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Figure S1. Machine‑learning workflow for serum metabolomic biomarker identification.
Samples were stratified into a 60 % training set and 40 % validation set. Feature selection including Limma differential analysis, OPLS‑DA VIP filtering and LASSO regression was performed in the training set. Six machine‑learning algorithms were trained with grid‑search‑optimized 5‑fold cross‑validation. Model performance was validated in the independent validation set, followed by SHAP‑based model interpretation.
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Figure S2. Assessment of analytical system stability and data quality.
(A, C). Representative Total Ion Chromatograms (TIC) of QC samples in positive (A) and negative (C) ion modes. The x-axis represents retention time (min) and the y-axis represents ion intensity. (B, D). Pearson correlation heatmaps of QC samples in positive (B) and negative (D) ion modes. The color gradient from light green to black represents Pearson correlation coefficients ranging from 0.75 to 1.00. QC_1 and QC_2 were utilized for column conditioning prior to the formal analysis sequence. 
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Figure S3. PLS‑DA discriminant model and permutation validation for serum metabolic profiles of combined IUP and TP.
(A) Two-dimensional PLS-DA score scatter plot showing distinct global metabolic separation between IUP (green dots) and TP (purple dots). Ellipses outline the 95% confidence interval for each group. Model performance metrics: cumulative R²Y = 68.6%, cumulative Q² = 64.7%; 5-fold cross-validation, 1000 permutation cycles. 
(B) Frequency distribution histogram of permutation-derived R²Y (purple bars) and Q² (teal bars) values across all random reshuffling iterations. Key statistical parameters are annotated on the right side of the panel.
 (C) Permutation testing scatter plot for overfitting assessment. The intercept of the Q² regression line is below zero, which eliminates the risk of model overfitting. Statistical significance from permutation test: pR²Y = 0.001, pQ² = 0.001. The grey dotted horizontal line represents Q² = 0.
[image: ]
Figure S4. PLS‑DA discriminant model and permutation validation comparing serum metabolic profiles between NP and SA.
(A) PLS-DA score plot demonstrating complete metabolic segregation between NP (blue dots) and SA (red dots). Ellipses correspond to the 95% confidence interval of each cohort. Model parameters: cumulative R²Y = 71.3%, cumulative Q² = 63.8%; 5-fold cross-validation, n = 1000 permutations. 
(B) Histogram displaying the frequency distribution of permutation-generated R²Y (red bars) and Q² (blue bars) values. Core model statistics are annotated beside the plot. 
(C) Permutation testing scatter plot to exclude overfitting. The regression intercept of Q² falls below zero, with permutation test pR²Y = 0.001 and pQ² = 0.001. The horizontal grey dotted line marks Q² = 0.
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[bookmark: OLE_LINK1]Figure S5. Training-set metabolite screening and LASSO signature selection for discrimination between TP and IUP.
(A) Volcano plot of differential metabolites filtered from training samples; 11 metabolites upregulated and 15 downregulated in TP relative to IUP.
(B) Three repeated 5-fold cross-validation curve for LASSO logistic regression, with vertical dashed line marking the optimal λ.1se.
(C) LASSO coefficient path plot showing coefficient shrinkage along with increasing penalty strength.
(D) Bar plot displaying LASSO coefficient direction and magnitude for the eight final diagnostic metabolites.
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Figure S6. Training-set metabolite screening and LASSO signature selection for SA vs NP discrimination.
(A) Volcano plot of differential metabolites filtered from training samples; 10 upregulated and 24 downregulated metabolites in SA.
(B) Three‑repeated 5‑fold cross‑validation curve for LASSO logistic regression, vertical dashed line denotes optimal λ.1se.
(C) LASSO coefficient‑path plot tracking coefficient shrinkage across penalty gradients.
(D) Bar plot visualizing LASSO coefficient magnitude and direction for the eight SA diagnostic metabolites.
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(A) PLS-DA discriminant model (TP vs IUP)
R?Y(cum) = 68.6%; Q*(cum) = 64.7%; CV=5-fold; perm = 1000; pR?Y = 0.001; pQ* = 0.001
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(A) PLS-DA discriminant model (SA vs NP)
R2Y(cum) = 71.3%; Q*(cum) = 63.8%; CV=5-fold; perm = 1000; pR?Y = 0.001; pQ*= 0.001
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(A) Volcano plot of training-set metabolites (TP vs IUP) (B) LASSO 5-fold cross-validation (repeated 3 times)
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