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Background: Biochemical recurrence (BCR) following radical prostatectomy (RP) remains a major
challenge in prostate cancer (PCa) management. Tryptophan metabolism plays a pivotal role in tumor
progression and immune modulation. This study aimed to develop and validate a tryptophan metabolism-
related risk model and molecular subtypes to predict BCR in PCa patients after RP.

Methods: The Cancer Genome Atlas-Prostate Adenocarcinoma (TCGA-PRAD) dataset, including
421 PCa patients, was analyzed to identify key tryptophan metabolism-related genes (TMRGs) using
differential expression, univariate Cox, and the least absolute shrinkage and selection operator (LASSO)
regression analyses. The tryptophan metabolism-related risk model was constructed through multivariate
Cox regression, and tryptophan metabolism-related molecular subtypes were established using consensus
clustering. External validation was conducted using an independent dataset, while immunohistochemistry
(IHC) and single-cell sequencing further confirmed TMRG expression patterns and their roles in the tumor
microenvironment (TME).

Results: The tryptophan metabolism-related risk model and molecular subtypes effectively stratified PCa
patients into low- and high-risk groups or two molecular subtypes. High-risk PCa patients (n=211) and those
in Cluster 1 (n=261) exhibited significantly poorer biochemical recurrence-free survival (BRFS) and distinct
clinicopathological features, immune infiltration profiles, and TME characteristics. External validation
confirmed the robustness of the tryptophan metabolism-related risk model and molecular subtypes. IHC and
single-cell sequencing highlighted the expression patterns of TMRGs and their regulatory roles in the TME.
Conclusions: This study established and validated tryptophan metabolism-related risk scores and
molecular subtypes as reliable predictors of BCR in PCa patients after RP. These findings provide a
foundation for personalized follow-up and treatment strategies, contributing to improved clinical outcomes

in PCa management.
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Introduction

Prostate cancer (PCa) ranks among the most prevalent
malignant tumors of the male urogenital system. According
to the latest cancer statistics, it is the most frequently
diagnosed malignancy in the United States and the second
leading cause of cancer-related mortality (1). Over the past
few decades, the widespread implementation of prostate-
specific antigen (PSA) testing, along with the more recent
adoption of multiparametric magnetic resonance imaging,
has significantly improved the early detection of PCa
(2,3). Radical prostatectomy (RP) remains a cornerstone
treatment for localized PCa; however, 20-40% of patients
experience biochemical recurrence (BCR) within 10 years
after surgery (4,5). BCR typically reflects either local
recurrence or distant metastasis of PCa (6). Previous studies
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Key findings

e The tryptophan metabolism-related risk scores and molecular
subtypes could be predictors of biochemical recurrence (BCR) in
prostate cancer (PCa) patients after radical prostatectomy (RP).

What is known and what is new?

¢ BCR following RP remains a major challenge in PCa management.
Tryptophan metabolism plays a pivotal role in tumor progression
and immune modulation.

® The tryptophan metabolism-related risk model and molecular
subtypes effectively stratified PCa patients into low- and high-
risk groups or two molecular subtypes. High-risk PCa patients
and those in Cluster 1 exhibited significantly poorer biochemical
recurrence-free survival (BRFS) and distinct clinicopathological
features, immune infiltration profiles, and tumor microenvironment
(TME) characteristics.

What is the implication, and what should change now?

e This study comprehensively analyzed the expression patterns and
prognostic value of TMRGs in PCa, developing the tryptophan
metabolism-related risk scores and molecular subtypes for PCa
patients. The risk scores and molecular subtypes developed in
this study not only effectively predicted postoperative BRES
in PCa patients but also showed strong associations with
clinicopathological characteristics and the TME features. Overall,
this study provides novel insights into the role of tryptophan
metabolism in PCa and offers a valuable framework for stratified
management and personalized treatment of PCa patients. Future
studies should aim to integrate multi-omics data with clinical
characteristics to construct more precise and comprehensive
predictive models. Such models would enhance the generalizability
and clinical applicability of these findings, offering a more robust
framework for personalized PCa management.
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have demonstrated that clinicopathological factors such as
age, preoperative PSA level, postoperative Gleason score,
lymph node involvement, extracapsular extension (ECE),
seminal vesicle invasion (SVI), positive surgical margins,
and pathological stage are significant predictors of BCR
following RP (4,7-10). However, the substantial tumor
heterogeneity of PCa diminishes the predictive accuracy of
conventional clinicopathological parameters for BCR after
RP. Therefore, identifying novel molecular biomarkers is
imperative to enhance the precision of BCR prediction in
PCa patients post-RP, ultimately enabling the development
of personalized follow-up protocols and adjuvant treatment
strategies.

During tumor development and progression, PCa cells
reprogram their metabolism to meet the demands of rapid
growth and proliferation. Recent studies have revealed that
PCa cells promote tumor progression by remodeling various
metabolic pathways, including glucose and lipid metabolism
(11-15). Beyond glucose and lipid metabolism, amino
acid metabolism, particularly the tryptophan metabolism
pathway, also plays a pivotal role in PCa. Several studies
have investigated the role and potential applications of
tryptophan metabolism in PCa (16-20). However, research
on the expression profiles and prognostic significance of
tryptophan metabolism-related genes ('MRGs) in PCa
remains limited. To date, no study has comprehensively
evaluated the predictive value of TMRGs for postoperative
BCR in PCa patients. In this study, we systematically
examined the expression levels of TMRGs in PCa patients
and assessed their prognostic significance. Additionally, we
developed the tryptophan metabolism-related risk scores
and molecular subtypes based on TMRGs, further exploring
their associations with clinicopathological characteristics
and the tumor microenvironment (TME) features in PCa.
In summary, our findings underscored the critical role of
tryptophan metabolism in predicting postoperative BCR
in PCa, providing a theoretical basis for devising more
precise and personalized follow-up and adjuvant treatment
strategies. We present this article in accordance with the
TRIPOD reporting checklist (available at https://tau.
amegroups.com/article/view/10.21037/tau-2025-39/rc).

Methods
Acquisition and processing of PCa datasets and TMRGs

This study performed bioinformatics analyses using
publicly available databases, including a training cohort
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and an independent validation cohort. The training cohort
was derived from the Cancer Genome Atlas-Prostate
Adenocarcinoma (TCGA-PRAD) dataset, comprising
transcriptomic sequencing data and clinicopathological
features from 421 PCa tissue samples and 52 normal
prostate tissue samples (https://portal.gdc.cancer.gov). In
the TCGA-PRAD dataset, all PCa patients underwent
RP and were followed up under standardized protocols to
record BCR status and recurrence times. To ensure the
stability and reliability of the results, this study included the
Memorial Sloan Kettering Cancer Center (MSKCC) dataset
as an independent validation cohort (21). The MSKCC
dataset, accessed through the cBioPortal database (https://
www.cbioportal.org/), contains gene expression profiling
data and clinical features from 131 PCa patients treated
with RP (21,22). PCa patients in the validation cohort also
received standardized postoperative follow-up, with clinical
endpoints and times systematically documented.

The TMRGs analyzed in this study were obtained from
the Molecular Signatures Database (MSigDB) and integrated
from three gene sets: Kyoto Encyclopedia of Genes and
Genomes (KEGGQG) Tryptophan Metabolism, Reactome
Tryptophan Catabolism, and WP Tryptophan Metabolism.
These gene sets included 40, 14, and 33 TMRGs,
respectively. After integration and removal of duplicates, a
total of 50 unique TMRGs were selected for further analysis.
The study was conducted in accordance with the Declaration
of Helsinki and its subsequent amendments.

Screening and identification of key TMRGs

Initially, differential expression analysis was conducted on
PCa and normal prostate tissue samples from the TCGA-
PRAD dataset to uncover the expression patterns of 50
TMRGs in PCa and normal tissues. In this study, TMRGs
with a P value <0.05 were classified as differentially
expressed tryptophan metabolism-related genes (DE-
TMRGs). To evaluate the association between TMRGs
and postoperative BCR in PCa patients, univariate Cox
regression analysis was performed to determine the
predictive value of the 50 TMRGs for BRFS after RP.
In this study, the primary endpoint was biochemical
recurrence-free survival (BRES) following RP. Based on the
univariate Cox regression analysis results, TMRGs with a
P value <0.05 were selected as candidate genes with
significant prognostic value. Subsequently, the least absolute
shrinkage and selection operator (LASSO) regression
analysis was applied to further identify key TMRGs for
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postoperative BRFS in PCa patients. The key TMRGs
identified through screening will be used to construct a
predictive model for postoperative BCR in PCa and to
perform molecular subtyping in PCa.

Construction of tryptopban metabolism-related risk model
based on key TMRGs

Using the key TMRGs identified through LASSO
regression analysis, this study aimed to develop a risk
model for predicting BRFS in PCa patients following
RP. The risk model, constructed using multivariate Cox
regression analysis, was applied to calculate risk scores
for 421 PCa patients in the TCGA-PRAD dataset. To
evaluate the performance of the risk model, the 421 patients
were stratified into low- and high-risk groups based on
the median risk scores. Kaplan-Meier survival curves
were generated, and the log-rank test was performed to
compare BRFS between the two groups, thereby assessing
the prognostic utility of the risk model in predicting
postoperative BCR risk in PCa patients.

Construction of tryptophan metabolism-related molecular
subtypes based on key TMRGs

To further investigate the molecular characteristics of
PCa patients and their relationship with postoperative
BCR, this study employed an unsupervised K-means
clustering approach based on key TMRGs to classify
421 PCa patients from the TCGA-PRAD dataset into
molecular subtypes. First, consensus clustering analysis
was performed using the expression levels of key TMRGs
in these patients. The optimal number of clusters was
determined by analyzing the cumulative distribution
function (CDF) curve, following the principle of
achieving high intra-group correlation and low inter-
group correlation. Based on the clustering results, the 421
PCa patients were assigned to two molecular subtypes.
To validate the accuracy and stability of the molecular
subtypes, principal component analysis (PCA) was
conducted to assess the clustering results, ensuring the
robustness of the subtypes. Furthermore, differences in
postoperative BCR between the molecular subtypes were
evaluated by generating Kaplan-Meier survival curves and
performing the log-rank test to compare BRFS among the
subtypes. These analyses further established the prognostic
significance of the molecular subtypes in distinguishing
postoperative BCR risk in PCa patients.
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Prognostic value analysis of the tryptophan metabolism-
related risk model and molecular subtypes

To investigate prognostic factors associated with
postoperative BCR, univariate and multivariate Cox
regression analyses were performed using clinicopathological
characteristics of 421 PCa patients from the TCGA-
PRAD dataset. These factors included age, clinical T
stage, pathological T stage, pathological N stage, PSA
level, International Society of Urological Pathology
(ISUP) grade group, surgical margin status, histological
type, and tryptophan metabolism-related risk scores or
molecular subtypes. The aim was to systematically evaluate
the relationship between these factors and BRFS and
identify independent predictors of postoperative BCR. To
enhance the clinical utility of the predictive model, this
study incorporated multiple clinicopathological variables,
including age, pathological T stage, pathological N stage,
PSA level, ISUP grade group, surgical margin status, and
tryptophan metabolism-related risk scores or molecular
subtypes, to construct nomograms for predicting 1-, 3-, 5-,
and 10-year BRFS in PCa patients. Calibration curves and
the concordance index (C-index) were employed to assess
the predictive accuracy of the nomograms. Finally, decision
curve analysis (DCA) was conducted to evaluate the clinical
utility and patient benefit of the constructed predictive
model.

Correlation analysis between tryptophan metabolism-
related risk scores and molecular subtypes and
clinicopathological factors

This study systematically analyzed the clinicopathological
characteristics of 421 PCa patients from the TCGA-PRAD
dataset, including age, clinical T stage, pathological T
stage, pathological N stage, PSA level, ISUP grade group,
surgical margin status, and histological type. By stratifying
PCa patients into different risk score groups or molecular
subtypes, the clinical relevance of tryptophan metabolism-
related risk scores and molecular subtypes, as well as their
associations with clinicopathological characteristics, was
further investigated.

Correlation analysis between key TMRGs and TME
features

This study comprehensively analyzed the relationship
between key TMRGs and TME features to explore
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their potential mechanisms in PCa. Specifically, the
“ESTIMATE” algorithm was employed to analyze the
TCGA-PRAD dataset of 421 PCa patients, calculating the
Stromal Score, Immune Score, ESTIMATE Score, and
Tumor Purity for each patient. Subsequently, differences
and correlations in these scores were evaluated between
low- and high-risk PCa patients, as well as across different
molecular subtypes. Furthermore, the “CIBERSORT”
algorithm was applied to estimate the relative infiltration
abundance of 22 immune cell types in 421 PCa patients
from the TCGA-PRAD dataset. Based on immune cell
infiltration profiles, this study investigated and compared
immune infiltration characteristics between low- and high-
risk groups, as well as among two molecular subtypes.
Additionally, the correlation between tryptophan
metabolism-related risk scores and immune cell infiltration
abundance was assessed to further elucidate their potential
roles in regulating the tumor immune microenvironment.
To validate the association between key TMRGs and TME
features, this study utilized the GSE176031 dataset from the
Tumor Immunological Single-Cell Center (TISCH, http://
tisch.comp-genomics.org/home/). The GSE176031 dataset
comprises single-cell sequencing data from 11 localized
PCa tissue samples obtained via transrectal prostate biopsy
and RP (23). This validation provided insights into the
relationship between key TMRGs and TME features at the
single-cell level.

External validation of key TMRGs expression patterns,
tryptophan metabolism-related risk model, and molecular
subtypes

"To validate the expression characteristics of key TMRGs and
the robustness of the tryptophan metabolism-related risk
model and molecular subtypes, this study conducted multi-
level external validation analyses. First, the Human Protein
Atlas (HPA) database (https://www.proteinatlas.org/) was
utilized to obtain representative immunohistochemical
(IHC) staining images of key TMRGs, validating their
expression patterns in PCa tissues and normal prostate
tissues (24). By comparing protein expression levels of
TMRGs between PCa tissues and normal prostate tissues,
the expression characteristics of key TMRGs in PCa were
further confirmed. Furthermore, 131 PCa patients from the
MSKCC dataset were employed as an independent external
validation cohort to assess the stability of the tryptophan
metabolism-related risk model and molecular subtypes.
Risk scores for each patient in the validation cohort were
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Figure 1 Expression patterns and prognostic value analysis of TMRGs in PCa. (A) Heatmap showing the expression levels of 50 TMRGs in
PCa tissues and normal prostate tissues. (B) Forest plot of univariate Cox regression analysis results for the 50 TMRGs in PCa patients. CI,
confidence interval; HR, hazard ratio; PCa, prostate cancer; TMRGs, tryptophan metabolism-related genes.

calculated using the tryptophan metabolism-related risk
score formula derived from the TCGA-PRAD dataset.
Kaplan-Meier survival curves and log-rank tests were then
applied to evaluate and validate the prognostic value of the
risk scores in this independent cohort. Additionally, based
on the expression levels of key TMRGs in the validation
cohort, the reliability and prognostic significance of the
tryptophan metabolism-related molecular subtypes in PCa
patients were further established.

Statistical analysis

This study employed the Mann-Whitney U test and #-test
to compare differences between the two groups. Univariate
Cox regression analysis was performed to evaluate the
prognostic significance of individual TMRGs. Hazard
ratios (HRs) and their 95% confidence intervals (CIs)
were calculated to quantitatively assess the impact of each
variable on postoperative BRFS in patients. Chi-squared (x)
tests were used to examine differences in clinicopathological
characteristics between the two molecular subtypes or
between low- and high-risk groups. Kaplan-Meier survival

© AME Publishing Company.

curves and Log-Rank tests were applied for survival
analysis. Multivariate Cox regression analysis was conducted
to identify independent predictors of postoperative
BREFS in PCa patients. Spearman correlation analysis was
performed to assess the relationships between variables,
with correlation coefficients calculated accordingly. All
statistical analyses and figure plotting were conducted using
R software (version 4.2.0) and associated R packages. A
P value <0.05 was considered statistically significant.

Results
Screening and identification of key TMRGs

This study initially examined the expression patterns of 50
TMRGs in PCa tissues and normal prostate tissues. The
results identified 26 DE-TMRGs in PCa patients, among
which 10 were upregulated and 16 were downregulated
in PCa tissues (Figure 1A4). To further investigate the
association between TMRGs and postoperative BRFS
in PCa patients, univariate Cox regression analysis was
conducted to evaluate their prognostic significance. The
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Figure 2 Screening and identification of key TMRGs in PCa. (A) Venn diagram of DE-TMRGs and prognosis-related TMRGs in PCa. (B,C)
Results of LASSO regression analysis for the 9 key TMRGs. DE-TMRGs, differentially expressed tryptophan metabolism-related genes;

LASSO, least absolute shrinkage and selection operator; PCa, prostate cancer; TMRGs, tryptophan metabolism-related genes.

analysis revealed that 24 TMRGs were significantly
associated with postoperative BRFS. Among these, the high
expression of 13 TMRGs correlated with better BREFS,
whereas the high expression of 11 TMRGs was associated
with poorer BRFS in PCa patients (Figure 1B). Based on
differential expression and prognostic analyses, 26 DE-
TMRGs and 24 prognostic-related TMRGs were identified.
A Venn diagram revealed 11 overlapping TMRGs, which
were selected for subsequent LASSO regression analysis
(Figure 24). LASSO regression further identified nine key
TMRGs: ALDH9A1, GOT2, CAT, ALDH3A2, ALDH?2,
AOX1, SLC7A5, AOC1, and ILA4I1 (Figure 2B,2C). Among
them, the expression levels of ALDH9A1, GOT2, CAT,
ALDH3A2, ALDH2, AOX1, and AOCI1 were associated
with a reduced probability of postoperative BCR in PCa
patients, whereas the expression levels of SLC7AS and
IL4I1 were associated with an increased probability of
postoperative BCR. Therefore, these nine key TMRGs
not only play pivotal roles in the tryptophan metabolism
pathway but also exhibit differential expression between
PCa tissues and normal prostate tissues. Most importantly,
they represent potential biomarkers for predicting
postoperative BCR in PCa patients.

Construction of the tryptophan metabolism-related risk
model

Based on the identification of nine key TMRGs, this study
constructed the tryptophan metabolism-related risk model
to evaluate the risk of postoperative BCR in PCa patients.
Using multivariate Cox regression analysis, a risk model
for PCa patients was established based on the expression

© AME Publishing Company.

levels of nine key TMRGs: ALDH9A1, GOT?2, CAT,
ALDH3A2, ALDH2, AOX1, SLC7AS, AOCI, and IL4I1.
In this model, the risk score was calculated using weighted
coefficients assigned to each gene, as shown in Figure 34.
Using this formula, risk scores were calculated for each
PCa patient in the TCGA-PRAD dataset. Patients were
stratified into low- and high-risk groups based on the
median risk scores. The risk scores and scatter plot revealed
that higher risk scores were significantly associated with an
increased probability of postoperative BCR in PCa patients
(Figure 3B). Additionally, a heatmap demonstrated the
differential expression patterns of the nine key TMRGs
between the low- and high-risk groups (Figure 3B). Survival
analysis further indicated that high-risk patients had a
significantly higher likelihood of BCR after RP compared to
low-risk patients (HR =2.74, 95% CI: 1.79-4.17, P<0.001)
(Figure 3C). These findings suggested that the tryptophan
metabolism-related risk model constructed based on key
TMRGs effectively predicted the risk of postoperative BCR
in PCa patients and provided a potential molecular basis for
clinical treatment decision-making.

Prognostic value analysis of the tryptopban metabolism-
related risk model

In this study, univariate and multivariate Cox regression
analyses were performed to identify independent predictors
of postoperative BRFS in PCa patients following RP.
Univariate Cox regression analysis revealed that clinical
T stage, pathological T stage, pathological N stage, PSA
level, ISUP grade group, surgical margin status, and risk
scores were significantly associated with postoperative
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Figure 3 Construction of the tryptophan metabolism-related risk model based on key TMRGs. (A) Bar chart displaying the coefficients

of the 9 key TMRGs in the tryptophan metabolism-related risk score formula. (B) Distribution of the tryptophan metabolism-related risk

scores and postoperative BCR status in PCa patients, along with the heatmap showing the expression levels of the 9 key TMRGs in the low-

risk and high-risk groups. (C) Kaplan-Meier survival curve for postoperative BRFS in low-risk and high-risk PCa patient groups. BCR,

biochemical recurrence; BRFS, biochemical recurrence-free survival; CI, confidence interval; PCa, prostate cancer; TMRGs, tryptophan

metabolism-related genes.

BCR in PCa patients (1able I). Multivariate Cox regression
analysis further demonstrated that PSA level, ISUP grade
group, and tryptophan metabolism-related risk scores were
independent predictors of postoperative BCR (Tuble I).
These results indicated that, in addition to traditional
clinicopathological factors, the tryptophan metabolism-
related risk scores were a crucial independent predictor.
Based on pathological T stage, pathological N stage, PSA
level, ISUP grade group, surgical margin status, and the
tryptophan metabolism-related risk scores, a prognostic
nomogram was constructed to predict 1-, 3-, 5-, and 10-
year BRFS in PCa patients (Figure 44). The nomogram
indicated that patients with pathological T3 or T4 stage,
pathological N1 stage, higher PSA levels, higher ISUP
grade group, positive surgical margins, and higher risk
scores were associated with lower BRFS at 1, 3, 5, and
10 years. To validate the reliability of this nomogram,
calibration curves were employed. The calibration
curves demonstrated that the nomogram accurately

© AME Publishing Company.

predicted postoperative BRFS, with a C-index of 0.745,
indicating moderate predictive performance (Figure 4B).
Additionally, DCA analyses showed that the prediction
5-, and
10-year postoperative follow-up periods (Figure 4C-4F).

model provided a high net benefit across 1-, 3-,

These findings highlighted that the comprehensive
prediction model, integrating clinicopathological features
and the tryptophan metabolism-related risk scores, offered
robust support for the postoperative management of PCa
patients.

Correlation analysis of tryptopban metabolism-velated risk
scorves and clinicopathological factors

To further investigate the relationship between risk scores
and clinicopathological factors in PCa patients, a correlation
analysis was conducted between tryptophan metabolism-
related risk scores and various clinicopathological
characteristics. The analysis revealed that PCa patients
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Table 1 Univariate and multivariate Cox regression analysis of BRFS in PCa patients based on clinicopathological features and risk score
Univariate analysis Multivariate analysis
Characteristics
Hazard ratio (95% Cl) P Hazard ratio (95% ClI) P

Age 1.007 (0.972-1.042) 0.71 - -
Clinical T stage (T3 + T4 vs. T1 + T2) 2.528 (1.478-4.322) <0.001 1.609 (0.916-2.824) 0.10
Pathologic T stage (T3 + T4 vs. T2) 4.046 (2.067-7.919) <0.001 1.564 (0.721-3.394) 0.26
Pathologic N stage (N1 vs. NO) 3.371 (2.049-5.544) <0.001 1.558 (0.908-2.671) 0.11
PSA level 1.060 (1.027-1.095) <0.001 1.036 (1.001-1.073) 0.045
ISUP grade group

1+2 Reference Reference

3 2.829 (1.113-7.191) 0.03 2.268 (0.876-5.872) 0.09

4 5.008 (1.968-12.746) <0.001 3.328 (1.252-8.848) 0.02

5 8.923 (3.984-19.984) <0.001 4.027 (1.609-10.077) 0.003
Residual tumor (yes vs. no) 2.448 (1.531-3.914) <0.001 1.235 (0.717-2.129) 0.45
Histological type (acinar type vs. other subtype) 0.415 (0.166-1.032) 0.059 - -
Risk score 2.718 (1.739-4.248) <0.001 1.623 (1.009-2.610) 0.046

BRFS, biochemical recurrence-free survival; Cl, confidence interval; ISUP, International Society of Urological Pathology; PCa, prostate

cancer; PSA, prostate-specific antigen.

with clinical T3 or T4 stage, pathological T3 or T4 stage,
pathological N1 stage, higher ISUP grade group, and
positive surgical margins exhibited significantly higher
risk scores (Figure 5). These findings suggested that
elevated risk scores were strongly associated with adverse
clinicopathological features, particularly clinical T stage,
pathological T stage, pathological N stage, higher ISUP
grade group, and surgical margin status. The increase in risk
scores among PCa patients might reflect more aggressive
tumor characteristics.

Correlation analysis of tryptopban metabolism-related risk
scores and TME features

Firstly, we calculated the Stromal Score, Immune Score,
ESTIMATE Score, and Tumor Purity for 421 PCa patients
in the TCGA-PRAD dataset using the “ESTIMATE”
algorithm. Subsequently, we analyzed the correlation
between risk scores and these TME characteristic scores
(Figure 64A-6H). The analysis revealed a significant positive
correlation between risk scores and both the Immune Score
(P<0.001) and ESTIMATE Score (P=0.01) (Figure 6B,6C).
Conversely, risk scores were significantly negatively
correlated with Tumor Purity (P=0.01) (Figure 6D). Further

© AME Publishing Company.

comparisons of TME characteristic scores between the
high- and low-risk groups showed that high-risk patients
had significantly higher Immune Scores (P=0.005) and
ESTIMATE Scores (P=0.01) compared to low-risk patients
(Figure 6F,6G). Additionally, Tumor Purity was significantly
lower in the high-risk group (P=0.03) (Figure 6H).
These findings suggested that the TME in high-risk
patients was more active, characterized by a lower
proportion of tumor cells and more prominent immune cell
infiltration. To further investigate immune cell infiltration
patterns in PCa patients, we applied the “CIBERSORT”
algorithm to calculate the infiltration abundance of 22
immune cell types in 421 PCa patients from the TCGA-
PRAD dataset. We also analyzed the correlation between
risk scores and the infiltration abundance of these immune
cell types. The results indicated that, in the high-risk
group, the infiltration abundance of B cells memory
(P=0.01), T cells CD4 memory activated (P=0.02), T cells
regulatory (Tregs) (P<0.001), T cells gamma delta (P=0.04),
and macrophages M0 (P<0.001) was significantly higher
compared to the low-risk group (Figure 7A4). In contrast,
the infiltration abundance of plasma cells (P=0.01), T cells
CD4 memory resting (P=0.008), monocytes (P=0.04), and
mast cells resting (P<0.001) was significantly lower in the
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Figure 4 Development and evaluation of the prognostic nomogram for postoperative BRFS of PCa patients based on the tryptophan

metabolism-related risk scores. (A) Nomogram predicting 1-, 3-, 5-, and 10-year postoperative BRFS for PCa patients based on the

tryptophan metabolism-related risk scores. (B) Calibration curves for the nomogram predicting 1-, 3-, 5-, and 10-year postoperative
BREFS for PCa patients. (C-F) DCA results for the predictive model of 1-, 3-, 5-, and 10-year postoperative BRES in PCa patients. BREFS,

biochemical recurrence-free survival; DCA, decision curve analysis; PCa, prostate cancer; PSA, prostate-specific antigen; ISUP, International

Society of Urological Pathology.

high-risk group (Figure 7A). Correlation analysis further
revealed that risk scores positively correlated with the
infiltration abundance of B cells memory (P=0.02), T cells
CD4 memory activated (P=0.008), T cells follicular helper
(P=0.047), Tregs (P<0.001), T cells gamma delta (P=0.01),
macrophages MO0 (P<0.001), and macrophages M1 (P=0.03)
(Figure 7B). Conversely, risk scores negatively correlated
with the infiltration abundance of plasma cells (P=0.002), T
cells CD4 memory resting (P<0.001), monocytes (P<0.001),
Mast cells resting (P<0.001), and Neutrophils (P=0.02)
(Figure 7B).

© AME Publishing Company.

Construction of the tryptopban metabolism-related
molecular subtypes based on key TMRGs

In this study, we constructed tryptophan metabolism-related
molecular subtypes based on the expression levels of nine
key TMRGs. Cluster analysis revealed that as the number of
clusters increased from two to ten, intra-group correlation
gradually decreased, while inter-group differences increased
(Figure 84,8B). Considering both intra-group correlation
and inter-group differences, the optimal number of
clusters was determined to be two, which exhibited the
maximum intra-group correlation and minimum inter-
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Figure 7 Correlation analysis between the tryptophan metabolism-related risk scores and the abundance of TME immune cell infiltration in
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cell infiltration. ***, P<0.001; **, P<0.01; *, P<0.05; ns, not significance. PCa, prostate cancer; TME, tumor microenvironment.
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Table 2 Univariate and multivariate Cox regression analysis of BRFS in PCa patients based on clinicopathological features and molecular

subtypes

Shao et al. TMRGs as predictors of BCR in PCa

Characteristics

Univariate analysis

Multivariate analysis

Hazard ratio (95% Cl) P Hazard ratio (95% ClI) P

Age 1.007 (0.972-1.042) 0.71 - -
Clinical T stage (T3 + T4 vs. T1 + T2) 2.528 (1.478-4.322) <0.001 1.572 (0.893-2.768) 0.12
Pathologic T stage (T3 + T4 vs. T2) 4.046 (2.067-7.919) <0.001 1.694 (0.787-3.649) 0.18
Pathologic N stage (N1 vs. NO) 3.371 (2.049-5.544) <0.001 1.787 (1.038-3.079) 0.04
PSA level 1.060 (1.027-1.095) <0.001 1.036 (1.000-1.074) 0.048
ISUP grade group

1+2 Reference Reference

3 2.829 (1.113-7.191) 0.03 2.490 (0.965-6.420) 0.059

4 5.008 (1.968-12.746) <0.001 3.292 (1.245-8.704) 0.02

5 8.923 (3.984-19.984) <0.001 3.880 (1.568-9.603) 0.003
Residual tumor (yes vs. no) 2.448 (1.531-3.914) <0.001 1.188 (0.688-2.051) 0.54
Histological type (acinar type vs. other subtype) 0.415 (0.166-1.032) 0.059 - -
Molecular subtype (cluster 2 vs. 1) 0.565 (0.330-0.965) 0.04 0.495 (0.250-0.980) 0.04

BRFS, biochemical recurrence-free survival; Cl, confidence interval; ISUP, International Society of Urological Pathology; PCa, prostate

cancer; PSA, prostate-specific antigen.

group differences (Figure §C). Using consensus clustering
analysis, the PCa patients were classified into two molecular
subtypes: Cluster 1 (n=261) and Cluster 2 (n=160). PCA
analysis further validated the reliability of these molecular
subtypes, demonstrating that the 421 PCa patients in the
TCGA-PRAD dataset could be distinctly grouped based
on the expression levels of the nine key TMRGs, thereby
confirming the accuracy of the cluster analysis (Figure 8D).
Additionally, a heatmap illustrated the differential expression
patterns of the nine key TMRGs across the two molecular
subtypes (Figure 8E). Further survival analysis revealed
that PCa patients in Cluster 2 had a significantly lower
probability of BCR after RP compared to those in Cluster
1 (HR =0.60, 95% CI: 0.39-0.94, P=0.03) (Figure SF).
These findings suggested that Cluster 2 represented a
more favorable molecular subtype associated with better
prognosis, whereas Cluster 1 corresponded to a subtype
with poorer prognosis. The tryptophan metabolism-
related molecular subtypes not only revealed heterogeneity
in TMRG expression among different subtypes of PCa
patients, but also provided a robust molecular basis for
clinically predicting postoperative BCR risk.

© AME Publishing Company.

Prognostic value analysis of the tryptophan metabolism-
related molecular subtypes

To further investigate the factors influencing BCR after
RP in PCa patients, univariate and multivariate Cox
regression analyses were conducted to identify independent
predictors of postoperative BCR. Univariate Cox regression
analysis revealed that clinical T stage, pathological T stage,
pathological N stage, PSA level, ISUP grade group, surgical
margin status, and molecular subtype were significantly
associated with postoperative BRFS in PCa patients
(Table 2). Multivariate Cox regression analysis further
identified pathological N stage, PSA level, ISUP grade
group, and molecular subtype as independent predictors
of postoperative BRFS (7able 2). These findings indicated
that, in addition to traditional clinicopathological factors,
tryptophan metabolism-related molecular subtypes were
important predictors of postoperative BCR in PCa patients.
Based on pathological T stage, pathological N stage,
PSA level, ISUP grade group, surgical margin status, and
molecular subtypes, a prognostic nomogram was constructed
to predict 1-, 3-, 5-, and 10-year BRFS in PCa patients
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Figure 9 Development and evaluation of the prognostic nomogram for postoperative BRFS of PCa patients based on the tryptophan

metabolism-related molecular subtypes. (A) Nomogram predicting 1-, 3-, 5-, and 10-year postoperative BRFS for PCa patients based on

tryptophan metabolism-related molecular subtypes. (B) Calibration curves for the nomogram predicting 1-, 3-, 5-, and 10-year postoperative
BREFS for PCa patients. (C-F) DCA results for the predictive model of 1-, 3-, 5-, and 10-year postoperative BRES in PCa patients. BRES,

biochemical recurrence-free survival; DCA, decision curve analysis; ISUP, International Society of Urological Pathology; PCa, prostate

cancer; PSA, prostate-specific antigen.

(Figure 9A4). According to the nomogram, PCa patients with
pathological T3 or T4 stage, pathological N1 stage, higher
PSA levels, higher ISUP grade group, positive surgical
margins, and classified as Cluster 1 were predicted to have
lower BRFS at 1, 3, 5, and 10 years after RP. "To verify the
accuracy and practicality of this prognostic nomogram,
its predictive performance was assessed using calibration
curves. The results demonstrated moderate predictive value
for postoperative BRFS in PCa patients, with a C-index
of 0.743, confirming the reliability of the nomogram
(Figure 9B). Additionally, DCA analysis indicated that
the predictive model provided a high net benefit at 1-,
3-, 5-, and 10-year postoperative follow-up time points

(Figure 9C-9F). These findings suggested that the tryptophan

© AME Publishing Company.

metabolism-related molecular subtypes constructed in this
study offered effective support for clinical decision-making
and exhibited strong prognostic predictive value.

Correlation analysis of tryptopban metabolism-related
molecular subtypes and clinicopathological factors

To further investigate the relationship between
tryptophan metabolism-related molecular subtypes and
clinicopathological factors in PCa patients, the correlation
analyses were conducted between the molecular subtypes
and various clinicopathological characteristics. The analysis
revealed that patients classified as Cluster 2 had a significantly
lower proportion of low ISUP grade group and positive
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surgical margins compared to those in Cluster 1 (Figure 10).

Correlation analysis of tryptophan metabolism-related
molecular subtypes and TME features

Using the “CIBERSORT” algorithm, this study calculated
the infiltration abundance of 22 immune cell types in 421
PCa patients from the TCGA-PRAD dataset. Additionally,
the relationships between tryptophan metabolism-related
molecular subtypes and immune cell infiltration abundance
in PCa patients were analyzed. The results revealed
significant differences in the TME features between patients
in Clusters 1 and 2 (Figure 11A4). Specifically, Cluster 1
patients exhibited significantly higher infiltration abundance
of Tregs (P=0.04) and macrophages M2 (P<0.001) compared
to Cluster 2 patients (Figure 11B). Conversely, plasma
cells (P=0.008), macrophages M1 (P=0.04), dendritic cells
resting (P=0.008), and neutrophils (P=0.04) demonstrated
significantly higher infiltration abundance in Cluster 2
patients than in Cluster 1 patients (Figure 11B).

© AME Publishing Company.

External validation of the expression levels of key TMRGs,
immune charvacteristics, tryptopban metabolism-related
risk scores, and molecular subtypes

First, the HPA database was utilized to obtain representative
IHC images of nine key TMRGs, aiming to validate their
expression patterns in PCa tissues compared to normal
prostate tissues. The representative IHC images revealed
that among the nine key TMRGs, ALDH9A1, GOT2,
CAT, ALDH3A2, ALDH2, AOX1, SLC7AS5, and AOCl1
exhibited high expression in normal prostate tissues
(Figure 12), whereas IL411 showed high expression in PCa
tissues (Figure 12).

Subsequently, the TISCH database was employed to
validate the correlation between key TMRGs and TME
characteristics at the single-cell level (Figure 13). The
analysis demonstrated that in PCa tissues, key TMRGs were
primarily distributed among epithelial cells, fibroblasts,
monocytes/macrophages (Mono/Macro), CD8" T cells,
and malignant cells (Figure 13). Overall, the key TMRGs
were associated with the infiltration abundance of various
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Figure 11 Correlation analysis between tryptophan metabolism-related molecular subtypes and the abundance of TME immune cell

infiltration in PCa patients. (A) The abundance of 22 immune cell types in PCa patients with two molecular subtypes. (B) Comparison of the

infiltration abundance of 22 immune cell types between the two molecular subtypes in PCa patients. ***, P<0.001; **, P<0.01; *, P<0.05; ns,

not significance. NK, natural killer; PCa, prostate cancer; TME, tumor microenvironment.

immune cells in PCa tissues, suggesting that these genes
might mediate the malignant phenotype of tumors by
modulating the TME.

Additionally, to further validate the stability of the
tryptophan metabolism-related risk scores and molecular
subtypes established in this study, an independent external
validation cohort of 131 PCa patients from the MSKCC
dataset was utilized. Using the risk score formula derived
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from the TCGA-PRAD dataset, risk scores were calculated
for each PCa patient in the MSKCC cohort (Figure 14A4).
Survival analysis revealed that high-risk PCa patients had
a significantly increased probability of BCR following
RP compared to low-risk patients (HR =3.20, 95% CI:
1.35-7.58, P=0.008) (Figure 14B). This result indicated that
the tryptophan metabolism-related risk scores constructed
in this study retained robust predictive performance in the
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external validation cohort, effectively predicting the risk of
BCR in PCa patients after RP.

Finally, based on the expression levels of key TMRGs in
the MSKCC dataset, the tryptophan metabolism-related
molecular subtypes and their prognostic value were further
validated. Clustering analysis showed that PCa patients in the
MSKCC dataset could also be classified into two molecular
subtypes, Cluster 1 (n=52) and Cluster 2 (n=79), based on
the expression levels of the key TMRGs (Figure 14C). PCA

© AME Publishing Company.

analysis further confirmed the significant distinction between
the two molecular subtypes, validating the accuracy of the
clustering and molecular subtypes (Figure 14D). Survival
analysis demonstrated that PCa patients in Cluster 2 had a
significantly lower probability of BCR following RP compared
to those in Cluster 1 (HR =0.46, 95% CI: 0.24-0.89, P=0.02),
further corroborating the stability and prognostic value of
the tryptophan metabolism-related molecular subtypes in the
external validation cohort (Figure 14E).
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Figure 13 Single-cell localization of nine key TMRGs and their correlation with immune cell infiltration in PCa tissues based on the single-
cell sequencing. (A) Distribution of nine cell types. (B-]) Single-cell localization of ALDH9A1, GOT2, CAT, ALDH3A2, ALDH2, AOXI1,
SLC7A5, AOCl, and ILAI1. PCa, prostate cancer; TMRGs, tryptophan metabolism-related genes.

Discussion

RP remains one of the standard treatment options
for localized PCa (4). However, more than 40% of
intermediate- or high-risk PCa patients experience BCR
following RP (5). Although BCR does not immediately
result in clinical symptoms, it often signifies local tumor
recurrence or micrometastases. Early identification of BCR
provides opportunities for timely clinical intervention,
potentially delaying disease progression and improving
prognosis (4). Currently, BCR prediction after RP primarily
relies on clinicopathological features, including serum PSA
levels, Gleason score, clinical stage, surgical margin status,
and lymph node metastasis. Various predictive models have
been developed based on these features to assess the risk of
BCR post-surgery. The D’Amico risk stratification system,
a widely used clinical tool, categorizes PCa patients into
low-, intermediate-, and high-risk groups based on clinical
stage, Gleason score, and PSA levels (4). This model has
been extensively validated in clinical practice and serves as
a crucial guide for evaluating postoperative BCR risk. The
Cancer of the Prostate Risk Assessment (CAPRA) scoring
system incorporates preoperative PSA levels, Gleason
score, clinical T stage, percent positive biopsies, and
patient age to construct a BCR risk prediction model (7,8).
Similarly, the MSKCC developed a predictive model that
integrates preoperative PSA levels, Gleason score, surgical

© AME Publishing Company.

margins, ECE, SVI, and lymph node invasion to create
a nomogram predicting the 10-year risk of BCR (9,10).
These three models have undergone external validation
and are widely utilized in clinical practice, offering valuable
reference points for clinical decision-making (25). However,
prediction models based on traditional clinicopathological
features have inherent limitations. First, these indicators
fail to fully capture the molecular biological characteristics
of PCa, limiting the precision of postoperative recurrence
risk assessments. Second, current clinical prediction models
do not incorporate molecular mechanisms of PCa, such
as cancer-related gene expression profiles and dynamic
changes in the TME. Additionally, their clinical utility is
restricted, particularly in patient populations with high
tumor heterogeneity, where individualized risk stratification
remains challenging. In summary, while existing prediction
models provide critical guidance for assessing BCR risk
in PCa patients, their predictive performance requires
improvement. Therefore, it is essential to develop a new
generation of personalized and precise predictive models
that integrate tumor molecular characteristics, TME
features, and gene expression patterns to enhance the
accuracy of prognosis assessment.

The progression and development of PCa are closely
associated with significant metabolic reprogramming
and alterations in metabolic pathways. PCa cells actively
remodel multiple metabolic pathways, including glucose
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metabolism, lipid metabolism, and amino acid metabolism,
to adapt to the pressures of the TME (11-13). Among
these, amino acid metabolism, particularly the tryptophan
metabolism pathway, plays a pivotal regulatory role in PCa
cells. In the tryptophan metabolism pathway, tryptophan
2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase
(IDO) catalyze the conversion of tryptophan into
N-formylkynurenine (NFK), which is subsequently
processed by arylformamidase (AFMID) to produce
kynurenine. Kynurenine is further metabolized into
kynurenic acid (KYNA) by kynurenine aminotransferase
(KAT) (17,26,27). Therefore, tryptophan metabolism
involves three primary pathways: the kynurenine pathway,
the 5-hydroxytryptamine pathway, and the indole pathway
(28,29). Furthermore, tryptophan, an essential amino
acid required for protein synthesis, and its metabolites,
such as kynurenine, play crucial roles in regulating
biological processes, including tumor immune evasion,
immunosuppression, and tumor cell proliferation (28,29).
Given its importance, increasing attention has been directed
toward understanding the role and potential applications of
tryptophan metabolism in PCa. McDunn ez 4/. conducted
a comprehensive analysis of 331 PCa tissues and 178
normal prostate tissues using gas chromatography-mass
spectrometry (GC-MS) and ultra-high performance liquid
chromatography-tandem mass spectrometry (UHPLC-MS/
MS) to identify tissue metabolite profiles (16). The study
revealed significant metabolic differences between PCa and
normal prostate tissues, with 28 metabolites exhibiting a
strong positive correlation with Gleason score. Notably,
the tryptophan metabolism product kynurenine showed a
high positive correlation with Gleason score. Based on the
expression profiles of 55 metabolites, the study established
a subtyping strategy for PCa patients, presenting a novel
approach for metabolomics stratification studies (16).
Gkotsos et al. utilized UPLC-MS/MS to analyze kynurenic
acid levels in urine samples from 32 PCa patients prior
to RP, 101 patients undergoing prostate biopsy (before
and after prostate massage), and 15 healthy controls (17).
The study revealed that urinary kynurenic acid levels
were significantly lower in PCa patients compared to
controls. Notably, the diagnostic efficacy of kynurenic
acid was enhanced in urine samples collected after
prostate massage, highlighting its potential as a diagnostic
biomarker for PCa, particularly in post-massage urine
samples (17). In addition to tissue and urine metabolomics
studies, researchers have explored the diagnostic value of
tryptophan metabolites in plasma samples. Nitusca et al.
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conducted untargeted metabolomic analysis on plasma
samples from 48 PCa patients and 23 healthy controls using
ultra-high performance liquid chromatography coupled
with electrospray ionization quadrupole time-of-flight
mass spectrometry (UHPLC-QTOF-[ESI+]-MS) (18).
Diagnostic analysis demonstrated that L-tryptophan
exhibited high diagnostic value, with an area under the curve
of 0.9692. Targeted metabolomic analysis further revealed
significantly lower plasma L-tryptophan concentrations
in PCa patients compared to healthy controls, with
L-tryptophan retaining the highest diagnostic value (18).
These findings underscored the critical role of tryptophan
metabolism in PCa diagnosis, providing new perspectives
for the identification and validation of PCa biomarkers.
Increasing attention has also been directed toward the
predictive value of metabolites in postoperative outcomes
for PCa patients. Clendinen et #/. analyzed metabolite
abundance in preoperative serum samples from 40 PCa
patients with postoperative recurrence and 40 without
recurrence (19). Significant alterations were identified
in several metabolic pathways, including tryptophan
catabolism. Using machine learning, a combined predictive
model was constructed, incorporating 20 metabolites to
distinguish between recurrent and non-recurrent PCa
patients. The model achieved an accuracy of 92.6%,
sensitivity of 94.4%, and specificity of 91.9%, providing
a foundation for utilizing metabolites in predicting
postoperative BCR in PCa patients (19). Additionally, studies
have assessed the predictive value of tryptophan metabolites
in BCR among PCa patients. Pichler et 4/. analyzed
serum levels of tryptophan and kynurenine in 100 PCa
patients both before RP and at the time of BCR (20).
Survival analysis revealed that higher serum kynurenine
levels were significantly associated with an increased risk
of postoperative BCR (P=0.009). Moreover, univariate Cox
regression analysis indicated that elevated serum kynurenine
levels correlated with a higher risk of cancer-specific
mortality in PCa patients (HR =2.93, 95% CI: 1.26-6.79,
P=0.01). However, multivariate Cox regression analysis
demonstrated that kynurenine was not an independent
prognostic factor for cancer-specific survival (HR =3.466,
95% CI: 0.746-16.106, P=0.11) (20). Most of these studies
focused on tryptophan metabolism in patient samples. In
addition, research has explored the regulatory effects of
tryptophan metabolites on PCa cells. Cellular metabolomics
studies revealed significant differences in metabolic profiles
between PCa cell lines (PC-3 and LNCaP) and normal
prostate cell lines (RWPE-1) (26). Tryptophan metabolites
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were found to inhibit PCa cell proliferation in a dose-
dependent manner. Further investigations demonstrated
that tryptamine suppressed PC-3 cell migration and induced
apoptosis through a caspase-3-dependent pathway. In vivo
experiments further validated these findings, showing that
intratumoral administration of tryptamine inhibited tumor
growth in PC-3 xenografts in nude mice. These results
highlight the potential of tryptamine as a candidate for local
antitumor therapy in PCa treatment (26).

Despite this progress, studies on the expression patterns
and prognostic value of TMRGs in PCa patients remain
limited. To date, no comprehensive investigation has been
conducted to evaluate the predictive value of TMRGs for
postoperative BCR in PCa patients. In this study, we first
analyzed the expression patterns of TMRGs in PCa patients
using the TCGA-PRAD dataset. Among 50 TMRGs, 26
were identified as DE-TMRGs, including 10 upregulated
and 16 downregulated genes. Survival analysis further
revealed that 24 TMRGs were significantly associated
with BRFS in PCa patients, identifying them as prognosis-
related TMRGs. By overlapping the DE-TMRGs with the
prognosis-related TMRGs, we identified 11 TMRGs that
were both differentially expressed and closely associated
with BRFS in PCa patients. Subsequently, LASSO
regression analysis further refined the selection to nine key
TMRGs: ALDH9A1, GOT2, CAT, ALDH3A2, ALDH?2,
AOX1, SLC7A5, AOCI, and IL411. These nine key
TMRGs play critical roles in the tryptophan metabolism
pathway and exhibit significant differential expression
between PCa tissues and normal prostate tissues. More
importantly, these nine key TMRGs hold strong potential as
molecular biomarkers for predicting postoperative BCR in
PCa patients. Aldehyde dehydrogenase 9 family member Al
(ALDHY9A1) encodes a protein belonging to the aldehyde
dehydrogenase superfamily, which primarily catalyzes the
oxidation of aldehydes into their corresponding carboxylic
acids (30). In clear cell renal cell carcinoma, ALDH9A1
functions as a tumor suppressor gene. Its loss promotes
tumor proliferation, invasion, migration, and lipid
accumulation, while facilitating tumor progression through
activation of the AKT-mTOR signaling pathway (31).
Glutamic-oxaloacetic transaminase 2 (GOT?2) encodes a
key protein in the tryptophan metabolism pathway. GOT?2
catalyzes the conversion of L-kynurenine to kynurenic acid
via its transaminase activity and is an essential component
of the malate-aspartate shuttle (32). In PCa, GOT2 not
only regulates cancer cell proliferation but also exhibits
anti-cancer effects through succinylation, which inhibits
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aspartate synthesis and nucleotide production, potentially
suppressing PCa progression (33). CAT (Catalase) encodes a
vital antioxidant enzyme that catalyzes the decomposition of
hydrogen peroxide, produced by peroxisomal oxidases, into
water and oxygen (34). In PCa, particularly in metastatic
castration-resistant PCa, catalase has gained attention as
a novel therapeutic target. Multiple studies suggest that
modulating CAT activity may provide therapeutic benefits
in PCa treatment (34,35). Aldehyde dehydrogenase 3 family
member A2 (ALDH3A2) encodes a protein in the aldehyde
dehydrogenase superfamily that primarily catalyzes the
oxidation of medium- and long-chain fatty aldehydes into
fatty acids. In PCa, ALDH3A2 expression is significantly
upregulated in androgen-independent PCa cell lines
compared to androgen-dependent ones (36). Furthermore,
the expression of ALDH3A2, along with ODF2, QSOX2,
and microRNA-503-5p, has been identified as a predictor
of recurrence in TMPRSS2-ERG-positive PCa (37).
Aldehyde dehydrogenase 2 family member (ALDH?2) also
encodes a protein within the aldehyde dehydrogenase
superfamily, which eliminates endogenous aldehydes
and facilitates tryptophan metabolism (38,39). Similar to
ALDH3A2, ALDH2 expression is markedly upregulated
in androgen-independent PCa cell lines compared to
androgen-dependent ones (36). Moreover, ALDH?2 is
closely associated with various urological malignancies,
including PCa, and is a promising therapeutic target for
malignant tumors (40,41). Aldehyde oxidase 1 (AOX1)
encodes a protein that oxidizes a variety of endogenous
and exogenous aldehydes. The study suggested that
loss of AOX1 leads to the accumulation of tryptophan
metabolites, such as kynurenine and nicotinamide adenine
dinucleotide phosphate (NADP) (42). In bladder cancer,
AOXT1 is epigenetically silenced by EZH2-mediated
methyltransferase activity, and knockdown of AOX1 in
normal bladder epithelial cells reactivates the tryptophan-
kynurenine pathway, promoting cellular invasion (42). In
PCa, previous studies have shown that AOX1 expression
is reduced, and its methylation levels are elevated in PCa
tissues and cells. Furthermore, AOX1 knockdown enhances
the migration and invasion capabilities of PCa cells (43).
Solute carrier family 7 member 5 (SLC7AS5) encodes a
protein that forms a heterodimer with SLC3A2 to mediate
amino acid transport across the cell membrane, directly
participating in the tryptophan metabolism pathway (44).
SLC7AS is aberrantly expressed in various malignancies
and is closely associated with patient prognosis (44,45). In
PCa, SLC7AS is highly expressed in drug-resistant PCa
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cell lines. Knockdown of SLC7AS5 in LNCaP and C4-2
cells significantly inhibits cell proliferation, migration, and
invasion (46). Amine oxidase copper containing 1 (AOC1)
encodes a protein that catalyzes the oxidative deamination
of primary amines into corresponding aldehydes, producing
hydrogen peroxide and ammonia as byproducts (47). AOC1
is generally considered an oncogene in various malignancies;
however, in PCa, AOCI is downregulated. Studies have
shown that reduced AOC1 expression in PCa tissues
correlates positively with tumor size, lymph node metastasis,
and Gleason score. Moreover, high AOC1 expression is
closely associated with decreased proliferation and migration
of PCa cells both iz vitro and in vive (48). Interleukin 4
induced 1 (IL411) encodes a secreted L-amino acid oxidase
primarily involved in immune regulation (49,50). IL411
influences tumor progression predominantly by modulating
tryptophan catabolism (49). Research has demonstrated
that IL411 generates indole metabolites and kynurenic acid,
which activate the aryl hydrocarbon receptor (AHR). AHR
activation enhances tumor malignancy and suppresses anti-
tumor immune responses. Consequently, blocking 11411
has been proposed as a novel strategy for cancer therapy (50).
In addition, IL4I1 exerts immunoregulatory effects by
inhibiting the proliferation of effector T lymphocytes and
promoting the development of regulatory T cells (51,52).
These findings highlight IL4I1 as a crucial factor in tumor
immune evasion and a potential therapeutic target for
PCa and other malignancies. In summary, the tryptophan
metabolic pathway and its metabolite kynurenine play a
crucial role in cancer progression and metastasis through
immune modulation. Due to the immunosuppressive effects
of tryptophan-related enzymes and kynurenine metabolites,
the tryptophan pathway represents a promising therapeutic
target for cancer treatment. Ongoing clinical trials are
investigating various drugs and combination therapies
targeting the kynurenine pathway, aiming to alter the
prognosis of cancer patients (28,29).

Based on the expression levels of key TMRGs, this study
developed a predictive model capable of stratifying PCa
patients into low- and high-risk groups to assess the risk of
BCR. High-risk PCa patients demonstrated a significantly
greater likelihood of BCR after RP compared to low-
risk patients. Furthermore, multivariate Cox regression
analysis identified the tryptophan metabolism-related
risk score as an independent predictor of postoperative
BCR in PCa patients. To enhance predictive accuracy, this
study constructed a nomogram incorporating tryptophan
metabolism-related risk scores to estimate postoperative
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BREFS in PCa patients. Compared with the existing
prognostic nomograms based on clinicopathological
features of PCa patients, the prediction model constructed
in this study also included the tryptophan metabolism-
related risk scores. Therefore, the model constructed in
this study is more inclined to complement and optimize the
existing prognostic models. Furthermore, previous studies
have demonstrated that Decipher genomic score and
multiparametric magnetic resonance imaging could be used
to assess the risk of postoperative BCR in patients with PCa
(53,54). Therefore, compared with existing genomics-based
platforms and imaging techniques, the risk score in this
study is based on the TMRGs, providing a unique metabolic
perspective to assess tumor progression. However, Decipher
genomic score and radiographic information were not
included in our dataset. Future studies could combine
clinicopathological, genetic, metabolic, and radiographic
features to further optimize the BCR prediction model.
Analysis of the correlation between clinicopathological
factors and risk scores revealed that PCa patients with
higher risk scores were more likely to present with advanced
clinical T stage, pathological T stage, pathological N1
stage, higher ISUP grade group, and positive surgical
margins. These findings indicated a significant association
between higher risk scores and adverse clinicopathological
features, partially explaining why patients with higher risk
scores exhibit poorer postoperative BRFS.

Subsequent analysis of TME features revealed a
significant positive correlation between risk scores and both
the Immune Score and ESTIMATE Score, alongside a
significant negative correlation with Tumor Purity. These
findings suggested that high-risk patients possessed a
more active TME, characterized by a lower proportion of
tumor cells and potentially more pronounced immune cell
infiltration. To further investigate TME features, this study
analyzed the relationship between risk scores and immune
cell infiltration abundance in PCa patients. Immune
infiltration analyses demonstrated that Tregs infiltration was
significantly higher in high-risk patients compared to low-
risk patients. Furthermore, risk scores showed a positive
correlation with Tregs infiltration abundance. The TME is
a complex and dynamic system where interactions between
tumor cells, the extracellular matrix, vascular networks, and
immune cells collectively influence tumor growth, invasion,
and metastasis (55,56). Tregs play a pivotal and multifaceted
role in malignancies, primarily suppressing antitumor
immune responses and promoting TME formation through
various immunosuppressive mechanisms. Within the TME,
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Tregs inhibit the activation and function of effector T cells
by secreting immunosuppressive factors and expressing
inhibitory molecules (57,58). Additionally, Tregs express
high levels of CD25, enabling them to competitively
consume IL-2, thereby limiting the proliferation and
functionality of effector T cells (59). These mechanisms
collectively weaken tumor immune surveillance,
facilitating immune evasion by tumors. Consequently,
increased Tregs infiltration is closely associated with poor
prognosis in various cancers (58,60). The significantly
higher postoperative BCR risk observed in high-risk PCa
patients might, in part, be attributed to elevated Tregs
infiltration in this group. Collectively, this study not only
constructed the tryptophan metabolism-related risk scores
but also developed a nomogram incorporating the risk
scores to predict postoperative BRFS in PCa patients.
More importantly, the study explored the correlations
between risk scores, clinicopathological characteristics, and
TME features in PCa patients. These findings provided
a theoretical foundation for developing individualized
and precise BCR prediction models for PCa patients by
integrating tumor molecular characteristics, the tumor
immune microenvironment, and gene expression profiles.
PCa is a highly heterogeneous malignancy, with
heterogeneity manifesting at multiple levels, particularly in
molecular characteristics. Current molecular subtypes of
PCa primarily rely on genomic and epigenetic features, and
several studies have explored the feasibility of molecular
subtyping in localized PCa. The TCGA Research
Network conducted a multi-omics analysis of 333 primary
PCa samples, incorporating whole-exome sequencing,
transcriptomics, and epigenetic profiling (61). Through
comprehensive and systematic analyses, the study identified
seven major molecular subtypes of PCa, each characterized
by distinct genomic features and potential biological
mechanisms. Based on different oncogenic drivers, 74% of
PCa cases were classified into one of the following seven
molecular subtypes: ERG fusion, ETV1 fusion, ETV4
fusion, FLI1 fusion, SPOP mutation, FOXA1 mutation,
and IDH1 mutation. However, 26% of PCa cases could not
be accurately categorized into these subtypes. Despite its
comprehensiveness, this molecular subtyping approach did
not establish a correlation between molecular subtypes and
patient prognosis, thereby limiting its clinical applicability.
In another study, Zhao er al. applied the PAMS50 assay
to analyze 3,782 PCa samples to establish molecular
subtypes (62). The results demonstrated that PAMS50
could classify PCa samples into three molecular subtypes:
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Luminal A, Luminal B, and Basal. Survival analysis
revealed that patients with the Luminal B subtype had
poorer prognosis compared to those with the Luminal
A or Basal subtypes. Regarding the risk of postoperative
BCR, the 10-year BCR-free rate was 29% for Luminal
B patients, compared to 41% for Luminal A patients and
39% for Basal patients. Multivariate analysis, adjusting for
clinicopathological features such as age, PSA levels, Gleason
score, surgical margin status, ECE, SVI, and lymph node
involvement, demonstrated that BRFS was significantly
better for basal and luminal A subtypes compared to
luminal B. Further analysis revealed that only luminal B
patients exhibited a significant response to postoperative
androgen deprivation therapy (ADT). Thus, this study
not only established molecular subtypes for PCa patients
but also correlated these subtypes with patient prognosis,
providing a foundation for stratified treatment strategies.
By integrating molecular subtypes with clinical outcomes,
this approach offered a framework for tailoring therapeutic
interventions based on molecular characteristics. Given
the critical role of tryptophan metabolism in malignancies,
we constructed tryptophan metabolism-related molecular
subtypes for PCa patients based on key TMRGs. Through
clustering analysis, PCa patients were classified into two
molecular subtypes. Unlike traditional molecular subtypes,
such as basal or luminal subtypes, our classification was
driven by TMRGs, which introduced a unique metabolic
perspective for molecular subtypes. Survival analysis
revealed that PCa patients in Cluster 2 had a significantly
lower risk of postoperative BCR after RP compared to those
in Cluster 1. Furthermore, multivariate Cox regression
analysis demonstrated that the tryptophan metabolism-
related molecular subtype was an independent predictor
of postoperative BCR in PCa patients. Building on these
findings, this study developed a nomogram incorporating
tryptophan metabolism-related molecular subtypes to more
accurately predict postoperative BRES in PCa patients.
Clinicopathological correlation analysis indicated that
Cluster 2 patients had a significantly lower proportion of
cases with high ISUP grade group and positive surgical
margins compared to Cluster 1. These findings suggested
a significant association between tryptophan metabolism-
related molecular subtypes and the clinicopathological
characteristics of PCa patients. Additionally, they partially
explained the improved postoperative BREFS observed in
Cluster 2, which might be attributed to the co-occurrence
of favorable clinicopathological features within this
molecular subtype.
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Subsequent analysis of TME characteristics revealed
significant differences between PCa patients in Clusters
1 and 2. In Cluster 1, the infiltration abundance of Tregs
and M2 macrophages was significantly higher compared
to Cluster 2. As discussed earlier, Tregs in the TME
primarily promote tumor immune evasion and shape an
immunosuppressive microenvironment, driving tumor
initiation, progression, and metastasis. In addition,
M2 macrophages play a critical role in the TME (63).
These cells suppress effector T cells by secreting
immunosuppressive factors such as interleukin-10 (IL-10)
and promote angiogenesis by releasing pro-angiogenic
factors like vascular endothelial growth factor (VEGF) (64).
Moreover, M2 macrophages facilitate the overexpression
of programmed death-ligand 1 (PD-L1), inhibiting the
antitumor function of cytotoxic T cells and promoting
tumor cell survival, proliferation, and drug resistance (64).
The enrichment of M2 macrophages is closely associated
with poor prognosis in various malignancies, making them
a key target in antitumor immunotherapy due to their
pivotal role in tumor immune evasion (65,66). The findings
of this study indicated that the significantly higher risk
of postoperative BCR in Cluster 1 patients compared to
cluster 2 was likely associated with the elevated infiltration
of Tregs and M2 macrophages in Cluster 1. These
immunosuppressive cells weaken the antitumor capability
of effector T cells within the TME, contributing to the
unfavorable prognosis of Cluster 1 patients. In summary,
this study not only developed the tryptophan metabolism-
related risk scores but also established molecular subtypes
based on tryptophan metabolism. This molecular subtyping
approach provided a valuable reference for stratified
management and precision treatment of PCa patients.
Furthermore, the findings emphasized the necessity and
feasibility of integrating clinicopathological characteristics
and TME features to optimize existing PCa molecular
subtyping methods.

To further validate the reliability of the study results,
external validation was conducted from three perspectives.
First, the HPA database was utilized to examine the
expression patterns of key TMRGs in PCa tissues compared
to normal prostate tissues. By analyzing the protein
expression levels of key TMRGs in PCa and normal tissues,
the study reinforced the expression characteristics of these
genes in PCa. Second, the TISCH database was employed
to investigate the relationship between key TMRGs and
immune cell infiltration abundance in PCa tissues at the
single-cell level. This analysis demonstrated that key
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TMRGs were associated with the infiltration of various
immune cells in PCa tissues, suggesting that these genes
might mediate tumor malignant phenotypes by modulating
the TME. Finally, an independent validation cohort of
131 PCa patients from the MSKCC dataset was used to
validate the stability and prognostic value of the tryptophan
metabolism-related risk scores and molecular subtypes.
The results confirmed the robustness and predictive utility
of the risk scores and molecular subtypes in this external
cohort. In summary, this study employed a comprehensive
external validation strategy across multiple databases and
dimensions, including protein-level validation, single-cell
sequencing analysis, and an independent validation cohort.
This multi-dimensional approach not only enhanced the
reliability of the findings but also provided a solid scientific
foundation for the clinical translation of the research
outcomes.

Although this study successfully developed tryptophan
metabolism-related risk scores and molecular subtypes,
evaluating their clinical value for the first time, several
limitations should be acknowledged. First, this analysis
primarily relied on public databases and datasets, which
might introduce selection bias. To ensure the reliability
and robustness of the findings, larger-scale prospective
studies are necessary. Moreover, this study mainly focused
on localized PCa treated with RP and mainly followed
patients untill BCR. This restricted patient cohort limited
the broader applicability of the model to patients with
more advanced disease or those receiving other treatments.
Second, while key TMRGs were identified using LASSO
regression, alternative machine learning approaches, such
as random forests and support vector machines, could also
be employed to validate the roles and significance of these
genes. Comparing multiple screening methods would
help to consistently confirm the role and value of TMRGs
in PCa. Additionally, TME features analyses revealed
higher infiltration of Tregs in high-risk and Cluster 1 PCa
patients, underscoring the need for further basic research to
elucidate the relationship between tryptophan metabolism,
Tregs infiltration, and their roles in immune regulation.
Finally, given the significant heterogeneity of PCa, relying
solely on molecular or clinicopathological features may not
accurately predict prognosis. Future studies should aim
to integrate multi-omics data with clinical characteristics
to construct more precise and comprehensive predictive
models. Such models would enhance the generalizability
and clinical applicability of these findings, offering a more
robust framework for personalized PCa management.
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Conclusions

In conclusion, this study comprehensively analyzed the
expression patterns and prognostic value of TMRGs in PCa,
developing the tryptophan metabolism-related risk scores
and molecular subtypes for PCa patients. The risk scores
and molecular subtypes developed in this study not only
effectively predicted postoperative BRFS in PCa patients
but also showed strong associations with clinicopathological
characteristics and the TME features. Overall, this
study provides novel insights into the role of tryptophan
metabolism in PCa and offers a valuable framework for
stratified management and personalized treatment of PCa
patients.
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