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ABSTRACT: Gastric cancer (GC) is one of the malignant tumors with high incidence and mortality worldwide.
It has concealed early symptoms, poor prognosis for advanced patients, and limited efficacy of conventional
treatments. Metabolic reprogramming is a core hallmark of cancer, among which amino acid metabolic reprogramming
plays a critical regulatory role in the initiation and progression of GC. By linking intracellular energy supply,
biosynthetic demands, and tumor microenvironment remodeling, it participates in immune escape, redox homeostasis
maintenance, and therapeutic resistance. Dysregulation of key amino acids, including arginine, tryptophan,
glutamine, branched-chain amino acids, serine/glycine, and aspartic acid, as well as altered expression and activity
of rate-limiting enzymes and key catalytic enzymes, collectively drive the proliferation, invasion, metastasis, and
stemness maintenance of GC cells. These metabolic enzymes can serve as potential biomarkers for the diagnosis and
prognosis of GC, and are also important targets for precision therapy. At present, progress has been made in the
development of inhibitors targeting key enzymes in amino acid metabolism. Single-target therapy or its combination
with chemotherapy and immunotherapy has shown promising application prospects, but challenges such as clinical
translation bottlenecks and unclear drug resistance mechanisms still exist. This review systematically summarizes
the roles and molecular mechanisms of key amino acid metabolic enzymes in the occurrence and development of
GC, and sorts out the research status of related targeted therapies, so as to provide references for basic research and
clinical translation of metabolic precision therapy for GC.

KEYWORDS: Gastric cancer (GC); arginine; tryptophan; branched-chain amino acids; glutamine; metabolic enzyme;
tumor microenvironment

1 Introduction

1.1 Epidemiology and Clinical Challenges of Gastric Cancer (GC)

GC ranks fifth in terms of both mortality and incidence rates among all cancers. Nearly a million
new cases are diagnosed annually, leading to more than 650,000 fatalities globally [1]. GC development
is influenced by multiple factors, including smoking, Helicobacter pylori infection, gender, age, race, and
genetic predisposition [2]. Among these, H. pylori infection is the most recognized risk factor for distal
GC [3]. Given its rather elusive initial symptoms, GC frequently gets diagnosed when it’s already in
an advanced stage. The 5-year survival rate and the prospects of treating advanced GC remain poor
despite growing knowledge of this illness and the creation of new medications [4], underscoring the
pressing requirement for better screening to enable early detection and treatment. When it comes to
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treating GC, the available options encompass surgery, neoadjuvant radiotherapy, and chemotherapy. For
early-stage cancers, surgical excision is still the sole effective treatment; nevertheless, the recurrence
rate is substantial. In cases of advanced metastatic disease, healthcare providers may resort to standard
chemotherapy, perioperative chemotherapy, or palliative chemotherapy. Nonetheless, the outlook is bleak,
with under 5% of individuals with metastatic, advanced, or incurable GC surviving for more than five
years [5]. While rates of intestinal-type GC have declined in recent years due to improved sanitation,
dietary changes, and greater awareness of the link between Helicobacter pylori contamination and the
disease, the development of new therapies remains a pressing need.

1.2 Metabolic Reprogramming in GC

Metabolic reprogramming has been recognized as a core hallmark of cancer, supporting sustained
proliferation, survival under stress, and immune evasion [6]. In GC, amino acid metabolism functions as a
central regulatory hub, linking intracellular energy supply and biosynthetic demands with the remodeling
of the extracellular tumor microenvironment (TME) [7]. Metabolic enzymes shape immune phenotypes
by consuming or producing key metabolites; for example, by depleting essential amino acids (such as
tryptophan and arginine) or accumulating immunosuppressive metabolites (such as kynurenine), thereby
inhibiting anti-tumor immunity, recruiting immunosuppressive cells, and promoting tumor progression [8].
This framework establishes a systematic connection between metabolic enzymes, TME remodeling, and
therapeutic resistance. Recent research shows a close link among tumorigenesis, progression, and metabolic
reprogramming [9]. In this context, amino acid metabolism holds significant clinical relevance, correlating
with diagnosis, prognosis, and treatment response [10]. Consequently, targeting amino acid metabolism
shows considerable promise for enhancing cancer therapy [11].

Metabolic dysregulation of key amino acids—including arginine, tryptophan, glutamine,
branched-chain amino acids (BCAAs), serine, glycine, and aspartate—constitutes a critical feature of
amino acid metabolic reprogramming in GC.

Systemic metabolic reprogramming is ultimately implemented by specific rate-limiting enzymes [12].
Pathway-level alterations are directly reflected in the expression and activity of key catalytic enzymes, which
serve as functional nodes that control metabolic flux, signaling output, and therapeutic response [9,10].
In the subsequent analyses, we will dissect each amino acid metabolic pathway by focusing on these
core enzyme nodes. This review summarizes these aspects, aiming to clarify the regulatory role of cores
enzyme nodes in GC amino acid metabolism and establish the association between systemic metabolic
reprogramming and underlying molecular mechanisms.

It is noteworthy that amino acid metabolism does not function in isolation, but operates within the
specific conditions defined by glycolysis and lipid metabolism [13]. In GC, under conditions such as nutrient
stress, hypoxia, or epithelial-mesenchymal transition (EMT), amino acid dependency becomes significantly
enhanced, as glycolytic flux can no longer meet the proliferative demands of tumor cells [14]. Unlike
glucose metabolism, which primarily functions to supply energy, amino acid metabolism in GC is more
focused on maintaining redox homeostasis, providing one-carbon units, mediating epigenetic modifications,
and participating in immune suppression [15]. This context-dependent metabolic dominance explains
why targeting amino acid metabolism, in combination with chemotherapy or immunotherapy, produces
synergistic effects. Consequently, amino acid metabolism is positioned in GC as a compensatory and
regulatory hub, capable of integrating the functions of multiple metabolic axes. (Fig. 1).
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Figure 1: Diagrammatic representation of the effects of amino acid metabolism on Gastric cancer
(GC) tumor microenvironment (TME). Immune cells in TME are impacted by amino acid metabolism, which
results in tumor immune escape and aberrant immune factor and cytokine action. Abb: CD, Cluster of
Differentiation; DC, Dendritic Cell; NK, Natural Killer Cell; MDSC, Myeloid-Derived Suppressor Cell; NOS, Nitric
Oxide Synthase; ARG, Arginase; ASS1, Argininosuccinate Synthetase 1; IDO, Indoleamine 2,3-Dioxygenase; TDO,
Tryptophan 2,3-Dioxygenase; GLS, Glutaminase; BCAT, Branched-Chain Amino Acid Transaminase; SHMT, Serine
Hydroxymethyltransferase; PHGDH, Phosphoglycerate Dehydrogenase; BCAA, Branched-Chain Amino Acid.

2 Amino Acid Metabolism in GC

2.1 Arginine

2.1.1 Arginine Metabolic Pathways

A conditionally necessary amino acid, arginine is a crucial regulator of 80 different cellular physiological
functions [16]. Research has established that dysregulation of the L-arginine (ARG) metabolic axis is
fundamentally implicated in tumor development and progression [17]. Targeted modulation of arginine
metabolic enzymes (e.g., nitric oxide synthase (NOS), argininosuccinate synthetase 1 (ASS1), arginase, and
arginine decarboxylase (ADC)) or inhibition of cationic amino acid transporter (CAT) transporter-mediated
arginine uptake represents a promising therapeutic strategy to suppress the development of tumors [16].
With its molecular mechanisms, including the coordinated interaction of several enzymatic processes and
transporter systems, the regulation of arginine metabolism has recently become a key area of research in
cancer therapies [18].
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2.1.2 NOS and Tumor Metabolism

L-arginine is broken down by NOS to yield nitric oxide (NO) and L-ornithine [19]. Numerous
physiological processes are mediated by NO, a tiny free radical-related molecule. In physiological contexts,
NO and its derivatives play a dual role in tumor growth, which is contingent upon their concentration [20].
Low doses of NO encourage the growth of cancer cells, inhibit programmed cell death, and boost processes
including angiogenesis and metastasis by triggering several signaling systems, including the ERK, AKT,
and mTOR ones, that are essential for tumor proliferation. In tumors, NO and its derivatives exert
concentration-dependent dual effects on growth: low doses promote cancer cell proliferation, inhibit
apoptosis, and enhance angiogenesis andmetastasis by activating survival pathways (e.g., ERK, AKT, mTOR);
high doses induce DNA damage, activate oncogenes, and promote tumor progression and metastasis [21].

2.1.3 Arginase 1 (ARG1) and Tumor Metabolism

The human body contains two different forms of arginase: ARG1 and arginase 2 (ARG2) [22].
Recent studies have shown that ARG1 is upregulated in GC tissues, and its elevated expression leads
to arginine depletion in the TME, thereby promoting GC cell proliferation [23]. Through the activation
of myeloid-derived suppressor cells (MDSCs), which are immunosuppressive, ARG1 can alter cancer
immune evasion [24]. Notably, emerging immunotherapeutic strategies are now directly targeting
ARG1-expressing Tumor-Associated Macrophages (TAMs). For example, adoptive transfer of ARG1-specific
CD4+ T cells can specifically recognize and reprogram ARG1+ TAMs, reducing the expression of ARG1
and other immunosuppressive markers such as Trem2, while promoting their repolarization toward a
pro-inflammatory, M1-like phenotype. This targeted modulation remodels the TME, enhances antitumor
immunity, and acts synergistically with immune checkpoint blockade therapy [25]. Ren and colleagues
discovered a significant presence. The study explored the presence of tumor-infiltrating MDSCs in patients
suffering from GC. They also observed that when the illness was first getting started, MDSCs were more
likely to accumulate in the peripheral blood of these individuals, especially in those showing increased
ARG1 expression levels [26]. (Fig. 2).

2.1.4 ASS1 and Tumor Metabolism

ASS1 is the enzyme that regulates the rate at which arginine is produced. ASS1 expression and arginine
availability are key metabolic determinants that influence tumor fitness and regulate immune interactions
within the TME [27]. Numerous malignancies, such as ovarian, thyroid, pancreatic, colorectal, gastric,
esophageal, cervical, and squamous cell lung carcinomas, have been found to have elevated expression levels
of ASS1, which are linked to lower survival rates [28,29]. In situations where glucose is scarce, research
shows that increased levels of ASS1 contribute to the survival of cancer cells, both in vitro and in vivo. This
occurs by enhancing the nitrosylation of enzymes such as pyruvate carboxylase and phosphoenolpyruvate
carboxykinase 2. As a result, the truncated gluconeogenesis pathway is facilitated, leading to an uptick in
the production of serine, glycine, and purines. It is this rise in NO that ultimately aids in the endurance of
cancer cells [28]. ASS1 can also promote GC metastasis by causing increased aggressiveness, suggesting it
may serve as a tumor marker that can forecast GC patients’ survival and metastases [30].
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Figure 2: Schematic of L-arginine metabolism in cancer cells. L-arginine is catabolized by ARG into L-ornithine
and urea, or metabolized by NOS to produce NO. Low and high concentrations of NO exert distinct pro-tumorigenic
effects via different signaling pathways. Abb: NO, Nitric Oxide; NOS, Nitric Oxide Synthase; ERK, Extracellular
Signal-Regulated Kinase; AKT, Protein Kinase B; mTOR, Mammalian Target of Rapamycin.

2.2 Tryptophan

2.2.1 Tryptophan Metabolic Pathways

One necessary amino acid that limits the rate is tryptophan [31]. The three main tryptophan
metabolic pathways utilized by inflamed organs and tumors are as follows: (1) The kynurenine (Kyn)
route, which includes tryptophan 2,3-dioxygenase 2 (TDO2), indoleamine 2,3-dioxygenase 1 (IDO1), and
IDO2. (2) Tryptophan hydroxylase 1 (TPH1) is a component of the serotonin (5-hydroxytryptamine:
5-HT) synthesis pathway. (3) The interleukin-4-induced gene 1 (IL4I1)-related route for the synthesis of
indole-3-pyruvate (I3P) and its derivatives [32,33]. (Fig. 3).

2.2.2 Tryptophan-Kynurenine-Aryl Hydrocarbon Receptor (Trp-Kyn-AhR) Pathway and Immunosuppression

In GC, the immunosuppressive effect of tryptophanmetabolism is mainly mediated by the Kyn pathway,
which is a key mechanism of tumor immune escape [34]. More than 95% of intracellular tryptophan in tumor
cells is degraded via this pathway [35]. The activities of the key rate-limiting enzymes IDO1 and/or TDO2 are
frequently significantly upregulated in GC, leading to tryptophan depletion and kynurenine accumulation
in the tumor microenvironment [36]. Tryptophan deficiency activates the general control nonderepressible
2 (GCN2) kinase in T cells, suppressing their proliferation and function. Accumulated kynurenine, acting
as an endogenous ligand for the AhR, directly triggers AhR nuclear translocation. Activated AhR induces
the differentiation and functional enhancement of regulatory T cells (Tregs) by regulating downstream
target genes such as IL-10 and TGF-β, while inhibiting the function of effector T cells and natural killer



6 Oncol Res. 2026;34(8):6

(NK) cells, thereby establishing a profoundly immunosuppressive TME [37,38]. Studies have shown that
high IDO1 expression in GC tissues correlates with poor prognosis and immune cell infiltration status [39],
and it can further reinforce the immunosuppressive environment through signaling pathways including
phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin (PI3K/Akt/mTOR) [40].
Additionally, IDO1 regulates the differentiation of T lymphocytes via the PI3K/Akt/mTOR pathway, which
in turn encourages the proliferation of stomach cancer cells [41].

Figure 3: Schematic of tryptophan metabolism pathways. Tryptophan is metabolized via three major routes:
the 5-HT (serotonin) pathway, the kynurenine (Kyn) pathway (the primary catabolic route generating NAD+), and the
I3P pathway, which regulates immune cell function and promotes an immunosuppressive microenvironment. Abb:
TPH, Tryptophan Hydroxylase; AFMID, Arylformamidase; KAT, Kynurenine Aminotransferase; KMO, Kynurenine
3-Monooxygenase; KYNU, Kynureninase; HAAO, 3-Hydroxyanthranilic Acid Oxygenase.

2.2.3 TDO2 and Tumor Metabolism

One of the primary rate-limiting enzymes in the initial stage of the metabolism of tryptophan, TDO2,
has had its functions and mechanisms in GC gradually clarified by a number of studies [42]. According to
other research, TDO2 development is strongly linked to the development of GC, the prognosis of patients,
the degree of tumor immune infiltration, and the expression of programmed death-ligand 1 (PD-L1), a
crucial immunosuppressive protein that tumor cells express. Furthermore, there is a positive correlation
between the expression of CD44, a stem cell marker, and the level of TDO2 expression in GC tissue samples.
Additional functional investigations have demonstrated that downregulating TDO2 expression not only
prevents GC cells from proliferating, colonizing, and invading but also lowers the viability of GC organoids
and the efficiency with which cell spheres form, indicating that TDO2 plays a key regulatory role in the
malignant biological behaviors of GC cells [43].

From the perspective of molecular mechanisms, the upregulated expression of TDO2 promotes
tryptophan degradation and generates more Kyn. Kynurenine can trigger the AhR signaling pathway
because it is an endogenous agonist of the AhR. Once activated, AhR further affects oncogene expression,
angiogenesis, cell survival, and immune cell function—all of which are closely associated with tumorigenesis
and tumor progression. In GC, the upregulated expression of both AhR and TDO2 can synergistically
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activate the AhR signaling pathway, thereby further promoting the proliferation, invasion, and immune
evasion of GC cells and driving the progression of GC [44].

Comprehensive analysis of the aforementioned clinical correlation and molecular mechanism studies
reveals that TDO2 expression shows promise as a possible target gene for precision therapy of GC in
addition to being an independent prognostic indicator for assessing patients with the disease. Specifically,
targeting TDO2 to regulate the metabolic-signaling pathway it mediates might offer a fresh approach to
treatment for halting the spread of GC.

2.2.4 5-HT (Serotonin) Pathway

The 5-HT pathway metabolizes a tiny portion of tryptophan. Trp is converted to 5-hydroxytryptophan
(5-HTP) by TPH1 or tryptophan hydroxylase 2 (TPH2) [40]. 5-HT affects cancer cells through multiple
pathways, such as promoting cell proliferation by accelerating cell cycle progression, supporting autophagy,
and inhibiting apoptosis. Moreover, it serves as an effective free radical scavenger, effectively neutralizing
lipid peroxidation, which in turn markedly reduces ferroptosis and fosters the advancement of cancer.
The PI3K/Akt/mTOR signaling pathway is impacted by the 5-HT receptor HTR2B in human gastric
adenocarcinoma tissues, which increases the survival of GC cells. In addition to increasing the survivability
of gastric adenocarcinoma cells under metabolic stress, this modulation inhibits ferroptosis and reduces
cellular and lipid reactive oxygen species levels. Consequently, this process contributes to increased tumor
growth and diminished survival rates for patients [45].

2.2.5 I3P Pathway

According to research, by triggering the IL4I1-AhR signaling pathway, collagen extracellular matrix
can help GC cells evade the immune system [46]. I3P, a metabolite generated from tryptophan, is essential
for the formation of tumors [47]. IL4I1 inhibits ferroptosis by generating I3P from tryptophan, which
directly scavenges free radicals and activates a program for antioxidant gene expression. This program
triggers the expression of cytoprotective genes [48].

2.3 Glutamine (Gln)

2.3.1 Glutamine Metabolic Pathways

Despite being a non-essential amino acid, Gln can act as a conditionally essential amino acid under
some situations [49]. Numerous biological processes, such as nucleotide synthesis, amino acid generation,
protein glycosylation modification, extracellular matrix production, epigenetic modification, maintenance
of cellular redox homeostasis, and autophagy, depend on glutamine metabolism to sustain tumor survival
and progression [50]. Studies have found that Gln is a key driver of GC growth [51]. (Fig. 4).

Glutaminase (GLS) and glutamine synthetase, the two main enzymes involved in glutamine metabolism,
catalyze the rate-limiting processes in glutamine production and use, respectively [52]. GLS stimulates the
synthesis of glutamate and free ammonia. It is frequently elevated in multiple cancer types, facilitating
tumor cell growth and preventing apoptosis [53]. Normal cells produce glutamine via GLS. In contrast,
the glutamine made by tumor cells cannot meet their high demands for rapid growth, leading to a
“glutamine-dependent phenomenon” [54].
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Figure 4: Schematic of glutamine metabolism in cancer cells. Extracellular glutamine is transported into cancer
cells via the solute carrier family 1 member 5 (SLC1A5) transporter, and then catalyzed by glutaminase (GLS/GLS2)
into glutamate. Glutamate is further metabolized to GSH for redox balance, or enters mitochondria to fuel the
tricarboxylic acid (TCA) cycle through α-KG, while the byproduct NH4

+ is cleared via the urea cycle. Abb: SLC1A5,
Solute Carrier Family 1 Member 5; GLS, Glutaminase; TCA, Tricarboxylic Acid Cycle.

Kidney-type glutaminase (GLS1) and liver-type glutaminase (GLS2) are the two main isoforms of GLS.
GLS1 is linked to a poor prognosis and encourages carcinogenesis. Studies have found that glutamine
provides an essential energy and material foundation for cancer cells [55].

2.3.2 GLS1 and Tumor Metabolism

When GLS1 is downregulated or inhibited, glutamine’s conversion to glutamate and α-ketoglutarate
(α-KG) encounters an obstacle that stops it from entering the tricarboxylic acid cycle. This problem disrupts
the energy metabolism and biosynthesis of cancer cells, ultimately resulting in cell death and a cascade of
biological repercussions. Many GLS1 inhibitors have demonstrated apoptotic effects on cancer cells. GLS1
is controlled by the oncogene c-MYC and has a positive relationship with tumor development [56,57]. High
expression of GLS1 was detected in GC patients [55]. GLS1 activity inhibition can slow the growth of tumors
and prevent their progression. Notably, GLS1 reshapes the tumormicroenvironment by regulating glutamine
metabolism: on the one hand, it consumes glutamine to cause nutritional deficiency, which inhibits immune
cell function and promotes immune escape; on the other hand, it regulates epigenetics and oncogenic
signals through metabolic products such as α-KG, thereby affecting genomic stability and drug sensitivity.
As a core molecule connecting tumor metabolism, epigenetics, and immune suppression, GLS1 can serve
as an important biomarker and target for tumor microenvironment targeting and immune combination
therapy [58]. Consequently, GLS1 could serve as a valuable biomarker for the early identification and
management of GC and might also function as a potential therapeutic target [59].

2.3.3 GLS2 and Tumor Metabolism

GLS2 plays distinct roles in different tumor types, acting as either a tumor suppressor or an
oncogene [60]. Research has shown that GLS2 demonstrates tumor-suppressing properties in tissues
of GC. It was discovered that overexpression of GLS2 greatly reduced the migration and proliferation of GC
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cells and increased caspase 3 expression, which in turn promoted apoptosis [53]. Moreover, in hepatocellular
carcinoma, GLS2 can curb cancer cell migration, invasion, and metastasis. It does so by mediating p53
function, negatively regulating PI3K/AKT signaling, and suppressing Rac1 activity [61]. GLS2 facilitates the
conversion of glutamate to α-KG, which in turn increases the generation of reactive oxygen species (ROS) in
lipids [62]. Ferroptosis, a type of iron-dependent cell death marked by the accumulation of lipid peroxides,
is facilitated by this process. In the end, this mechanism prevents tumor cells from functioning [61].

Given that glutaminase is essential for tumor growth and serves as a crucial enzyme in the initial stage
of glutamine breakdown, dual targeting of the two isozymes may become a key therapeutic tool for certain
types of cancers and/or certain patients in personalized therapy [63].

2.4 Branched-Chain Amino Acids

2.4.1 BCAAs Metabolic Pathways

The three primary essential amino acids—leucine, isoleucine, and valine—as well as vital nutrients and
signaling molecules for cell growth and development, are known as BCAAs [64].

To create branched-chain α-keto acids (BCKA), BCAAs must first be transaminated by branched-chain
amino acid transaminase1/2 (BCAT1/2). The same enzymes can change BCKA back into BCAAs. The
alpha-keto acid dehydrogenase (BCKDH) complex then converts BCKA into branched-chain acyl-CoA.
Following additional oxidation, branched-chain acyl-CoAs become acetyl-CoA and propionyl-CoA, which
subsequently join the TCA [65]. (Fig. 5).

2.4.2 BCAT1 and Tumor Metabolism

Research suggests a possible correlation between branched-chain amino acid (BCAA) catabolic enzymes
and cancer [66]. BCAT is aberrantly expressed in numerous tumors. By triggering the Wnt/β-catenin
signaling pathway and the PI3K/PKB/mTOR pathway, it frequently encourages tumor invasion and
growth [67].

One study found that BCAT1 was overexpressed in GC tissues and positively correlated with the
presence of TNM stage, local invasion, Lauren type, tumor classification, lymph node metastasis, and
metastasis. By triggering the PI3K/AKT/mTOR pathway, BCAT1 may function as an oncogene by
encouraging angiogenesis, invasion, and proliferation. Additionally, it stimulates vascular endothelial
growth factor (VEGF) secretion, which raises in vivo concentrations of growth factors such as NO and
angiopoietin [67]. The proto-oncogene c-Myc targets BCAT1 [68]. The potent transcription factor c-Myc
affects apoptosis in a number of ways. While its maintenance prevents apoptosis, a reduction in c-Myc
causes it [69].

2.4.3 BCAT2 and Tumor Metabolism

Cancerous tumors express more BCAT2 than normal tissues in the majority of cancer types. However,
BCAT2 is downregulated in GC tissues and is strongly associated with a poor prognosis [70]. According
to research, BCAT2 may be a target for ferroptosis. BCAT2 affects intracellular redox equilibrium via
controlling the metabolism of GSH and α-KG. Its upregulation increases GC cells’ resilience to drugs and
their capacity to spread by suppressing ferroptosis, a type of iron-dependent lipid peroxidation-driven cell
death. BCAT2 may be important in controlling the tumor immune microenvironment because it is strongly
linked to the invasion of CD4+ T cells, CD8+ T cells, and regulatory Treg cells. These results show that
BCAT2 is a promising biomarker for immunotherapy targeting and cancer prognosis [71].
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Figure 5: Schematic of branched-chain amino acids (BCAAs) catabolic pathway. BCAAs (leucine, isoleucine,
valine) are first transaminated by BCAT1/2 to form branched-chain α-keto acids (BCKAs), with α-KG as a
co-substrate that can be recycled back to BCAAs. BCKAs are then oxidatively decarboxylated by BCKDH to generate
branched-chain acyl-CoA, which is further catabolized into acetyl-CoA and propionyl-CoA to fuel the TCA cycle. Abb:
BCAT, Branched-Chain Amino Acid Transaminase; BCKA, Branched-Chain α-Keto Acids; BCKDH, Branched-Chain
α-Keto Acid Dehydrogenase.

2.5 Serine and Glycine

Both serine and glutamic acid are non-essential amino acids [72]. Serine and glycine are crucial for
GC cell proliferation; their associated metabolic enzymes and metabolites regulate tumor growth [73].

Two main processes are involved in the synthesis of serine and glycine: the first is the de
novo synthesis of serine from glucose, which diverges from glycolysis. After being oxidized to
3-phosphohydroxypyruvate (3-PHP) by phosphoglycerate dehydrogenase (PHGDH) [74], the glycolytic
intermediate 3-phosphoglycerate (3-PG) is transaminated with glutamate as the amino donor to yield
phosphoserine and α-KG, and phosphoserine phosphatase (PSPH) dephosphorylates it to yield serine.
Second, serine hydroxymethyltransferase 1/2 (SHMT1/2) catalyzes the reversible interconversion of serine
and glycine, which permits serine to be transformed into glycine and glycine to be reversibly transformed
back into serine [75].

2.5.1 PHGDH and Tumor Metabolism

PHGDH represents the first and rate-limiting enzyme in the de novo biosynthesis pathway of serine and
glycine [76]. According to studies, PHGDH activity is the most consistently elevated in many malignancies
and is strongly linked to tumor growth. It also plays a critical role in tumor spreading. PHGDH is a highly
desirable target in the field of anticancer therapy development, as evidenced by studies showing that its
expression levels in GC tissues are noticeably higher than those in benign or normal tissues [77]. Significant
chemoresistance is a notable feature of GC of the serine metabolism-high (SEM) type. Research has revealed
that these cancer cells exhibit resistance to the suppression of glutamine catabolism in addition to having
a high expression of GLS. In the meantime, PHGDH’s catalytic activity and the overall effectiveness of
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the serine synthesis pathway are influenced by serine availability. Additional research has shown that
SEM-type GC cells can sustain cell survival in the presence of glutamine starvation by upregulating the
PHGDH-driven mitochondrial folate cycle pathway, which generates nicotinamide adenine dinucleotide
phosphate (NADPH) to scavenge ROS [78].

2.5.2 SHMT2 and Tumor Metabolism

The mitochondrial metabolic enzyme SHMT2 has been implicated in gastrointestinal malignancies
in recent years. In order to produce the 1C units necessary for nucleotide biosynthesis, SHMT2 catalyzes
the conversion of serine to glycine and transfers the hydroxymethyl group (Cβ) to tetrahydrofolate (THF).
Moreover, SHMT2 is a key regulator of 1C metabolism in cancer cells that proliferate quickly [79]. In
addition to being highly expressed in numerous cancer cells and boosting their ability to proliferate, SHMT2
has also been linked to esophageal, gastric, and colorectal cancers [80]. According to research, SHMT2
knockdown can stop GC from progressing in a number of ways, such as controlling the stability of the
HIF1α protein, influencing the activity of the downstream VEGF and signal transducer and activator of
transcription 3 (STAT3) signaling pathways, and preserving the redox homeostasis of GC cells in hypoxic
environments [81].

2.6 Aspartic Acid

In GC cells, aspartic acid and asparagine play a dual role by facilitating cell proliferation andmodulating
intracellular signaling. Research indicates that supplementing with exogenous asparagine can sustain
protein translation and encourage tumor proliferation in tumor cells facing glutamine scarcity. Conversely,
reducing levels of aspartic acid has been found to impede tumor development [82,83].

3 Crosstalk between Amino Acid Metabolic Pathways in GC

Amino acid metabolic pathways do not function independently; they converge at shared metabolites,
signaling nodes, and TME interactions to form a coordinated regulatory network in GC [84,85].

3.1 Shared Metabolic Intermediates

α-KG serves as a central bridge connecting glutamine, BCAA, and serine/glycine metabolism. It
supports TCA anaplerosis, epigenetic modification, and ferroptosis resistance [86–88]. GSH links glutamine,
BCAA, and tryptophan metabolism to maintain redox balance, which is critical for GC cell survival under
oxidative stress [89].

3.2 Convergent Signaling Hubs

The mTORC1 and GCN2 pathways serve as universal sensors that integrate signals from all amino
acid pathways. mTORC1 is activated by arginine, BCAA, and glutamine to promote protein synthesis and
proliferation [90]. GCN2 triggers the integrated stress response (ISR) upon amino acid depletion, supporting
GC adaptation to nutrient limitation. The PI3K/AKT axis is commonly activated by ARG1, BCAT1, IDO1,
and GLS1, forming a convergent signal for GC growth and invasion [91,92].

4 Therapeutic Strategies and Challenges

4.1 Arginine Metabolism-Targeted Therapy

Targeting amino acid metabolism represents a highly promising therapeutic approach for GC, with
evolving progress from basic research to clinical translation. Early studies mainly focused on single-target
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interventions. Arginine deprivation therapy using ADI-PEG20 and PEG-BCT-100, based on arginine
auxotrophy, can directly kill tumor cells and enhance anti-tumor immunity, and dietary arginine restriction
also shows potential value, although its definite efficacy in GC remains to be verified [30,93–95]. Notably, the
dual roles of NO and the contradictory functions of ASS1 in different tumors pose considerable challenges
to related research. As a rate-limiting enzyme in arginine biosynthesis, ASS1 exerts a consistent oncogenic
role in GC [96], but acts as a tumor suppressor in other tumors [97,98]. This difference mainly stems from
significant heterogeneity in cellular metabolic patterns, molecular regulatory pathways, and the TME
between GC and tumors such as melanoma and sarcoma [99,100]. Therefore, ASS1 inhibition and arginine
restriction are promising therapeutic strategies for suppressing metastatic tumor growth. We propose that
ASS1 inhibition in GC confers a survival advantage to GC patients receiving pegylated arginine deiminase
therapy. Further studies are needed to investigate the protein expression of ornithine carbamoyltransferase
(OCT) and ASS1 in GC specimens and their impacts on arginine deprivation therapy.

4.2 Tryptophan Metabolism-Targeted Therapy

For tryptophan metabolism, early drug development was dominated by IDO1 inhibitors to reverse
immunosuppression [101]. This study lacks analysis of cross-disease immune-metabolic characteristics, and
many described immune effects are not GC-specific. Relevant studies have analyzed the gene expression of
CD4+ T cells in various diseases through machine learning, providing a reference for judging whether the
tryptophan metabolism pathway is a universal mechanism or a tumor-specific program, which is crucial
for the interpretation of GC-related biomarkers [102]. Although preclinical data show that IDO1 inhibitors
have certain potential, their clinical efficacy is limited, which is attributed to the non-enzymatic functions of
IDO1 and the compensatory activation of TDO2. In recent years, research focus has shifted to multi-target
regulation, such as the development of dual-target inhibitors, to break through the bottleneck of clinical
transformation [103].

The combined application of tryptophan metabolism inhibitors with immune checkpoint inhibitors,
chemotherapy, or radiotherapy has attracted extensive attention [104]. Clinical trials have shown that
some patient subgroups have improved overall survival (OS) and progression-free survival (PFS), but the
overall clinical benefit is limited, and the optimal timing and sequence of treatment need to be further
optimized [105].

5-HT receptor antagonists are a potential therapeutic option for GC, showing broad-spectrum
anti-tumor activity in vitro [106]. However, current research on GC is limited to in vitro models, lacking in
vivo verification, and the synergistic mechanism with chemotherapeutic drugs such as cisplatin remains
unclear, requiring further in-depth study.

Despite significant progress in tryptophan metabolism research, there are still knowledge gaps that
hinder clinical translation. Future studies should focus on exploring drug resistance mechanisms, screening
reliable biomarkers through multi-omics technology, and developing optimized combination therapy
regimens to promote the clinical transformation of amino acid metabolism-targeted therapy and improve
patient prognosis.

4.3 Glutamine Metabolism-Targeted Therapy

GLS, the rate-limiting enzyme in the glutamine catabolic pathway, is a viable therapeutic target for
developing novel anticancer medications [50]. Two major families of GLS inhibitors, BPTES and 968,
have been shown to exert anticancer effects. Clinical trials are currently underway to evaluate B-839, a
BPTES-based allosteric GLS inhibitor with enhanced oral bioavailability and potent inhibitory activity [107].
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This drug holds significant potential in cancer treatment. CB-839 can significantly reduce tumor volume in
the GC patient-derived xenograft (PDX) model and enhance the anti-tumor activity of PD-1 inhibitors. Its
mechanism is related to reducing the infiltration of MDSCs in the TME [59].

Although targeting glutamine metabolism is a promising approach for cancer treatment, several
challenges remain in developing clinically effective drugs. Inhibiting glutamine metabolism may lead to
unintended consequences, such as reduced antitumor immunity and increased metabolic flexibility or
adaptability of cancer cells.

Notably, GLS1 and GLS2 exhibit opposing functions in GC: GLS1 acts as an oncogene, while GLS2
functions as a tumor suppressor. This functional paradox arises from differences in subcellular localization,
p53 regulation, and ROS modulation [108,109]. The curcumin analog WZ35, a natural small-molecule
derivative, could trigger intracellular ROS accumulation, block glycolysis progression, and regulate
key signaling molecules including YAP and JNK. It further suppresses malignant biological behaviors
and metabolic reprogramming in GC cells, presenting a novel therapeutic candidate for gastric cancer
intervention [110].

4.4 BCAA Metabolism-Targeted Therapy

The BCAT1 and BCAT2 genes related to (BCAA metabolism exhibit unique expression characteristics
in GC. Among them, high expression of BCAT1 can drive tumor cell proliferation, while low expression
of BCAT2 weakens its tumor-suppressive function, and this expression difference is closely related to
the metabolic heterogeneity of GC [111]. In the research on BCAA metabolism-targeted therapy, BCAT1
inhibitors are potential therapeutic agents, but current studies are still in the preclinical stage, lacking in
vivo experimental verification, and the synergistic mechanism with chemotherapy and immunotherapy
also needs further clarification.

4.5 Challenges and Clinical Translation of Amino Acid Metabolism in Gastric Cancer

Although significant progress has been made in amino acid metabolism research in GC, both technical
bottlenecks and core scientific questions remain, hindering its translation into precise diagnosis and therapy.
Existing studies confirm that metabolic reprogramming is a central hallmark of GC development, and
dysregulated amino acid metabolism is closely associated with tumor progression and immune evasion [15].

The clinical translation of amino acid metabolism research in precision oncology is hampered by key
technical bottlenecks: inadequate in vivometabolic flux monitoring, challenges in resolving tumor metabolic
heterogeneity, inefficiencies in multi-omics data integration, a lack of practical clinical technologies, and
inherent limitations of current detection methods [112].

Addressing these challenges requires concerted technological innovation and advanced multi-omics
integration to unlock the full potential of targeting amino acid metabolism in precision oncology.

5 Conclusion and Outlook

Currently, the research and development of targeted drugs for amino acid metabolism-based therapy
have made certain progress, and the targeted drugs corresponding to different amino acid metabolic
pathways and their research progress are shown in the following table: (Table 1).



14 Oncol Res. 2026;34(8):6

Table 1: Amino acid metabolism-related enzymes and their targeted inhibitors in gastric cancer.

Name Gene/Protein
Expression GC-Specific Function Inhibitors

Clinical
Development

Stage
Reference

ARG1 upregulated

Depletes arginine in TME,
activates MDSCs, promotes
immune escape and GC

proliferation

CB-1158
OATD-02
nor-NOHA
Peg-rhArg1

SHIN1:Tool
Compound/Probe;
Others: Preclinical

[113–115]

ARG2 upregulated Promotes arginine catabolism
and GC growth

OATD-02
C0021158
nor-NOHA

All: Preclinical [115,116]

ASS1 upregulated
Enhances GC survival under
glucose starvation, promotes

metastasis

C-01
MDLA

ADI-PEG 20

SHIN1:Tool
Compound/Probe;
Others: Preclinical

[117,118]

IDO1 upregulated
Degrades tryptophan,

produces Kyn, activates AhR,
induces immune suppression

GDC-0919
Indoximod
Epacadostat
Roxyl-WL

β-Lapachone

All: Preclinical [119–121]

TDO2 upregulated
Drives Kyn-AhR signaling,
promotes stemness, PD-L1
expression and GC invasion

optimized compound 21
LM10
680C91

DN604-TDOi

SHIN1:Tool
Compound/Probe;
Others: Preclinical

[122,123]

GLS1 upregulated
Promotes glutaminolysis,

fuels TCA cycle, supports GC
proliferation

BPTES
CB-839
AC16

JHU-083

All: Preclinical [124,125]

GLS2 downregulated
Tumor suppressor; induces
ROS, promotes ferroptosis

and apoptosis

Compound 968
AV-1

SHIN1:Tool
Compound/Probe;
Others: Preclinical

[104,126]

BCAT1 upregulated
Activates PI3K/AKT/mTOR,
enhances angiogenesis and

GC invasion r

BAY-069
Gabapentin
BMS-582664

All: Preclinical [127–129]

SHMT2 upregulated

Regulates
HIF1α/VEGF/STAT3,

supports nucleotide synthesis
in hypoxia

Lometrexol
SHIN1
AGF347

SHMT-IN-2

SHIN1:Tool
Compound/Probe;
Others: Preclinical

[130–132]

PHGDH upregulated

Rate-limiting for serine
synthesis; mediates
chemoresistance and
metabolic plasticity r

NCT-503
CBR-5884

Withangulatin A (WA)
B12
D8

Salvianolic Acid
C/Schizotenuin F
Chicoric Acid

All: Preclinical [133–137]

Note: Abb: TME, Tumor Microenvironment; MDSCs, Myeloid-Derived Suppressor Cells; AhR, Aryl Hydrocarbon Receptor; TCA
cycle, Tricarboxylic Acid Cycle; PDX, Patient-Derived Xenograft; GC, Gastric Cancer; GLS, Glutaminase; BCAA, Branched-Chain
Amino Acid; BCAT1, Branched-Chain Amino Acid Transaminase 1; BCAT2, Branched-Chain Amino Acid Transaminase 2; SHMT2,
Serine Hydroxymethyltransferase 2; PHGDH, Phosphoglycerate Dehydrogenase; IDO1, Indoleamine 2,3-Dioxygenase 1; TDO2,
Tryptophan 2,3-Dioxygenase 2; ARG1, Arginase 1; ARG2, Arginase 2; ASS1, Argininosuccinate Synthetase 1; ROS, Reactive
Oxygen Species; OS, Overall Survival; PFS, Progression-Free Survival.

GC is an aggressive malignancy with a poor prognosis, and traditional therapeutic approaches such as
surgery, neoadjuvant radiotherapy, and chemotherapy have inherent limitations and often fail to address
the fundamental drivers of tumor progression. Thus, exploring innovative therapeutic strategies beyond
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conventional methods is imperative. Amino acids are essential for various vital biological processes,
including protein synthesis, purine and pyrimidine biosynthesis, energy production, and redox balance
maintenance. GC cells exhibit a high demand for amino acids, and alterations in amino acid levels can reflect
the metabolic state of GC cells; additionally, key proteins or enzymes involved in amino acid metabolism
hold potential as diagnostic markers and therapeutic targets for GC. Accumulating evidence indicates that
reprogramming amino acid metabolism is crucial for regulating anti-tumor immunity, and this review
has summarized the roles and mechanisms of catalytic enzymes related to amino acid metabolism in GC.
Although conclusive evidence linking amino acid metabolism to GC initiation and progression is still lacking,
metabolomic studies have identified significant differences in amino acid levels in tissues, serum, or urine
between GC patients and healthy individuals, which may provide new insights for GC-related amino acid
metabolism research. In the future, the clinical translation of amino acid metabolism-targeted therapy needs
to focus on solving core technical bottlenecks, screen reliable biomarkers through multi-omics technology,
optimize combination therapy regimens, and clarify drug resistance mechanisms. These efforts will lay the
foundation for the development of novel anti-tumor drugs and therapeutic strategies, thereby promoting
the advancement of precise metabolic therapy for GC and improving patient outcomes.
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