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The symptoms of Gastric Cancer (GC) are often nonspecific, which can delay diagnosis and lead to a poor prognosis. In Intestinal Metaplasia (IM), bile
reflux (BR) replaces the gastric mucosal epithelium with intestinal epithelium. Chenodeoxycholic Acid (CDCA) and Deoxycholic Acid (DCA), among the Bile Acids
(BAs) in BR fluid, can stimulate BA receptors in the stomach. CDCA activates FXR, while DCA activates both GPCRs and FXR. DCA, a significant risk factor for
gastrointestinal cancer, damages gastric epithelial cells by disrupting the outer mitochondrial membrane. This disruption produces reactive oxygen and nitrogen
species, leading to DNA and chromosomal damage. Additionally, DCA causes gastric epithelial cells to progress from complete IM to incomplete IM. DCA
activates multiple oncogenes, especially B-catenin, contributing to gastric carcinogenesis. In patients with GC, DCA increases levels of Dickkopf-1 (DKK1), which

plays a crucial role in epithelial-mesenchymal transition (EMT), immune evasion, resistance to chemotherapy and immunotherapy, and metastasis by activating
the B-catenin/Myc/STAT3 pathways. The vitamin D receptor (VTDR) regulates anti-cancer actions by halting cell growth, promoting apoptosis and autophagy,
preventing blood vessel formation, and modulating immune responses and metastasis in GC through the inhibition of B-catenin.

INTRODUCTION

In 2020, over one million cases of gastric cancer were
reported, leading to approximately 769,000 deaths,
making it the fifth most common cancer worldwide by
incidence and the fourth leading cause of cancer-related
death [1]. The etiology of GC is highly complex, involving
intricate interactions among various risk factors in
patients. Factors such as HP infection, age, male gender,
smoking, and alcohol consumption collectively contribute
to the development of GC [2].

GC is difficult to prevent and treat due to limited
understanding of its pathogenesis and challenges in
early diagnosis. Various treatments, including surgery,
chemotherapy, radiotherapy, and immunotherapy, are
used for GC, but endoscopic and surgical removal remains
the main options for early-stage cases. Although progress
has been made in understanding the pathogenesis and
treatment of advanced gastric cancer, the 5-year survival
rate is <10% [3]. Most patients with GC are diagnosed at an
advanced stage. Therefore, researching GC development
and understanding the underlying molecular mechanisms
are vital for developing the most effective prevention and
treatment strategies to lower the high rates of morbidity
and mortality associated with GC. The progression of
gastric cancer involves several stages, such as chronic

gastritis, atrophic gastritis (AG), intestinal metaplasia
(IM), dysplasia, and ultimately the development of GC.
Among these, IM is considered a precursor to GC [4].
Chemoprevention is a strategy aimed at preventing or
delaying the onset of GC. The roles of VTD and statins are
discussed.

Atrophic gastritis and HP

AG typically develops after several decades of chronic
Helicobacter pylori (HP) infection. The loss of gastric
mucosal glands begins in the antrum and spreads to the
body. Another factor contributing to this process is an
autoimmune response that targets parietal cells or their
components. Most cases of gastric atrophy are caused
by chronic HP infection, with 89% of non-cardia GCs
and 78% of all GC cases resulting from these infections.
Numerous studies continue to emphasize the role of HP in
the development of GC. HP infection usually occurs during
childhood, but GC diagnosis often happens five or more
decades later, highlighting a significant age gap. Most GC
cases develop in individuals with IM in their antrum. The
antrum presents challenges for HP survival in GC patients
due to decreased nutrition caused by gastric mucosal
atrophy and cytotoxic bile. Chronic AG can be effectively
induced in rats using deoxycholate (DCA) [5]. Eradicating
HP reduces the risk of GC for patients without IM.
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However, it does not stop progression in patients with IM
or dysplasia, indicating a “point of no return” [4-7]. After
eradication, the absence of HP does not prevent cytotoxic
BR from promoting GC. These observations highlight the
importance of factors beyond HP in determining GC risk.
This emphasizes the need for a more comprehensive
understanding of the molecular pathogenesis of GC.

Intestinal Metaplasia

HP haslongbeen recognized as a significant factor in the
development of IM. However, recent research challenges
this view, suggesting that cytotoxic bile reflux, rather than
HP, triggers the transition from normal gastric epithelial
cells to IM [8]. According to a large, multi-center, cross-
sectional study, the risk of developing IM is significantly
higher in patients with elevated bile acid levels, regardless
of their HP infection status [9]. DCA may promote gastric
IM by activating the IL-6/STAT3 pathway [10]. The
synthesis of primary BAs, specifically cholic acid (CA) and
CDCA, occursin the liver from cholesterol. Most conjugated
primary BAs are reabsorbed in the terminal ileum, with a
small portion entering the colon. There, colonic bacteria
facilitate deconjugation and dehydroxylation, producing
secondary BAs, namely DCA and lithocholic acid (LCA) [6].

CA, CDCA, and DCA are reabsorbed in the small and
large intestines and transported back to the liver, while
most LCA is excreted in feces. Reports indicate that the
hepatic fractional uptake of CA is approximately 90%,
whereas the uptake of CDCA and DCA ranges from 70%
to 80% [8]. Due to its hydrophobic nature, LCA is less
readily absorbed by the colon and is mainly excreted in
the stool. The enterohepatic circulating BA pool in adult
humans consists of 30-40% CA, 30-40% CDCA, 30% DCA,
and 5% LCA [11] (Figure 1). In patients with uncontrolled
high cholesterol and low vitamin D, DCA levels may be
further elevated in the enterohepatic BA pool. Bile reflux
is closely associated with the development of IM and GC
[7-9]. Gastric IM involves the transformation of the gastric
mucosa into small and large intestinal mucosa due to
environmental stress, with BAs playing a crucial role.
The gastric mucosa adapts to withstand a harsh, acidic
environment. When cytotoxic and hydrophobic BAs reflux
from the duodenum into the stomach, the gastric mucosa
transforms into intestinal epithelium. GIM refers to the
conversion of differentiated gastric epithelial cells into a
distinct cell type found in the small or large intestine [5].
This IM results from reprogramming gastric stem cells into
intestinal stem cells.

The BR of two hydrophobic bile acids, CDCA and DCA,
is linked to complete intestinal metaplasia (CIM) (type

[), incomplete intestinal metaplasia (I1IM) (types II or III),
and gastric cancer (GC). The gastric mucosa progresses
to a fully developed form of IM, characterized by a small
intestinal epithelium with well-formed goblet cells and
columnar absorptive cells. The IIM mucosa lacks a brush
border and does not contain goblet or columnar cells that
secrete mucin. A high iron diamine stain distinguishes
sialomucins—appearing blue in the small intestine and
colon (type Il IM)—from sulfomucins, which appear brown
in the colon (type Il IM). Incomplete type I1l is more closely
associated with GC (incomplete type III > incomplete type
II > complete type I) [12]. In younger patients, BR mainly
consists of CDCA. The gastric mucosa develops into a
complete form of IM, characterized by small intestinal
epithelium made up of well-developed goblet cells and
columnar absorptive cells. In older patients, the level of
DCA increases with age, contributing to its accumulation.
Elevated DCA levels can trigger IIM and promote the
development of GC, mainly through activating GPCRs,
the epidermal growth factor receptor (EGFR), and the
[-catenin pathway [13]. GC exhibits heterogeneity, with
various DNA and chromosomal changes. Different stages
of carcinogenesis involve activating specific oncogenes and
suppressing tumor suppressor genes. DCA also increases
the production of DKK1 in advanced GC [14] (Figure 2).

The risk of GC in patients with IIM was 5.16 times
higher (95% CI, 3.28-8.12), compared to those with IM.
Additionally, the risk of GC associated with type Il IM was
the highestamongincomplete type II, showingan increased
risk of 2.88 times (95% CI, 1.37-6.04) [15]. Within the IM
groups, factors such as bile reflux grades, age, high-fat diet,
and a family history of GC were identified as independent
risk factors for IM and for progression from IM to GC [16].

The effect of BAs on GIM formation was studied using
human gastric biopsy tissues, revealing higher levels of
CDX2, MUC2, and Farnesoid X receptor (FXR) [17]. CDCA,
a primary BA, activates FXR in complete IM, leading to
increased CDX2 expression. CDX2 is an intestine-specific
transcription factor found from the duodenum to the
rectum but absent in the gastric mucosa. FXR promotes
the binding of p50 to the CDX2 promoter and enhances
MUC2 transactivation. BAs stimulate FXR in this order:
CDCA > DCA > LCA > CA [18]. FXR signalling can reduce the
proliferation of Leucine-rich repeat-containing G-protein-
coupled receptor 5 (LGR5) stem cells, inhibit tumor
growth, and support intestinal health by restoring the
intestinal barrier [19]. The BA pool primarily consists of
primary BAs in young patients, with CDCA activating FXR
to replace the gastric mucosa in complete IM. As patients
age and adopt a high-fat diet, DCA levels in the BA pool
increase. DCA activates GPCRs, leading to IIM and GC.
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Figure 1 The liver cells synthesize the Bile Acids (BAs) by oxidation of cholesterol, which are Cholic Acid (CA) and Chenodeoxycholic Acid
(CDCA). Most BAs are reabsorbed at the terminal ileum. However, some BAs are spilled over the large intestine, and colonic bacteria uncouple
and convert primary BAs into secondary BAs: Deoxycholic Acid (DCA) and Lithocholic Acid (LCA). LCA is too hydrophobic, and only a small
amount of it can be reabsorbed.

DEVELOPEMENT OF INTESTINAL
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Figure 2 Bile reflux of hydrophobic Bile Acids (BAs) causes Intestinal Metaplasia (IM) in atrophic gastritis patients. Farnesoid X receptors
(FXRs) reduce BA production in the liver and detoxify the hydrophobic BAs. CDCA can activate FXR. When patients are young, most of the BAs
are primary bile acids. DCA can be reabsorbed by passive diffusion and returned to the enterohepatic BA pool. As the patient ages and consumes
a high-fat, low-fiber diet, the patient’s BA pool will be replaced with DCA. DCA activates GPCRs to induce incomplete IM and gastric cancer.
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Treatment with 200 uM/L of DCA raised Takeda G protein-
coupled receptor 5 (TGR5) levels in IM samples. TGR5, also
called G-protein-coupled receptor 1 (GPBAR1), mediates
the DCA-induced metaplastic phenotype. Mechanistically,
DCA treatment increases hepatocyte nuclear factor 4«
(HNF4a) expression through GPBAR1, thereby activating
the extracellular signal-regulated kinase 1/2 (ERK1/2)
pathway [20].

Secondary BAs mainly activate GPCRs, ranked by
effectiveness: LCA > DCA > CDCA > CA [19]. Treatment
with 400 uM/L of DCA increased the expression of IM-
related genes CDX2 and MUC2. DCA reflux triggers IM in
the stomach, which could lead to GC [10]. The plasma DCA
level in cholecystectomy patients and mice was notably
higher than in sham-operated mice. The tumor burden
in these patients and mice increased significantly due to
activation of the DCA/B-catenin/LEF/TCF/Myc pathway
[21]. BAs were found to increase intestinal marker
expression in gastric epithelial cells while downregulating
DKK1. Both mRNA and protein levels of DKK1 were lower
in GIM tissues. Interestingly, DKK1 promoter methylation
was higher in GIM tissues. BAs partly induce methylation
of the DKK1 promoter. Promoter methylation and lower
DKK1 expression may play a major role in BA-induced
GIM development [22]. An analysis of gastric juice from
70 patients with three stages of gastric disease—chronic
superficial gastritis, intestinal metaplasia, and gastric
cancer—showed differences in the DCA to CA ratio
between chronic superficial gastritis and both IM and
GC. Colonic bacteria convert CA to DCA, contributing
to GC development. Notably, DCA, a key GPCR ligand,
accumulates at high levels in individuals with gallstones.
Unlike rodents, humans cannot convert DCA to CA in the
liver, leading to DCA accumulation in the BA pool [23]
(Figure 3).

High doses of DCA can induce IIM cells to GC cells by
activating the -catenin pathway through EGFR and GPCR,
leading to p-AKT activation and GSK-3f3 inactivation [13].
However, higher doses of DCA are required to activate
DKK1 [24].

Gastric carcinogenesis

A diet high in fats and low in fiber leads to increased
BA secretion, including both primary and secondary BAs.
Secondary BAs (especially DCA) activate cancer-promoting
signaling pathways that promote GI cancers in various
organs, such as the colorectum, pancreas, liver, bile ducts,
and esophagus. DCA is significant in the development of
GI cancers [24]. Individuals on a high-fat diet gather DCA
in their BA pool at levels three to four times higher than
those on a high-fiber diet. In healthy young adults, the

gallbladder’s bile usually contains 25% DCA, 35% CDCA,
35% CA, 1% LCA, and 2% UDCA. However, some people
have higher DCA levels in their bile. In individuals with
cholesterol gallstones, the BA pool is significantly richer in
DCA (40.7 £ 9.1% DCA, 25.6% * 7.1% CDCA, 8.1 + 3.2%
LCA, and 3.3 + 2.7% CA) [23].

The level of BAs is a key factor in the development of GC
in patients’ stomachs. Bernstein et al., showed that adding
0.2% DCA to the diet of wild-type mice for 8-10 months
caused colonic tumors in 17 out of 18 mice, including 10
cases of cancer [25]. DCA levels were higher in patients
with colorectal cancer (CRC) or adenomas compared to
those without these conditions. People on a high-fat diet
had fecal DCA levels between 200 and 300 uM, and higher
DCA levels were linked to the development of adenomas
and CRC. Increased DCA levels activated the EGFR/MAPK
signalling pathway. In contrast, people who followed a
high-fiber diet had lower DCA levels in their fecal water,
reducing the risk of developing colorectal adenomas [26].

DNA, Chromosome Damage, and Anti-Apoptosis

DCA has been linked to damaging DNA and
chromosomes by producing reactive oxygen species (ROS)
and reactive nitrogen species (RNS) [27]. DCA causes DNA
damage in esophageal tumor cells at doses of 100 pM and
higher, but not at lower doses due to B activation by DCA.
The cellular damage caused by DCA involves disruption
of the mitochondrial outer membrane, leading to the
production of ROS and RNS, which ultimately result in DNA
damage, with double-strand breaks being particularly
harmful and potentially leading to mutations and cancer
progression [28]. Additionally, DCA impairs several DNA
mismatch repair enzymes, causing genome microsatellite
instability [29].

Chronic exposure to DCA damages the gastric mucosa
and suppresses the expression of proteins related to
apoptosis, leading to uncontrolled growth of gastric
epithelial cells with DNA and chromosomal damage. The
absence of a functional mismatch repair system worsens GC
progression [29]. Damage to the centrosome, responsible
for producing bipolar mitotic spindles, can cause
chromosomal instability (CIN) and aneuploidy. Increased
levels of ROS contribute to centrosome amplification, and
the loss of p53 may promote this process by elevating
polo-like kinase 4, a key protein involved in regulating
centrosome number [30]. DCA can induce DNA damage,
which may lead to cancer through mutation accumulation.
Chromosomal instability (CIN), a major driver of tumor
evolution and a hallmark of cancer, results from ongoing
errors in chromosome segregation during mitosis [29]
(Figure 4).
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Novel Molecular pathway of Gastric Cancer
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Figure 3 Novel molecular pathway of gastric cancer. Gastric mucosal changes begin from normal gastric mucosa. Helicobacter pylori and
autoimmune mechanisms cause atrophic gastritis. Duodeno-gastric bile reflux induces Intestinal Metaplasia (IM). When the patient is young,
most of the bile in the stomach consists of primary bile acids (BAs). The primary hydrophobic BA, CDCA, activates the Farnesoid X receptor
(FXR), inducing intestinal CDX2. The secondary BA in the stomach is DCA. DCA activates AKT and ERK signaling pathways. DCA in bile reflux
alters the gastric mucosa to incomplete IM, dysplasia or adenoma, and eventually GC, depending on the DCA concentration.

DCA damages mitochondrial membrane and produces ROS which
induces DNA and chromosomal damages and anti-apoptosis
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Figure 4 DCA causes DNA and chromosomal damage by disrupting the properties of the mitochondrial outer membrane, which ROS and RNS

mediate. DCA can also harm DNA mismatch repair enzymes, such as p53. Additionally, DCA can inhibit apoptosis through pathways involving
NF-kB, AKT, ERK, and B-catenin.
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THREE MAJOR PATHWAYS
CARCINOGENESIS

IN GASTRIC

There are many pathways involved in gastric
carcinogenesis [31,32]. However, three major pathways
will be reviewed: DCA activates three significant cancer-
related pathways: G protein-coupled receptors (GPCR),
epidermal growth factor receptor (EGFR), and abnormal
B-catenin signalling (Figure 5).

EGFR and GPCR.

DCA may cleave disintegrin and metalloproteinase-17
(ADAM 17) to produce amphiregulin, which activates
the EGFR signalling pathway. DCA primarily promotes
the shedding of amphiregulin (AREG). DCA-induced
cleavage of AREG pro-ligand activates EGFR signaling and
encourages tumor growth [33]. DCA may activate the EGFR
signalling pathway, specifically the Ras/Raf/MEK/ERK/
MAPK pathway, and promote cell proliferation, a well-
documented process [34]. Additionally, EGFR can activate
the PI3K/Akt/NF-kB pathway, which regulates cell growth
and prevents apoptosis [35].

Additionally, DCA activates GPCR through sphingosine
1-phosphate (S1P).S1Pisaligand thatactivates cell surface
S1P receptors 1-5 (S1PR), enabling various pathways that
contribute to cancer progression. Sphingosine phosphate
kinases (SPHKs) produce S1P, which is exported from cells
and activates neighboring or distant S1PRs. These S1PRs,
a subset of GPCRs, regulate several signaling pathways
involved in carcinogenesis. S1P plays an essential role in
carcinogenesis by activating multiple pathways [36]. SPHK
phosphorylates sphingosine to generate S1P. In GC, SPHK1
mRNA and protein levels are increased compared to
normal gastric epithelial cells. The SPHK1 protein level is
higher in GC lesions than in paired adjacent noncancerous
tissue [36].

Elevated SPHK1 and GPCR expression play a critical
role in determining TNM stages and prognosis in GC
patients [36]. The SPHK1 also mediates the migration and
invasion of GC cells, involving VEGF, IL-6, and MMP-7 [37].
The increased expression of S1PR1 is strongly linked to
shorter overall survival and poor chemotherapy responses

GPCR Effector Pathways Cross-talk with EGF and Wnt Pathways

in GC patients [38,39].
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Figure 5 GPCR signaling and its crosstalk with EGF and (-catenin pathways. DCA stimulates GPCRs to activate multiple messenger pathways.
DCA-induced CAMKII leads to MAPK activation by recruiting c-Src. DCA promotes the shedding of amphiregulin (AREG) from the membrane
receptor ADAM-17. This AREG binds to EGFR and increases p-EGFR and p-Akt levels. SphK1 activates S1P, directing it to the cell periphery.
Through Spn2, S1P is transported outside the cell and activates the GPCR itself, as well as neighboring and distant receptors. PI3K promotes GC
cell invasion and migration by regulating the AKT/GSK-3/B-catenin signaling pathway.
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S1P activates GPCRs linked to the G12/13 family of
heterotrimeric G proteins. These GPCRs transmit signals
that quickly modify the actin-cytoskeleton by activating
the Rho GTPase family, including Rho, Rac, and CDC42.
These proteins work together to reshape actin structures
and control the cell’s contractile machinery, thereby
affecting various cellular processes [39].

Cross-talk between GPCR and EGFR.

DCA-treated cells display intense and sustained
activation of ERK1/2 compared to EGF treatment alone.
Inhibition of EGFR degradation caused by calcium/
calmodulin-dependent protein kinase I (CAMKII), leads to
phosphorylation of EGFR Tyr 84 through the recruitment
of c-Src [40]. The combination of DCA and EGF treatment
shows synergistic effects. S1P may promote GC progression
via Gi- and matrix metalloprotease (MMP)-independent
c-Met and EGFR transactivation. However, S1P- or LPA-
induced transactivation of HER2 requires MMP activation
and the tyrosine kinase activity of EGFR [41]. Furthermore,
knocking down the membrane-type bile acid receptor
(M-BAR)/TGRS5 reduces DCA-induced phosphorylation of
EGFR, and DCA transactivates EGFR through M-BAR- and
ADAM-EGF-dependent pathways [42].

B-catenin activation, initiation, and cancer stemness
in GC

PI3Kis activated by stimulated EGFRs or GPCRs, leading
to the synthesis of PIP3 and the recruitment of oncogenic
effectors, such as the serine/threonine kinase AKT. The
AKT allows binding to PIP3, resulting in the accumulation
of PDK1 and mTORC2. MTOR is a well-known target of
AKT, promoting biosynthetic processes essential for cell
growth and proliferation [43].

EGFR and GPCR frequently activate AKT
phosphorylation. This phosphorylated AKT inhibits GSK-
3, causing the release of (-catenin from the destruction
complex and increasing its levels in the cytoplasm.
Consequently, [-catenin accumulates and translocates
to the nucleus. In the nucleus, B-catenin binds to TCF/
LEF to promote the expression of Myc, Cyclin D1, and
IL-6/STAT3 [14-44]. DCA activates GC cells to promote
carcinogenesis by stimulating the PI3K/AKT/(-catenin
signaling pathways [14]. VTD suppressed GC cell growth
both in vitro and in vivo through downregulating CD44, a
transmembrane glycoprotein known as a cancer stem cell
marker [45].

GASTRIC CANCER
Early gastric cancer (EGC)

Early gastric cancer (EGC) is defined as a type of GC that

is confined to the mucosa and/or submucosa, regardless of
lymph node involvement. EGC can be challenging to detect
because patients usually do not display typical symptoms
such as upper gastrointestinal bleeding, weight loss,
vomiting, or abdominal pain unless a national screening
program is in place. EGC can be identified when patients
with intestinal metaplasia undergo surveillance upper
endoscopy. South Korea has been performing biennial
endoscopic gastric cancer screening for adults aged 40 and
older since 2002. The proportion of early GC increased
from 28.6% in 1995 to 63.6% in 2019, and the 5-year
survival rates rose from 43.9% (1993-1995) to 77.5%
(2015-2019) [7].

Advanced Gastric Cancer (AGC)

When GC cells invade beyond the muscularis propria,
it is classified as AGC. Patients presenting with gastric
symptoms are often diagnosed at an advanced stage,
which may include liver metastasis, obstructive symptoms,
ascites, and jaundice. At this stage, these patients are
no longer suitable candidates for surgery, and their
limited response to chemotherapy and immunotherapy
contributes to a high mortality rate. Despite advancements
in these treatments, the prognosis for patients with AGC
remains poor. A comprehensive retrospective analysis
revealed significant differences in median survival rates:
patients who underwent surgery and chemotherapy had
a median survival of approximately 14.2 months, while
those who did not have surgery survived only 7.0 months
[7]. Another study showed that the incidence of GC in
patients with high bile acid (BA) levels in gastric juice
(21000 mmol/L) was significantly higher than in those
with low gastric BA levels (<1000 mmol/L). A multicenter
study indicated that the risk of GC was 2.4 times greater in
the high-concentration BA level group compared to other

groups [8].

The role of DKK1 in Advanced GC: In patients with
IM, precancerous lesions do not display increased levels
of Dickkopf-1 (DKK1). DKK1 is epigenetically silenced
through promoter methylation [53]. However, serum
DKK1 levels in GC patients are significantly higher than
in IM cases and healthy controls (all, P < 0.01). DCA is
the primary factor leading to DKK1 elevation in GC, as it
decreases miR-1 levels. Higher doses of DCA treatment
enhance the transcription of SNAI2, which then inhibits
the miR-1 promoter. SNAI2 directly binds to the miR-1
promoter, blocking its transcription. DCA lowers miR-
1 levels in GC cells, resulting in increased expression of
histone deacetylase 6 (HDAC6) and HNF4a compared to IM.
HDACS6 epigenetically lifts repression of DKK1 messenger
RNA, leading to increased DKK1 levels [7]. Knockdown
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of circATP8A1 significantly reduces the proliferation and
invasion of GC. Exosome-derived circATP8A1 from GC
cells promotes M2 macrophage polarization through the
circATP8A1/miR-1-3p/STAT6 axis, supporting tumor
progression [8].

Serum DKK-1 levels gradually increased as the
GC advanced. Additionally, serum DKK-1 levels were
significantly higher in patients at TNM stages III and IV
compared to those at stages I and II. The level of serum
DKK-1 correlated with microvascular invasion, degree
of dedifferentiation, and infiltration depth (P < 0.01)
[46]. These findings suggest that DKK-1 is an important
serological biomarker for carcinogenesis and poor
prognosis. Along with increased DKK-1 levels, an increase
in B-catenin accumulation was observed in tumor tissues
using immunohistochemistry (IHC) staining, which is
associated with poorer clinical outcomes [47].

CKAP4 is recognized as a novel receptor for DKKI.
The formation of a complex between CKAP4 and
phosphatidylinositol 3-kinase (PI3K) ultimately triggers
the activation of AKT. The PI3K/AKT signaling pathway
is a vital intracellular pathway [48]. When signaling
molecules like growth factors, EGF, GPCRs, and DKK1 bind
to CKAP4, PI3K becomes activated [49]. PI3K converts
PIP2 (phosphatidylinositol 4,5-bisphosphate) into PIP3
(phosphatidylinositol 3,4,5-triphosphate), a key signaling
molecule. PIP3 serves as a second messenger, recruiting
AKT and PDK1 (3-phosphoinositide-dependent protein
kinase 1) to the cell membrane, where AKT can be
phosphorylated and fully activated. DKK1 significantly
increases AKT phosphorylation in a dose-dependent
manner, with AKT boosting the downstream signaling of
DKK1 [50].

Analysis of DKK1 and active [3-catenin expression in GC
tissues confirmed concurrent DKK1 overexpression and
abnormal activation of B-catenin signaling in GC compared
to GIM and healthy mucosa, despite DKK1 being recognized
as a canonical inhibitor of the Wnt pathway [12] (Figure 6).

Without Wnt signaling stimulation, 3-catenin remains
in a destruction complex composed of glycogen synthase
kinase-3B (GSK-3f), casein kinase 1 (CK1), adenomatous
polyposis coli (APC), and Axin. This complex promotes
B-catenin phosphorylation, leading to its degradation
via the ubiquitin-proteasome system [12]. The CKAP4
receptor activates the PI3K/AKT pathway and increases
B-catenin levels by inhibiting phospho-GSK-3B. As a
result, the phosphorylation and inhibition of GSK3p raise
cytosolic B-catenin levels. Unphosphorylated (-catenin
then translocates to the nucleus, where it interacts with

T cell-specific factor (TCF)/lymphoid enhancer-binding
factor (LEF) to activate target genes such as c-Myc, cyclin
D1, CTNNB1, and DKK1. A strong positive correlation (P
< 0.0001) was observed between DKK1 and CTNNB1 (the
gene encoding (3-catenin).

C-Myc initiates transcription of downstream genes
by binding to the Enhancer box (E-box) sequence and
activating multiple signaling pathways. The c-Myc
proteins play a vital role in maintaining normal cellular
function by regulating gene expression related to cell cycle
progression, growth, and anti-apoptosis [12]. Mutations
or overexpression of c-Myc genes significantly contribute
to cancer development. The Myc gene is frequently
overexpressed in various types of cancer, including GC
[13].

The PDES5 inhibitor sildenafil has been shown to
suppress oncogenic growth in GC. Sildenafil inhibits GC
growth by directly activating PKG through PDES5 inhibition,
which regulates c-MYC expression via its phosphorylation
and ubiquitination, leading to decreased c-MYC stability.
This results in the suppression of IL-6 transcription within
the downstream IL-6/JAK/STAT3 signaling pathway [51].
LOC339059 inhibits M2 macrophage polarization, PD-
L1 expression, tumor growth, and metastasis. It achieves
this by reducing the activity of the IL-6/STAT3 signaling
pathway and the transcriptional activation of IL-6, which
is regulated by the c-Myc protein [52].

Unlimited Proliferation without Apoptosis: Cancer
is a disease marked by an imbalance involving continuous
cell growth and anti-apoptotic mechanisms. The 3-catenin-
TCF/LEF-dependent transcription machinery boosts
the expression of MYC, SNAI1, PD-L1, and IL6/JAKZ/
STAT3. These signaling pathways encourage the growth
of rapidly dividing cancer stem cells (CSCs) and influence
both immune surveillance and immune tolerance [44].
Several studies have explored how STAT3 promotes
cell proliferation, survival, and anti-apoptotic pathways
[53,54]. The primary ways STAT3 controls proliferation
involve unchecked progression through the cell cycle.
Cyclin D1 and c-Myc are involved in STAT3-driven
abnormal cell cycle progression. STAT3 also enhances
the expression of anti-apoptotic proteins, such as Bcl-2
and related family members, including BCL-XL and MCL-
1, along with inhibitors of apoptosis like survivin and
inhibitor of apoptosis protein-2 [28].

Evasion of immunity: Cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4) is a key immune checkpoint
molecule, while the PD-1/PD-L1 pathway plays a vital
role in regulating immune responses. Immunotherapy
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Figure 6 When DCA levels are low, HDAL6 and HNF4 cannot activate the DKK1 gene because of methylation at its promoter. However, when DCA
levels increase enough, HDAL6 removes the repression of DKK1, allowing its levels to rise. DKK1 protein can be secreted into the blood, where
it binds to its receptor CKAP4. This activates PI3K and phosphorylates AKT. P-AKT then inhibits GSK-3f, leading to increased cytoplasmic and

nuclear f-catenin. Subsequently, 3-catenin activates the Myc/IL-6/JAK2/STAT3 pathway.

targeting PD-1/PD-L1 has shown promise in various
cancers, as cancer cells expressing PD-L1 can exploit this
pathway to evade immune attack. In human GC tissues,
the expression of metastasis-associated colon cancer-1
(MACC-1), c-Met, and PD-L1 increased, and ectopic
expression of MACC-1 led to higher levels of c-Met and
PD-L1 [55]. Tumor-associated macrophages (TAMs) are
crucial for establishing a suppressive tumor immune
(TIME) and promoting
evasion, which significantly reduces the effectiveness of
immune checkpoint inhibitors (ICIs) in GC. DKK1 causes
macrophages to become immunosuppressive, impairing
the antitumor responses of CD8+ T cells and NK cells. DKK1
interacts with CKAP4 on the macrophage surface and
activates downstream PI3K-AKT signaling, contributing to
immune suppression. Reprogramming TAMs by blocking
DKK1 also improves the effectiveness of PD-1 blockade in
GC [56].

microenvironment immune

DCA lowers the secretion of pro-inflammatory
cytokines, including IL-6, IFN-y, and TNF-a. It also impairs

dendritic cell (DC) function, affecting their ability to release
TNF-a and IL-12. Additionally, DCA diminishes NK cell
activity by decreasing the secretion of IFN-y and TNF-a.
Chemokine ligand 28 (CCL28) is a direct transcriptional
target of [-catenin/TCF. B-Catenin further promotes
regulatory T cells, emphasizing the immunoregulatory role
of B-catenin signaling in GC [44]. CNA analysis of early GC
shows a gain of c-Myc, closely linked to the overactivation
of the [-catenin signaling pathway. The positive rate of
c-Myc expression is 100% for EGC, 94.4% for high-grade
dysplasia, and 41.7% for low-grade dysplasia. In EGC,
c-Myc expression is associated with nuclear and structural
atypia [57]. Another study found that 77% of the GC
exhibited Myc immunoreactivity [58].

During EMT, cancer cells acquire more invasive traits.
The increased motility and invasiveness caused by EMT
are essential for initiating metastasis and also improve
resistance to chemotherapy. GC cells can secrete IL-
6, which promotes tumor growth, development, and
migration. Cancer-associated fibroblasts (CAFs) from GC

J Cancer Biol Res 12(1): 1151 (2025)

9/18



@SCiMedCentral

Rheem D (2025)

produce large amounts of IL-6 [59]. Elevated levels of DCA
in BR are linked to STAT3 activation during the transition
from IM to GC. DCA stimulates the GPCR/STAT3/KLF5
pathway, encouraging cell proliferation and preventing
apoptosis [13]. EGF impacts gene expression by affecting
key signaling pathways, including Ras, PI3K, PLCy, Myc,
and STAT3. When STATS3 is activated, it highly promotes
gastric carcinogenesis by regulating the expression of
VEGF. CALM2 influences the JAK2/STAT3/HIF-1/VEGFA
axis and supports the polarization of M2 macrophages
[60].

DKK1 promotes an immunosuppressive TME (TIME)
by activating downstream (3-catenin/Myc/STAT3 signaling
pathways. Tumor progression is linked to an increase
in MDSCs, both within the TME and in the bloodstream.
Myeloid-derived suppressor cells (MDSCs) accumulate
at potential metastatic sites even before cancer cells
start migrating [61]. A member of the Myc single-strand
binding protein family, it helps regulate DNA replication,
transcription, apoptosis, and cell cycle progression by
interacting with the c-Myc protein. The key role of RBMS1
in promoting GC metastasis involves initiating autocrine
IL-6/JAK2/STAT3 signaling. RBMS1 increases IL-6
expression and secretion through IL-6 transactivation by
affecting histone modifications at the promoter regions
after binding with the transcription factor Myc [53].

Phosphorylated STAT3 forms dimers and moves to
the nucleus, where it activates the transcription of target
genes, including those involved in immunosuppression,
angiogenesis, metastasis, proliferation, and survival.
The main mechanisms by which the immune system
evades and tolerates tumors stem from dysfunctions in
dendritic cells (DCs), MDSCs, TAMs, and tumor-associated
neutrophils (TANs). T cells and natural killer (NK) cells
become exhausted due to inhibitory signals such as
cytokines (IL-6, IL-10) and growth factors (VEGF, TGF-f).
Activation of immune checkpoint molecules like PD-1 and
cytotoxic T-lymphocyte-associated (TIGIT) acts as negative
regulators of the anti-tumor immune response [62].

DCs, which are antigen-presenting cells that initiate
tumor-specific T-cell responses, have their activity
suppressed by STAT3 activation. This activation blocks
innate immune-stimulating molecules such as interferon-y
produced by CD8+ T cells, IL-12, TNF-a, and C-C Motif
Chemokine Ligand 5 (CCL5), CCL9 [63]. Furthermore,
it inhibits DC maturation by secreting IL-6, IL-10, and
VEGF, which further activate STAT3 in a positive feedback
loop. STAT3 activation is essential for the differentiation
and expansion of MDSCs, which also help regulate innate
immune responses by modulating cytokine production

in macrophages. Macrophages can be classified as either
classically activated M1 macrophages or alternatively
activated M2 macrophages based on their interactions with
cytokines produced by CD4+ T helper cell subpopulations
[64]. M1 macrophages produce higher levels of pro-
inflammatory cytokines [65].

In contrast, M2 macrophages, which have elevated
levels of immunosuppressive factors such as IL-10 and
TGF-B, are considered pro-tumorigenic. Meanwhile,
there is an inverse relationship with CD8+ T cells. This
relationship reduces T cell functionality by modulating
MDSCs and inhibiting the proliferation of CD8+ T cells
and natural killer (NK) cells. MDSCs are widely recognized
for their immunosuppressive effects and their ability to
protect cancer cells from host immune responses [96].
These cells promote blood vessel formation and create
metastatic niches. They are strongly associated with poor
prognosis and resistance to ICI in the GC TIME. MDSCs
stimulate arginase I, which helps suppress CD8+ T cells
[66].

CD4+ T cells include CD4+ T-helper (Th) cells and
regulatory T cells (Tregs), both of which play essential
roles in cancer immunity. Furthermore, the peripheral
blood of GC patients showed a higher frequency of IL-10-
producing B cells compared to control individuals. Spatial
profiling of primary tissue samples from GC patients
confirmed that infiltrating MDSCs in cancerous tissues
expressed markers typically linked to PMN-MDSCs, such
as arginase-1 (ARG1), CD66B, VISTA, and indoleamine
2,3-dioxygenase 1 [78]. TANs are vital in tumor-related
inflammation by promoting angiogenesis, metastasis, and
immunosuppression [86,87]. Tumor-derived granulocyte-
macrophage colony-stimulating factor (GM-CSF) activates
TANs and induces PD-L1 expression on these cells
through JAK/STAT3 signaling [75]. MDSCs promote the
expansion and induction of Treg cells by secreting IL-10
and IFN-y. Additionally, MDSCs send signals that induce
and develop Treg cells by upregulating ligands such as
CD86, programmed death ligand 1 (PD-L1), and leukocyte
immunoglobulin-like receptor subfamily B4 (LILRB4) [67].

Angiogenesis and Lymphangiogenesis: Angiogenesis
is vital for the growth and spread of GC cells, as it supplies
them with the necessary nutrients and oxygen. In tumor
vessels, GPCR expression is markedly increased; blocking
GPCR hampers endothelial cell (EC) migration during the
formation of new blood vessels. GC cells produce more
S1P, which is essential for EC migration and angiogenesis
[68]. Hypoxic GC cells generate proangiogenic factors,
including S1P and vascular endothelial growth factor
(VEGF). The VEGFA-VEGFR2 signaling pathway plays a key
role in promoting cancer neovascularization. Endothelial
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cell S1PR1 enhances VEGFA-VEGFR2-driven tumor
angiogenesis. PVT1, a long non-coding RNA, supports
angiogenesis and tumor growth by increasing nuclear
STAT3 and stabilizing proteins [69]. Lymphangiogenesis
in GC involves the Akt/mTOR-VEGF-C/VEGF-D axis, and
the density of lymphatic vessels in GC tissues correlates
with this pathway [70].

5.2.5. Immune Invasion and Metastasis: EMT is
a process where epithelial cells lose their polarity and
adhesion molecules while activating the cytoskeleton to
become motile. The beginning of EMT involves reducing
CDH1/E-cadherin expression. The abnormal activation of
the EMT program is mainly driven by SNAI1/2, TWIST1/2,
and ZEB1/2, as well as microRNAs. This ultimately
increases genes associated with mesenchymal traits, such
as vimentin, fibronectin, and N-cadherin [71]. Cancer cells
undergo morphological changes that enable them to move
actively through cytoskeletal reorganization. Gal2/13
plays a key role in cytoskeletal remodeling, cell migration,
and invasion by activating the Rho/ROCK pathway. The
B-catenin/Myc/STAT3 signaling pathway promotes
migration and invasion in GC cells by activating focal
adhesion kinase and Rac [72]. The ERK/MAPK signaling
pathway promotes ECM breakdown through matrix
metalloproteinases (MMPs), thereby enhancing tumor
invasion and metastasis by increasing MMP expression.
ADAM17 levels are significantly higher in GC and are
associated with positive metastatic lymph nodes, showing
a strong correlation with the survival times of GC patients.
Molecules that interact with CasL (MICALZ2) help facilitate
E-cadherin ubiquitination and breakdown, leading to
increased [-catenin signaling due to disruption of the
E-cadherin/B-catenin complex, which then promotes GC
migration [73].

Metastasis refers to how cancer cells spread to other
organs or anatomical sites beyond the initial lesion and
accounts for more than 90% of cancer-related deaths [74].
The most common sites for GC metastasis are the liver,
lungs, bones, and lymph nodes. The steps in GC metastasis
include invading surrounding tissue and degrading
the basement membrane, entering blood vessels or
the lymphatic system, surviving and moving to distant
tissues, exiting into a new environment, and ultimately
colonizing to grow and form a secondary tumor. The roles
and mechanisms of GPCRs during invasion have been
extensively studied [75].

CHEMOPREVENTION OF GC WITH VITAMIN D
AND STATIN

Vitamin D (VTD)

VTD levels and GC: VTD deficiency increases both the

incidence and mortality of GC. The risk of developing GC
was approximately four times higher in cases with severe
VTD (< 10 ng/mL) deficiency. VTD deficiency and VTD
receptor polymorphism are significant risk factors for GC
development [76]. Ten studies involving 1,159 GC patients
and 33,387 controls showed that serum VTD levels in the
GC group (15.56 = 7.46 ng/mL) were lower than in the
control group (17.60 + 1.61 ng/mL), and this difference was
statistically significant [80]. Research on the relationship
between serum 25(OH)D levels and GC indicated that
lower VTD levels increase the risk of GC. Results from
nine case-control studies with 671 patients revealed that
serum 25(0OH)D levels in the GC group were lower than in
controls (95% CI: -11.5, -6.32; p < 0.01). Additionally, the
likelihood of VTD deficiency was higher in the GC group
than in controls (odds ratio = 3.09, 95% CI: 1.96, 4.87; p <
0.01) [77]. VTD levels negatively correlated with GC and
were significantly associated with clinical stages, degree of
differentiation, and lymph node metastasis. This suggests
thatlow VTD levels might be linked to a worse prognosis in
GC [78]. The serum VTD level in the GC group (15.56 + 7.46
ng/mL) was lower than in the control group (17.60 * 1.61
ng/mL), with the difference being statistically significant.
Patients with GC at clinical stages I1I/IV (16.19 * 8.04 ng/
mL) had lower VTD levels compared to those at stages 1/11
(19.61 + 9.61 ng/mL). Patients with poorly differentiated
GC (17.5 = 9.5 ng/mL) displayed lower levels than those
with well- or moderately differentiated GC (18.04 +
7.92 ng/mL). Furthermore, patients with lymph node
metastasis (19.41 * 8.63 ng/mL) had lower VTD levels
than those without metastasis (20.65 + 7.96 ng/mL) (p <
0.05) [79].

The prevalence of HP is highest in Africa compared to
other regions of the world. Despite this high prevalence,
GC rates in Africa remain low. This African perspective
offers insights into the so-called “African Enigma” [80].
Studies conducted in India and several Asian countries,
including Thailand, Bangladesh, Pakistan, Iran, Saudi
Arabia, Israel, and Malaysia, report a high frequency of
HP infection co-existing with a low incidence of GC [81].
The age-standardized rates of GC are highest in Northwest
China, while South China has the lowest incidence rate
[80]. Epidemiological data show that GC incidence and
mortality are lower in sunny regions with high sunlight
exposure compared to other areas. High UVB radiation
correlates with a reduced incidence of GC (ES: 0.86, 95%
CI: 0.84-0.89, P = 0) relative to regions with low UVB
radiation [82].

Compared tonormaltissues (82.61%) and premalignant
tissues (73.64%), VDR expression was lower in GC tissues
(57.61%) (p = 0.001). Among GC tissues, VDR expression
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was higher in well- and moderately differentiated tissues
than in poorly differentiated ones. It was more elevated in
smaller tumors (< 5 cm) than in larger tumors (= 5 cm) (p
= 0.016, p = 0.009) [83]. Baseline concentrations of total
(p<0.01), primary (p<0.01), and secondary (p<0.001)
fecal BAs were significantly inversely related to baseline
25(0OH)D levels. Individual bile acids, including CDCA
(p<0.01), CA (p<0.05), LCA (p<0.001), DCA (p<0.001), and
other bile acids (p<0.001), also showed significant inverse
associations with 25(0OH)D concentrations [84].

There is a continuous decline in GC risk associated
with increased VTD intake in both men and women; fifth
versus bottom quintile, OR, 95% CI: 0.68 (0.53, 0.86), OR,
95% CI: 0.72 (0.53, 0.97), OR, 95% CI: 0.58 (0.38, 0.89),
respectively. Per increment quintile, the statistically
significant reduction in GC risk was 7% in men and 13%
in women [85].

Mechanism of vitamin D

VTDR to lower Cholesterol synthesis in the Liver:
VTDR suppresses the hepatic small heterodimer partner
(Shp) and Shp promoter activities that dominate over FXR-
mediated activation. It also increases levels of mouse and
human CYP7A1 and decreases cholesterol synthesis in the
liver [86]. VTD deficiency has been linked to a higher risk of
CVD [87]. VTD deficiency was associated with significantly
lower serum HDL-C (-5.1%) and higher total cholesterol
(+9.4%), non-HDL-C (+15.4%), directly measured LDL-C
(+13.5%), intermediate-density lipoprotein cholesterol
(+23.7%), very low-density lipoprotein cholesterol
(+19.0%), remnant lipoprotein cholesterol (+18.4%), and
TG (+26.4%) compared to the optimal group [88].

VTD induced cell cycle arrest and Apoptosis:
Vitamin D not only suppresses cancer cells and cancer
stem cells but also regulates the tumor microenvironment,
demonstrating the potential benefits of vitamin D in cancer
prevention and treatment. 1,25(0H)2D3 has been shown
to inhibit cell proliferation through cell cycle arrest in most
cancer cells, which plays a vital role in cancer prevention.
1,25(0H)2D3 can induce p21 expression and G1 phase
cell cycle arrest in a mutant p53 and VDR-dependent
manner in gastric cancer cells. Meanwhile, p27 could be
upregulated by 1,25(0H)2D3 [89]. VTDR is a member of
the nuclear receptor family of transcription factors. The
interaction between VTD and VTDR can trigger a sequence
of gene regulation and cell signaling, which are crucial in
anti-tumor processes, including inhibiting cell growth,
promoting apoptosis and autophagy, blocking new blood
vessel formation, and modulating the immune system [89].

1,25(0H),D3 influences GC development and growth

by regulating multiple signaling pathways involved in cell
proliferation, apoptosis, invasion, and metastasis [90,91].
1,25(0H),;D; functions by binding to and activating
the nuclear VTD receptor (VTDR), a ligand-modulated
transcription factor that binds to specific sequences called
VTD response elements (VDRE) in target genes. It also
increases the expression of miR-145 and inhibits E2F3,
CDK®6, and other cell cycle regulatory genes like CDK2
and CCNAZ, causing arrest at the G1 phase of the GC cell
cycle. Additionally, this prevents the transition from G1 to
S phase in the GC cell cycle.

The miR-145 target sequence of E2F3, a key gene
involved in cell cycle regulation, is highly expressed in GC
tissues. MiR-145 mediates the antiproliferative and gene-
regulatory effects of VTD in GC cells. Alongside miR-145,
which targets multiple genes involved in the cell cycle,
such as CDK®6, c-Myc, and EGFR, E2F3 influences several
genes implicated in cell cycle progression [92].

VTDR induces apoptosis. 1,25(0H),D3; enhances the
transcription of several pro-apoptotic genes, including
BAK, BAG, BIRC5, BAX, and GOS2, which encode proteins
of the Bcl-2 family or interact with them to increase
mitochondrial membrane permeability and trigger
apoptosis [93]. 1,25(0H),D3; downregulates these proto-
oncogenes, boosts some of their functional antagonists,
such as MAD/MXD1, and thereby counteracts uncontrolled
cell growth. 1,25D inhibited MYC gene expression and
accelerated its protein turnover [94].

VTD fights against f-catenin: The VTDR can
significantly decrease the viability and invasive ability
of gastric cancer cells. VTDR levels in GC cells treated
with 1,25(0H),D3; showed a time-dependent increase
in expression. As VDR expression rose, (3-catenin levels
gradually decreased, while E-cadherin levels showed
a time-dependent increase (P < 0.05). When VTDR is
activated by its ligand, it can prevent the nuclear import
of B-catenin, influence E-cadherin levels, and inhibit the
proliferation of gastric cancer cells, suggesting that the
VTDR Fokl gene may actas a cancer suppressor by blocking
the B-catenin signaling pathway [89]. Reduced B-catenin
signaling can prevent EMT occurrence, thereby inhibiting
gastric cancer invasion and metastasis. EMT contributes
to resistance against immunotherapy and anti-cancer
agents. B-catenin accumulates in the nucleus and activates
the transcription of downstream target genes such as
c-myc, MMPs, and cyclin D1, which leads to abnormal cell
proliferation in GC cells [95]. Its ligand activates VTDR,
which can trigger a series of reactions to prevent 3-catenin
from entering the nucleus, thus inhibiting proliferation
and regulating the invasion and migration of GC cells [89].
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The overexpression of VITDR can significantly reduce
the viability and invasive ability of GC cells. VTDR levels in
GC cells treated with 1,25(0H),D3 show a time-dependent
increase. As VDR levels rise, B-catenin levels gradually
decrease, while E-cadherin levels increase over time (P <
0.05). When activated by its ligand, VTDR can block the
nuclear import of (-catenin, affect E-cadherin levels, and
inhibit GC cell proliferation [89]. Higher VTDR expression
in GC cells results in lower B-catenin levels, significantly
inhibiting cell growth. Conversely, lower VTDR levels lead
to increased (-catenin, promoting cell proliferation, which
further emphasizes VTDR’s role in regulating (3-catenin to
control GC cell proliferation and apoptosis [96].

VTD against Cancer Stem Cell: Cancer stem cells
(CSCs) are a key factor in metastasis, recurrence, and
chemotherapy resistance in cancer. It highlights targeting
GC stem cells (GCSCs) as an effective treatment approach
for GC [97]. CD44 is recognized as a marker for CSCs in
various cancers, including GC. Both CD44 expression and
the CD44-positive population are reduced by 1,25(0H),D3
through VTDR activation, both in vivo and in vitro,
indicating that CD44 may mediate the action of VTD. VTD
suppresses GC cells via the f3-catenin signaling pathway
[45]. Vitamin D diminishes the stemness of cancer CSCs
[98]. 1,25(0H),D3 induces the expression of E-cadherin
and other adhesion proteins (occludin, Zonula occludens
[ZO]-1, ZO-2, vinculin) and promotes the translocation
of B-catenin and ZO-1 from the nucleus to the plasma
membrane. Ligand-activated VDR competes with the T
cell transcription factor (TCF)-4 for B-catenin binding.
Accordingly, 1,25(0H),Ds; represses [(-catenin-TCF-4
transcriptional activity. Additionally, 1,25(0H),D3 inhibits
the expression of [-catenin-TCF4-responsive genes,
including c-myc, PPARy, Tcf-1, and CD44, while inducing
the expression of Z0-1 [99] (Figure 7).

VID and Gut Microbiome: VTD reduces the
permeability of intestinal cells in animal models of colitis.
In VTDR knock-out mice, dextran sodium sulfate induces
colitis that is associated with decreased immunostaining
of zonula occludens-1 and occludin proteins on colon
epithelial cells, along with lower transepithelial resistance
and increased permeability. The nucleotide-binding
oligomerization domain-containing protein 2 (NODZ2) is
an intracellular pattern recognition receptor. It activates
NF-kB and boosts VTD-mediated transcription of
cathelicidin and DEFB4 (defensin, beta 4) [100]. Mice with
higher levels of VTD show increased immune-dependent
resistance to transplantable cancers and stronger
responses to checkpoint blockade immunotherapies.
In mice, this resistance results from VTD’s activity on
intestinal epithelial cells, which changes the microbiome

composition and promotes Bacteroides fragilis, thereby
boosting cancer immunity. Disruption of VTD signaling in
intestinal epithelial cells (IECs) alters the microbiome and
subsequently affects cancer immunity in mice. In humans,
VTD-induced genes are linked with better responses to
immune checkpoint inhibitor treatment, improved cancer
immunity, and increased survival [101].

Intestinal VTDR conditional knockout (VTDRAIEC)
mice show an increased rate of tumor formation. Fecal
microbiota analysis demonstrated that VTDR deletion
causes a shift in bacterial profiles toward those more
linked to carcinogenesis. Microbial metabolites from
VTDRAIEC mice displayed higher levels of DCA and LCA.
The JAK/STAT pathway is essential for maintaining
intestinal and microbial homeostasis. Fecal samples from
VTDRAIEC mice activate STAT3 signaling in human and
mouse organoids [102].

VTD levels appear to regulate the abundance and/or
metabolic functions of Bacteroides fragilis, an anaerobic
Gram-negative bacterium that is part of the normal
microbiome in humans and mice. Increased vitamin D
availability improves immune-dependent resistance
to transplantable cancers and enhances responses to
checkpoint blockade immunotherapies. Furthermore, VTD
supplementation in healthy human volunteersisassociated
with a significant increase in intestinal Bacteroides species
and the Bacteroides/Prevotella ratio. In both humans and
mice, VTD activity seems to strengthen immune responses
to cancer [103]. Human VTD levels influence how
intestinal cells produce mediators that promote a modified
microbiome, including organisms like Bacteroides fragilis,
which can boost cancer immunity. VTD can inhibit cancer
cell growth, promote apoptosis, and reduce angiogenesis.
Additionally, the VTD-VDR gene signature is associated
with markers of anti-cancer immunity and patient
responses to immunotherapy [103].

Low-Density Lipoprotein and Statins

Studies have repeatedly shown that, regardless of
physical activity levels and nutritional status, low-density
lipoprotein (LDL) cholesterol levels are widely accepted
to increase with age in both sexes across various groups
[104,105]. LDL is a critical lipoprotein that carries
cholesterol, mediating the transfer of cholesterol from the
liver to peripheral tissues. It has been observed that the
LDL receptor (LDLR) is overexpressed in various types
of cancer. The LDLRs represent a family of pleiotropic
cell surface receptors involved in lipid homeostasis,
cell migration, proliferation, and differentiation [106].
Abnormal lipid metabolism can lead to lipotoxicity,
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IL-6/JAK2/STAT3 pathway. DKK1 raises vascular endothelial growth factor levels and also promotes tumor immune suppression, immune

evasion, chemoresistance, and metastasis.

triggering oxidative stress and significantly increasing the
levels of ROS. A gradual buildup of oxidative stress can
cause LDL to become oxidized, resulting in the formation
of ox-LDL. Additionally, oxidative stress promotes
DNA damage in cancers, contributing to malignant
transformation and carcinogenesis. Elevated plasma ox-
LDL has been observed in GC [107]. Plasma oxLDL was
positively correlated with lymphatic metastasis in patients
with GC. Additionally, oxLDL promoted the expression and
secretion of VEGF in GC cell lines [108].

Reflux of BAs from the duodenum into the stomach can
harm the gastric epithelium, leading to IM and a higher
risk of GC. Statins, cholesterol-lowering drugs, decrease
the amount of BAs in the liver, thereby lowering BR to
the stomach. In a systematic review and meta-analysis
examining the association between statin use and GC, the
group using statins demonstrated a significantly lower
risk of GC compared to the non-statin group (OR/RR, 0.74;
95% CI: 0.67-0.80, P < 0.001). Additionally, the statin
group showed significantly lower all-cause mortality and
GC-specific mortality than the no-statin group (all-cause

mortality: HR, 0.70; 95% CI: 0.52-0.95, P = 0.021; GC-
specific mortality: HR, 0.70; 95% CI: 0.58-0.84, P < 0.001)
[109]. Another meta-analysis found that statin use was
associated with a reduced risk of GC (relative risk: 0.72;
95% CI: 0.64-0.81, p < 0.001) [110]. In Taiwan, statin use
improved the overall survival of patients with GC after
surgery and adjuvant chemotherapy (hazard ratio 0.62;
95% CI: 0.50-0.78) [111]. Statin use also reduced cancer-
specific mortality in GC patients in the UK (adjusted
HR, 0.83; 95% CI, 0.73-0.94) [110]. The use of statins is
associated with a significantly lower risk of developing GC
in several population-based cohort studies [111-114].

Low VTD levels are linked to hypercholesterolemia,
and VTD supplements can reduce total and LDL
cholesterol [115]. VTD inhibits hepatic Cyp71al through
FXR in the liver via small heterodimer protein (SHP) and
in the terminal ileum via intestinal fibroblast growth factor
(FGF) 15/19 [32]. VTD protects against atherosclerosis by
regulating cholesterol efflux and macrophage polarization
in hypercholesterolemic swine. 1,25(0H)2D3 significantly
increases Cyp27A1 expression via a VTDR-dependent
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JNK1/2 signaling pathway. It raises 27-hydroxycholesterol
levels, which induce LXRs, ABCA1, and ABCG1 expression,
stimulating cholesterol efflux that VTDR antagonists
and JNK1/2 signaling inhibitors can block in THP-
1 macrophage-derived foam cells [116]. Statins have
anticancer effects by inhibiting the proliferation, cell cycle
progression, migration, and invasion of GC cells through
the suppression of Interleukin Enhancing Factor 3 (ILF3)
expression [95]. They work synergistically with PD-1
inhibitors to improve the prognosis for patients with GC.
Statins effectively decrease serum levels of PD-L1 and
interleukin-enhancer binding factor 3 (ILF3), thereby
boosting patient outcomes. Specifically, simvastatin
promotes the overexpression of HDAC6 and reduces
acetylation at the H3K14 residue in ILF3, leading to lower
ILF3 expression. Lowering ILF3 induces ferroptosis in
GC cells by regulating SLC7A11/GPX4 through the PI3K/
AKT/mTOR signaling pathway [117]. Additionally, ILF3
helps recruit activated CD8+ T cells by reducing PD-L1
expression, which enhances their ability to kill GC cells
[118].

CONCLUSION AND FUTURE DIRECTIONS

Hydrophobic BAs from duodenogastric reflux can
cause GIM, which is linked to AG. CDCA, a hydrophobic
primary BA, stimulates FXR in the gastric epithelium and
triggers CIM. DCA, one of the most cytotoxic BAs, induces
[IM and GC by disrupting mitochondrial outer membranes
and producing reactive oxygen and nitrogen species that
damage DNA and chromosomes. DCA promotes gastric
carcinogenesis by activating GPCR, EGFR, (-catenin, and
DKK1, leading to increased cell proliferation, migration,
invasion, metastasis, angiogenesis, and immune evasion.
Lowering DCA levels in refluxed bile could help reduce GC
incidence and mortality. VTD supplements might be an
affordable, well-tolerated anti-cancer option against GC.
VTD deficiency is a key factor in developing gastric cancer.
VTD exhibits anti-tumor effects by inducing apoptosis and
inhibiting (-catenin signaling pathways in gastric cancer.
Numerous studies show that high serum levels of 25(0H)
vitamin D3 are protective against GC. Statins reduce
cholesterol synthesis and duodenogastric bile reflux. A
randomized, double-blind, controlled study should be the
primary focus of future research to demonstrate the actual
anticancer effect of VTD against GC when combined with
other anti-cancer agents.
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