficiency (111).

The ample ATP supplied by mitochondria accelerates
HK2-catalyzed, rate-limiting steps in glycolysis. During
H. pylori infection, dysregulation of glycolysis in the gastric
mucosa is observed, Immunohistochemistry analyses
confirmed elevated HK2 expression in patients infected with
H. pylori, with markedly increased levels observed in the
gastric mucosa (112,113).

Hexokinase domain-containing 1 (HKDCI) is involved in
mediating aerobic glycolysis and contributes to tumorigenesis
in various types of cancer. In H. pylori-induced GC, H. pylori
modulates the EMT pathway by upregulating TGF-p1 expres-
sion via HKDCI. In vitro and in vivo experiments demonstrated
that H. pylori infection increases the expression of TGF-p1
and p-Smad?2, thereby activating the EMT pathway, whereas
HKI1 and HK2, which are mitochondrial-associated proteins,
exhibit an upward trend in expression (113). Current eradication

therapies still rely mainly on proton pump inhibitors (PPIs) and
antibiotics. Rabeprazole, a second-generation PPI commonly
used in peptic ulcer treatment, has been shown to exert effects
beyond acid suppression. As demonstrated by Zhou et al (112),
rabeprazole suppresses STAT3 phosphorylation and nuclear
translocation, thereby reducing STAT3 binding to the HK?2
promoter and downregulating HK2 transcription. Furthermore,
direct metabolic intervention represents another strategic
approach. Notably, thyroid hormone T3 therapy can drive a
metabolic shift from HK2-driven glycolysis to mitochondrial
OXPHOS, which has been demonstrated to inhibit tumor
development (101). The HK?2 inhibitor 3-bromopyruvate and the
phosphofructokinase inhibitor sodium citrate suppress glycol-
ysis and promote mitochondrial-associated apoptosis in GC
through the downregulation of the anti-apoptotic protein Bcl-2
and the upregulation of the pro-apoptotic protein Bax (114).
Consequently, these agents markedly inhibit tumor cell prolif-
eration and glycolytic activity in orthotopic xenograft models of
GC. Together, these findings underscore the broad potential of
targeting cellular metabolism, positioning the STAT3/HK?2 axis
and glycolytic pathway as promising targets for improving the
prognosis of patients infected with H. pylori (115).

The PI3K/Akt signaling pathway, one of the commonly
dysregulated pathways in tumors, extensively regulates cellular
metabolic reprogramming by upregulating glucose transporters
and glycolytic enzymes. Cellular glucose uptake largely depends
on membrane transporter concentration, mainly by the glucose
transporter family, with GLUT1 being a key rate-limiting step in
glucose uptake (116). GLUT] is highly expressed in primary GC
and is associated with disease stage and prognosis, suggesting
its role in glucose homeostasis in GC cells (116,117). During
H. pylori infection, HIF-la and bromodomain-containing
protein 4 (BRD4) cooperate to increase glycolysis by transcrip-
tionally activating GLUT1 and HK2. BRD4 deficiency reduces
HIF-1a-dependent GLUT1 expression and HK?2 levels, thereby
impairing glucose uptake and glycolytic capacity (118). By
targeting Na*/K*-ATPase, cardiac glycosides (CGs), including
ouabain, oleandrin and digoxin, inhibit glycolytic metabolism
in GC cells. In MKN45 cells, CGs downregulate plasma
membrane GLUT1 expression, with ouabain being effective
at sub-inhibitory concentrations for the al subunit. This leads
to suppressed 2-deoxy-D-glucose uptake, decreased lactate
production and impaired cell proliferation (119). Therefore,
GLUTI1 may serve as a potential therapeutic target for GC.

LDHA, a key glycolytic enzyme, converts pyruvate
to lactate and is overexpressed in gastrointestinal tumors,
particularly GC. GC cells rely on high GLUT expression
for increased glucose uptake and energy metabolism. Lactic
acid accumulation in GC cells promotes glucose metabolism
and glycolysis rates and enhances cancer progression and
invasiveness by inducing histone lactylation (120). In GC,
LDHA is markedly upregulated by transcription factors such
as HIF-1a and c-Myc. This enhanced expression promotes
the conversion of pyruvate to lactate, which not only sustains
high glycolytic flux by regenerating NAD™ but also results in
lactate accumulation, thereby fostering an acidic TME. High
LDH expression is a key factor in the development of GC.
A proteomics study revealed that H. pylori infection promotes
the expression of this gene in GC tissues (121). These changes
collectively enhance tumor cell proliferation, invasion and



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

immune evasion. Targeting this metabolic pathway with
LDH-A inhibitors has emerged as a promising therapeutic
strategy. Among them, oxamate, a well-established LDH inhib-
itor and pyruvate analog, competitively binds to the catalytic
site of LDH-A, thereby blocking pyruvate-to-lactate conver-
sion, impairing NAD* regeneration, and ultimately leading to
suppressed glycolysis, reduced ATP production and apoptosis
induction (122). In a distinct manner, silibinin, a polyphe-
nolic compound derived from Silybum marianum, impedes
glycolytic metabolism by inhibiting the HIF-1o/LDH-A axis,
thereby enhancing antitumor immune responses (123-126).
Both compounds represent promising candidates for anti-
cancer therapy through targeting glycolysis. 5-FU-resistant
GC cells show enhanced glycolysis, along with upregulation
of key glycolytic enzymes such as HK2 and LDHA. CagA
activates the Akt pathway, enhancing glycolysis in GC cells
and leading to 5-FU resistance. Inhibiting glycolysis or the
Akt pathway can overcome this resistance (127).

The expression of PKM2, a glycolysis-related enzyme
associated with tumor progression, is upregulated in GC cells
due to CagA, which induces increased PKM2 expression and
increases with GC progression. PKM?2 has been shown to
regulate cancer-specific metabolic pathways that drive gastric
cancer cell proliferation and tumor growth by enhancing
glycolytic flux, highlighting its key role in metabolic repro-
gramming in GC (128). CagA promotes GC development by
inducing PKM2 expression via the Erk pathway. Furthermore,
PKM2 carries out an essential role in regulating the final
stage of glycolysis, facilitating glycolysis in cancer cells by
catalyzing the transfer of a phosphate group from phospho-
enolpyruvate to ADP, forming ATP and pyruvate (129). At
present, there is no direct evidence supporting an association
between PKM2 and H. pylori infection. Shikonin, a natural
product derived from the roots of medicinal herbs such as
Lithospermum erythrorhizon, Arnebia euchroma and Onosma
paniculata, exerts anticancer effects partly through suppres-
sion of glycolysis in tumor cells. Its mechanism involves the
inhibition of PKM2 phosphorylation, thereby reducing PKM2
activity. This finding is supported by evidence that both PKM?2
inhibitors and activators can alter the effect of shikonin on
glycolysis (130). The PI3K/Akt/mTOR signaling pathway,
which is known to regulate cell proliferation, apoptosis and
glucose metabolism, appears to be relevant in this context.
For instance, the specific PI3K inhibitor LY294002 has been
shown to suppress GC cell proliferation, induce early apop-
tosis and markedly reduce lactate dehydrogenase activity and
lactate production, effects partly attributed to the inhibition
of PKM2 expression (131,132). Downregulation of PKM2
subsequently decreased the expression of Glut-1 and LDHA,
attenuating the Warburg effect. In parallel, pantoprazole
(PPZ), a third-generation proton pump inhibitor identified
as a PKM2 inhibitor, suppresses the Akt/GSK-3/p-catenin
pathway and restores chemosensitivity in GC cells (101,133).
PPZ also reverses chemoresistance in SGC7901 cells by
downregulating V-ATPase/mTOR/HIF-1a-mediated P-gp and
MRPI1 signaling. Collectively, these findings highlight PKM2
as a promising target for metabolic intervention in GC.

PDK-1 is a key enzyme that reduces mitochondrial ROS. It
acts as a direct target of HIF-1a. PDK-1 blocks the conversion
of pyruvate to acetyl-CoA, thereby preventing pyruvate from
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entering the TCA cycle and inhibiting its metabolism within
the cycle. This shift, regulated by HIF-la-targeted PDK-1, from
aerobic oxidation to glycolytic glucose metabolism, reduces mito-
chondrial oxygen consumption and limits ROS accumulation,
ultimately promoting tumor growth (93). H. pylori infec-
tion induces PDK1 dephosphorylation, resulting in aberrant Akt
phosphorylation and degradation, which disrupts cell survival
signaling and the balance between apoptosis and proliferation.
In CagA-positive-GC cells, inhibition of Akt phosphorylation or
key glycolytic enzymes (HK2/LDHA) synergistically enhances
the cytotoxicity of 5-FU and markedly reverses drug resis-
tance (105). In vitro data indicate that high PDK1 expression
in GC cells is associated with reduced sensitivity to 5-FU,
suggesting that PDK1 overexpression is a potential marker of
poor prognosis (134,135). In gastric AGS cells, H. pylori infec-
tion leads to PDK-1 dephosphorylation, which disrupts cyclic
PI3K signaling pathways related to cell survival post-infection.
This dephosphorylation of PDK-1, along with changes in
Akt phosphorylation, is one of the mechanisms by which
H. pylori infection alters the balance between apoptosis and
cell proliferation, potentially contributing to H. pylori-induced
GC development (136). Dichloroacetate (DCA), a non-specific
mitochondrial PDK-1 inhibitor, has been demonstrated to
reactivate pyruvate dehydrogenase, thereby shifting pyruvate
metabolism from glycolysis toward mitochondrial oxidative
phosphorylation and subsequently suppressing lactate produc-
tion. This metabolic reprogramming not only disrupts glycolytic
flux but also may enhance cancer cell sensitivity to conventional
therapies (137,138). On the basis of this evidence, the present
review reviewed published studies and evaluated the effects
of DCA monotherapy alone and in combination with 5-FU in
GC cell lines exhibiting high PDK-1 expression and elevated
glycolytic activity. Hur et al (135) were the first to demonstrate
that low-dose DCA induces marked metabolic alterations in
these PDK-1-overexpressing cells with minimal effects on cell
viability. Therefore, the observed synergistic effect between
DCA and 5-FU suggests that DCA could serve as a promising
adjunctive agent to conventional chemotherapy, particularly for
patients with treatment-resistant disease and poor prognosis.

5. Comprehensive overview of
therapeutic targets

glycolysis-related

To the best of our knowledge, research on the use of various
molecules associated with abnormal glucose metabolism as
prognostic biomarkers in GC is limited. Furthermore, the
therapeutic potential of drugs targeting glycolysis for treating
GC remains largely unexplored. The present review system-
atically synthesized published studies on agents targeting
glucose metabolism in human GC cell lines and summarized
their reported efficacy, offering a novel perspective for GC
treatment. H. pylori infection reprograms gastric cell metabo-
lism toward enhanced glycolysis, markedly upregulating HK?2,
PKM2,LDHA and PDK1 expression. These alterations, driven
by inflammation and hypoxia-related signaling, promote tumor
progression and represent promising therapeutic targets.

In addition to synthetic inhibitors and repurposed drugs such
as 2-deoxy-D-glucose and rabeprazole, several plant-derived
phytochemicals have demonstrated notable glycolysis-inhib-
iting activity in GC models, offering multi-target modulation
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with generally favorable safety profiles. These natural
compounds interfere with diverse oncogenic and metabolic
signaling cascades, ultimately reducing lactate production and
impairing tumor cell bioenergetics (139). Rosmarinic acid,
a phenolic compound abundantly found in aromatic plants,
suppresses glycolysis in GC cells by inhibiting the IL-6/STAT3
pathway (140). Curcumin, the main polyphenol in turmeric,
downregulates HK2, PKM?2 and LDHA expression via inhibi-
tion of the PI3K/Akt/mTOR and HIF-la signaling pathways,
leading to reduced lactate generation (141). Resveratrol, a
stilbene found in grapes, diminishes HK2 and LDHA expres-
sion through inhibition of HIF-1a and c-Myc, and blocks
GLUTI1-mediated glucose uptake. Epigallocatechin gallate,
the major catechin in green tea, targets both GLUT1 and
LDHA, thereby suppressing lactate production and increasing
oxidative metabolism (142). Quercetin, a flavonoid widely
distributed in edible plants, interferes with the Akt/mTOR
pathway, resulting in decreased glycolytic enzyme activity
and reduced lactate levels (127). These alterations, driven by
inflammation- and hypoxia-related signaling, promote tumor
progression and represent promising therapeutic targets.
Table I (101,110,111,122,123,126,127,130,131,133,135,137-
140,142-156) summarizes their regulation, prognostic
significance, representative inhibitors, mechanisms of action
and current development status, providing a concise reference
for future translational research.

6. Summary and future research directions

H. pylori infection drives gastric carcinogenesis by inducing
a profound metabolic shift toward glycolysis (the Warburg
effect). Mechanistically, virulence factors activate oncogenic
signaling, including the PI3K/Akt/mTOR and STAT?3 path-
ways. These pathways converge on the level of the transcription
factor HIF-1a, which upregulates key glycolytic enzymes such
as HK2, PKM2 and LDHA. This metabolic reprogramming
provides the bioenergetic and biosynthetic substrates essential
for cell proliferation, survival and invasion.

This reliance on glycolysis, however, represents a key ther-
apeutic vulnerability. 2-Deoxy-D-glucose (2-DG), a glycolysis
inhibitor studied since the late 1950s, showed limited effects
in early monotherapy trials, indicating that cancer cells can
metabolize alternative substrates via oxidative phosphoryla-
tion. In the first trial combining 2-DG with weekly docetaxel
(NCTO00096707), the regimen was well tolerated without
pharmacokinetic interaction, achieving disease control in 32%
of 34 patients (1 partial response; 11 stable disease =8 weeks).
Preclinical evidence of enhanced chemotherapy cytotoxicity
supports further Phase II evaluation (152). Preclinical evidence
has indicated DCA can reverse the Warburg effect and inhibit
tumor growth in cancer models. In the clinical setting, a
Phase I/II trial in recurrent glioblastoma (NCT00566410)
explored positron emission tomography (PET) scanning
using 18F-FDG uptake as a potential biomarker of response;
in some patients, prolonged DCA administration was associ-
ated with stable tumor size and reduced 18F-FDG uptake.
Given its non-cytotoxic mechanism and slow onset of action,
the preclinical study suggests that DCA may be more effec-
tive as an apoptosis-sensitizer in combination with cytotoxic
or targeted therapies compared with as monotherapy (156).
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Furthermore, the identification of predictive biomarkers, such
as the expression levels of key glycolytic enzymes, is key for
patient stratification and the development of a precision medi-
cine approach for H. pylori-associated GC.
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