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Introduction:
Metabolomics has proven essential in elucidating gastric cancer (GC) biology and improving clinical management. However, the lack of systematic, intelligent approaches for biomarker discovery hinders precise diagnostic tool development. This study aimed to establish and validate a comprehensive metabolomics-based biomarker discovery framework for GC diagnosis across multicenter cohorts.
Methods:
This multicenter study included 1,706 participants (826 GC, 880 non-GC) from four centers. Initially, a dedicated plasma metabolite database was built using limited plasma samples. A holistic framework combining widely-targeted and targeted metabolomics was applied to balance breadth and depth. In exploration stage, widely-targeted metabolomics was performed to identify differentially expressed metabolites (DEMs) in cohort 1 (n=469). In discovery stage, targeted metabolomics was employed to quantify and validate the DEMs in cohort 2 (n=928). A novel algorithm, BIO-FIRE (Biomarker Identification and Optimization Algorithm via Functional and Importance-based Recursive Enhancement), was developed to facilitate biomarker selection. To avoid overfitting, cohort 2 was divided into training (75%) and test (25%) sets. Finally, the identified biomarkers were validated in an independent cohort (n=309). Five machine learning algorithms were used to establish the diagnostic model. Diagnostic performance was evaluated using receiver operating characteristic curves.
Results:
A total of 3,327 metabolic signals were detected in exploration stage, among which 84 DEMs were identified as level 1 according to metabolomics standards initiative (MSI). Notably, the majority of these DEMs were novel and had not been previously reported in GC metabolic studies. The BIO-FIRE algorithm identified 12 metabolite biomarkers encompassing four functional modules (lipid metabolism, host-microbiome co-metabolism, metabolic bridging, and branched-chain amino acid metabolism). This panel outperformed conventional tumor markers (e.g., CEA, CA19-9, CA72-4) with AUC of 0.968-1.000, 0.887-0.921, and 0.902-0.950 in training, testing, and validation cohorts, respectively. Additionally, the panel demonstrated remarkable capability in identifying GC patients with negative conventional tumor biomarkers, as well as those with very early GC (stage IA), small GC(≤4 cm), and gastroesophageal junction cancer.
Conclusions:
The proposed framework, integrating holistic metabolomics and the BIO-FIRE algorithm, provides a powerful tool for biomarker discovery and delivers a robust panel for early diagnosis of GC. Beyond its utility in GC, this approach advances the field of metabolic research, offering a scalable platform for early detection and mechanistic insights across diverse diseases.

