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Abstract: The review delves into the intricate interplay between metabolic dysregulation and the onset 
and progression of gastric cancer (GC), shedding light on a pivotal aspect of this prevalent malignancy. 
GC stands as one of the leading causes of cancer-related mortality worldwide, its trajectory influenced by 
a multitude of factors, among which metabolic dysregulation and aberrant gene expression play significant 
roles. The article navigates through the fundamental roles of metabolic dysregulation in the genesis of GC, 
unveiling phenomena such as aberrant glycolysis, epitomized by the Warburg effect, alongside anomalies in 
lipid and amino acid metabolism. It delineates how these disruptions fuel the cancerous process, facilitating 
uncontrolled cell proliferation and survival. Furthermore, the intricate nexus between metabolism and 
the vitality of GC cells is elucidated, underscoring the profound influence of metabolic reprogramming 
on tumor energy dynamics and the accrual of metabolic by-products, which further perpetuate malignant 
growth. A pivotal segment of the review entails an exploration of key metabolic-related genes implicated in 
GC pathogenesis. MYC and TP53 are spotlighted among others, delineating their pivotal roles in driving 
tumorigenesis through metabolic pathway modulation. These genetic pathways serve as critical nodes in the 
intricate network orchestrating GC development, providing valuable targets for therapeutic intervention. 
This review embarks on a forward-looking trajectory, delineating the potential therapeutic avenues stemming 
from insights into metabolic dysregulation in GC. It underscores the promise of targeted therapies directed 
towards specific metabolic pathways implicated in tumor progression, alongside the burgeoning potential 
of combination therapy strategies leveraging both metabolic and conventional anti-cancer modalities. In 
essence, this comprehensive review serves as a beacon, illuminating the intricate landscape of metabolic 
dysregulation in GC pathogenesis. Through its nuanced exploration of metabolic aberrations and their 
genetic underpinnings, it not only enriches our understanding of GC biology but also unveils novel 
therapeutic vistas poised to revolutionize its clinical management.
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Introduction

Gastric cancer (GC) remains a significant global health 
issue, ranking as the fifth-most common cancer worldwide 
and the fourth-leading cause of cancer-related deaths. 
Notably, the highest incidence of GC is observed in 
East Asia, including countries such as Japan, Korea, and 
China (1,2). GC remains a significant global healthcare 
challenge, with more than 1 million new cases reported 
worldwide annually. A substantial proportion of GC cases 
are associated with various pathogenic infections, including 
Helicobacter pylori and Epstein-Barr virus (3).

Abnormal metabolism is increasingly recognized as a 
significant hallmark of cancer, as supported by a growing 
body of evidence from clinical and laboratory studies (4). 
Among the enzymes implicated in metabolic dysregulation 
across various types of cancer, lactate dehydrogenase (LDH) 
stands out as an important player (5). Metabolites exert 
intracellular activity by interacting with genes and proteins, 
with alterations in upstream macromolecules ultimately 
manifested at the metabolic level. These changes encompass 
neurotransmitter modifications, hormonal regulation, 
receptor actions, cellular signaling release, energy transfer, 
and intercellular communication (6).

In the context of GC, metabolic disorders assume a 
pivotal role in its development, treatment, and prognosis (7).  
Studies have revealed elevated expression of proteins 
associated with lipid metabolism in numerous cancers (8).  
Epidemiological investigations have identified a higher 
prevalence of GC among obese populations, while 
pathological tissues of GC exhibit lipid accumulation (9).

Metabolic disorders have a significant impact on the 
emergence and progression of tumors. The metabolic 
processes in normal cells are tightly regulated to ensure the 
necessary energy and materials for cellular function and 
survival. However, cancer cells exhibit abnormal changes 
in their metabolic network, resulting in disrupted energy 
production, substance synthesis, and regulation of signal 
transmission. These metabolic disorders play a critical role 
in tumor development (10).

Understanding the significance of metabolic disorders in 
tumor development enables us to develop novel treatment 
strategies (11). By targeting the metabolic characteristics 
of tumor cells, such as glycolysis inhibitors and drugs that 
target lipid metabolism, we can disrupt the survival and 
proliferation of cancer cells, thus providing more effective 
treatment options (12). In this review, we discuss the role 
of dysregulated metabolism and associated genes in GC 

initiation and development.

Dysregulated metabolism and GC

Characteristics of metabolic reprogramming

Abnormal glycolysis
Glycolysis is the process by which cells generate energy, 
typically oxidizing glucose to produce carbon dioxide and 
water while simultaneously producing a large amount 
of ATP, a high-energy molecule (13). However, in GC 
cells, there are alterations in the glycolytic process. GC 
cells tend to preferentially generate energy through 
anaerobic glycolysis, converting glucose into lactate 
rather than completely metabolizing it through oxidative 
phosphorylation (14). Aberrations in glycolysis play a 
significant role in the development and progression of 
GC. The lactate produced by anaerobic glycolysis can 
alter intracellular pH, leading to acidification of the 
cellular environment, thereby promoting the invasive and 
metastatic capabilities of tumor cells (15,16). Furthermore, 
abnormal glycolysis is associated with the prognosis of GC. 
High levels of lactate accumulation are associated with the 
aggressiveness of tumors, lymph node metastasis, and other 
factors (17).

Warburg effect
GC is a common tumor in which the Warburg effect is 
closely associated with metabolism. The Warburg effect 
refers to the tendency of cancer cells to produce energy 
through glycolysis, rather than oxidative phosphorylation 
(which is the main energy production pathway in normal 
cells) under hypoxic conditions. This metabolic shift allows 
cancer cells to rapidly generate ATP and provide the energy 
and materials needed for synthesis (18).

The Warburg effect plays different roles in GC. Cancer 
cells express high levels of key enzymes in the glycolytic 
pathway, such as phosphofructokinase-1 (PFK-1). This 
leads to an increased rate of glucose conversion to lactate, 
producing more ATP to meet their high energy demands 
(19,20). Lactate produced by glycolysis cannot be fully 
cleared by GC cells, resulting in its accumulation in the 
tumor microenvironment, leading to acidification. This 
acidic environment not only facilitates the survival and 
growth of GC cells but also inhibits the function of immune 
cells (21). The Warburg effect reduces the dependence of 
cancer cells on oxidative phosphorylation (22). This could be 
due to mitochondrial dysfunction or regulation in response 
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to the high energy demand state in GC cells. As a result, GC 
cells tend to rely on glycolysis to generate energy (23).

Aberrant lipid metabolism
In normal cellular physiology, there exists a finely tuned 
equilibrium between lipid synthesis, lipid droplet storage, 
and fatty acid (FA) oxidation. However, GC cells deviate 
from this norm, undergoing a metabolic reprogramming 
to fulfill the exigent demands of relentless proliferation. 
They augment their uptake of exogenous fats via CD36 
receptors in order to replenish the raw materials necessary 
for sustained expansion (24). As GC cells adapt to their 
heightened metabolic demands, they increasingly rely on  
de novo synthesis pathways, particularly in the context 
of lipid metabolism. Pyruvate, the ultimate product of 
glycolysis, traverses the tricarboxylic acid cycle to generate 
citric acid as an intermediate metabolite. Subsequently, this 
citric acid undergoes cleavage facilitated by ATP citrate 
lyase (ACLY), yielding acetyl-CoA. This acetyl-CoA serves 
as a pivotal precursor for the synthesis of both cholesterol 
and FA, thus underscoring its indispensability in sustaining 
the aberrant lipid metabolism characteristic of GC cells (25).  
The activation of sterol regulatory element-binding 
protein-1 (SREBP-1) and the PI3K-AKT-mTOR signaling 
pathway orchestrates this distinctive conversion from sugar 
to lipid within malignant cells (26). It’s notable to mention 
that acetate can also undergo conversion into citric acid 
catalyzed by the enzyme ACSS2, proceeding subsequently 
to acetyl-CoA via the action of ACLY. However, this 
pathway for acetyl-CoA synthesis is relatively less prevalent 
compared to other routes (27,28). Acetyl-CoA serves as a 
synthetic raw material in two ways. One of them involves 
the irreversible conversion to malonyl-CoA by acetyl-CoA 
carboxylase (ACC).

Two different types of ACC play a crucial role in 
regulating the synthesis and oxidation capacity of FA. 
Malonyl-CoA is continuously generated and used to 
form palmitic acid through several cycles of acyl transfer, 
condensation, reduction, dehydration, and redox reactions 
by fatty acid synthase (FASN). Saturated FAs can 
undergo further elongation or desaturation by stearoyl-
CoA desaturases (SCDs), resulting in the formation of 
monounsaturated fatty acids (MUFA)/polyunsaturated fatty 
acids (PUMA). These eventually contribute to the synthesis 
of cholesterol esters and triglycerides, which are stored in 
lipid droplets or utilized for cell membrane production.

On the other hand, acetyl-CoA participates in the 
mevalonate pathway (MVP) to produce cholesterol, a 

vital raw material for cell membranes (29). During the 
initial phase, acetyl-CoA undergoes conversion into 
acetoacetyl-CoA catalyzed by acetoacetyl-CoA thiolase. 
Subsequently, this compound is further metabolized 
into hydroxymethylglutaryl-CoA (HMG-CoA) by the 
pivotal enzyme HMG-CoA synthetase. In the subsequent 
stage, HMG-CoA is transformed into mevalonate 
through the action of HMG-CoA reductase. Finally, via 
a series of intricate chemical transformations involving 
phosphorylation, decarboxylation, and dehydroxylation, 
isoprene and 27 C cholesterol are synthesized (30). 
Ultimately, this process culminates in the generation of 
acetyl-CoA, liberating a substantial amount of energy and 
producing reduction equivalents like NADPH and FADH2. 
These vital molecules play pivotal roles in supporting the 
proliferation, metastasis, and mitigation of oxidative stress 
damage within GC cells (31) (Figure 1).

Abnormalities in amino acid metabolism
Recent research has emphasized the significance of 
amino acid consumption therapy in targeting tumor cell 
metabolism (32). This therapy focuses on amino acid 
metabolism pathways, including proline and aromatic amino 
acid metabolism, as well as branched-chain amino acid 
metabolism. Tumor cells commonly regulate these pathways 
through signaling pathways and transcription factors (33). 
Targeting tumor cell metabolism is a valuable approach 
in cancer treatment as it has a crucial role in cancer stem 
cell survival, tumor cell transformation, immune evasion, 
drug resistance, and disease recurrence. Amino acids play 
a critical role in the function of immune cells, such as T 
cells, which enhance amino acid absorption and improve 
immune function by upregulating the expression of amino 
acid transporters during proliferation, differentiation, and 
immune response (34). Cancer cells heavily rely on external 
sources for amino acids and upregulate the expression of 
amino acid transporters to meet their increasing demand. 
Manipulating the availability of amino acids presents a 
unique vulnerability specific to cancer cells (35).

Regarding drug resistance, amino acids play a crucial role 
in bolstering cancer cells against therapy through several 
mechanisms. They sustain biosynthetic processes, regulate 
redox homeostasis, modulate epigenetic modifications, 
and furnish metabolic intermediates essential for energy 
production (36). For instance, the administration of leucine 
or branched-chain amino acids amplifies cisplatin sensitivity 
in cancer cells. This is accomplished by inhibiting cisplatin- 
or bcat1-mediated autophagy while simultaneously 
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Figure 1 Abnormal glycolysis and abnormal lipids metabolism of GC. Dysregulated glycolysis process progress: due to the hypoxic 
environment of tumor cells, it promotes their anaerobic glycolysis to metabolize glucose into lactate, shaping the acidic microenvironment of 
tumor cells. At the same time, it promotes cell proliferation and survival through the PI3K/AKT and MAPK pathways. At the same time, the 
formation of acidic microenvironment can effectively inhibit immune cell infiltration, thereby promoting the occurrence and development 
of tumors. Dysregulated lipid metabolism: in order to meet the metabolic needs of tumor cells, tumor cells rely on the final product of 
glycolysis, pyruvate, to de novo synthesize cholesterol and FA. Through several cycles of acyl transfer, condensation, reduction, dehydration, 
and redox reactions of FASN, propionyl coenzyme A is continuously produced and used to form palmitic acid. Saturated FA can be further 
extended or desaturated through SCDs to form MUFA/PUFA. These ultimately contribute to the synthesis of cholesterol and triglycerides, 
which are stored in lipid droplets or used for cell membrane production. On the other hand, acetyl coenzyme a participates in the MVP to 
produce cholesterol, which is an important raw material for cell membranes. Acetyl CoA is converted into acetyl CoA through acetyl CoA 
thiolase. Then, the compound is converted into HMG-CoA through the key enzyme HMG-CoA (HMG-CoA synthase). Subsequently, 
HMG-CoA is converted into mevalonate through HMG-CoA reductase. Finally, isoprene and cholesterol are synthesized through various 
chemical reactions such as phosphorylation, decarboxylation, and dehydroxylation. Ultimately, this process produces acetyl CoA, releasing 
a large amount of energy and reducing equivalents such as NADPH and FADH2. These molecules support the growth, metastasis, and 
reduction of self-oxidative stress damage of cancer cells. GC, gastric cancer; O2, oxygen; FADH2, flavine adenine dinucleotide; NADPH, 
reduced nicotinamide adenine dinucleotide phosphate oxidase; FASN, fatty acid synthase; FA, fatty acid; SCDs, stearyl-CoA desaturases; 
HMG, hydroxymethylglutaryl; MAPK, mitogen-activated protein kinases; MVP, mevalonate pathway; MUFA, monounsaturated fatty acids; 
PUFA, polyunsaturated fatty acids.
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stimulating mTOR signaling (37). By targeting tumor cell 
metabolism, particularly through amino acid consumption 
therapy, treatment responses can be improved, especially 
in drug-resistant cancers, while minimizing the toxicity 
associated with genotoxic drugs.

Dysregulated metabolism and GC cell proliferation

Changes in tumor energy metabolism
The energy metabolism of tumors undergoes significant 
changes. In normal cells, energy is mainly produced through 
oxidative phosphorylation and relies on the mitochondrial 

respiratory chain. However, in cancer cells, a phenomenon 
called the “Warburg effect” occurs (38), where even under 
sufficient oxygen conditions, cancer cells preferentially 
generate energy through lactate fermentation (39). This 
phenomenon, known as aerobic glycolysis, has been widely 
observed in various types of tumors. The main characteristic 
of aerobic glycolysis is the conversion of glucose into lactate 
instead of complete oxidation into carbon dioxide. This 
pathway produces less ATP but helps meet the energy 
demand of rapidly proliferating cancer cells (40).

Furthermore, tumor cells undergo alterations in the 
utilization of nutrients. They tend to rely more on glucose 
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as the primary source of energy and increase the utilization 
of FA and amino acids. Glucose and FA enter tumor cells 
through different pathways and participate in energy 
metabolism and biosynthesis processes (41,42). These 
changes in energy metabolism in tumor cells are primarily 
regulated by various factors, including transcription factors, 
signaling pathways, and metabolic enzyme activity. These 
regulatory mechanisms interact to form a complex network 
to adapt to the rapid proliferation demands of tumor cells (43).

To manipulate metabolism in GC, several potential 
strategies can be considered. Firstly, targeting dysregulated 
metabolic pathways like glycolysis, the Warburg effect, lipid 
metabolism, and amino acid metabolism is crucial. This 
involves inhibiting key enzymes involved in these pathways, 
such as hexokinase, LDH, ACLY, FASN, and glutaminase. 
Additionally, exploiting metabolic vulnerabilities specific 
to cancer cells and employing combination therapies with 
conventional chemotherapeutic agents or immunotherapy 
are promising approaches. Personalized metabolic targeting 
based on individual tumor metabolic profiles can enhance 
treatment efficacy. Lastly, advancing clinical trials and drug 
development efforts focusing on the safety and efficacy of 
metabolic-targeting agents is essential for the development 
of effective therapeutic strategies for GC.

Accumulation and impact of metabolic products
The accumulation of metabolites has an impact on GC. In 
GC cells, due to changes and abnormalities in metabolic 
pathways, some metabolites may accumulate and have a 
negative impact on cell function and survival. For example, 
in the process of lactic acid fermentation, due to the large 
production of lactic acid, the intracellular concentration 
of lactic acid increases (44,45). This may lead to a decrease 
in intracellular pH value, thereby interfering with normal 
cellular metabolism and function (46). In addition, the 
accumulation of lactic acid may also lead to increased 
intracellular oxidative stress, leading to cell damage 
and inflammatory reactions. Another example is the 
accumulation of ketone bodies. In some cases, GC cells may 
experience excessive production and accumulation of ketone 
bodies. This may lead to ketotoxicity, further affecting 
the energy metabolism and normal function of cells. In 
addition, the accumulation of other metabolites in GC cells 
may also have negative effects on the cells. For example, 
some metabolites may have toxicity or mutagenicity, leading 
to cell DNA damage and gene mutations (47).

The accumulation of metabolites has a negative impact 
on the function and survival of GC cells. Further research 

on the mechanisms of metabolic abnormalities and 
accumulation of metabolites can help reveal the molecular 
mechanisms underlying the development of GC and provide 
new targets for the development of new treatment strategies.

The potential value of metabolic dysregulation in early 
diagnosis of GC 
When it comes to early diagnosis of GC, metabolic 
dysregulat ion demonstrates  potentia l  value.  The 
development of GC is closely associated with cellular 
metabolic processes, including glucose metabolism, lipid 
metabolism, and amino acid metabolism. These metabolic 
processes undergo alterations before tumor cells transform 
into malignant cells, leading to abnormal accumulation 
of metabolic byproducts within the cells. Recent research 
suggests that by analyzing metabolites in blood, urine, or 
breath samples and utilizing machine learning and pattern 
recognition techniques, metabolic profiling models can be 
established for the diagnosis of early-stage GC (48). These 
models are capable of accurately identifying metabolic 
features specific to GC and exhibit high sensitivity and 
specificity. For instance, changes in the concentrations 
of specific metabolites or metabolic markers can serve as 
biomarkers for early GC, aiding in accurate diagnosis (49).

Furthermore, metabolic dysregulation can also serve as 
an indicator for prognostic assessment. Studies have shown 
a correlation between metabolic abnormalities and the 
aggressiveness of GC, risk of recurrence, and response to 
treatment (50). Monitoring alterations in metabolic profiles 
can provide insights into patients’ treatment outcomes 
and prognosis, thereby supporting personalized treatment 
decision-making.

Interplay between dysregulated metabolism and 
epigenetics in GC
Dysregulated metabol i sm profoundly  inf luences 
epigenetic processes in GC, contributing to tumorigenesis 
through various mechanisms. Altered metabolite levels, 
such as elevated acetyl-CoA, α-ketoglutarate, and 
S-adenosylmethionine (SAM), directly impact histone 
modifications and DNA methylation patterns. Metabolism-
derived metabolites like acetyl-CoA play pivotal roles in 
histone acetylation, modulating chromatin accessibility and 
gene expression profiles. Changes in histone acetylation 
patterns, driven by dysregulated metabolism, activate 
oncogenes or silence tumor suppressor genes, promoting 
tumorigenesis. Additionally, dysregulated metabolism 
influences DNA methylation patterns by altering SAM 
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levels, leading to aberrant DNA methylation patterns 
characterized by hypermethylation of tumor suppressor 
gene promoters.

Conversely, epigenetic alterations exert profound 
effects on dysregulated metabolism in GC. Epigenetic 
modifications control the expression of metabolic genes 
involved in glycolysis, lipid metabolism, and amino acid 
metabolism, thereby dysregulating metabolic pathways. 
Epigenetic regulation of microRNAs (miRNAs) further 
impacts metabolic pathways by modulating the expression 
of metabolic genes. Moreover, epigenetic modifications 
can directly regulate the activity of metabolic enzymes, 
influencing the metabolic phenotype of GC cells.

The interplay between dysregulated metabolism 
and epigenetics in GC results in synergistic effects 
driving tumorigenesis. Metabolic reprogramming can 
drive epigenetic changes that enhance the expression of 
oncogenes or silence tumor suppressor genes, promoting 
cell proliferation, survival, and metastasis. Conversely, 
epigenetic alterations sustain dysregulated metabolism 
by maintaining the expression of metabolic genes 
essential for tumor growth and adaptation to the tumor 
microenvironment. This positive feedback loop between 
metabolism and epigenetics amplifies tumorigenic states in 
GC, fostering tumor progression and therapeutic resistance.

The role of metabolic related gene abnormalities 
in GC 

MYC

One of the most extensively studied coding genes in this 
region is MYC, also known as c-MYC. Numerous studies 
have shown that activation of MYC can contribute to the 
development of tumors (51,52). In GC, MYC amplification 
and increased expression are commonly observed in both 
GC cell lines and tissues. Patients with local or distant 
metastasis have been found to have the highest levels of 
MYC expression in their tumors (53). The significance of 
MYC in the progression of GC has been underscored by 
findings from a nonhuman primate model. In this model, 
MYC expression and copy number exhibit a continuous 
escalation across various stages of intestinal-type gastric 
carcinogenesis (54). Significantly, MYC not only holds a 
pivotal role in the etiology of GC but also stands out as one 
of the most dependable and substantial prognostic markers 
for GC (55).

Its functional domains include a nuclear localization 
sequence, a DNA binding domain, a helix-loop-helix (HLH) 
dimerization domain, and a transcriptional regulatory 
domain. Initially identified as the cellular counterpart of 
the v-myc oncogene found in oncogenic retroviruses (56), 
MYC was later found to be involved in chromosomal 
translocations in Burkitt lymphomas, where it becomes 
juxtaposed to immunoglobulin enhancers (57). In normal 
non-cancerous cells, MYC is tightly regulated. However, it 
is now recognized as one of the most frequently deregulated 
oncogenes. It is often translocated in hematopoietic cancers 
and is the third most amplified gene across various human 
cancers, as revealed by pan-cancer copy number analyses 
(58,59) (Figure 2).

P53

TP53, a well-known tumor suppressor gene, plays a 
significant role in the development of GC (60). P53 
mutations are commonly observed and rank among the 
top five most important mutations in GC (61). Extensive 
research on P53 function has revealed its involvement 
in regulating autophagy, apoptosis, the cell cycle, and 
DNA repair (62). However, when P53 is mutated, cells 
can proliferate abnormally and transform into cancer 
cells. Patients with P53 mutations tend to have a poorer 
prognosis compared to those without mutations in GC (63).
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Figure 2 MYC circle. In cancerous cells, MYC metabolic activities 
and unrestricted cellular growth and proliferation occur due to 
various aberrations such as checkpoint loss, gene amplification, 
chromosomal translocation, abnormal enhancer activation, or 
other deregulated signaling events, which lead to independence 
from growth factors.
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Figure 3 The role of P53 in GC. Due to external factors such as oxidative stress, nutritional deficiency, ultraviolet radiation, and viral 
infection, cell damage, tissue hypoxia, and DNA damage in the body can be caused to varying degrees, which can easily lead to normal cell 
mutations. TP53 is a well-known tumor suppressor gene that plays an important role in the development of cancer (GC). TP53 mutations 
are common, and when TP53 mutations occur, cells can proliferate abnormally and transform into cancer cells. Affects the growth and death 
process of normal cells, inhibits normal DNA repair, promotes the continuous development of tumor cells, and ultimately changes their 
tissue microenvironment, promoting their growth and even metastasis in the primary lesion. GC, gastric cancer; UV, ultraviolet.

Furthermore, emerging evidence suggests that P53 is 
also involved in modulating tumor immune responses (64). 
P53 mutations in GC have been associated with suppressed 
immune activity (65). Recent studies propose a connection 
between P53’s tumor-suppressive properties and enhanced 
immune responses (66). P53 affects the innate immune 
system by regulating macrophage function. Additionally, 
increased expression of immune checkpoints induced by 
P53 has been reported in tumors (67,68) (Figure 3).

B-cell translocation gene 3 (BTG3)

BTG3 is a tumor suppressor gene belonging to the family 
of receptor tyrosine kinases, ErbB2. Its N-terminal 
region binds to E2F1 protein, inhibiting the binding of 
DP1 and E2F1 transcription factors to DNA and thereby 
blocking DNA synthesis, playing an important role in 
regulating cell differentiation, cell cycle, and inhibiting 
uncontrolled proliferation of cancer cells. BTG3 expression 
is significantly upregulated when cells experience DNA 
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damage or stimulation by growth factors, reaching its peak 
during the G1/S transition, thereby inhibiting continuous 
cell proliferation. BTG3 can induce the interaction between 
the Smad8 and Smad4 proteins, leading to their entry 
into the nucleus and participating in the regulation of cell 
proliferation and apoptosis. Studies have reported that 
the C-terminal domain of the BTG3 protein, due to its 
proline-rich structure, can bind to Src protein, reducing the 
activity of Src tyrosine kinase, which in turn impedes the 
Ras/MAP kinase signaling pathway, ultimately inhibiting 
cell proliferation, participating in DNA damage repair, and 
regulating cell cycle (69). In GC research, most studies have 
shown significantly reduced expression of BTG3 at the 
protein level in GC tissues compared to adjacent normal 
tissues (Figure 4).

miR106

miR106, a small RNA molecule, has been identified as having 
abnormal expression in various tumors, including GC. 
Recent studies have revealed its role in regulating metabolic 
processes specifically in GC (70). Notably, the expression 
level of MIR106 is significantly increased in GC tissue. 
Functional studies have further demonstrated that MIR106 

can impact GC cell metabolism in multiple ways (71).
MIR106 can suppress the process of glycolysis in 

GC cells. Glycolysis is a crucial metabolic pathway that 
provides energy and biosynthetic components required by 
GC cells. miR106 has been found to target and regulate 
the expression of key enzymes involved in glycolysis, such 
as PFK and pyruvate kinase (PKM), resulting in reduced 
glycolysis product production. MIR106 can also modulate 
lipid metabolism in GC cells. Abnormal lipid metabolism 
is a common occurrence in GC. Overexpression of miR106 
inhibits the expression of key enzymes like FASN and 
3-hydroxy-3-methylglutarate carbonyl synthase (HMGCR), 
consequently reducing lipid synthesis in GC cells. 
Additionally, MIR106 influences amino acid metabolism 
in GC cells. It has been observed that the expression 
level of MIR106 negatively correlates with the expression 
level of amino acid transporters. Increased expression of 
MIR106 impedes the entry and utilization of amino acids, 
thereby affecting the reliance of GC cells on this nutrient  
source (72,73).

The role of other metabolic related genes

In addition to MYC, TP53, many other metabolism-
related genes play important roles in the occurrence and 
development of GC. These genes are involved in key 
processes such as cell proliferation, apoptosis, DNA repair, 
cell cycle regulation, and activation of signaling pathways. 
Mutations or abnormal expression of these genes can disrupt 
metabolic pathways, promote abnormal cell proliferation, 
enhance invasive capabilities, and contribute to the 
formation and progression of GC. In-depth research on the 
functions and mechanisms of these genes helps uncover the 
mechanisms underlying GC and provides new targets and 
strategies for its diagnosis and treatment (Table 1).

Roles of dysregulated metabolism associated genes in 
predicting immunotherapy response

Dysregulated metabolism-associated genes play pivotal 
roles in modulating the tumor immune microenvironment 
(TIME) and influencing immunotherapy response 
in GC. Metabolic alterations within tumor cells can 
create an immunosuppressive milieu, impacting the 
efficacy of immune checkpoint blockade (ICB) therapies. 
Conversely, metabolic reprogramming can also influence 
the expression of immune-related genes and pathways, 
thereby serving as potential biomarkers for predicting 

LncRNA-MALAT1 miR-106b-5p

BTG3

Figure 4 BTG3 action mechanism diagram. It has been observed 
that while the mRNA level of BTG3 is significantly downregulated 
in GC tissues compared to adjacent tissues, the mRNA level in GC 
tissues is elevated compared to normal tissues, suggesting a possible 
regulation of protein turnover. The decreased expression of BTG3 
protein in GC compared to adjacent mucosa is positively correlated 
with tumor vein infiltration and dedifferentiation. Overexpression 
of BTG3 has been found to inhibit GC cell proliferation, induce S/
G2 phase cell cycle arrest, promote differentiation, and autophagy. 
GC, gastric cancer.
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Table 1 The role of metabolic related genes

Gene name Function Reference

PTEN Inhibiting the PI3K/AKT signaling pathway, regulating cell proliferation and apoptosis (74)

APC Regulating Wnt/β-catenin signaling pathway, involved in cell proliferation and stem cell self-renewal (75,76)

KRAS Participate in cell proliferation and differentiation, mutations can promote tumor development (77)

CDH1 The mutation of the gene encoding Tight junction protein E-cadherin can lead to the loss of cell adhesion 
function

(78)

IDH1/2 It encodes Isocarpic acid dehydrogenase, and mutation can change the metabolic state and proliferation 
ability of cells

(79)

LDHA Encoding lactate dehydrogenase A, mutation can increase lactate production and affect cell energy 
metabolism

(80)

HK2 Encoding phosphorylated glucokinase 2, mutation can increase the glucose uptake ability of GC cells (81)

GLUT1 Encoding glucose transporter 1, mutation can increase the ability of GC cells to transport glucose (82)

EGFR Regulating cell proliferation and survival signaling pathways (83)

PIK3CA Key enzymes encoding the PI3K-AKT signaling pathway, mutations can promote cell growth and metastasis (84)

PTGS2 Coding cyclooxygenase-2 and participates in inflammatory reaction and tumor development (85)

MUC1 It encodes mucoprotein 1, and mutations can lead to excessive mucus production and tumor invasion (86,87)

MMPs It encodes matrix metalloproteinase and participates in tumor cell invasion and invasion (88)

VEGF It encodes vascular endothelial growth factor and participates in angiogenesis and metastasis of tumors (89)

HIF-1α Encoding hypoxia inducible factor 1 α, participate in the adaptation of tumor cells to hypoxic environments (90)

SIRT1 Encoding sirtuin 1, affecting cell energy metabolism and antioxidant stress capacity (91)

SLC7A5 Encoding large amino acid transporter 5, involved in the uptake of amino acids by GC cells (92)

CYP1A1 Its codes for cytochrome P450 family 1 subtype A1 and participates in the metabolism of exogenous 
compounds

(93)

Dysregulated metabolism-associated genes can profoundly influence the tumor microenvironment in GC. For instance, overexpression of 
genes like MYC, TP53, and miR106 can modulate the metabolic landscape within the tumor, leading to alterations in nutrient availability, 
immune cell infiltration, and extracellular matrix remodeling. These changes shape the tumor microenvironment, influencing tumor 
progression, metastasis, and therapeutic responses. Moreover, dysregulated metabolism-associated genes serve as valuable prognostic 
markers in GC patients. Elevated expression of MYC has been correlated with poor prognosis and increased metastatic potential in GC. 
Similarly, mutations in TP53 are associated with worse survival outcomes and resistance to chemotherapy in GC patients. Additionally, 
dysregulated expression of miR106 has been linked to altered metabolic phenotypes and aggressive tumor behavior in GC. Furthermore, 
dysregulated metabolism-associated genes play a crucial role in predicting drug sensitivity in GC patients. For instance, tumors with 
aberrant MYC expression may exhibit increased sensitivity to drugs targeting glycolytic pathways or MYC signaling. Similarly, TP53 
mutations can confer resistance to certain chemotherapeutic agents, influencing treatment outcomes in GC patients. Additionally, miR106-
mediated dysregulation of metabolic pathways can affect drug metabolism and response in GC. GC, gastric cancer.

immunotherapy response. Metabolic pathways, including 
glycolysis, glutaminolysis, and FA metabolism, have been 
implicated in shaping the immunosuppressive phenotype 
of GC tumors. For instance, upregulation of glycolytic 
enzymes such as lactate dehydrogenase A (LDHA) and 
hexokinase 2 (HK2) promotes lactate accumulation and 
extracellular acidification, fostering an immunosuppressive 
microenvironment characterized by impaired T cell 

function and enhanced regulatory T cell (Treg) infiltration.
Moreover, dysregulated lipid metabolism, exemplified 

by increased FA synthesis and cholesterol metabolism, 
can contribute to immune evasion mechanisms in GC. 
Lipid metabolic enzymes, such as FASN and ACC, are 
associated with immunosuppressive phenotypes and 
resistance to immunotherapy. Conversely, alterations in 
amino acid metabolism, particularly glutamine metabolism, 
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influence immune cell function and polarization, impacting 
immunotherapy response in GC.

Integration of metabolic gene signatures with immune-
related biomarkers offers a holistic approach to predicting 
immunotherapy response and stratifying patients for 
personalized treatment strategies. Combining metabolic 
profiling with established immune biomarkers, such as 
programmed death-ligand 1 (PD-L1) expression and tumor 
mutational burden (TMB), enables more accurate patient 
selection for immunotherapy. Furthermore, emerging 
evidence suggests crosstalk between metabolic pathways 
and immune checkpoints, providing opportunities for 
therapeutic interventions targeting both dysregulated 
m e t a b o l i s m  a n d  i m m u n e  e v a s i o n  m e c h a n i s m s . 
Combinatorial approaches, such as metabolic inhibitors 
in conjunction with ICB therapies, hold promise for 
overcoming resistance and enhancing immunotherapy 
efficacy in GC.

Metabolic disorders and potential applications 
for GC

Opportunities for combination therapy strategies have 
significant relevance in the treatment of GC. Firstly, there 
is cross-talk and interaction between metabolic pathways 
and other signaling pathways, providing an opportunity 
to simultaneously target multiple pathways. By employing 
combination therapy to concurrently intervene in these 
pathways, it is possible to inhibit tumor cell proliferation 
and survival more effectively (94,95).

Further  research i s  expected for  the  intr icate 
relationship between metabolic pathways and signaling 
networks. Understanding the cross-talk and interplay 
between these pathways will contribute to a comprehensive 
picture of cellular metabolism and its impact on disease 
pathogenesis (96). This knowledge will enable the 
development of personalized treatment strategies that 
leverage the interconnections between different pathways 
to optimize therapeutic outcomes and improve patient 
care. Ultimately, continued research in this field holds 
great potential for advancing our understanding of disease 
biology and fostering the development of innovative 
therapeutic approaches.

New biomarkers hold significant promise for improving 
clinical outcomes in GC through their applications in 
early detection, prognosis prediction, and personalized 
therapeutic interventions. These biomarkers offer non-
invasive approaches for early diagnosis, allowing for 

timely interventions and enhanced patient survival rates. 
Additionally, they provide valuable prognostic information, 
guiding treatment decisions and patient management 
strategies based on tumor aggressiveness, metastatic 
potential, and treatment response.

Moreover, biomarker-driven targeted therapies exemplify 
the paradigm of personalized medicine in GC treatment. 
Identification of specific molecular alterations enables the 
selection of targeted therapeutic interventions, such as 
HER2-targeted therapy in HER2-positive GC, leading to 
improved treatment efficacy and minimized adverse effects. 
Furthermore, emerging immunotherapeutic biomarkers, 
including PD-L1 expression and tumor-infiltrating 
lymphocytes (TILs), offer insights into immunotherapy 
response prediction and patient stratification, thereby 
optimizing therapeutic outcomes.

Continued research efforts leveraging advanced omics 
technologies, bioinformatics, and machine learning 
algorithms are essential for the discovery and validation of 
novel biomarkers. Collaborative initiatives, such as large-
scale multicenter studies and international consortia, 
facilitate biomarker translation into clinical practice, 
ultimately enhancing GC management strategies.

To  a c h i e v e  m o r e  p r e c i s e  a n d  p e r s o n a l i z e d 
immunotherapy responses in GC based on the findings 
of this study, several strategies can be considered. 
Firstly, leveraging the insights gained from dysregulated 
metabolism-associated genes and their impact on the 
tumor microenvironment, personalized immunotherapy 
approaches can be tailored to target specific metabolic 
vulnerabilities in individual patients. For instance, 
combining immunotherapy with metabolic inhibitors 
targeting dysregulated pathways such as glycolysis or lipid 
metabolism may enhance treatment efficacy by disrupting 
tumor-promoting metabolic processes and potentiating 
antitumor immune responses. Integrating multi-omics 
data, including genomic, transcriptomic, proteomic, 
and metabolomic profiles, can provide a comprehensive 
understanding of the molecular landscape of GC tumors. 
This holistic approach enables the identification of 
predictive biomarkers for immunotherapy response, such 
as tumor mutation burden, neoantigen load, immune cell 
infiltration patterns, and metabolic signatures. Utilizing 
machine learning algorithms and computational modeling 
to analyze these complex datasets can facilitate the 
development of predictive models for patient stratification 
and treatment selection, enabling more precise and 
personalized immunotherapy strategies.
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Additionally, exploring novel immunotherapeutic targets 
based on dysregulated metabolism-associated genes and 
their interactions with the tumor microenvironment holds 
promise for improving treatment outcomes in GC patients. 
Targeting metabolic checkpoints or immune-metabolic axes 
may overcome immune evasion mechanisms employed by 
tumor cells and enhance the efficacy of immunotherapy. 
Moreover, investigating the crosstalk between dysregulated 
metabolism and immune signaling pathways in GC can 
uncover synergistic therapeutic combinations that exploit 
metabolic vulnerabilities while boosting antitumor immune 
responses.

As for the next plan, conducting prospective clinical 
trials to validate the utility of personalized immunotherapy 
strategies guided by dysregulated metabolism-associated 
genes and tumor microenvironment profiling is essential. 
These trials should focus on assessing treatment responses, 
survival outcomes, and biomarker-driven patient selection 
criteria to optimize therapeutic efficacy and minimize 
potential adverse effects. Additionally, ongoing research 
efforts should continue to elucidate the molecular 
mechanisms underlying dysregulated metabolism-immune 
interactions in GC, paving the way for the development of 
innovative immunotherapeutic interventions and precision 
medicine approaches.

Conclusions

Currently, targeted metabolic pathway therapy strategies 
involve the inhibition of specific metabolic pathways in 
cancer cells. One approach is to target glycolysis, which is 
responsible for glucose breakdown and energy production. 
By inhibiting key enzymes like hexokinase or PKM, the 
glycolytic process can be disrupted, leading to reduced 
cancer cell growth (97). Another strategy focuses on lipid 
metabolism, which involves the synthesis and breakdown of 
FA and cholesterol (98). Inhibiting enzymes such as FASN 
or HMG-CoA reductase can hinder lipid biosynthesis and 
impair cancer cell proliferation and survival. 

Additionally, targeting amino acid metabolism pathways, 
including the synthesis and degradation of amino acids, 
has shown promise. Inhibiting enzymes like glutaminase 
or serine hydroxy methyltransferase can weaken cancer cell 
viability and proliferation (99). These targeted approaches 
aim to specifically disrupt crucial metabolic processes in 
cancer cells, potentially leading to improved treatment 
outcomes. Continued research and development in this field 
may offer new therapeutic options for cancer patients (100).
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