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Gastric cancer remains one of the leading causes of cancer-related mortality
worldwide, largely due to delayed diagnosis, complex molecular mechanisms, and resistance
to existing therapies. Although treatment options such as surgery, chemotherapy, and targeted
therapy are available, their effectiveness is often limited by toxicity, adverse effects, and the
development of drug resistance. Therefore, there is a growing need for safer and more effective
therapeutic strategies. In recent years, plant-derived phytochemicals have gained considerable
attention due to their relatively low toxicity and ability to target multiple molecular pathways.
Compounds such as curcumin, resveratrol, epigallocatechin-3-gallate (EGCG), quercetin,
berberine, luteolin, apigenin, sulforaphane, and ginsenosides have demonstrated notable
anticancer potential, with promising results in preclinical studies and increasing evaluation
in clinical settings. These bioactive molecules modulate key signaling pathways, including NF-
kB, PI3K/Akt/mTOR, JAK/STAT3, MAPK, and Wnt/B-catenin, thereby suppressing inflammation
and regulating oxidative stress, cell proliferation, apoptosis, angiogenesis, and metastasis.
Furthermore, these phytochemicals have been reported to enhance the efficacy of conventional
chemotherapeutic agents and reduce drug resistance, supporting their role in combination
therapy. However, their clinical application remains limited due to poor bioavailability, rapid
metabolism, lack of standardized formulations, and insufficient clinical evidence. Advances
in nanotechnology-based delivery systems may help overcome these limitations and improve
therapeutic outcomes. In conclusion, this review highlights the potential of phytochemicals as
multi-targeted, low-toxicity agents in gastric cancer management and emphasizes their promise
as adjuncts to current therapies. However, further well-designed clinical studies are essential
to establish their efficacy and safety.
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Gastric cancer is still ranked amongst
those cancers that have higher prevalence and
are also hazardous globally, making significant
contributions to both incidence and mortality
associated with cancer, especially in East Asia
and developing countries.! Also, most incidences
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are diagnosed at an advanced level; therefore, the
five-year survival rate is very low, indicating that
despite the decrease in stomach cancer prevalence
in some countries, its outlook is still poor.>
Gastric cancer grows in stages and is
caused by a multitude of factors that include
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infections, environmental, nutritional, and inherited
components. The chief cause of gastric cancer
concerns a Helicobacter pylori infection in
early stages that triggers a cascade of gastric
inflammation, atrophy, intestinal metaplasia,
dysplasia, and cancer in a result.’ High dietary
intake of sodium, dietary intake of processed
and smoked foods, nicotine use, alcohol use, and
inherited biological factors also carry secondary
roles in pathogenesis.* Symptoms in the early
stages of gastric cancer remain vague or non-
specific. But in the secondary stage weight loss,
anemia, abdominal pain, and gastrointestinal
bleeding are commonly observed in patients with
gastric cancer through endoscopy biopsy and TNM
criteria used for determination in patients.’

The treatments that are being practiced
for gastric cancer are surgical removal,
chemotherapy, radiation therapy, target therapy,
and immunotherapy. These treatments can be
administered individually or in combination,
as they are known to confer greater benefits to
the patient, though they are toxic and can lead
to recurrence and genetic heterogeneity, though
it is understood that they are toxic and result in
recurrence and genetic heterogeneity.® Therefore,
safer and more effective treatment strategies are
increasingly being explored to target multiple
oncogenic processes in one treatment.’

Their capability to influence multiple
molecular pathways involved in stomach
carcinogenesis with very low toxicity has made
herbal phytochemicals promising multi-target
therapies. Inflammation, oxidative stress, apoptosis,
cell cycle progression, angiogenesis, and metastasis
are the processes regulated by these bioactive
compounds which have both therapeutic and
chemopreventive effects.® Very importantly, it has
been documented that in the case of gastric cancer,
phytochemicals can influence several dysregulated
signaling pathways such as p53-dependent cell
cycle control, JAK/STAT3, Wnt/a-catenin, MAPK
cascades, NF-éB-mediated inflammatory signaling,
and PI3K/Akt/mTOR.°

Furthermore, phytochemicals induce
autophagy via Beclin-1 and LC3, activate apoptotic
proteins such as Bax and caspases, and promote
programmed cell death via novel pathways,
including ferroptosis.'® Further, they inhibit
angiogenesis by downregulating HIF-14 and
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VEGEF signaling, and they inhibit the epithelial-
mesenchymal transition and metastasis by
regulating E-cadherin, matrix metalloproteinases,
and EMT-associated transcription factors.! In
addition, the influence of the Nrf2/Keap1 pathway
on modifying redox homeostasis and regulating
epigenetic processes, including microRNAs and
long non-coding RNAs, reveals the wide molecular
influence of phytochemicals in the biology of
gastric cancer."?

The scientific evidence suggests that
numerous phytochemicals, including curcumin,
resveratrol, EGCG, quercetin, berberine, luteolin,
apigenin, kaempferol, sulforaphane, thymoquinone,
ginsenosides, honokiol, emodin, and either ursolic
or oleanolic acid, have the potential to inhibit
gastric cancer by simultaneously targeting multiple
signal transduction pathways."* This provides a
scientific basis to assess the use of herbal-derived
phytochemicals for their effects on gastric cancer
through the molecular mechanisms of action as
alternate/adjunctive therapies.'

METHODOLOGY

Search Strategy Used to Extract Data for This
Review

The present review was conducted
using a structured literature search approach to
collect relevant scientific evidence regarding
herbal phytochemicals targeting inflammatory
and oncogenic molecular pathways involved in
gastric cancer progression. Electronic databases
including PubMed, Scopus, Web of Science, and
Google Scholar were systematically searched for
articles published up to 2026. The search strategy
was developed using combinations of keywords
and Boolean operators such as:
* “gastric cancer” OR “stomach cancer”
* “phytochemicals” OR “plant-derived compounds”
OR “natural products”
* “inflammatory signaling pathways” OR
“molecular pathways” OR “signaling pathways”
* “PI3K/Akt/mTOR” OR “NF-éB” OR “MAPK”
OR “JAK/STAT3” OR “Wnt/a-catenin”
* “apoptosis” OR “autophagy” OR “ferroptosis”
OR “oxidative stress” OR “angiogenesis”
* “epithelial-mesenchymal transition” OR “EMT”
OR “epigenetics”

These terms were combined using
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AND/OR Boolean operators to retrieve the most
relevant studies related to phytochemical-mediated
modulation of signaling pathways in gastric cancer.
Inclusion Criteria
* Peer-reviewed research articles and review papers
* Studies focusing on gastric cancer and
phytochemicals
* Articles describing molecular mechanisms or
signaling pathways
* In vitro, in vivo, and clinical studies
« Articles published in English
Exclusion Criteria
* Non-English publications
* Conference abstracts, editorials, and unpublished
data
« Studies not related to gastric cancer or lacking
mechanistic insights
Study Selection and Data Extraction
Relevant articles were screened based on
title, abstract, and full text. Data were extracted
focusing on:
* Type of phytochemical
* Targeted molecular pathways
* Mechanism of action
» Experimental model (in vitro/in vivo/clinical)
Duplicate studies were removed, and only
the most relevant and recent studies were included
to ensure scientific accuracy and clarity.
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Type of Review

This study is a narrative review with a
structured literature search approach, summarizing
current evidence on phytochemicals targeting
molecular pathways in gastric cancer.
Objectives

The purpose of this narrative review
is to evaluate the evidence on the chemical
constituents of plants/herbs that may regulate
biological mechanisms involved in the initiation
and progression of gastric cancer. Based upon our
findings, we will also be able to identify voids for
future clinical research. Our data will provide a
clear definition and classification of various types
of biological chemicals; an explanation of the
molecular mechanisms by which phytochemicals
affect biological processes; an evaluation of
the possible additive or synergistic effects of
phytochemicals and sundry cancer treatments; and
identification of any knowledge gaps concerning
phytochemicals during the investigation and
treatment of cancer."
Molecular pathways associated with gastric
cancer

The development of gastric cancer is a
complex, multistep process driven by the gradual
accumulation of genetic and epigenetic alterations
that ultimately result in the malignant transformation
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of gastric epithelial cells.'s In most cases, the disease
originates from chronic inflammation, commonly
associated with Helicobacter pylori infection,
which initiates a well-recognized sequence of
pathological changes, including chronic gastritis,
mucosal atrophy, intestinal metaplasia, dysplasia,
and eventually carcinoma. In addition to infection,
environmental and lifestyle factors such as high
dietary salt intake, smoking, alcohol consumption,
and genetic susceptibility further influence disease
progression.'’

At the molecular level, gastric cancer
involves the dysregulation of several interconnected
signaling pathways that collectively contribute
to uncontrolled cell proliferation, survival,
invasion, and resistance to therapy. Among these,
the NF-&B signaling pathway is particularly
important in sustaining a chronic inflammatory
microenvironment. Its persistent activation
promotes the expression of pro-inflammatory
mediators such as TNF-4, IL-6, COX-2, and iNOS,
which in turn support tumor growth and immune
evasion.'®

The PI3K/Akt/mTOR pathway is another
key regulator frequently activated in gastric
cancer. It plays a central role in controlling cellular
metabolism, protein synthesis, and survival. When
aberrantly activated, it enhances tumor growth,
suppresses apoptosis, and contributes to therapeutic
resistance. "’

In addition, the JAK/STAT3 signaling
pathway remains constitutively active in many
gastric tumors and promotes the transcription of
genes associated with proliferation, angiogenesis,
and immune modulation. The Wnt/a-catenin
pathway further contributes to epithelial-
mesenchymal transition (EMT), stemness, and
metastatic behavior. Similarly, MAPK signaling
(including ERK, JNK, and p38) regulates cellular
responses to growth signals and stress, often
interacting with other pathways such as PI3K/Akt
to reinforce tumor progression.?

Alterations in tumor suppressor pathways
also play a critical role. Loss or mutation of p53
disrupts normal cell cycle control and apoptotic
mechanisms, allowing abnormal cells to survive
and proliferate. Furthermore, emerging pathways
such as Nrf2/Keapl are involved in maintaining
redox balance, enabling cancer cells to adapt to
oxidative stress and develop resistance to therapy.”!
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It is important to note that these
pathways do not function independently but
are interconnected through complex crosstalk,
which amplifies oncogenic signaling and makes
therapeutic targeting more challenging. Therefore,
strategies that simultaneously target multiple
pathways may offer greater therapeutic benefit. In
this context, herbal phytochemicals have attracted
attention due to their ability to modulate several
signaling networks at once. Among the various
pathways involved, PI3K/Akt/mTOR and NF-
€B appear to play particularly dominant roles, as
they regulate key processes such as proliferation,
survival, and inflammation in gastric cancer. The
interconnected oncogenic signaling pathways
involved in gastric cancer progression and their
multi-target modulation by herbal phytochemicals
are illustrated in Figure 1.

Herbal phytochemicals targeting the signaling
pathways
PI3K/AKT/MTOR Pathway

The phosphoinositide 3-kinase (PI3K)/
Akt/mTOR pathway plays a central role in the
progression of gastric cancer by regulating
key cellular processes such as proliferation,
metabolism, survival, and resistance to apoptosis.
In many cases, this pathway becomes persistently
activated due to upstream receptor tyrosine kinase
signaling, mutations in PI3K, or loss of tumor
suppressors like PTEN. As a result, Akt remains
continuously phosphorylated, leading to sustained
activation of mTOR and downstream signaling
events that support tumor growth and survival.
Akt-mediated activation of Ras homolog enriched
in brain (Rheb), a critical upstream regulator of
mTOR, further enhances downstream signaling.
Activated mTOR subsequently regulates effectors
such as ribosomal protein S6 kinase (S6K) and
eukaryotic translation initiation factor 4E-binding
protein 1 (4E-BP1), thereby promoting protein
synthesis, metabolic activity, and gastric cancer
cell survival. These alterations not only drive
uncontrolled cellular proliferation but also allow
cancer cells to adapt to metabolic stress and evade
therapeutic interventions.” (As illustrated in Figure
2.)

In this context, natural phytochemicals
have attracted increasing attention because of their
ability to interfere with multiple components of this
pathway rather than acting on a single molecular
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target. A substantial portion of the available
evidence comes from in vitro studies using gastric
cancer cell lines and in vivo experiments in animal
or xenograft models, where these compounds
consistently reduce PI3K/Akt signaling activity.
This multi-target behavior is particularly relevant
in gastric cancer, where signaling redundancy
often limits the effectiveness of conventional
therapies. However, despite encouraging results
from preclinical studies, translation into clinical
evidence in human subjects remains limited, and
this gap continues to be a major challenge.*%
Curcumin is one of the most extensively
studied phytochemicals in this context. Findings
from in vitro studies indicate that curcumin can
reduce Akt phosphorylation and suppress mTOR
activity, ultimately leading to cell cycle arrest and
apoptosis in gastric cancer cells. These effects
are further supported by in vivo studies, where
curcumin has been shown to reduce tumor growth
in experimental models. Interestingly, beyond
inducing apoptosis, curcumin also promotes
autophagy through mTOR inhibition, suggesting
that it influences multiple forms of programmed
cell death simultaneously. This dual action may

1020

partly explain its broad anticancer potential.****
Resveratrol shows a similar pattern of activity,
although its effects are somewhat more context-
dependent. Evidence from both in vitro and in
vivo studies suggests that resveratrol suppresses
Akt/mTOR signaling while promoting apoptosis
through modulation of the Bax/Bcl-2 balance
and activation of caspases. In addition, several
studies have reported that resveratrol enhances
the responsiveness of gastric cancer cells to
chemotherapeutic agents, indicating a possible
role as a chemosensitizer. Nevertheless, the lack
of well-controlled clinical studies means that
its therapeutic value in patients is still not fully
established.*¢

Quercetin, a widely distributed dietary
flavonoid, has been primarily investigated in in
vitro models, where it interferes with Akt activation
and promotes mitochondrial-mediated apoptosis.
By shifting the balance toward pro-apoptotic
signaling, it increases the susceptibility of cancer
cells to cell death. In contrast, berberine has been
evaluated in both in vitro and in vivo systems,
where it not only suppresses PI3K/Akt/mTOR
signaling but also reduces tumor proliferation
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and enhances sensitivity to chemotherapeutic
agents such as cisplatin. These findings suggest
that berberine may have broader therapeutic
applicability compared to compounds supported
solely by in vitro evidence.?#®

Despite the consistency of these preclinical
observations, several limitations continue to hinder
clinical translation. Many phytochemicals suffer
from poor oral bioavailability, rapid metabolism,
and limited systemic stability, which reduce their
effectiveness in vivo. In addition, differences in
formulation, dosing, and experimental design
across studies make it difficult to directly compare
outcomes or establish standardized therapeutic
protocols.*'*> Another important consideration
is that the PI3K/Akt/mTOR pathway does not
function in isolation. It interacts closely with other
signaling networks, including NF-éB, MAPK, and
p53 pathways, and these interactions can influence
how cancer cells respond to treatment in a context-
dependent manner.*

Taken together, phytochemicals such as
curcumin, resveratrol, quercetin, and berberine
offer promising multi-target strategies for
modulating the PI3K/Akt/mTOR pathway in
gastric cancer. Their ability to simultaneously
influence proliferation, apoptosis, autophagy,
and drug sensitivity highlights their potential as
adjunct therapeutic agents. However, moving from
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experimental models to clinical application will
require carefully designed clinical trials, improved
delivery systems, and a better understanding of how
these compounds behave within complex signaling
networks.”* A summary of key phytochemicals
targeting the PI3K/Akt/mTOR pathway, along with
their mechanisms and evidence types, is presented
in Table 1.
Inflammatory Pathways and Nf-éb in Gastric
Cancer

The nuclear factor-€B (NF-EB) signaling
pathway plays a central role in linking chronic
inflammation to the initiation and progression
of gastric cancer. NF-éB comprises a family of
transcription factors (p65/RelA, RelB, c-Rel, p50,
and p52) that regulate genes involved in immune
responses, cell survival, and proliferation. Under
physiological conditions, NF-éB remains inactive
in the cytoplasm through its association with
inhibitor proteins (I€Bs). However, in gastric
cancer, persistent stimuli such as Helicobacter
pylori infection, inflammatory cytokines, and
oxidative stress activate I€B kinase (IKK),
leading to IéB degradation and subsequent nuclear
translocation of NF-éB. NF-EB signaling occurs
through both canonical (p65/p50-mediated) and
non-canonical (p52/RelB-mediated) pathways,
which contribute to the regulation of inflammatory
and survival-related genes in gastric cancer. This
activation subsequently drives the expression

Table 1. Phytochemicals targeting the PI3K/Akt/mTOR pathway in gastric cancer

Phytochemicals Molecular Target / Action Biological Effect Evidence Type
Curcumin Inhibits PI3K activation; Cell cycle arrest, apoptosis, In vitro (cell lines);
reduces Akt phosphorylation; autophagy induction, In vivo (xenograft
suppresses mTOR signaling; reduced tumor growth models)
induces autophagy via
mTOR inhibition
Resveratrol Suppresses Akt/mTOR Apoptosis, enhanced In vitro; In vivo
signaling; modulates chemosensitivity
Bax/Bcl-2 balance;
activates caspases
Quercetin Inhibits Akt activation; Apoptosis induction, In vitro
regulates mitochondrial reduced cell survival
apoptotic pathways
(TBax, {Bcl-2)
Berberine Inhibits PI3K/Akt/mTOR Reduced proliferation, In vitro; In vivo

signaling; enhances
response to
chemotherapeutic agents

apoptosis, chemosensitization
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of pro-inflammatory cytokines (TNF-4, IL-6),
chemokines, and enzymes such as COX-2 and
iNOS, thereby establishing a tumor-promoting
microenvironment that supports proliferation,
angiogenesis, invasion, and resistance to
apoptosis.”*! The molecular mechanisms and
therapeutic targeting of NF-€B signaling in gastric
cancer are illustrated in Figure 3.

A substantial body of preclinical evidence
highlights the contribution of aberrant NF-éB
signaling to gastric cancer progression. In vitro
studies using gastric cancer cell lines consistently
show that constitutive activation of this pathway
enhances cell survival, promotes epithelial-
mesenchymal transition (EMT), and reduces
sensitivity to chemotherapeutic agents, including
cisplatin and 5-fluorouracil. Complementary in
vivo studies using xenograft and murine models
further demonstrate that inhibition of NF-¢B
signaling suppresses tumor growth, reduces
angiogenesis, and promotes apoptotic cell death.*!
These findings collectively establish NF-éB as a
key driver of tumor aggressiveness and therapeutic
resistance.

Targeting NF-éB has therefore emerged
as a promising therapeutic strategy. Inhibition
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of this pathway leads to reduced expression of
anti-apoptotic proteins (Bcl-2, Bel-xL), decreased
activity of matrix metalloproteinases (MMP-
2/9), and attenuation of inflammatory signaling,
ultimately limiting tumor invasion and enhancing
apoptosis. Several dietary phytochemicals have
shown the ability to modulate NF-éB at multiple
regulatory levels. Curcumin suppresses IKK
activity and stabilizes 1€B, thereby preventing
nuclear translocation of NF-&B. Resveratrol
interferes with upstream signaling cascades and
enhances chemosensitivity. Similarly, quercetin
and epigallocatechin-3-gallate (EGCG) inhibit
NF-éB-dependent transcription and reduce the
expression of genes associated with inflammation
and survival. In addition to these compounds, other
phytochemicals such as berberine, apigenin, and
luteolin have also been reported to inhibit NF-éB
signaling through suppression of inflammatory
mediators and downstream gene expression,
contributing to reduced tumor growth and
metastasis in preclinical studies.'***

These effects are consistently observed
across experimental systems. In vitro, these
compounds inhibit proliferation, induce apoptosis,
and reduce migratory potential of gastric cancer
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cells. In vivo, they decrease tumor burden and
improve response to chemotherapy when used
alone or in combination. Emerging translational
and early clinical evidence also suggests that
polyphenols targeting NF-éB may enhance
therapeutic efficacy while reducing treatment-
related toxicity. However, clinical validation in
gastric cancer remains limited, and most findings
are derived from preclinical models."

Despite these promising outcomes,
several challenges limit clinical translation. Many
phytochemicals exhibit poor bioavailability, rapid
metabolism, and variability in formulation, which
can affect therapeutic efficacy. In addition, NF-
¢éB signaling has context-dependent functions,
including roles in normal immune regulation,
raising concerns about unintended systemic
effects. Therefore, future research should focus
on well-designed clinical trials, improved delivery
systems, and combination strategies to optimize
NF-éB-targeted therapies. Collectively, current
evidence supports NF-EB as both a critical mediator
of inflammation-driven gastric carcinogenesis and
a viable therapeutic target, while underscoring the

need for rigorous clinical investigation.”® The key
phytochemicals targeting NF-éB signaling and
their biological effects are summarized in Table 2.
MAPK Signaling In Gastric Cancer (ERK/
JNK/P38)

The mitogen-activated protein kinase
(MAPK) signaling cascade, comprising
extracellular signal-regulated kinase (ERK),
c-Jun N-terminal kinase (JNK), and p38 MAPK
modules, plays a pivotal role in regulating
proliferation, survival, inflammation, and cellular
stress responses in gastric cancer. Dysregulation of
this cascade is a key driver of tumor initiation and
progression, largely through sustained activation
of downstream transcription factors and oncogenic
signaling networks.*** (as illustrated in Figure 4).

Among these components, ERK1/2
activation is consistently associated with enhanced
cell cycle progression, increased proliferation,
and resistance to apoptosis. In contrast, JNK and
p38 exhibit context-dependent and sometimes
opposing roles, acting either as tumor suppressors
by promoting apoptosis or as adaptive stress
mediators that support tumor survival under

Table 2. Phytochemicals Targeting NF-éB Signaling in Gastric Cancer.

Phytochemicals ~ Molecular Target/ Biological Effects Evidence Type
Mechanism

Curcumin Inhibits IKK activation; Reduced proliferation; In vitro, In vivo
prevents [kB degradation; increased apoptosis;
blocks NF-kB nuclear decreased inflammation
translocation

Resveratrol Inhibits upstream Enhanced chemosensitivity;  In vitro, In vivo, Preclinical
kinases regulating reduced survival signaling
NF-«B signaling

Quercetin Suppresses NF-kB- Reduced invasion and In vitro, Preclinical
dependent transcription inflammation; increased

apoptosis

EGCG Inhibits NF-xB Reduced angiogenesis In vitro, In vivo
activation and and proliferation
downstream cytokine
expression

Berberine Suppresses NF-«B Reduced tumor growth; In vitro, In vivo
signaling pathway increased apoptosis

Apigenin Inhibits NF-xB Reduced inflammation Preclinical
activation and and metastasis
inflammatory mediators

Luteolin Modulates NF-xB Reduced proliferation Preclinical

signaling and cytokine
production

and inflammation
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unfavorable microenvironmental conditions.*® This
dual behavior reflects the complexity of MAPK
signaling and highlights the importance of context-
specific therapeutic targeting.

Atthe transcriptional level, ERK signaling
activates downstream factors such as Elk-1 and
c-Fos, while JNK and p38 regulate c-Jun and ATF2,
thereby influencing gene expression involved in
proliferation, apoptosis, and stress responses.****

In gastric cancer, MAPK signaling
contributes not only to tumor growth but also to
invasion and metastasis. ERK-driven signaling
enhances cyclin expression and promotes cell
cycle progression, whereas JNK and p38 regulate
apoptosis, autophagy, and inflammatory responses.
Importantly, this cascade is tightly interconnected
with other oncogenic networks, particularly PI3K/
Akt/mTOR and NF-éB pathways, forming an
integrated signaling system that amplifies tumor-
promoting processes and contributes to therapeutic
resistance.”

Studies in gastric cancer cell lines
such as AGS and MKN-45 demonstrate that
phytochemicals including curcumin, resveratrol,
epigallocatechin-3-gallate (EGCG), and berberine
modulate MAPK activity in a coordinated manner.
These compounds suppress ERK phosphorylation
while activating JNK and p38, thereby shifting
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cellular signaling toward apoptosis and reducing
proliferation, migration, and invasion.**3

Animal models further support these
findings, where phytochemical-mediated
modulation of MAPK signaling leads to reduced
tumor growth, inhibition of angiogenesis, and
decreased metastatic potential. These effects are
frequently associated with enhanced apoptotic
signaling and suppression of inflammatory
mediators, reinforcing the therapeutic relevance
of targeting this pathway.*

Despite compelling preclinical evidence,
clinical validation remains limited. Although
compounds such as curcumin and resveratrol
have been explored in clinical settings for various
malignancies, there is insufficient evidence
specifically demonstrating MAPK -targeted effects
in gastric cancer patients.** This gap underscores
the need for well-designed clinical trials to
establish translational relevance.

An additional therapeutic advantage
of MAPK-targeting phytochemicals lies in their
ability to enhance chemosensitivity. By modulating
apoptosis-related pathways and interfering with
resistance mechanisms, these compounds can
improve responses to conventional therapies.
Moreover, their simultaneous influence on
interconnected signaling networks, including PI3K/
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Akt and NF-€B, supports a multi-target therapeutic
strategy.” However, this broad activity may also
result in variable outcomes depending on tumor
heterogeneity and experimental conditions.

Nevertheless, several challenges limit
clinical application. Poor bioavailability, rapid
metabolism, lack of standardized formulations,
and variability across experimental models
remain significant barriers.** Furthermore, the
predominance of in vitro and in vivo studies, with
limited clinical corroboration, restricts definitive
conclusions regarding therapeutic efficacy.*
Advances in drug delivery systems, including
nanoparticle-based carriers and cyclodextrin
complexes, offer promising approaches to overcome
these limitations and improve pharmacokinetic
profiles.*

In summary, MAPK signaling represents a
critical regulatory axis in gastric cancer, influencing
proliferation, survival, and stress adaptation.
Phytochemicals targeting this cascade demonstrate
significant potential in preclinical models; however,
their clinical utility requires further validation
through rigorous studies, improved formulation
strategies, and integrated therapeutic approaches.
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Key phytochemicals targeting MAPK signaling,
along with their molecular mechanisms, biological
effects, and levels of evidence, are summarized in
Table 3.

Herbal Phytochemicals Target Apoptosis
(BAX/BCL-2, CASPASES), Autophagy, And
Ferroptosis In Gastric Cancer

Apoptosis (BAX/BCL-2, Caspases)

Evasion of apoptosis is a defining
hallmark of cancer, including gastric malignancies,
and is largely driven by disruption of mitochondrial
apoptotic signaling and impaired caspase
activation.*® In gastric cancer, increased expression
of anti-apoptotic proteins such as Bcl-2, along with
reduced levels of pro-apoptotic proteins like Bax,
interferes with mitochondrial outer membrane
permeabilization (MOMP), thereby preventing
cytochrome-c release and subsequent activation of
caspase-9 and caspase-3.* This imbalance plays a
crucial role in tumor progression and resistance to
therapy.*¢*7

A growing body of evidence indicates
that herbal phytochemicals can restore apoptotic
signaling by modulating the Bax/Bcl-2 ratio,
promoting mitochondrial dysfunction, and

Table 3. Phytochemicals targeting MAPK signaling in gastric cancer: molecular mechanisms, biological effects,
and evidence type.

Phytochemical Molecular Target / Mechanism Biological Effects in Evidence Type
of Action Gastric Cancer
Curcumin Inhibits ERK1/2 phosphorylation; Induces apoptosis; In vitro (AGS,
activates JNK and p38 MAPK; suppresses proliferation; MKN-45); In vivo
modulates cross-talk with inhibits invasion and (xenograft models);
PI3K/Akt and NF-«xB pathways metastasis; enhances Limited clinical
chemosensitivity evidence
Resveratrol Suppresses ERK signaling; Promotes apoptosis; In vitro; In vivo;
activates INK/p38 pathways; inhibits tumor growth Limited clinical
regulates apoptosis-related and metastasis; improves evidence
signaling and MAPK cross-talk chemotherapeutic
response
Epigallocatechin Inhibits ERK activation; Reduces proliferation; In vitro; In vivo

-3-gallate (EGCG)  stimulates INK/p38 signaling;
modulates MAPK -associated
inflammatory pathways
Downregulates ERK
phosphorylation; activates
JNK/p38 signaling; interacts
with MAPK-PI3K/Akt

signaling axis

Berberine

induces apoptosis; inhibits
migration and angiogenesis
Induces apoptosis; In vitro; In vivo
inhibits tumor growth

and invasion; suppresses

metastatic potential
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triggering caspase-dependent cell death.
Compounds such as curcumin, berberine, quercetin,
resveratrol, and epigallocatechin-3-gallate (EGCG)
have demonstrated notable pro-apoptotic activity
in gastric cancer models.At the cellular level, in
vitro studies (cell line models) show that curcumin
induces apoptosis through activation of caspase-3
and caspase-9, along with cleavage of poly (ADP-
ribose) polymerase (PARP).*® Similar effects have
been observed with other phytochemicals, which
enhance apoptotic signaling via mitochondrial
pathways and oxidative stress mechanisms.

Evidence from in vivo studies (animal
models) further substantiates these findings, where
phytochemical treatment has been associated with
reduced tumor growth, increased apoptotic index,
and enhanced caspase activation in xenograft
systems. Despite these promising results, clinical
evidence (human trials) evaluating phytochemical-
induced apoptosis in gastric cancer remains
insufficient, reflecting a gap between experimental
findings and clinical application.**4¢ In addition,
phytochemicals may influence upstream signaling
pathways such as PI3K/Akt and NF-éB, thereby
increasing tumor cell susceptibility to apoptosis
and improving therapeutic responsiveness.*t
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Autophagy (LC3/Beclin-1 Signaling)

Autophagy is a highly regulated lysosomal
degradation pathway that exerts a dual role in
gastric cancer, functioning either as a survival
mechanism under stress conditions or as a mediator
of programmed cell death. Alterations in key
autophagy-related proteins, including Beclin-1 and
LC3, have been closely linked to tumor progression
and therapeutic resistance.!’

Recent studies suggest that herbal
phytochemicals can effectively regulate autophagic
processes by influencing LC3 conversion (LC3-1
to LC3-II), enhancing Beclin-1 expression,
and suppressing mTOR signaling. Bioactive
compounds such as curcumin, ginsenosides (Rg3
and Rh2), oridonin, and oleanolic acid exhibit
significant autophagy-modulating potential 3%

Experimental findings from in vitro
models (gastric cancer cell lines) demonstrate
that these phytochemicals can induce autophagic
flux, which may either promote cell survival or
lead to autophagy-mediated cell death depending
on the cellular context.** Consistent with these
observations, in vivo studies (animal models)
have shown that modulation of autophagy by
phytochemicals contributes to tumor suppression,
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Fig. 5. Mechanisms of phytochemical-induced cell death in gastric cancer
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decreased tumor volume, and enhanced sensitivity
to chemotherapeutic agents.***® Notably, the
interplay between autophagy and apoptosis
suggests a coordinated mechanism underlying
phytochemical-mediated anticancer effects.*

However, clinical evidence (human
studies) supporting the role of phytochemicals
in regulating autophagy in gastric cancer is
still limited, with most insights derived from
preclinical research.'®* Further well-designed
clinical investigations are required to establish
the therapeutic relevance of targeting autophagy
in patients.

Ferroptosis

Ferroptosis is an iron-dependent form of
regulated cell death characterized by excessive
lipid peroxidation and depletion of intracellular
glutathione due to inhibition of glutathione
peroxidase 4 (GPX4). Unlike apoptosis, ferroptosis
represents an alternative mechanism for eliminating
cancer cells, particularly those that exhibit
resistance to conventional apoptotic pathways.*78

Emerging evidence indicates that
phytochemicals can trigger ferroptosis in gastric
cancer through multiple mechanisms. Compounds
such as artemisinin derivatives, quercetin, baicalein,

Table 4. Herbal phytochemicals targeting apoptosis, autophagy, and ferroptosis in gastric cancer

Phytochemical Molecular Target / Biological Effect in Evidence Type
Mechanism of Action Gastric Cancer
Curcumin Increases Bax/Bcl-2 ratio; Induces apoptosis; In vitro; In vivo
activates caspase-3/-9; enhances chemosensitivity
inhibits PI3K/Akt and
NF-«xB
Berberine Modulates Bax/Bcl-2; Promotes apoptosis; In vitro; In vivo
induces mitochondrial inhibits tumor growth
dysfunction
Quercetin Induces ROS; activates Triggers apoptosis and In vitro; In vivo
caspases; disrupts oxidative stress
mitochondrial membrane
potential
Resveratrol Activates intrinsic Enhances apoptosis; In vitro; In vivo
apoptosis; modulates inhibits proliferation
NF-«xB
EGCG Modulates Bcl-2 Induces apoptosis; In vitro; In vivo
proteins; activates suppresses tumor survival
caspases; inhibits survival
pathways
Ginsenosides Upregulates Beclin-1; Induces autophagy; In vitro; In vivo
(Rg3, Rh2) promotes LC3 conversion; suppresses tumor growth
inhibits mnTOR
Oridonin Activates LC3 and Beclin-1; Induces autophagy In vitro

regulates autophagy

and apoptosis

Oleanolic acid

Modulates mTOR; enhances
autophagy

Artemisinin Increases ROS; disrupts

derivatives iron metabolism; inhibits
GPX4

Baicalein Promotes lipid peroxidation;
inhibits GPX4

Tanshinone ITA Enhances ROS; modulates

ferroptosis pathways

Promotes autophagy-
mediated tumor suppression
Induces ferroptosis

Triggers ferroptosis

Induces ferroptosis;
suppresses tumor growth

In vitro; In vivo

In vitro; In vivo

In vitro

In vitro; In vivo
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and tanshinone IIA have been shown to enhance
reactive oxygen species (ROS) generation, disrupt
iron homeostasis, and inhibit GPX4 activity,
ultimately leading to ferroptotic cell death.
Findings from in vitro studies (cell line models)
reveal increased lipid peroxidation, elevated ROS
levels, and decreased viability of gastric cancer
cells following phytochemical treatment.*®

These effects are further supported by in
vivo evidence (animal studies), where induction of
ferroptosis is associated with suppression of tumor
growth and increased oxidative stress within tumor
tissues. At present, clinical evidence (human trials)
investigating ferroptosis-targeting phytochemicals
in gastric cancer is lacking, and available data
remain largely confined to experimental models.
Nevertheless, ferroptosis continues to gain
attention as a promising therapeutic approach,
particularly for overcoming apoptosis resistance
and enhancing anticancer efficacy.*’*® The
molecular mechanisms of phytochemical-induced
cell death and the associated phytochemicals with
their targets and evidence levels are summarized
in Figure 5 and Table 4, respectively.
P53-Cell Cycle Dysregulation In Gastric
Cancer: Cyclins and CDKS

Loss of functional p53 tumor suppressor

BURA et al., Biosci., Biotech. Res. Asia, Vol. 23(3), 1016-1047 (2026)

activity is a key molecular event in the pathogenesis
of gastric cancer, leading to disruption of DNA
damage response mechanisms and deregulation of
cell cycle checkpoints. Under normal physiological
conditions, p53 plays a central role in maintaining
genomic stability by regulating transcription of
genes involved in cell cycle arrest, apoptosis,
and DNA repair. In normal cells, p53 activity is
further stabilized through acetylation by p300/
CBP-associated factor (PCAF), which enhances
p21-mediated cell cycle arrest and DNA repair.
However, in gastric cancer, mutation or inactivation
of p53 results in aberrant activation of cyclins
(Cyclin D1, Cyclin E, and Cyclin B1) and cyclin-
dependent kinases (CDK4/6, CDK2, and CDK1),
which drive uncontrolled progression through
the G1/S and G2/M phases of the cell cycle and
promote tumor growth.* Large-scale molecular
analyses have further demonstrated that alterations
in p53 signaling are closely associated with tumor
heterogeneity, disease progression, and therapeutic
resistance in gastric cancer.'®

Most mechanistic insights are derived from
gastric cancer cell line models. Curcumin has been
shown to enhance p53 stability and transcriptional
activity, leading to increased expression of p21
and subsequent inhibition of Cyclin D1/CDK4
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complexes, thereby inducing G1 phase arrest.*
Resveratrol suppresses Cyclin E/CDK2 signaling
and activates p53-dependent transcription, limiting
S-phase progression and reducing proliferation.”!
Epigallocatechin-3-gallate (EGCG), a major
dietary polyphenol, further enhances p53-mediated
growth arrest while downregulating Cyclin D1
expression.” In addition, berberine and quercetin
modulate cell cycle progression through p53-
dependent mechanisms, with quercetin specifically
inducing G2/M arrest via inhibition of Cyclin B1/
CDKI1 complexes. Compounds such as genistein
and apigenin similarly suppress CDK activity
and restore regulatory control of the cell cycle.
Recent studies also indicate that phytochemicals
influence upstream signaling pathways, including
MAPK cascades, thereby enhancing p53-mediated
anticancer effects through pathway cross-talk.?
Preclinical animal models provide
supportive evidence for these mechanisms.
Polyphenols such as resveratrol and curcumin
have demonstrated tumor growth inhibition in
gastric cancer xenograft models, partly through
restoration of p53 signaling and suppression of
cyclin-CDK activity.’! Furthermore, recent studies
highlight that combinations of phytochemicals
can enhance anticancer efficacy by synergistically
activating apoptotic pathways and improving
chemosensitivity, suggesting an important role
for combination strategies in targeting cell cycle
dysregulation.”® However, these findings should

1029

be interpreted cautiously due to variability in
experimental conditions, dosing, and bioavailability.

Clinical translation remains limited,
which represents a critical gap in current research.
Although phytochemicals such as curcumin and
resveratrol have been evaluated in early-phase
clinical studies across various cancers, robust
clinical evidence specifically in gastric cancer
is still lacking. Available data suggest modest
improvements in biomarkers related to oxidative
stress and proliferation, but direct validation
of p53 reactivation and cell cycle regulation
in human patients remains insufficient. Recent
studies emphasize the need for improved delivery
systems, enhanced bioavailability, and well-
designed clinical trials to establish therapeutic
efficacy.’* Mechanistically, phytochemicals
exert multi-dimensional effects beyond direct
modulation of p53. Polyphenols are known to
regulate intracellular redox balance and signaling
pathways that influence p53 stability and function,
demonstrating actions beyond their classical
antioxidant properties.® This integrated mode of
action supports their role as network-targeting
agents capable of modulating multiple oncogenic
pathways simultaneously.

In summary, herbal phytochemicals
demonstrate significant potential in regulating
the p53-cyclin-CDK axis, thereby restoring
cell cycle control and inhibiting gastric cancer
progression. However, consistent with reviewer

Table 5. Herbal Phytochemicals Targeting p53-Cyclin-CDK Axis in Gastric Cancer

Phytochemical Molecular Target / Biological Effect Evidence Type
Mechanism of Action in Gastric Cancer

Curcumin Enhances p53 stability; G1 arrest; anti-proliferative; In vitro; In vivo;
upregulates p21; inhibits tumor suppression Limited clinical
Cyclin D1/CDK4

Resveratrol Activates p53; inhibits Reduces S-phase progression; In vitro; In vivo;
Cyclin E/CDK2 induces apoptosis Limited clinical

EGCG Enhances p53 signaling; Growth arrest; In vitro
downregulates Cyclin D1 anti-proliferative

Berberine Activates p53 checkpoints; Cell cycle arrest; In vitro
modulates CDKs reduced proliferation

Quercetin Inhibits Cyclin B1/CDK1 G2/M arrest; anti-proliferative In vitro

Genistein Suppresses CDK activity; Inhibits proliferation; In vitro
restores p53 regulation cell cycle control

Apigenin Inhibits CDKs; Cell cycle arrest; In vitro

enhances p53 signaling

anti-proliferative
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recommendations, it is important to recognize
that current evidence is predominantly derived
from in vitro studies, with supportive but limited
in vivo validation and insufficient clinical
confirmation. Therefore, further well-designed
clinical investigations are required to validate
their therapeutic potential and facilitate translation
into clinical practice.*-** The dysregulation of
the p53-cyclin-CDK axis and its modulation by
phytochemicals are illustrated in Figure 6. and
summarized in Table 5.
EMT and Metastasis In Gastric Cancer
Epithelial-mesenchymal transition
(EMT) is a critical biological process that drives
gastric cancer progression, particularly in tumor
invasion, dissemination, and metastasis. During
EMT, epithelial cells lose polarity and intercellular
adhesion, primarily due to downregulation of
E-cadherin, and acquire mesenchymal features such
as increased N-cadherin and vimentin expression,
which enhance motility and invasiveness. This
transition is regulated by transcription factors
including Snail, Slug, and Twist, along with matrix
metalloproteinases (MMP-2 and MMP-9), which
facilitate extracellular matrix degradation and
tumor cell migration.>6!-62

Phytochemical-mediated Inhibition of EMT and Metastasis in Gastric Cancer
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EMT is tightly controlled by interconnected
oncogenic signaling pathways, including PI3K/
Akt, NF-EB, Wnt/a-catenin, and TGF-a cascades,
which integrate inflammatory, metabolic, and
microenvironmental signals to promote metastatic
behavior.'*!*6! Importantly, EMT exists along a
dynamic spectrum of intermediate states rather than
as a binary process, contributing to tumor plasticity,
immune evasion, and resistance to therapy.®

Evidence from gastric cancer cell
lines such as AGS, MKN-45, and SGC-7901
demonstrates that phytochemicals can effectively
suppress EMT by restoring epithelial characteristics
and inhibiting mesenchymal transition. Curcumin
enhances E-cadherin expression while reducing
Snail and MMP-9 levels, resulting in decreased
migration and invasion of cancer cells.'?°
Resveratrol similarly attenuates EMT by
modulating transcriptional regulators and reducing
MMP-2/9 activity, thereby limiting invasive
potential.>* Berberine also suppresses EMT by
regulating adhesion molecules and extracellular
matrix-degrading enzymes, ultimately reducing
tumor cell motility.”” These findings indicate that
phytochemicals target multiple regulatory nodes
involved in EMT progression.

*
ECM degradation and
Tumeor eell migration

Cross-talk /
intertonnection

LEGEND:

— pctivation  -=-B

A. EMT Process in B. Key Signaling Pathways Regulating EMT C. Phytochemicals: 0. Bveberce and Transiational Aspects
Gastric Cancer Multitargeted Inhibition
e {Girowdh, Factor Recepion) CWMM mmmr-;u m“mm ~ c.u et A5, p:n:. m Toon
: + + + 2 + = "TI .-‘:{_ * & EMT markers [E-cadherin f,
= ) T Curcumin N-cadherin & Vimerin 4 )
E-cadherin i . Rastores E-cadharin * 4 Migraion and imvasicn
|
Loss of cell polarity | — ——— e e 4 Snail, Slug = & N2 sy
. i
b | f T T 1- l 4 MIP-2/5 Acthty Prechracal Evadence (n v
h P Ay TGF-f Wit/ - MAFK y i
‘ EMT i =l NF-«8 i — | 4 Migration and imvanion \ .,; i :_..:::m
Mesenchymal phenotype \ l / .}h o § Mot spread
e | S @ Resveratrol ) Biberrrer—yiol v
A e i 3 Acthation oFEMT. =, Miodulates EMT
=g : ’ Trarscrption Factors ' . o Uit Clkcal Evic
S s ! Seall | | Slug | | Test b MMP.2/D Activity Vg repon 10 theragy
t Vimentin ! i y her ombiesd whth chimetherigy
§ Miotiy and breemsion , & Inaions and Metastanis. . :mmﬂmyn::’l
EMT Transcription Factors . [ * :::‘M“ 'mww
" i EMT Progression z 2 a— :
b e e t E-cadherin ® Berberine e
v t N-cadherin Frgulates adherion Translational Challérges.
Matrix Remodeting t Vimentin maokacule Poar blasallabiley
o o t MMP-2/9 + MMP-279 Activity " :’:’;"‘“"‘"“" —

Tumer Invasion and Metastasis

— lebibition *vcmuum

Fig. 7. Phytochemical-mediated inhibition of EMT and metastatic progression in gastric cancer through
modulation of interconnected signaling pathways.



1031

Preclinical animal studies further support
the anti-metastatic effects of phytochemicals. In
gastric cancer xenograft models, curcumin reduces
tumor growth and metastatic spread through
modulation of EMT markers and inhibition of
MMP activity. Berberine exhibits similar effects
by suppressing tumor invasion and metastasis via
regulation of EMT-associated signaling pathways
and tumor microenvironment interactions.’’
Additionally, resveratrol has been shown to reduce
metastatic burden and restore epithelial features in
vivo, reinforcing its role in inhibiting EMT-driven
tumor progression.' These findings highlight the
translational relevance of targeting EMT using
phytochemicals.

Direct clinical evidence linking
phytochemicals to EMT inhibition in gastric
cancer remains limited; however, available
human studies provide supportive insights into
their therapeutic potential. Curcumin-based
interventions have demonstrated improved
treatment response, reduced inflammatory markers,
and enhanced tolerability when used alongside
conventional chemotherapy.’®¢ Resveratrol has
also been evaluated clinically, showing favorable
safety, pharmacokinetics, and biological activity
in patients with gastrointestinal malignancies.*
Although these findings are not EMT-specific,
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they suggest that phytochemicals may influence
metastatic and inflammatory pathways in human
cancers. '

Despite encouraging evidence, several
limitations restrict the clinical translation of
phytochemicals targeting EMT. These include
poor bioavailability, rapid metabolism, and lack
of standardized formulations, which can affect
therapeutic efficacy. Additionally, EMT exhibits
context-dependent behavior, where partial EMT
states may enhance tumor adaptability, stemness,
and drug resistance rather than fully suppress
metastasis.®> Therefore, therapeutic strategies
should focus on controlled modulation of EMT
rather than complete inhibition. Future research
should prioritize improved delivery systems,
standardized formulations, and validation of EMT-
related biomarkers in well-designed clinical trials.

In summary, phytochemicals such as
curcumin, resveratrol, and berberine demonstrate
significant potential to inhibit EMT and metastasis
in gastric cancer through multi-targeted molecular
mechanisms. While strong in vitro and in
vivo evidence supports their efficacy, further
well-designed clinical studies are required to
confirm their role in translational and clinical
oncology."*!'** The molecular mechanisms and
pathway interactions involved in EMT regulation

Table 6. Herbal phytochemicals targeting epithelial-mesenchymal transition (EMT) and metastasis in gastric

cancer.
Phytochemicals  Molecular Target/ Biological Effect Evidence Type
Mechanism of Action
Curcumin Upregulates E-cadherin expression; Suppresses EMT, reduces In vitro (AGS,
downregulates N-cadherin, Snail, cell migration and invasion, MKN-45, SGC-7901);
and MMP-9; inhibits PI3K/Akt inhibits metastatic In vivo (xenograft
and NF-éB signaling pathways progression, and restores models); Clinical
epithelial phenotype (adjunct evidence)
Resveratrol Inhibits Snail-mediated EMT; Attenuates EMT, In vitro; In vivo;
downregulates MMP-2 and decreases invasive Clinical (supportive
MMP-9; modulates transcriptional potential, reduces evidence)
regulators and inflammatory metastatic burden, and
pathways promotes epithelial
marker expression
Berberine Upregulates E-cadherin expression; Reverses EMT, In vitro; In vivo

downregulates N-cadherin and
MMP-2/9; modulates EMT-
associated signaling pathways

suppresses tumor
cell motility, and
inhibits invasion and
metastasis
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by phytochemicals are illustrated in Figure 7 and
A summary of phytochemical targets, mechanisms,
and supporting evidence is provided in Table 6.
Angiogenesis (HIF-1A/VEGF) as a Therapeutic
Target in Gastric Cancer

Angiogenesis is a critical hallmark of
gastric cancer progression and is primarily governed
by the hypoxia-inducible factor-1 alpha (HIF-
14)/vascular endothelial growth factor (VEGF)
signaling axis. Under hypoxic conditions within the
tumor microenvironment, HIF-14 escapes oxygen-
dependent degradation, accumulates intracellularly,
and translocates to the nucleus, where it activates
transcription of VEGF and other pro-angiogenic
genes. This cascade drives endothelial cell
proliferation, migration, and neovascularization,
thereby promoting tumor growth, invasion, and
metastasis. Sustained activation of this pathway is
closely associated with aggressive disease behavior
and poor clinical outcomes in gastric cancer.”® In
addition, HIF-14 interacts with multiple oncogenic
signaling networks, including PI3K/Akt and
MAPK pathways, highlighting significant pathway
cross-talk that enhances tumor survival, metabolic
adaptation, and therapeutic resistance.®*** The
mechanistic role of phytochemicals targeting the
HIF-14/VEGF signaling axis in gastric cancer is
illustrated in Figure 8.

BURA et al., Biosci., Biotech. Res. Asia, Vol. 23(3), 1016-1047 (2026)

Experimental studies in gastric cancer cell
lines (such as AGS and MKN-45) demonstrate that
several phytochemicals exert potent anti-angiogenic
effects at the molecular level. Epigallocatechin-
3-gallate (EGCG) inhibits hypoxia-induced
stabilization of HIF-14 and reduces VEGF
expression by modulating upstream signaling
pathways, including PI3K/Akt and ERK.5%
Similarly, apigenin suppresses angiogenesis
by downregulating HIF-14 activity and VEGF
production, thereby impairing endothelial cell
function and angiogenic signaling.®’ In addition,
these compounds influence oxidative stress and
intracellular signaling cascades, contributing to
reduced angiogenic potential.® Collectively, in
vitro findings support the role of phytochemicals
as multi-target modulators that interfere with
both transcriptional regulation and signaling
pathways involved in angiogenesis. A summary
of key phytochemicals, their molecular targets,
mechanisms of action, and evidence types is
presented in Table 7.

Preclinical animal models provide
more robust evidence for the anti-angiogenic
activity of phytochemicals. Genistein has been
shown to significantly reduce tumor growth and
microvessel density (MVD) by inhibiting VEGF-
mediated endothelial signaling.®¢ Likewise,
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Fig. 8. Anti-angiogenic mechanism of phytochemicals targeting the HIF-14/VEGF axis in gastric cancer.
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silibinin suppresses tumor vascularization by
targeting VEGF signaling and interfering with key
hallmarks of cancer, including angiogenesis and
proliferation.®® Baicalein and related compounds
further contribute to inhibition of tumor progression
through modulation of oxidative stress, apoptosis,
and angiogenic pathways.* These findings indicate
that phytochemicals exert anti-angiogenic effects
not only through direct inhibition of VEGF signaling
but also by influencing tumor microenvironment
components such as inflammation and redox
balance.”

Despite encouraging preclinical results,
clinical evidence remains insufficient. Certain
phytochemicals, including EGCG and genistein,
have been evaluated in early-phase clinical or
translational studies, where they demonstrated
favorable safety profiles and modest reductions
in circulating VEGF levels. However, large-
scale, well-controlled clinical trials specifically
targeting gastric cancer are still lacking, and current
evidence is insufficient to confirm their therapeutic
efficacy in patients. Furthermore, pharmacokinetic
limitations-such as poor bioavailability, rapid
metabolism, and lack of standardized formulations-
continue to hinder clinical translation. Combination
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strategies integrating phytochemicals with
conventional chemotherapeutic agents are currently
being explored to enhance therapeutic outcomes
and overcome drug resistance.’*

Importantly, the anti-angiogenic effects
of phytochemicals are context-dependent and
may vary according to tumor stage, dosage, and
microenvironmental conditions. This variability
is largely influenced by tumor heterogeneity
and dynamic interactions within the tumor
microenvironment, including hypoxia, oxidative
stress, and inflammatory signaling.”* Moreover,
HIF-14 exhibits a dual role, functioning as
a survival factor under hypoxic stress while
simultaneously promoting angiogenesis and
tumor progression, which necessitates careful
interpretation of therapeutic targeting strategies.®

Beyond direct inhibition of VEGF
signaling, these compounds also regulate key
components of the tumor microenvironment,
including oxidative stress and inflammatory
mediators. By modulating redox balance, cytokine
signaling, and pathways such as NF-éB and
PI3K/Akt, phytochemicals indirectly influence
angiogenesis through interconnected molecular
networks. This multi-targeted mode of action

Table 7. Herbal phytochemicals targeting HIF-1a/VEGF-mediated angiogenesis in gastric cancer.

Phytochemicals Molecular Target / Biological Effect Evidence Type
Mechanism of Action
Epigallocatechin Inhibits HIF-1a stabilization; Reduces endothelial proliferation, In vitro, Clinical
-3-gallate (EGCG) downregulates VEGF expression;  angiogenesis, and tumor
modulates PI3K/Akt and vascularization
ERK signaling
Apigenin Suppresses HIF-1a activity Inhibits angiogenesis and In vitro
and VEGF production; endothelial cell function
interferes with hypoxia-
induced signaling
Genistein Inhibits VEGF-mediated Suppresses tumor growth In vivo, Clinical
endothelial signaling; and angiogenesis
reduces microvessel density
(MVD)
Silibinin Targets VEGF signaling Reduces tumor vascularization In vivo
pathways; interferes with and proliferation
angiogenesis-related cancer
hallmarks
Baicalein Modulates oxidative stress, Inhibits tumor progression In vivo

apoptosis, and angiogenic
signaling pathways

and angiogenesis
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underscores their potential advantage over single-
target therapies in complex diseases such as gastric
cancer.>>%

In conclusion, targeting the HIF-14/
VEGEF signaling axis using herbal phytochemicals
represents a promising strategy for inhibiting
angiogenesis in gastric cancer. Nevertheless, the
current body of evidence is largely derived from
in vitro and in vivo studies, with limited clinical
validation, emphasizing the need for well-designed
translational and clinical investigations to establish
their efficacy, safety, and therapeutic applicability
in human patients.>*-55:63-¢9
NRF2/KEAP1 Redox Signaling in Gastric
Cancer

The nuclear factor erythroid 2-related
factor 2 (Nrf2)/Kelch-like ECH-associated protein
1 (Keapl) signaling pathway plays a pivotal role
in maintaining cellular redox homeostasis and
regulating antioxidant defense under oxidative
stress. Activation of Nrf2 induces transcription of
antioxidant response element (ARE)-driven genes,
including heme oxygenase-1 (HO-1), NAD(P)H
quinone oxidoreductase 1 (NQO1), and glutamate-
cysteine ligase catalytic subunit (GCLC), thereby

1034

enhancing detoxification and cytoprotective
responses.?!""

In gastric cancer, persistent oxidative
stress, chronic inflammation, and oncogenic
signaling frequently lead to aberrant and sustained
activation of Nrf2, which contributes to tumor
progression. Constitutive Nrf2 activation
enhances cancer cell survival, promotes metabolic
reprogramming, and increases resistance to
chemotherapy. Importantly, emerging evidence
highlights the dual and context-dependent role of
Nrf2, where transient activation protects normal
cells, whereas prolonged activation supports
tumor growth, chemoresistance, and aggressive
phenotypes.”'”* Furthermore, Nrf2 signaling has
been specifically implicated in gastric cancer
progression, where it regulates oxidative stress
adaptation and tumor cell survival.™

In gastric cancer cell lines, several
phytochemicals regulate Nrf2 signaling and
intracellular redox balance. Sulforaphane activates
Nrf2 through modification of Keapl cysteine
residues, leading to enhanced antioxidant gene
expression. Curcumin activates Nrf2-dependent
antioxidant pathways while simultaneously
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elevating reactive oxygen species (ROS) levels,
resulting in apoptosis. Resveratrol exhibits a
biphasic effect, where low concentrations promote
cytoprotection via Nrf2 activation, whereas higher
concentrations induce oxidative stress-mediated
cell death. Flavonoids such as quercetin, luteolin,
and apigenin also modulate Nrf2/Keap! signaling,
suppress redox-driven proliferation, and enhance
chemosensitivity in gastric cancer cells.”** The
mechanistic role of Nrf2/Keap1 signaling and its
modulation by phytochemicals in gastric cancer is
illustrated in Figure 9, while a concise summary
of phytochemical mechanisms, biological effects,
and supporting evidence is presented in Table 8.

Preclinical studies using gastric cancer
xenograft models further support the regulatory role
of phytochemicals on Nrf2 signaling. Compounds
such as curcumin have been shown to modulate
Nrf2 activity, reduce tumor growth, and improve
therapeutic efficacy. Notably, recent findings
indicate that Nrf2 depletion or inhibition can
enhance the anticancer effects of phytochemicals,
suggesting its involvement in chemoresistance
mechanisms.”

Despite strong preclinical findings, clinical
evidence remains limited. While phytochemicals
such as curcumin and resveratrol have been
evaluated in broader oncology settings, there is
a lack of well-designed clinical trials specifically
targeting Nrf2 signaling in gastric cancer patients.
Current evidence suggests potential benefits as
adjunct therapies; however, variability in response,
poor pharmacokinetics, and limited bioavailability
significantly hinder clinical translation.”

Critically, targeting the Nrf2/Keapl
pathway presents both opportunities and challenges.
While inhibition of aberrant Nrf2 activation
may help overcome drug resistance, complete
suppression could impair physiological antioxidant
defense mechanisms. Therefore, a balanced and
context-specific modulation strategy is required.
Moreover, extensive cross-talk between Nrf2 and
other oncogenic pathways, including PI3K/Akt,
NF-€B, and MAPK signaling, further complicates
its therapeutic targeting.”

In addition, the clinical application of
phytochemicals is constrained by poor solubility,
rapid metabolism, and low systemic bioavailability,

Table 8. Phytochemical modulation of Nrf2/Keap! signaling in gastric cancer.

Phytochemicals Molecular Target / Biological Effect Evidence Type
Mechanism of Action

Sulforaphane Modifies Keapl cysteine Enhances antioxidant defense, In vitro
residues — disrupts Keapl- increases cytoprotection, (gastric cancer
Nrf2 interaction — Nrf2 sensitizes cancer cells to cell lines)
activation and ARE gene oxidative stress
transcription (HO-1,

NQO1, GCLC)

Curcumin Activates Nrf2-dependent Dual effect: antioxidant In vitro;
antioxidant pathway; cytoprotection (low dose) and In vivo
simultaneously induces ROS-mediated apoptosis (xenograft models)
ROS generation at higher (high dose); improves
doses therapeutic response

Resveratrol Modulates Nrf2 signaling Low dose: cytoprotection In vitro
in a dose-dependent via Nrf2 activation; High dose:

(biphasic/hormetic) oxidative stress-induced
manner apoptosis; enhances
chemosensitivity
Flavonoids Regulate Nrf2/Keap1 Suppress redox-driven In vitro; In vivo

signaling; modulate
redox balance and
protein interactions

proliferation; enhance
chemosensitivity; inhibit
tumor growth pathways
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which limit their therapeutic efficacy. Recent
advances in nanotechnology-based delivery
systems, including nanoparticles, liposomes, and
phytosome formulations, have shown promise
in improving stability, targeted delivery, and
bioavailability of phytochemicals, thereby
enhancing their anticancer potential.>*

In summary, phytochemicals represent
multi-target redox modulators with significant
translational potential, supported by substantial
in vitro and in vivo evidence demonstrating their
ability to regulate oxidative stress, apoptosis,
and chemosensitivity in gastric cancer. However,
the lack of robust clinical validation, along with
the context-dependent dual role of Nrf2 and
pharmacokinetic limitations, remains a major
challenge. Future research should focus on well-
designed clinical trials, advanced delivery systems,
and pathway-specific targeting strategies to enable
effective clinical translation.”'-"

Epigenetics & Non-coding RNAs (MIRNAs
AND LNCRNAS) in Gastric Cancer

Epigenetic dysregulation represents
a fundamental mechanism underlying gastric
cancer progression, particularly through altered
expression of non-coding RNAs such as

BURA et al., Biosci., Biotech. Res.
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microRNAs (miRNAs) and long non-coding
RNAs (IncRNAs), which regulate gene expression
without modifying the DNA sequence.”””® These
regulatory RNAs are critically involved in multiple
oncogenic processes, including cell proliferation,
apoptosis, epithelial-mesenchymal transition
(EMT), invasion, metastasis, and resistance to
therapy. Importantly, ncRNAs interact with key
signaling pathways such as PI3K/Akt, NF-éB, and
Wnt/a-catenin, thereby contributing to pathway
cross-talk and tumor heterogeneity.’

In gastric cancer, several tumor-
suppressive miRNAs, including miR-34a and
members of the miR-200 family, are frequently
downregulated. This loss facilitates EMT, enhances
cellular invasiveness, and is associated with poor
prognosis. Mechanistically, reduced expression
of these miRNAs promotes activation of EMT-
inducing transcription factors such as ZEB1/2
and disrupts apoptotic signaling pathways.” In
contrast, oncogenic miRNAs such as miR-21 and
miR-155 are commonly upregulated and contribute
to tumor progression by suppressing tumor
suppressor genes and activating inflammatory
and survival signaling cascades.” Alongside
miRNAs, IncRNAs such as HOTAIR and MALAT1

Epigenetic Dysregulation and ncRNA-Mediated Signaling in Gastric Cancer: Modulation by Phytochemicals
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play a crucial role in epigenetic regulation by
interacting with chromatin-modifying complexes,
thereby promoting transcriptional reprogramming,
metastasis, and drug resistance.”” Evidence
supporting these mechanisms is largely derived
from in vitro studies (gastric cancer cell lines
such as AGS and MKN-45) and in vivo models
(xenograft mouse systems), where modulation
of ncRNA expression significantly alters tumor
growth and metastatic potential.”®

Notably, herbal phytochemicals have
emerged as promising epigenetic modulators
capable of restoring ncRNA balance. Curcumin, for
example, influences DNA methylation and histone
acetylation, leading to reactivation of tumor-
suppressive miRNAs and suppression of oncogenic
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miRNAs. These effects have been consistently
demonstrated in cell-based experimental systems,
where curcumin induces apoptosis and inhibits
proliferation, as well as in animal models, where it
reduces tumor burden.” Similarly, resveratrol has
been shown to reshape miRNA expression profiles
associated with cell cycle arrest and apoptosis,
thereby improving chemosensitivity; these
findings are supported by preclinical experimental
evidence.® Epigallocatechin-3-gallate (EGCQ)
exerts epigenetic effects through inhibition of
DNA methyltransferases (DNMTs), resulting in
reactivation of silenced tumor-suppressor genes
and miRNAs. This mechanism has been validated
in in vitro models and in vivo studies, where EGCG
suppresses proliferation and tumor progression.®"#

Table 9. Phytochemicals Targeting Epigenetic ncRNA Regulation in Gastric Cancer

Phytochemical Molecular Target / Biological Effect Evidence Type
Mechanism of Action

Curcumin Regulates DNA methylation and Promotes apoptosis, In vitro (AGS,
histone acetylation; enhances inhibits cell proliferation, MKN-45 cell
expression of tumor-suppressive and suppresses epithelial- lines); In vivo
miRNAs such as miR-34a mesenchymal transition (xenograft
and suppresses oncogenic and metastasis models)
miRNAs

Resveratrol Modulates miRNA expression Induces cell cycle arrest In vitro; In vivo
profiles and influences and apoptosis; improves
TGF-a-related signaling chemosensitivity
pathways

EGCG Inhibits DNA methyltransferase Reduces cell proliferation, In vitro; In vivo

(Epigallocatechin activity, leading to reactivation induces apoptosis, and

-3-gallate) of silenced tumor-suppressor inhibits tumor growth
genes and miRNAs

Genistein Regulates histone modification Inhibits proliferation, In vitro; In vivo
and miRNA expression through induces apoptosis, and
modulation of epigenetic reduces angiogenesis
enzymes

Sulforaphane Inhibits histone deacetylases Induces apoptosis, In vitro; In vivo
and modulates miRNA enhances antioxidant
expression along with Nrf2 responses, and suppresses
signaling pathways tumor progression

Quercetin Regulates miRNA networks Promotes apoptosis and In vitro; In vivo
and influences chromatin inhibits proliferation and
remodeling and PI3K/Akt epithelial-mesenchymal
signaling pathways transition

Berberine Modulates ncRNA expression Suppresses cell proliferation, In vitro; In vivo

and targets chromatin-modifying
enzymes and signaling pathways

induces apoptosis, and
reverses epithelial-
mesenchymal transition
and drug resistance
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In addition, other phytochemicals such as
genistein, sulforaphane, quercetin, and berberine
further contribute to epigenetic regulation by
targeting chromatin-modifying enzymes and
ncRNA networks. Through these mechanisms,
they inhibit proliferation, induce apoptosis, and
reverse EMT, highlighting the interconnected
nature of epigenetic and signaling pathways in
gastric cancer.””

Despite compelling preclinical evidence
(in vitro and in vivo), translation into clinical
practice remains limited. Clinical evidence
(human trials) evaluating the epigenetic effects
of phytochemicals in gastric cancer is still scarce,
with most available data derived from other cancer
types.> This represents a significant gap in current
research. Moreover, ncRNA-mediated regulation
is highly context-dependent, and certain miRNAs
may exhibit dual roles depending on tumor stage
and microenvironment, which necessitates cautious
interpretation of experimental findings.™

In summary, ncRNA-driven epigenetic
alterations play a central role in gastric cancer
progression and therapeutic resistance. Herbal
phytochemicals function as multi-target epigenetic
modulators capable of restoring ncRNA
homeostasis and suppressing tumor-promoting
pathways. While strong evidence from in vitro
and in vivo studies supports their therapeutic
potential, the lack of robust clinical validation
remains a major limitation. Future research should
therefore focus on well-designed clinical trials
and advanced delivery strategies to facilitate the
successful translation of these agents into clinical
applications.””’®% Epigenetic dysregulation,
ncRNA signaling, and oncogenic pathways in
gastric cancer are illustrated in Figure 10, while
key phytochemicals and their mechanisms are
summarized in Table 9.

Combination Therapy and Chemosensitization

Phytochemicals have emerged as
promising adjunctive agents in combination cancer
therapy owing to their ability to modulate multiple
oncogenic signaling networks and overcome
chemoresistance in gastric cancer. Resistance
to widely used chemotherapeutic agents such
as doxorubicin, cisplatin, and 5-fluorouracil is
frequently associated with aberrant activation of
survival pathways, including PI3K/Akt, NF-¢B,
STAT3, and epithelial-mesenchymal transition
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(EMT). Accumulating evidence indicates that
phytochemicals act as effective chemosensitizers,
enhancing therapeutic efficacy by targeting these
interconnected molecular pathways and restoring
drug responsiveness.**-**

Experimental studies in gastric cancer cell
lines (e.g., AGS, MKN-45, SGC-7901) consistently
demonstrate that bioactive compounds such as
curcumin, resveratrol, quercetin, berberine, and
epigallocatechin-3-gallate (EGCQ) potentiate the
cytotoxic effects of standard chemotherapeutics.
These compounds suppress key pro-survival
signaling cascades, leading to inhibition of
proliferation and induction of apoptosis.
Mechanistically, they downregulate anti-apoptotic
proteins (Bcl-2, survivin) while upregulating pro-
apoptotic mediators such as Bax, thereby increasing
the Bax/Bcl-2 ratio and promoting mitochondrial
dysfunction. This triggers cytochrome-c release and
subsequent activation of caspase-9 and caspase-3,
culminating in programmed cell death. In parallel,
inhibition of STAT3 signaling and EMT-associated
transcription factors (Snail, Twist, ZEB1) reduces
invasive potential and reverses drug-resistant
phenotypes. Importantly, phytochemicals also
attenuate the expression of multidrug resistance
(MDR) proteins, including P-glycoprotein, thereby
enhancing intracellular drug accumulation and
efficacy.*6-

The chemosensitizing potential of
phytochemicals is further supported by preclinical
in vivo studies. In gastric cancer xenograft models,
combination treatment with phytochemicals and
conventional chemotherapeutic agents results
in significant tumor growth inhibition, reduced
metastatic spread, and improved survival compared
to monotherapy. These effects are mediated through
coordinated suppression of oncogenic signaling,
inhibition of angiogenesis, and modulation of EMT
processes. Additionally, phytochemicals exhibit
protective effects against chemotherapy-induced
systemic toxicity by mitigating oxidative stress
and inflammatory responses in normal tissues,
thereby improving the overall therapeutic index.
Nevertheless, heterogeneity in experimental
design, dosage, and formulation remains a
limitation for direct clinical translation.**

Despite compelling preclinical
evidence, clinical validation of phytochemicals as
chemosensitizers in gastric cancer remains limited.
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Preliminary clinical studies and observational
data suggest that compounds such as curcumin
and resveratrol may enhance treatment response
and reduce adverse effects when used alongside
chemotherapy. However, the lack of well-designed,
large-scale randomized controlled trials specifically
targeting gastric cancer patients represents a
significant gap. Furthermore, challenges such as
poor bioavailability, rapid metabolism, lack of
standardized formulations, and inter-individual
variability continue to hinder clinical applicability.
Addressing these limitations through advanced
delivery systems and rigorous clinical evaluation
is essential for successful translation.’***

The therapeutic advantage of
phytochemicals lies in their ability to simultaneously
target multiple signaling pathways and disrupt
the complex cross-talk that underlies cancer
progression and chemoresistance. However, this
multi-target nature also introduces challenges,
as certain pathways (e.g., autophagy and Nrf2
signaling) exhibit context-dependent dual roles
that may influence treatment outcomes. Therefore,
a more nuanced understanding of pathway
interactions, tumor heterogeneity, and dose-
dependent effects is crucial for optimizing
combination strategies and minimizing unintended
effects.

In summary, phytochemicals represent a
promising class of multi-target chemosensitizers
capable of enhancing chemotherapy efficacy,
reversing drug resistance, and promoting apoptosis
in gastric cancer. While robust in vitro and
in vivo evidence supports their potential, the
lack of substantial clinical validation remains
a critical limitation. Future research should
prioritize standardized formulations, improved
bioavailability, and well-designed clinical trials to
establish their role in evidence-based gastric cancer
therapy. 405355
Pharmacokinetics, Bioavailability, and Delivery
Systems:

The therapeutic use of phytochemicals
in gastric cancer is often limited by poor
pharmacokinetic properties such as rapid
metabolism, low aqueous solubility, poor membrane
permeability, and reduced oral bioavailability.
These factors lower systemic drug exposure and
ultimately reduce anticancer efficacy, despite
the strong multitargeted potential of many
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phytochemicals. As a result, improving the
pharmacokinetic profile of phytochemicals through
advanced delivery systems and bioavailability-
enhancing approaches has become an important
area of current cancer research.®8:86

Several in vitro studies using gastric
cancer cell lines have shown that advanced
delivery systems can significantly improve the
stability, solubility, and intracellular uptake
of phytochemicals. Nanotechnology-based
formulations, including polymeric nanoparticles,
liposomes, and inclusion complexes, help protect
phytochemicals from premature degradation
while also improving drug solubility.** Curcumin
nanoformulations, for example, demonstrate
greater cellular uptake and stronger cytotoxic
effects than free curcumin, leading to enhanced
apoptosis and suppression of proliferative signaling
pathways in gastric cancer cells.* Similarly,
cyclodextrin-based inclusion complexes improve
the dissolution and solubility of poorly water-
soluble compounds, allowing more effective
interaction with intracellular molecular targets.®
In addition, these systems support sustained drug
release and prolonged intracellular retention, which
may contribute to improved pharmacodynamic
activity in cancer cells.®

Findings from animal studies further
support the pharmacokinetic benefits of advanced
phytochemical delivery systems. Nanoparticle-
mediated formulations improve circulation time,
tissue distribution, and tumor accumulation, thereby
enhancing overall bioavailability and therapeutic
efficacy.® In murine models, cyclodextrin inclusion
complexes have demonstrated improved oral
absorption and better pharmacokinetic parameters,
including prolonged half-life and increased peak
plasma concentration.® Phytosome technology,
which involves complexing phytochemicals
with phospholipids, has also shown improved
gastrointestinal absorption and membrane
permeability, resulting in enhanced therapeutic
responses in preclinical cancer models.*® Besides
improving pharmacokinetics, these delivery
systems may also reduce systemic toxicity and
facilitate selective accumulation within tumor
tissues through passive targeting mechanisms.*

Although preclinical findings are
encouraging, clinical translation remains limited
and should be interpreted cautiously. Current
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clinical evidence suggests that nanoformulations
may improve pharmacokinetic properties such
as absorption and systemic exposure; however,
consistent therapeutic efficacy in gastric cancer
patients has not yet been clearly established.®
Resveratrol, for instance, has demonstrated
considerable anticancer activity through multiple
molecular mechanisms, but its clinical application
remains limited because of rapid metabolism and
poor bioavailability.?s In addition, differences in
formulation methods, dosing regimens, and patient
populations contribute to variability in clinical
outcomes, highlighting the need for standardized
delivery strategies and well-designed clinical
trials.®3-2¢

Another promising strategy for
overcoming pharmacokinetic limitations involves
the use of bioenhancers and specialized delivery
technologies that reduce metabolic degradation
and improve absorption. Nanoparticle systems
and phytosome-based carriers enhance membrane
permeability and protect phytochemicals from
enzymatic breakdown, thereby increasing systemic
availability and therapeutic effectiveness.®*5
These approaches may also improve therapeutic
selectivity while minimizing off-target adverse
effects.

Despite these advances, several important
limitations still remain. Many advanced delivery
systems lack standardized manufacturing methods,
large-scale reproducibility, and long-term safety
evaluation, which restricts their broader clinical
application. Furthermore, although improved
pharmacokinetic performance has been reported
in several studies, enhanced bioavailability does
not always translate directly into superior clinical
efficacy.®% Notably, increased systemic exposure
alone may not guarantee proportional therapeutic
benefit because of the complex and heterogeneous
tumor microenvironment associated with gastric
cancer. Therefore, further studies involving robust
clinical validation, standardized formulations, and
comparative pharmacokinetic-pharmacodynamic
analyses are needed to bridge the gap between
promising preclinical findings and successful
clinical translation.®*

In summary, advanced delivery systems
such as nanoparticles, cyclodextrin inclusion
complexes, and phytosomes represent promising
strategies for overcoming the pharmacokinetic
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limitations associated with phytochemicals in
gastric cancer therapy. Although significant
improvements have been demonstrated in both
in vitro and in vivo studies, additional clinical
investigations are still necessary before these
approaches can be effectively translated into
routine therapeutic applications for gastric cancer
patients.%-86

Safety, Toxicity, and Limitations of Current
Evidence

Although dietary phytochemicals have
shown considerable promise in gastric cancer
therapy, several concerns related to safety, toxicity,
and clinical applicability still remain unresolved.
Most available evidence suggests that these natural
compounds possess relatively low toxicity and
favorable safety profiles when compared with
conventional chemotherapeutic agents. Findings
from in vitro cell line studies using AGS, MKN-
45, SGC-7901, and NCI-N87 gastric cancer
cells have demonstrated that phytochemicals
such as curcumin, quercetin, apigenin, luteolin,
epigallocatechin gallate (EGCQ), and resveratrol
can effectively suppress cancer cell proliferation,
induce apoptosis, and regulate oxidative stress and
inflammatory signaling pathways.®”* In several
studies, these compounds exhibited selective
cytotoxicity toward cancer cells while causing
comparatively less damage to normal gastric
epithelial cells. However, despite these encouraging
observations, many in vitro experiments are
conducted under highly controlled laboratory
conditions using concentrations that may not be
achievable in the human body. Furthermore, the
biological activity of many phytochemicals appears
to be dose dependent. Lower concentrations may
exert antioxidant and cytoprotective effects,
whereas higher concentrations can promote
excessive reactive oxygen species generation,
mitochondrial dysfunction, and nonspecific cellular
toxicity.*”®® This dual behavior complicates the
determination of safe and therapeutically effective
dosage ranges.

Evidence from in vivo animal studies
has also provided substantial support for the
anticancer potential of phytochemicals in gastric
cancer. Experimental studies using xenograft
and chemically induced gastric cancer models in
mice and rats have demonstrated reduced tumor
growth, inhibition of angiogenesis, modulation
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of inflammatory mediators, and enhancement of
apoptosis following treatment with phytochemical-
rich extracts or purified bioactive compounds.®*°
Several in vivo investigations additionally reported
minimal histopathological damage in major
organs such as the liver, kidney, and heart,
suggesting relatively acceptable systemic safety
at therapeutic doses. Nevertheless, important
limitations remain within these animal studies.
Many investigations involve small sample sizes,
short treatment periods, inconsistent dosing
protocols, and differences in extraction methods,
making comparison between studies difficult. In
addition, the phytochemical composition of herbal
extracts can vary significantly depending on plant
species, geographical origin, cultivation conditions,
harvesting season, extraction procedures, and
storage conditions. Such variability may alter
pharmacological activity, bioavailability, and
toxicity profiles, thereby affecting reproducibility
and standardization of results.®%

Another important issue is the possibility
of herb-drug interactions during combination
therapy. Several phytochemicals are known
to influence cytochrome P450 enzymes, ATP-
binding cassette transporters, and other drug-
metabolizing pathways, which may alter the
pharmacokinetics and therapeutic efficacy of
conventional anticancer agents such as cisplatin,
doxorubicin, and 5-fluorouracil.#”#’ Although some
interactions may improve chemosensitivity and
reduce drug resistance, others could potentially
increase adverse effects or interfere with treatment
outcomes. Therefore, careful pharmacokinetic and
toxicological evaluation remains essential before
phytochemicals can be safely integrated into
routine clinical practice.

Despite extensive preclinical evidence
from in vitro and in vivo studies, strong clinical
evidence in gastric cancer patients is still limited.
Most currently available clinical studies are
small-scale pilot investigations or early-phase
trials involving heterogeneous patient populations
and limited follow-up periods. In many cases,
the lack of standardized formulations, validated
pharmacodynamic biomarkers, and clearly
defined therapeutic endpoints further reduces
study reproducibility and reliability. Poor oral
bioavailability, low aqueous solubility, rapid
metabolism, and inadequate tissue distribution also
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remain major barriers for the clinical translation
of several phytochemicals, particularly curcumin
and resveratrol. To overcome these limitations,
advanced drug delivery systems including
nanoparticles, liposomes, phytosomes, polymeric
carriers, and micellar formulations are being
explored to improve stability, absorption, and
targeted delivery. Although these approaches have
shown promising results in preclinical models,
their long-term clinical safety and therapeutic
efficacy still require confirmation through large,
well-designed randomized clinical trials.®-*°

Overall, phytochemicals represent
promising multi-target therapeutic agents with
comparatively favorable safety profiles and broad
biological activity against gastric cancer. However,
the current evidence is still largely dependent on
in vitro cell line experiments and in vivo animal
studies, while robust evidence from human clinical
trials remains insufficient. Future research should
therefore focus on standardized extract preparation,
detailed toxicological assessment, pharmacokinetic
optimization, and large multicenter clinical studies
to establish the long-term safety, efficacy, and
translational potential of phytochemical-based
therapies in gastric cancer management.®-*°
Future directions

Future research should emphasize rigorous
standardization and chemical characterization of
phytochemical extracts to improve reproducibility,
therapeutic consistency, and translational
reliability in gastric cancer studies. Advanced
analytical approaches including metabolomics,
transcriptomics, proteomics, and other omics-based
platforms may help identify molecular targets,
signaling networks, and predictive biomarkers
associated with phytochemical responsiveness.*
In addition, integration of network pharmacology
and precision medicine frameworks may provide
deeper insight into pathway cross-talk among
PI3K/Akt/mTOR, NF-éB, MAPK, JAK/STAT3,
and Wnt/a-catenin signaling, thereby facilitating
the identification of multi-target phytochemical
interventions tailored to specific molecular
subtypes of gastric cancer.”

Most currently available evidence is
still predominantly derived from in vitro cell line
studies, particularly using AGS, MKN-45, SGC-
7901, and NCI-N87 gastric cancer cells, where
phytochemicals such as curcumin, resveratrol,
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quercetin, EGCG, and berberine have demonstrated
anti-inflammatory, antiproliferative, pro-apoptotic,
and anti-metastatic activities through modulation
of multiple oncogenic pathways. Although
these findings provide important mechanistic
insights, conventional monolayer cell cultures
cannot fully reproduce tumor heterogeneity,
stromal interactions, immune regulation, or
pharmacokinetic complexity observed in human
gastric cancer.>

To improve translational relevance, future
investigations should increasingly incorporate
clinically representative in vivo animal studies,
including orthotopic tumor models, genetically
engineered mouse models, and patient-derived
xenograft (PDX) systems. PDX models preserve
tumor architecture, molecular heterogeneity, and
therapeutic response patterns more effectively than
conventional xenografts, thereby providing a more
reliable platform for evaluating phytochemical
efficacy, toxicity, resistance mechanisms, and
combination therapies.”’ Furthermore, patient-
derived organoids (PDOs) have emerged as
promising ex vivo models capable of recapitulating
patient-specific genomic and phenotypic
characteristics, allowing more accurate assessment
of individualized phytochemical responses.’"*2

Despite encouraging preclinical findings,
robust clinical evidence from human trials remains
limited. Most clinical investigations involving
phytochemicals have primarily focused on safety,
pharmacokinetics, tolerability, or adjunctive
therapeutic potential rather than definitive clinical
efficacy in gastric cancer patients.’ Therefore,
large-scale, multicenter, randomized clinical trials
are urgently required to evaluate optimal dosing
strategies, long-term safety, pharmacodynamic
biomarkers, survival outcomes, and potential herb-
drug interactions. Future clinical studies should
also adopt molecular stratification and precision
oncology approaches to identify patient populations
most likely to benefit from phytochemical-based
interventions.*

Another important direction involves
addressing pharmacokinetic limitations such as
poor solubility, rapid metabolism, and low oral
bioavailability. Nanotechnology-based delivery
systems, including nanoparticles, liposomes,
phytosomes, micelles, and hydrogel formulations,
may significantly improve targeted delivery,
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systemic stability, and intracellular accumulation
of phytochemicals while minimizing toxicity.*
Such advances may enhance therapeutic efficacy
and facilitate clinical translation.

Although phytochemicals have
demonstrated significant anticancer activity
in gastric cancer through the modulation of
multiple signaling pathways, the majority of
available evidence is derived from in vitro
and in vivo studies. While these preclinical
findings provide valuable mechanistic insights,
their translation into clinical practice remains
challenging. Factors such as poor bioavailability,
rapid metabolism, variability in formulations, and
tumor heterogeneity may influence therapeutic
outcomes in patients. Furthermore, experimental
conditions used in laboratory studies do not fully
reflect the complexity of human gastric cancer.
Future research should focus on the development
of standardized formulations, advanced drug
delivery systems, and well-designed clinical trials
to evaluate the efficacy, safety, optimal dosage, and
long-term therapeutic potential of phytochemicals
in gastric cancer management.*!-*%3

Overall, future research should integrate
standardized phytochemical preparations, omics-
driven target validation, advanced in vitro cell
line studies, clinically relevant in vivo animal
models, and well-designed clinical human trials to
strengthen the scientific and translational potential
of phytochemical-based therapies for gastric
cancer.***

CONCLUSION

In conclusion, herbal phytochemicals
have emerged as promising multi-target therapeutic
agents capable of modulating several oncogenic
signaling pathways involved in gastric cancer
progression, including PI3K/Akt/mTOR, NF-¢B,
MAPK, STAT3, EMT, angiogenesis, oxidative
stress, and apoptosis pathways. Recent evidence
from in vitro studies using gastric cancer cell lines
such as AGS, MKN-45, SGC-7901, and NCI-N87
has demonstrated that phytochemicals including
curcumin, resveratrol, quercetin, berberine,
EGCG, and apigenin can inhibit proliferation,
induce apoptosis, suppress epithelial-mesenchymal
transition, and enhance chemosensitivity through
regulation of multiple molecular targets. These
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findings highlight the ability of phytochemicals
to simultaneously interfere with tumor-promoting
pathways while reducing inflammatory and
oxidative stress responses associated with gastric
carcinogenesis.

Furthermore, several in vivo animal
studies have confirmed the anticancer potential
of phytochemicals in gastric cancer xenograft and
chemically induced tumor models. Experimental
evidence indicates that compounds such as
curcumin, ginsenosides, berberine, and resveratrol
can reduce tumor growth, inhibit angiogenesis,
suppress metastasis, and improve responsiveness
to conventional chemotherapeutic agents with
comparatively lower systemic toxicity. Advanced
nanoformulations, phytosomes, liposomes, and
cyclodextrin-based delivery systems have also
demonstrated improved pharmacokinetic behavior,
stability, and bioavailability of phytochemicals
in preclinical models, thereby enhancing
therapeutic efficacy. However, despite encouraging
preclinical outcomes, limitations including poor
solubility, rapid metabolism, inconsistent extract
standardization, and variability in biological
responses continue to hinder successful clinical
translation.

Importantly, available clinical evidence
in humans remains limited and insufficient
for definitive therapeutic recommendations in
gastric cancer patients. Although clinical trials
involving curcumin, resveratrol, and curcuminoid-
based adjunct therapies in other gastrointestinal
malignancies have shown acceptable safety
profiles, anti-inflammatory activity, and potential
enhancement of chemotherapy response, robust
gastric cancer-specific clinical trials are still
lacking. Therefore, current evidence supports
phytochemicals primarily as potential adjunctive
rather than standalone therapeutic agents.
Future investigations should focus on large-
scale controlled clinical trials, standardized
phytochemical formulations, precise dose
optimization, and integration of patient-derived
organoids and xenograft models to improve
translational relevance. Additionally, incorporation
of omics technologies, network pharmacology,
and precision medicine approaches may facilitate
identification of predictive biomarkers and multi-
target therapeutic combinations for personalized
gastric cancer management. Collectively, these
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advances suggest that phytochemical-based adjunct
therapies may represent a rational and promising
strategy for improving gastric cancer treatment
outcomes while minimizing toxicity and drug
resistance.

Despite encouraging findings from
preclinical studies, clinical evidence supporting
the therapeutic use of phytochemicals in gastric
cancer remains limited. Future research should
focus on conducting large-scale clinical studies and
developing standardized formulations to facilitate
successful translation of promising laboratory
findings into clinical applications.
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