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Abstract 

Tryptophan (Trp) metabolism plays a crucial role in influencing the development of digestive system tumors. Dys-
regulation of Trp and its metabolites has been identified in various digestive system cancers, including esophageal, 
gastric, liver, colorectal, and pancreatic cancers. Aberrantly expressed Trp metabolites are associated with diverse 
clinical features in digestive system tumors. Moreover, the levels of these metabolites can serve as prognostic indi-
cators and predictors of recurrence risk in patients with digestive system tumors. Trp metabolites exert their influ-
ence on tumor growth and metastasis through multiple mechanisms, including immune evasion, angiogenesis 
promotion, and drug resistance enhancement. Suppressing the expression of key enzymes in Trp metabolism can 
reduce the accumulation of these metabolites, effectively impacting their role in the promotion of tumor progres-
sion and metastasis. Strategies targeting Trp metabolism through specific enzyme inhibitors or tailored drugs exhibit 
considerable promise in enhancing therapeutic outcomes for digestive system tumors. In addition, integrating these 
approaches with immunotherapy holds the potential to further enhance treatment efficacy.
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Background
Digestive system tumors rank among the most preva-
lent malignancies and remain a leading cause of can-
cer-related mortality, despite advancements in surgery, 
chemoradiotherapy, and immunotherapy [1–4]. The 
challenges lie in their elusive early detection and high 
invasiveness, particularly evident in liver and pancre-
atic cancers. Addressing this challenge requires focused 

efforts on identifying precise diagnostic biomarkers and 
effective therapeutic targets.

Metabolic reprogramming stands out as a hallmark of 
cancer, altering how tumor cells use energy and nutri-
ents [5–7]. While normal cells primarily rely on oxidative 
phosphorylation for energy production, cancer cells favor 
anaerobic glycolysis. In addition, tumor cells exhibit an 
augmented demand for biosynthetic pathways, including 
amino acids, lipids, and nucleotides [8–10]. Trp metabo-
lism emerges as a novel frontier in tumor metabolism 
research, given its role as both a component in protein 
synthesis and a precursor to biologically active mol-
ecules [11–13]. Beyond its physiological regulation in 
the human body, Trp and its metabolites play a crucial 
role in tumorigenesis and progression [13]. Differentially 
expressed Trp metabolites serve as potential diagnostic 
markers for tumors, while tumor cells use Trp to syn-
thesize bioactive molecules influencing cell biological 

*Correspondence:
Juan Lu
lujuanzju@zju.edu.cn
Weibo Du
duweibo@zju.edu.cn
1 State Key Laboratory for Diagnosis, Treatment of Infectious Diseases,, 
Collaborative Innovation Center for Diagnosis and Treatment of Infectious 
Diseases, National Clinical Research Center for Infectious Diseases, 
National Medical Center for Infectious Diseases, The First Affiliated 
Hospital, Zhejiang University School of Medicine, No. 79 Qingchun Road, 
Shangcheng District, Hangzhou, Zhejiang 310003, China

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12964-024-01552-7&domain=pdf


Page 2 of 13Yu et al. Cell Communication and Signaling          (2024) 22:174 

functions through signaling pathways or direct action 
[14, 15]. Trp metabolites further impact immune cells 
and the tumor microenvironment, exerting influence on 
tumor development [16, 17]. Investigating Trp metabo-
lism enhances our comprehension of tumor genesis and 
development, presenting potential targets for innovative 
therapeutic strategies.

As a vital biological pathway, Trp metabolism signifi-
cantly contributes to the onset and progression of diges-
tive system tumors. Studies indicate that heightened Trp 
metabolism in digestive system tumor cells leads metab-
olite accumulation, affecting tumor growth, metastasis, 
and immune evasion [18, 19]. Trp degradation products 
modulate immune cell function, influencing the immune 
response to digestive system tumors. In addition, Trp 
metabolism regulates immune cell function, affecting the 
immune response to digestive system tumors. In-depth 
exploration of Trp metabolism has led to novel therapeu-
tic strategies, including inhibiting key enzymes such as 
indoleamine 2,3-dioxygenase (IDO) and Trp 2,3-dioxyge-
nase (TDO) to block Trp utilization, thereby enhancing 
immune response and inhibiting tumor growth. Combin-
ing IDO1 inhibitors with immune checkpoint inhibitors 
shows promise in improving treatment efficacy. Ongoing 
drug development targets the interference of Trp trans-
port and utilization by tumor cells, underscoring the 
therapeutic potential of Trp metabolism in digestive sys-
tem tumors. This review comprehensively summarizes 
the expression of Trp and its metabolites in digestive 
system tumors, elucidating their correlation with clinical 
features. In addition, it delves into the roles and mecha-
nisms of Trp metabolism in the development of digestive 

system tumors. Finally, it introduces therapeutic strate-
gies targeting Trp metabolism, underscoring their poten-
tial in advancing the treatment landscape for digestive 
system tumors.

Overview of Trp metabolism
Trp assumes vital physiological roles within the human 
body, serving as an essential amino acid for protein 
synthesis [20]. Beyond its structural role, it acts as a 
precursor to the neurotransmitter serotonin (5-HT), 
influencing mood regulation, sleep, and appetite control. 
Trp metabolism encompasses the intricate transforma-
tion and utilization of Trp, involving several pathways 
and key enzymes that regulate crucial physiological func-
tions [21]. The three primary metabolic pathways of Trp 
metabolism are the kynurenine, 5-HT, and indole path-
ways (Fig. 1).

Kynurenine pathway
The kynurenine pathway stands as the primary route in 
Trp metabolism, exerting pivotal roles in immune regula-
tion, neurodevelopment, and brain function [14, 22–24]. 
Initiated by either TDO or IDO, Trp undergoes catalysis 
to form N-formyl-L-kynurenine (NFK). Subsequently, 
NFK is converted to kynurenine (Kyn), with kynurenine 
3-monooxygenase (KMO) catalyzing the transformation 
of Kyn into 3-hydroxy-kynurenine (3-HK). The enzyme 
kynureninase (KYNU) facilitates the conversion of 3-HK 
into 3-hydroxyanthranilic acid (3-HAA). Further in 
the pathway, the enzyme kynurenine aminotransferase 
(KAT) transforms 3-HK into xanthurenic acid (XA). 
Notably, 3-HAA undergoes non-enzymatic degradation, 

Fig. 1 Aberrant Trp metabolism in digestive system tumors



Page 3 of 13Yu et al. Cell Communication and Signaling          (2024) 22:174  

resulting in the formation of quinolinic acid (QA), ulti-
mately contributing to the synthesis of nicotinamide 
adenine dinucleotide (NAD) [24]. Crucially, IDO, TDO, 
and KMO serve as rate-limiting enzymes in the kynure-
nine pathway, exerting key regulatory roles in metabolic 
processes [25–27]. IDO, widely distributed in various cell 
types, including immune and non-immune cells, is sub-
ject to regulation by factors such as cytokines, inflam-
mation, and immune responses. TDO, predominantly 
located in the liver, regulates the hepatic conversion of 
Trp [28]. Meanwhile, KMO, expressed across diverse cell 
types, participates in immune regulation and oxidative 
stress.

5‑hydroxytryptamine pathway
5-hydroxytryptamine (5-HT, serotonin) is a versatile 
and ancient bioamine with diverse functions [29, 30]. 
Comprising integral components such as the seroto-
nin transporter (SLC6A4), serotonin receptors (HTR), 
Trp hydroxylase (TPH), and monoamine oxidase, the 
5-HT pathway plays a pivotal role in the Trp hydroxyla-
tion pathway. The synthesis of 5-HT, a neurotransmitter 
that regulates emotions, sleep, appetite, and other physi-
ological functions, begins with Trp hydroxylation [29, 
31]. This initial step is catalyzed by TPH, which converts 
Trp into 5-hydroxytryptophan (5-HTP). The conver-
sion of 5-HTP to 5-HT requires L-aromatic amino acid 
decarboxylase (AADC) and cofactors like vitamin B6 
[32]. 5-HT binds to various subtypes of 5-HT receptors 
on targeted cells, including 5-HT1, 5-HT2, and 5-HT3, 
eliciting diverse physiological effects in different tissues 
and organs. Monoamine oxidase (MAO) facilitates the 
metabolism of 5-HT into 5-hydroxyindoleacetic acid 
(5-HIAA), which is excreted by the kidneys. The 5-HT 
pathway exerts a crucial regulatory role in tissues and 
organs such as the digestive system, cardiovascular sys-
tem, and immune system [33, 34]. Within the digestive 
system, 5-HT regulates gastrointestinal peristalsis and 
secretion. In the cardiovascular system, it participates in 
the regulation of blood pressure and vasoconstriction. In 
the immune system, 5-HT plays a role in modulating the 
function of immune cells.

Indole pathway
The indole pathway constitutes a segment of the Trp 
decarboxylation (TDC) pathway, which is catalyzed by 
gut microbes. TDC catalyzes the conversion of Trp into 
tryptamine, a process mediated by intestinal microor-
ganisms. Tryptamine undergoes further metabolism, 
generating various indoleacetic acid derivatives, includ-
ing indoleacrylic acid, indole-3-acetic acid (IAA), and 
indole-3-acetaldehyde. Indole and its derivatives act as 
natural ligands for the aryl hydrocarbon receptor (AhR), 

activating AhR by binding to it and thereby regulating 
the transcription of downstream genes. Activated AhR–
ligand complexes play a crucial role in regulating diverse 
biological processes such as detoxification metabolism, 
immune regulation, and development. AhR promotes the 
expression of detoxification enzymes, aiding the body in 
eliminating harmful substances. In addition, AhR regu-
lates the differentiation and function of immune cells, 
actively participating in immune response regulation. 
Various substances, including polycyclic aromatic com-
pounds, polychlorinated biphenyls, and Kyn, can influ-
ence AhR activity. As a ligand-activated transcription 
factor, AhR plays a pivotal regulatory role in fundamental 
biological processes.

Role of Trp mechanism in digestive system tumors
Esophageal cancer (EC)
In patients with EC, serum Trp levels are significantly 
reduced compared to healthy controls, while serum sero-
tonin (5-HT) and 5-HIAA levels are notably elevated in 
patients with EC compared to healthy controls (Fig.  1) 
(Table  1) [35, 36]. Overexpression of IDO2 is observed 
in ESCC tissues [37, 38]. Elevated 5-HT emerges as a 
crucial indicator of EC susceptibility (AUC = 0.811), and 
increased plasma 5-HIAA is strongly associated with 
a higher likelihood of lymph node metastasis [36]. A 
higher XA/Kyn ratio is linked to shorter overall survival. 
Notably, XA/Kyn levels are significantly correlated with 
lower overall survival in patients with EC [36]. Increased 
TDO2 levels are significantly associated with lymph node 
metastasis, advanced clinical stage, recurrence status, 
and unfavorable prognosis in patients with EC [37, 38]. 
CD44, a commonly used tumor stem cell marker in EC, 
can self-renew and rebuild tumor tissues and is notably 
expressed in ESCCs with high TDO2 expression, indicat-
ing its potential role in tumor recurrence, metastasis, and 
drug resistance [38]. Patients with negative IDO1 expres-
sion exhibit significantly improved overall survival com-
pared to those with positive IDO1 expression [39]. High 
CD8 expression is associated with better overall survival 
and lower IDO1 expression. Consistently upregulated 
ratios of Kyn/Trp, 5HTP/Trp, 5HIAA/Trp, and 5HT/Trp 
in patients with ESCC emerge as promising biomarkers 
for tumorigenesis and metastasis [35]. Trp and its metab-
olites show potential as postoperative prognosis markers 
in patients with EC, with a sharp decrease in plasma total 
Trp concentration observed after surgery [40]. Function-
ally, TDO2 enhances tumor cell proliferation, migration, 
and colony formation, with inhibition of TDO2 prevent-
ing these effects [37, 38]. TDO2 overexpression contrib-
utes to in vivo tumor growth [37]. Mechanistically, TDO2 
upregulates interleukin-8 (IL-8), activating the protein 
kinase B (AKT)/ glycogen synthase kinase-3 (GSK3β) 
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Table 1 Role and mechanism of tryptophan mechanism in digestive system tumors

Tumor type Tryptophan metabolism Sample Clinical characteristics Functions Mechanisms

Esophageal cancer Trp, 5-HT Serum Metastasis  [35]

Esophageal cancer 5-HT, 5-HIAA Serum Susceptibility, lymph node metastasis, prognosis  [36]

Esophageal cancer TDO2 Tissue Lymph node metastasis, 
clinical stage, prognosis

Cell proliferation, migra-
tion, colony formation, 
tumor growth

AKT, GSK3Β, IL-8  [37]

Esophageal cancer TDO2 Tissue Tumor stage, recurrence 
status, prognosis

Cell proliferation, sphe-
roid colonies, invasion

PI3K, AKT, ERK  [38]

Esophageal cancer IDO1 Tissue Prognosis  [39]

Gastric cancer Trp, Melatonin, Indole-
3-propionic acid

Serum  [41]

Gastric cancer Trp Serum Sensitivity of predicting 
gastric cancer

 [42]

Gastric cancer TDO2 Tissue TNM stage, lymphatic invasion status, prognosis  [43]

Gastric cancer Kyn Serum Drug resistance Chemoresistance IL-10, STAT3, BCL2  [44]

Gastric cancer Trp Gastric juice Detection of early gastric 
cancer

 [45]

Gastric cancer IDO1 Tissue Parietal cell loss, gastric 
metaplasia

B cell  [46]

Gastric cancer IDO1 Cell Cell migration MAPK pathway  [47]

Gastric cancer KYNU, Kyn, AhR Tissue Metastasis GPX2  [48]

Gastric cancer KAT2 Gastric intestinal metapla-
sia

CGAS, IRF3  [49]

Liver cancer 3-HAA Tissue Cell apoptosis, tumor 
growth

YY1, PKC, DUSP6, ERK1/2  [50]

Liver cancer 5-HT1D Tissue Recurrence rate, prog-
nosis

Cell proliferation, 
epithelial-mesenchymal 
transition, metastasis

PI3K, AKT, FOXO6  [51]

Liver cancer KMO Tissue Tumor differentiation, 
disease recurrence, 
prognosis

Cell proliferation, migra-
tion, invasion

 [52]

Liver cancer TDO2 Tissue Tumor size, tumor dif-
ferentiation, m stage, 
prognosis

Cell migration, invasion, 
proliferation

CircZNF566, mir-4738-3p  [53]

Liver cancer Kyn, Trp Serum Increased risk of HCC  [54]

Liver cancer IDO1 Tissue Prognosis  [55]

Liver cancer IDO1 Tissue Prognosis  [56]

Liver cancer TDO2 Tissue Advanced stage, vascular 
invasion, prognosis

Cell migration, invasion  [57]

Liver cancer Trp, Kyn, AhR Tissue Cell proliferation, migra-
tion

CYP1A1  [58]

Liver cancer TDO2 Tissue Tumor size, clinical stage, 
TNM stage, tumor differ-
entiation, prognosis

Cell proliferation, 
cell-cycle arrest, tumor 
growth

P21, P27  [59]

Colorectal cancer Trp Serum  [60]

Colorectal cancer 5-HT Tissue Tumor growth NLRP3, Immortalized 
bone marrow-derived 
macrophages

 [61]

Colorectal cancer IL4I1, AhR, Trp Tissue Cell proliferation, migra-
tion, invasion

 [62]

Colorectal cancer KMO Tissue Metastasis, prognosis Sphere-forming, migra-
tion, invasion

 [63]

Colorectal cancer IDO1, TDO2 Tissue Lymph node metastasis, 
tumor stage

 [64]

Colorectal cancer TDO2, KYNU, AhR Tissue Clinical stage, prognosis Cell proliferation, colony 
formation, invasion, 
tumor growth

 [65]
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pathway and promoting M2 macrophage polarization, 
thereby accelerating tumor progression in EC [37].

Gastric cancer
In patients with gastric cancer, serum levels of Trp, mela-
tonin, and indole-3-propionic acid are downregulated, 
while indole levels are increased [41, 42]. The expres-
sion of TDO2 in gastric cancer tissues and cells is sig-
nificantly higher than that in the control group (Fig.  1) 
[43]. Trp and its metabolites exhibit associations with 
various clinical features in gastric cancer. Serum Kyn lev-
els positively correlate with drug resistance in patients 
with gastric cancer [44]. TDO2 expression is positively 
correlated with T grade, N grade, M grade, and lym-
phatic invasion status [43]. In addition, TDO2 expres-
sion is negatively correlated with overall survival and is 
an independent predictor of gastric cancer prognosis 
[43]. Plasma-free Trp levels demonstrate higher sensitiv-
ity in predicting gastric cancer, and Trp levels in gastric 
juice serve as potential biomarkers for early detection 
[42, 45]. Functionally, TDO2 promotes cell proliferation, 

colony formation, invasive ability, and spheroid forma-
tion in gastric cancer. Knockdown of TDO2 significantly 
decreases the viability of gastric cancer organoids. IDO1 
contributes to parietal cell loss and gastric metapla-
sia, acting as a critical mediator of immune suppression 
(Fig.  2) [46]. IDO inhibits T cell-mediated cytotoxicity 
and cell proliferation in gastric cancer, playing a crucial 
role in gastric metaplasia by modulating B-cell activity 
[46, 83]. IDO1 and COL12A1 synergistically enhance cell 
migration through a positive feedback loop mediated by 
the mitogen-activated protein kinases (MAPK) pathway 
[47]. Kyns derived from gastric cancer cells overstimu-
late regulatory T cells (Tregs) through the IL-10/ signal 
transducer and activator of transcription 3 (STAT3)/ 
B-cell lymphoma 2 (BCL2) signaling pathway, promoting 
chemoresistance [44]. Glutathione peroxidase 2 (GPx2) 
contributes to the progression and metastasis of gastric 
cancer by enhancing the KYNU-Kyn-AhR signaling path-
way [48]. Helicobacter pylori facilitates gastric intestinal 
metaplasia by activating the kynurenine pathway medi-
ated by KAT2 through the cyclic GMP-AMP synthase 

Table 1 (continued)

Tumor type Tryptophan metabolism Sample Clinical characteristics Functions Mechanisms

Colorectal cancer Tryptophanyl-trna syn-
thetase

Tissue Lymph node metastasis, tumor stage, risk for recur-
rence, prognosis

 [66]

Colorectal cancer IDO1 Tissue Cell proliferation, tumor 
growth

Β-catenin  [67]

Colorectal cancer 5-HT Tissue Angiogenesis, tumor 
growth

Macrophages  [68]

Colorectal cancer Kyn, AhR Cell Goblet cell differentiation WNT, NOTCH, HES1, 
HATH1

 [69]

Colorectal cancer IDO1 Tissue Cell proliferation, apopto-
sis, tumor growth

PI3K, AKT  [70]

Colorectal cancer TDO2, AhR, Kyn Tissue Liver metastasis Stemness, immune 
evasion

PD-L1  [71]

Colorectal cancer 8-hydroxyquinaldic acid Tissue Cell proliferation, cell 
cycle, cell migration

Β-catenin, E-cadherin  [72]

Colorectal cancer IAA Cell Cell proliferation, cell 
cycle

TLR4, ERK, JNK  [73]

Colorectal cancer KYNA Cell Cell proliferation PI3K, AKT, MAPK, 
Β-catenin

 [74]

Colorectal cancer QA Cell Cell proliferation ERK, P38, CREB, AKT  [75]

Colorectal cancer Melatonin Cell Cell proliferation, apopto-
sis, angiogenesis

FOXO-1, NF-ΚΒ, Endothe-
lin-1

 [76]

Pancreatic cancer 5-HT, TPH1, MAOA Tissue Tumor stage, tumor size, 
prognosis

Cell proliferation, apopto-
sis, tumor growth

MYC, HIF1A, PI3K, AKT, 
MTOR

 [77]

Pancreatic cancer IDO Tissue TNM stage, histological differentiation, lymph nodule 
metastasis

 [78]

Pancreatic cancer KYNU Tissue Prognosis NFR2  [79]

Pancreatic cancer IDO1, Kyn, AhR Tissue Prognosis Spheroid growth, inva-
sion

NO•, RUNX3  [80]

Pancreatic cancer AhR, Indoles Cell Prognosis Tumor growth TAM  [81]

Pancreatic cancer 3-HAA, 3-HK Serum Increased risk of pancre-
atic cancer

 [82]



Page 6 of 13Yu et al. Cell Communication and Signaling          (2024) 22:174 

(cGAS)-Interferon regulatory factor 3 (IRF3) signaling 
[49].

Liver cancer
In hepatocellular carcinoma (HCC) tissues, 3-HAA 
levels are significantly downregulated, while expres-
sion of 5-HT1D, KMO, and TDO2 is markedly upregu-
lated (Fig. 1) [50–52]. TDO2 overexpression correlates 
closely with HCC tumor size, degree of differentiation, 
and M phase, with higher TDO2 levels associated with 
worse overall survival and disease-free survival (DFS) 
[53]. KMO expression is correlated with tumor differ-
entiation, and patients with HCC with elevated KMO 
expression exhibit decreased overall survival and a 
higher risk of disease recurrence [52]. Elevated 5-HT1D 
expression is linked to lower overall survival rates and 
increased recurrence rates in patients with HCC [51]. 
Higher levels of Kyn and Kyn/Trp ratio are associated 
with an elevated risk of HCC [54]. In addition, high 
IDO1 expression and increased infiltration of CD8 + T 
cells are significantly associated with overall survival 
in patients with HCC [55]. IDO1 expression serves 
as an independent prognostic factor for overall sur-
vival, DFS, and recurrence-free survival rates in HCC 
[55, 56]. kynurenine and kynurenine/ Trp ratio were 
associated with higher HCC risk. Functionally, TDO2 

and KMO stimulate cell proliferation, migration, inva-
sion, and epithelial-to-mesenchymal transition (EMT) 
in HCC cell lines [52, 53, 57]. Silencing TDO2 in vivo 
effectively suppresses intrahepatic tumor metastasis 
of liver cancer cells [57]. 5-HT1D markedly enhances 
cell proliferation, EMT, and metastasis in HCC [51]. 
Moreover, 3-HAA inhibits tumor growth and reduces 
tumor weight in vivo, triggering apoptosis in HCC cells 
by interacting with YY1 (Fig. 3) [50]. TDO2 stimulation 
facilitates the EMT process by activating the Kyn-AhR 
pathway [57]. 5-HT1D promotes HCC progression by 
activating the PI3K/Akt/FoxO6 signaling pathway [51]. 
circZNF566 promotes HCC progression by sponging 
miR-4738-3p and regulating TDO2 expression [53]. 
ZNF165 enhances the proliferation and migration of 
HCC cells by activating the Trp/Kyn/AhR/CYP1A1 axis 
and substantially enhancing CYP1A1 expression [58]. 
Interestingly, a study by Ding et  al. showed differing 
views on the role of TDO2 in HCC. They found TDO2 
downregulated in HCC tissues and its expression nega-
tively correlated with tumor size, clinical stage, TNM 
stage, and tumor differentiation [59]. Lower TDO2 lev-
els are associated with worse overall survival and DFS 
in patients with HCC. TDO2 inhibits cell prolifera-
tion by inducing cell cycle arrest in vitro and exerts an 

Fig. 2 Molecular mechanisms of Trp metabolism in gastric cancer. Helicobacter pylori infection induced kynurenine pathway activation mediated 
by kynurenine aminotransferase 2 (KAT2) through cGAS-IRF3 signaling, fostering gastric intestinal metaplasia. IDO1 and COL12A1 exhibited 
a synergistic effect, enhancing cell migration via the MAPK pathway. GPx2 enhanced the KYNU-Kyn-AhR signaling pathway, promoting gastric 
cancer progression and metastasis. Kyn generated by gastric cancer cells activated the IL-10/STAT3/BCL2 pathway, excessively stimulating Tregs 
and crucially contributing to chemoresistance
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inhibitory effect on tumor growth and weight in vivo by 
upregulating the expression of p21 and p27 [59].

Colorectal cancer
In patients with colorectal cancer (CRC), serum Trp 
levels are significantly downregulated, with altera-
tions in Trp metabolites and key enzymes (Fig. 1) [60]. 
The expression of IL4I1, KYNA, KMO, IDO1, TDO2, 
5-HT, and TPH1 is notably increased in CRC tissues, 
with strong correlations observed between these TRP 
metabolites and various clinical features [61–65, 84]. 
Elevated IDO1, TDO2, and tryptophanyl-tRNA syn-
thetase (TrpRS) expression predicts lymph node metas-
tasis and advanced clinical stages in CRC [64, 66]. 
Furthermore, IDO1, TDO2, KYNA, and KMO expres-
sions are positively associated with CRC metastasis, 
and higher levels of KMO, IDO1, TDO2, and TrpRS 
correspond to worse prognoses [63, 65, 71, 85, 86]. 
Upregulated TrpRS expression is negatively correlated 
with the risk of relapse in patients with CRC [66]. Func-
tionally, IL4I1, KMO, TDO2, IDO1, and 5-HT expres-
sions promote cell proliferation and invasion in CRC 
[62, 63, 65, 67, 68]. Trp deficiency attenuates the tumor-
promoting effect of IL4I1 [62]. Kyn induces goblet cell 
differentiation, and 5-HT contributes to angiogenesis 

in CRC [68, 69]. In  vivo experiments demonstrate the 
roles of TPH1 and IDO1 in promoting CRC growth 
[61, 68, 70]. Mechanically, 5-HT enhances the NLRP3 
inflammasome activation in THP-1 cells and immortal-
ized bone marrow-derived macrophages by interacting 
with the 5-hydroxytryptamine receptor 3A (HTR3A) 
receptor [61]. Silenced TDO2 reduces tumor growth 
by interacting with the KYNU-AhR pathway [65]. In 
addition, TDO2 suppresses the immune response and 
facilitates liver metastasis by inducing AhR-mediated 
PD-L1 trans-activation in CRC [71]. Kynurenine path-
way metabolites, except kynurenic acid, enhance the 
malignant phenotype of CRC by activating the PI3K/
AKT pathway [70]. Kyn and QA contribute to tumor 
growth via the activation of β-catenin [67].

Contrastingly, 8-hydroxyquinaldic acid, IAA, KYNA, 
melatonin, quinaldic acid, and KYNA attenuate CRC cell 
proliferation [72–75]. Melatonin inhibits cell prolifera-
tion by inducing the G2/M phase arrest [76]. IAA inhibits 
tumor progression by activating the Toll-like receptor 4 
(TLR4)-c-Jun N-terminal kinase (JNK) pathway in CRC 
[73]. Melatonin significantly downregulates endothelin-1 
levels, inhibiting CRC malignant phenotypes by reducing 
forkhead transcription factor-1 (FOXO-1) and nuclear 
factor-kappabeta (NF-κβ) levels [76].

Fig. 3 Molecular mechanisms of Trp metabolism in liver cancer. circZNF566 promoted HCC progression by sponging miR-4738-3p and modulating 
TDO2 expression. ZNF165 enhanced HCC cell proliferation and migration through robust activation of the Trp/Kyn/AhR/CYP1A1 axis, significantly 
increasing CYP1A1 expression. 5-HT1D, through PI3K/Akt/FoxO6 signaling, accelerated HCC progression. TDO2 upregulated p21 and p27 
expression, exerting a suppressive impact on cell cycle arrest. The binding of 3-HAA to YY1 induced apoptosis in HCC cells
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Pancreatic cancer
In pancreatic cancer tissues, levels of 3-IAA, 5-HT, 
KYNU, IDO, and TPH1 are significantly elevated, while 
levels of MAOA, 3-hydroxyanthranilic acid 3,4-dioxy-
genase (HAAO), and quinolinic acid phosphoribosyl-
transferase (QPRT) are markedly downregulated (Fig. 1) 
[77–79, 87]. Upregulated IDO expression is negatively 
associated with TNM stage, histological differentiation, 
and lymph nodes metastasis in patients with pancreatic 
cancer [78]. TPH1 expression is positively correlated 
with TNM stage and tumor size, and IDO expression 
is elevated in pancreatic cancer metastases [88]. High 
levels of IDO, TPH1, HTR2B, AhR, and Kyn predict a 
poor prognosis in pancreatic cancer, whereas MAOA 
expression is negatively correlated with TNM stage and 
tumor size in pancreatic cancer, predicting a favorable 
prognosis [77, 78, 80, 81]. Serum 3-HAA levels and the 
HAA:3-HK ratio are negatively associated with the risk of 
pancreatic cancer [82]. Functionally, Kyn enhances sphe-
roidal growth and cell invasion in pancreatic cancer [80]. 
5-HT and HTR2B agonists promote cell proliferation 
and inhibit cell apoptosis in vitro, with silenced HTR2B 
blocking tumor growth in  vivo, making it a potential 
drug target for pancreatic cancer treatment [77]. Tumor-
associated macrophage (TAM) exhibits high AhR activ-
ity, and inhibiting AhR in TAM reduces pancreatic ductal 
adenocarcinoma (PDAC) growth [81]. Administration 
of Trp and 3-HAA increases sensitivity to chemother-
apy drugs in vivo [87]. Mechanistically, the oxidation of 
3-IAA combined with chemotherapy reduces antioxidant 
enzymes, leading to ROS accumulation and inhibition of 
autophagy in cancer cells, affecting cell metabolism and 
PDAC progression [87]. The conversion of Trp to indoles 
metabolized by lactic acid bacteria increases TAM AhR 
activity, recruiting TNF-α+IFN-γ+CD8+ T cells in PDAC, 
exerting an anti-tumor immune effect [81]. In addition, 
5-HT enhances PDAC cell metabolism by upregulating 
key enzymes involved in glycolysis, pentose phosphate 
pathway, and hexosamine biosynthesis pathway [77]. 
Nitric oxide activates the IDO1/ kynuridine /AhR sign-
aling axis, promoting pancreatic cancer progression [80].

Application of Trp metabolism in digestive system tumor 
treatment
Targeting IDO1 and TDO in digestive system tumor treatment
IDO1 and TDO, pivotal enzymes in the kynurenine path-
way, regulate the generation of various metabolites from 
Trp. Their involvement in promoting digestive system 
tumor progression through multiple mechanisms has 
identified them as potential therapeutic targets. Advances 
in IDO1 and TDO inhibitors have shown promise in clin-
ical trials. These inhibitors inhibit tumor progression by 
blocking the activity of IDO1 and TDO through different 

mechanisms. Notable inhibitors include 1-MT (Table 2), 
a canonical IDO inhibitor with low toxicity, and its iso-
mer 1-L-MT, which induces mitochondrial damage, 
reduces CRC cell proliferation, and inhibits CRC devel-
opment in  vivo [67, 89]. In addition, 1-D-MT inhibits 
CRC progression; however, its effect is weaker than that 
of 1-L-MT [89, 90]. The TDO inhibitor 680C91 induces 
the G2 phase arrest and apoptosis in CRC cell lines [91]. 
Sertaconazole nitrate dose-dependently inhibits IDO1 
expression in CRC cells, promoting autophagy and apop-
tosis and inhibiting tumor growth [92]. Hydroxyamidine 
inhibitors show efficacy in CRC and pancreatic cancer 
by targeting IDO1 [93]. Hydrogen sulfide downregulates 
IDO1, increasing  CD8+ T cells and inhibiting HCC pro-
gression [94]. Abrine inactivates the IDO1/JAK1/STAT1 
axis, suppressing immune escape and HCC progression 
[95]. Carbidopa, an AhR agonist, inhibits IDO1 expres-
sion in PDAC cells, regulating the JAK/STAT pathway 
to impede pancreatic cancer progression [96]. However, 
unexpected outcomes in IDO1 inhibitor clinical trials 
may be attributed to AhR activation, impacting immu-
notherapy [97]. Notably, USP14 knockdown upregulates 
cytotoxic T-cell activity and enhances anti-tumor immu-
nity in CRC by downregulating IDO1 expression without 
affecting AhR activity, suggesting a potential avenue for 
CRC-targeted therapy [98]. Sodium Tanshinone IIA Sul-
fonate (STS) inhibits both IDO1 and TDO2, restraining 
tumor growth and enhancing the anti-tumor activity of 
PD1 antibodies [99]. IDO1/TDO dual inhibitor RY103 
blocks the kynurenine pathway in pancreatic cancer, 
inhibiting cell motility and demonstrating growth inhibi-
tion in vivo [100].

Targeting KMO in digestive system tumor treatment
KMO, a crucial enzyme in Trp metabolism, represents 
a rate-limiting step in this pathway and is implicated in 
the development of various digestive system tumors. 
Modulating Trp metabolism by inhibiting KMO expres-
sion offers a potential avenue for impacting tumor 
growth and immune response. Slower research progress 
is observed on KMO inhibitors compared to IDO/TDO 
inhibitors, possibly due to the complex role and regula-
tory mechanisms of KMO, requiring further research to 
understand its specific role in digestive system tumors. 
However, recent studies underscore KMO as a promis-
ing therapeutic target in digestive system tumors. KMO 
upregulation is significantly observed in liver cancer 
and CRC, correlating with worsened patient prognosis 
in these malignancies [52, 63]. In HCC cell lines, KMO 
demonstrates a significant enhancing effect on cell pro-
liferation, migration, invasion, and EMT [52]. Similarly, 
KMO aggravates the malignant phenotype of tumors in 
CRC [63]. KMO knockdown shows promise in inhibiting 
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cancer progression by modulating cell biological func-
tions in HCC and CRC.

Targeting TPH in digestive system tumor treatment
TPH, a pivotal enzyme in the 5-HT pathway, catalyzes 
the conversion of Trp to 5-HTP, influencing the synthe-
sis and release of 5-HT. The potential involvement of 
the 5-HT pathway in digestive system tumor progres-
sion highlights TPH as a key therapeutic target. In CRC, 
5-HT, through interaction with the HTR3A receptor, 
promotes tumor progression by activating the NLRP3 
inflammasome. In  vivo experiments demonstrate that 
inhibiting TPH1 with 4-chloro-DL-phenylalanine or 
using the HTR3A antagonist tropisetron reverses this 
effect [61]. In PDAC, 5-HT and HTR2B agonists pro-
mote cell proliferation while inhibiting cell apoptosis. 
The HTR2B antagonist SB204741 impedes tumor growth 
and enhances prognosis in PDAC [77]. In addition, 5-HT 
knockdown significantly inhibits angiogenesis in CRC 
[68]. Notably, a 5-HT(1D)R antagonist GR127935 sup-
presses tumor metastasis by regulating the Axin1/β-
catenin/MMP-7 axis (Table 2) [101]. However, the role of 
5-HT in CRC development remains controversial. Selec-
tive serotonin reuptake inhibitors decrease CRC risk by 
enhancing 5-HT expression [105]. Kannen et  al. found 

that 5-HT can reduce DNA damage and CRC risk in the 
early stages of CRC, but its contribution to tumor growth 
in CRC complicates its overall impact [106]. This contro-
versy underscores the need for further research to com-
prehensively understand the mechanisms of 5-HT and 
establish a theoretical basis for relevant therapies.

Combining Trp metabolism targeting with other therapies 
in digestive system tumor treatment
As tumor treatment strategies evolve, including surgi-
cal resection, chemotherapy, radiation therapy, targeted 
therapy, immunotherapy, and hormone therapy, chal-
lenges like drug resistance, recurrence, and metastasis 
persist. Targeting Trp metabolism has gained attention, 
but its adverse effects on normal physiological pro-
cesses necessitate further research for safe and effective 
strategies. Combining targeted Trp metabolism with 
other therapies emerges as a promising avenue. In liver 
cancer, PD-1/PD-L1 monoclonal antibody therapy has 
shown promise by targeting immune checkpoint mole-
cules [95]. Combining Abrine and anti-PD-1 antibodies 
synergistically inhibits HCC tumor growth [95]. TDO 
inhibitors enhance the efficacy of immune checkpoint 
inhibitors [102]. The dual IDO1/TDO2 inhibitor, STS, 
effectively boosts the anti-tumor effects of the PD1 

Table 2 Research on the application of trp metabolism in digestive system tumors

Targeted agents Diseases Molecules targeted Outcomes Ref

1-MT Colorectal cancer IDO Inhibit cell proliferation, and tumor growth  [67]

1-MT Pancreatic cancer IDO Motivate antitumor responses, and elicit 
tumor inflammatory necrosis

 [90]

1-L-MT Colorectal cancer IDO Inhibit cell proliferation, and tumor growth  [89]

Sertaconazole nitrate Colorectal cancer IDO1 Induce autophagy and apoptosis, and inhibit 
tumor growth

 [92]

INCB023843, and INCB024360 Pancreatic cancer, 
and colorectal cancer

IDO Inhibit the growth of IDO-expressing tumors  [93]

Hydrogen sulfide Hepatocellular carcinoma IDO1 Decrease microvasculature density, 
and enhance tumor cell apoptosis

 [94]

Carbidopa Pancreatic cancer AHR, IDO1 Inhibit tumor growth  [96]

USP14 Colorectal cancer IDO1 Promote immune suppression  [98]

Sodium tanshinone IIA sulfonate Colorectal cancer IDO1/TDO2 Enhance Anti-PD1 Therapy  [99]

RY103 Pancreatic cancer IDO1/TDO Inhibit cell migration, invasion, and tumor 
growth

 [100]

GR127935 Colorectal cancer 5-HT1DR Inhibit cell invasion, and tumor metastasis  [101]

Sb204741 Pancreatic cancer HTR2B Inhibit tumor growth  [77]

PF06845102/EOS200809 Colorectal cancer TDO Improve the efficacy of checkpoint inhibitors  [102]

Combination of Navoximod, and  
Atezolizumab

Pancreatic cancer IDO1 Not offer convincing evidence of enhance-
ment compared to single-agent therapy

 [97]

Combination of Abrine, and Anti-PD-1 
antibody

Hepatocellular carcinoma IDO1 Reduce immune escape  [95]

Combination of 1-MT, and Radiation Colorectal cancer IDO Enhance radiosensitivity  [103]

Combination of Rosmarinic acid, and  
IDO1-shRNA

Hepatocellular carcinoma IDO Inhibit tumor growth  [104]
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antibody in CRC [99]. Although Phase I clinical trials 
did not confirm enhanced benefits, further research, 
possibly focusing on patients with positive IDO tumors, 
is warranted [97]. CAR T cell therapy, an emerging 
immunotherapy, shows potential in treating CRC [107]. 
In vivo studies have found that miR-153 enhances CAR 
T cell immunotherapy by inhibiting IDO1 expression 
in CRC. Moreover, 1-MT reduces radiation resistance 
in CRC cell lines, and its combination with radiation 
significantly inhibits CRC growth compared to mono-
therapy [103]. In HCC, combining rosmarinic acid with 
IDO1-shRNA demonstrates inhibitory effects on tumor 
progression in vivo [104].

Conclusion
Trp, an essential amino acid, plays vital roles in physi-
ological processes, serving as a precursor for molecules 
such as serotonin, melatonin, and niacin (Vitamin B3). 
Its metabolism is a critical pathway and significantly 
influences the progression of digestive system tumors. 
Elevated Trp metabolism leads to the accumulation of 
Trp metabolites, impacting malignant phenotypes across 
ESCC, gastric cancer, liver cancer, CRC, and pancreatic 
cancer. Aberrantly expressed Trp metabolites correlate 
with clinical features such as lymph node metastasis, 
TNM stage, risk of relapse, and tumor size in digestive 
system tumors. Furthermore, these metabolites closely 
tie to patients’ prognosis, showcasing diagnostic poten-
tial. Detecting Trp metabolite levels in blood, urine, or 
tissue samples provides clinicians with valuable insights 
for early detection, diagnosis, and prognostic assess-
ment. A multi-parameter diagnostic model, integrating 
Trp metabolite expressions and other clinical indicators, 
improves diagnostic accuracy, which is crucial for early 
detection, personalized treatment planning, and treat-
ment response monitoring in digestive system tumors. 
In digestive system tumors, Trp metabolites contribute 
to progression, metastasis, and drug resistance through 
diverse mechanisms. Inhibiting key enzymes in Trp 
metabolism can reduce metabolite accumulation, imped-
ing their tumor-promoting effects. Adopting a compre-
hensive treatment strategy involves combining drugs 
targeting Trp metabolism with immunotherapy, enhanc-
ing therapeutic efficacy while mitigating tumor progres-
sion, metastasis, and drug resistance. Tailored treatment 
approaches are essential, considering variations in tumor 
types and individual circumstances. Despite advance-
ments, the role of Trp metabolism in digestive system 
tumors requires ongoing research for more effective 
treatments.
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