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Supplementary Material 1
[bookmark: OLE_LINK1395]Metabolomics profiling
1. Sample preparation and extraction
The sample stored at -80 °C was thawed on ice and briefly vortexed for 10 seconds. A mixture of 50 μL of the sample and 300 μL of extraction solution (ACN: Methanol = 1:4, V/V) containing internal standards was added to a 2 mL microcentrifuge tube. The tube was vortexed for 3 minutes and centrifuged at 12,000 rpm for 10 minutes at 4 °C. Afterward, 200 μL of the supernatant was collected and kept at -20 °C for 30 minutes before undergoing a second centrifugation at 12,000 rpm for 3 minutes at 4 °C. Finally, 180 μL of the clarified supernatant was transferred for LC-MS analysis.
2. Chromatography and mass spectrometry acquisition conditions
[bookmark: OLE_LINK172]2.1 Untargeted Metabolomic Conditions
Untargeted metabolomic profiling was performed using an LC-ESI-MS/MS system comprising a UPLC (ExionLC AD, https://sciex.com.cn/) and a Quadrupole-Time of Flight mass spectrometer (TripleTOF 6600, AB SCIEX). The analytical setup included an ACQUITY HSS T3 column (1.8 μm, 2.1 mm × 100 mm) maintained at 40 °C. The flow rate was 0.4 mL/min with a 5 μL injection volume. The solvent system consisted of water (0.1% formic acid) and acetonitrile (0.1% formic acid). The gradient elution program started at 95:5 (V/V) at 0 min, shifted to 10:90 (V/V) at 11.0 min, held steady until 12 min, reverted to 95:5 (V/V) at 12.1 min, and ended at 14.0 min.
MS/MS spectra were acquired in an information-dependent acquisition (IDA) mode. The ESI source parameters were optimized for both positive and negative ion modes: source temperature at 550 °C, ionspray voltage of 5500 V (positive) and -4500 V (negative), and an ion spray voltage (IS) of 5500 V. Gas pressures for ion source gases I (GSI), gas II (GSII), and the curtain gas (CUR) were set at 50, 50, and 25.0 psi, respectively. The declustering potential was 60 V, with a collision energy of 30 eV and a collision energy spread of 15.

2.2 Widely targeted metabolomic profiling
Widely targeted metabolomic profiling was carried out using Ultra Performance Liquid Chromatography (UPLC, ExionLC AD, https://sciex.com.cn/) coupled with tandem mass spectrometry (MS/MS, QTRAP®, https://sciex.com.cn/). The chromatographic conditions utilized a Waters ACQUITY UPLC HSS T3 C18 column (1.8 μm, 2.1 mm × 100 mm) maintained at 40 °C, with a flow rate of 0.4 mL/min and an injection volume of 2 μL. The solvent system comprised water (0.1% formic acid) and acetonitrile (0.1% formic acid). The gradient elution started at 95:5 (V/V) at 0 min, transitioned to 10:90 (V/V) by 10.0 min, remained at 10:90 (V/V) until 12.0 min, returned to 95:5 (V/V) at 12.1 min, and was held until 14.0 min.
Data acquisition employed a QTRAP LC-MS/MS System with a triple quadrupole-linear ion trap mass spectrometer (QTRAP®), equipped with an ESI Turbo Ion-Spray interface. The instrument operated in both positive and negative ion modes under Analyst 1.6.3 software control. The ESI source parameters included a source temperature of 500 °C, an ion spray voltage (IS) of 5500 V (positive) and -4500 V (negative), and gas pressures of 50 psi each for ion source gases I (GSI) and II (GSII), with a curtain gas (CUR) pressure of 25.0 psi. The collision gas (CAD) was set to high. Instrument tuning and mass calibration were performed with 10 and 100 μmol/L polypropylene glycol solutions in QQQ and LIT modes, respectively. Metabolites were analyzed using predefined MRM transitions corresponding to their retention times during elution.
[bookmark: OLE_LINK1387][bookmark: OLE_LINK1388]3. Principles of Metabolite Qualitative and Quantitative Analysis
[bookmark: OLE_LINK174]The qualitative analysis of metabolites was performed by referencing a self-constructed Metware database containing retention times and ion pairs, as well as several public databases, including METLIN (http://metlin.scripps.edu/index.php), KEGG, and HMDB (http://www.hmdb.ca/). This analysis incorporated non-targeted databases such as DB-all public libraries, MetDNA, and an AI-driven library. Mass spectral data processing was conducted using Analyst 1.6.3 software (AB Sciex).
Quantification relied on multiple reaction monitoring (MRM) modes of triple quadrupole mass spectrometry. In this method, the first quadrupole filters precursor ions (parent ions) specific to the target metabolites, excluding unrelated ions to minimize interference. The selected precursor ions undergo fragmentation in the second quadrupole via collision-induced dissociation, generating distinct fragment ions based on the molecular structure of the compound. These fragment ions are subsequently filtered by the third quadrupole to select characteristic ions unique to each metabolite, further eliminating interference and enhancing precision and reproducibility. The area under the extracted ion chromatographic peaks was integrated and corrected across samples to ensure consistency in quantification for the same metabolite. 
1. Quality control
[bookmark: OLE_LINK265]Quality Control Analyses
[bookmark: OLE_LINK252][bookmark: OLE_LINK253]Quality control (QC) samples, prepared by pooling sample extracts, were used to evaluate repeatability under uniform processing conditions. A QC sample was included for every ten samples analyzed to ensure consistency throughout the experiment. Overlap in total ion chromatograms (TIC) between QC samples was assessed, with high overlap indicating stable retention times and consistent signal intensities across runs.
[bookmark: OLE_LINK254][bookmark: OLE_LINK251]Metabolomic data quality was evaluated by excluding raw signals with a coefficient of variation exceeding 50% in QC samples. Missing values were addressed based on their prevalence: those missing in over 50% of a group were set to zero, while values missing in less than 50% were imputed using the k-nearest neighbors (KNN ) method. Batch effects were mitigated and data integration refined using the Support Vector Regression (SVR) algorithm, ensuring accurate and unbiased results.
[bookmark: OLE_LINK1792]
1. Identification of HMDB IDs for Metabolites
[bookmark: OLE_LINK1393]The identification of HMDB IDs involved multiple steps utilizing the MWDB database developed by Metware Biotechnology Co., Ltd. (Wuhan, China). This database includes information on Q1 (high-resolution mass spectrometry data), Q3 (mass spectral fragment details), and retention time (RT) for standard and annotated non-target compounds.
[bookmark: OLE_LINK1394]Detection was performed using the sMRM (scheduled multiple reaction monitoring) technique on a triple quadrupole mass spectrometer. The sMRM method scans specific parent ion (Q1) and fragment ion (Q3) pairs within a predefined RT window to collect data matching the ion rules of the target metabolite. Each metabolite is characterized by its unique parent/fragment ion pairs and retention time.
[bookmark: OLE_LINK1396]Additionally, the CAS (Chemical Abstracts Service) number, a globally recognized identifier for chemical substances, was used to link the metabolites to the HMDB database. Querying the CAS number within HMDB allowed for the retrieval of the corresponding HMDB IDs.

Genotype genotyping, imputation and quality control (QC)
[bookmark: OLE_LINK1399][bookmark: OLE_LINK1397]All participants were genotyped by high-density Infinium Asian Screening Array (ASA) 750K bead chip with standard quality-control procedures. This array comprises 738,980 sites, incorporating the Illumina Asian Screening Array along with an additional 50,000 SNPs.
[bookmark: OLE_LINK1401][bookmark: OLE_LINK1400][bookmark: OLE_LINK1411][bookmark: OLE_LINK1410][bookmark: OLE_LINK1408][bookmark: OLE_LINK1409][bookmark: OLE_LINK1344]A systematic QC process was applied to the genotyping data to identify individual outliers and exclude unqualified SNPs. Initial QC steps addressed sex discrepancies, ethnic outliers, potential relatives, individuals with a call rate below 95%, and those with excessive genome-wide heterozygosity. SNP were included t based on the following criteria: (1) per-person missing rate > 5%; (2) per-SNP missing rate > 5%; (3) Hardy–Weinberg disequilibrium P-value < 1 × 10-5; (4) minor allele frequency (MAF) < 0.05. Prior to imputation, alleles were aligned to the forward strand of build 37 and converted to VCF format. Imputation was performed using the University of Michigan imputation server, and SNPs with imputation quality scores (Rsq) below 0.3 were removed. Consequently, 4,192,584 SNPs in autosomal chromosomes remained.
