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Patient cohorts
[bookmark: _GoBack]We evaluated, a total of 270 ALF-patients along with 25 healthy-controls prospectively seen (December 2019 to April 2023) at the Institute of Liver and Biliary Sciences, New Delhi, India. Etiological distribution of 270 ALF patients; The etiological distribution of ALF included DILI (Training cohort-42.8%); Test cohort- 38.58%), Viral etiologies (Training cohort-48.2%); Test cohort- 51.8%), Others (Wilson, autoimmune etc.) (Training cohort-9%); Test cohort- 9.62%).ALF was diagnosed as; presence of jaundice with hepatic encephalopathy within 4 weeks with laboratory evidence of increased INR (>1.5)1. Patients with underlying features of chronic liver disease, such as splenomegaly, clinical ascites or known hepatitis B or C infection or regular alcohol intake, were excluded from the study. All patients underwent plain CT scan of the brain to screen the presence and severity of cerebral-edema in the emergency before being shifted to the liver intensive care unit (L-ICU). All the ALF patients with presence of hepatic encephalopathy (Grade 1-4) were enrolled in this study and were sampled at the time of admission (baseline). The patients were managed by intubation and ventilation according to their standard indications. Fentanyl and propofol was used along with atracurium for paralysis wherever required during ventilation. Volume revival need was determined by the clinical parameters like heart rate, blood pressure, urine output, arterial blood gas and stroke volume variation2. Patients who do not respond initially were managed by norepinephrine with the parallel use of low dose of hydrocortisone and vasopressin. Intravenous N-acetylcysteine was given to all the patients for 5 days. Patients were administered with antibiotics and antifungals as per institutional protocols. Continuous renal replacement therapy (CRRT) was performed in patients with suspected cerebral edema on CRRT 3. Liver transplantation was available both as living related or availability of deceased donor liver status. Further, patients were clinically followed up for 90 days or death from the date of admission. If a patient died from progressive liver failure or liver-related complications such as cerebral edema, renal failure, infection, sepsis, or multi-organ failure during the ICU stay or within 30 days, it was classified as death due to liver failure. Additionally, transplant recipients were also categorized as ALF-Non-Survivors (ALF-NS). The patients who improved and survived were categorized as ALF survivors (ALF-S) (Figure 1A). All procedures involved in the study were conducted by the institute ethical committees (IRB approval no-IEC/2019/70/NA06) and written informed consent was obtained from all subjects enrolled in this study.
Sample Collection and Processing
For all the study groups, 10 mL venous blood and a single drop (~35 µL) of capillary blood were collected at the time of first clinical contact, and stored after bar-coding in the national liver disease biobank. Plasma was separated by centrifugation (2000 rpm, 20 min, 4°C) 4. From the finger-prick sample, ~15–17 µL plasma was extracted for metabolomics5-7.
Processing of One-Drop Blood Samples: The collected one-drop blood samples (~35 µL) were subjected to centrifugation at 2,000 rpm for 20 minutes at 4°C to facilitate plasma isolation. The resulting plasma fraction (~15–17 µL) was carefully extracted and processed for metabolomic analysis, as outlined in our recent publication4. 
Plasma depletion: Blood (10ml) samples were collected at baseline and subjected to centrifuge for 20 minutes at 2,000 rpm at 4 °C for plasma isolation. Further plasma samples were first subjected to plasma depletion followed by preparation for metabolomics and meta-proteomics) using mass spectrometry5-7. 
Separation of Low Abundant Protein (LAP) and Albuminous fraction: Albumin was removed from plasma samples of the study cohort of ALF Patients (n=40; ALF Non-Survivors; ALF-NS=32, ALF-survivors; ALF-S=8 ) and Healthy Control (HC) (n=5) using a dye-binding affinity chromatographic technique which employs the use of HiTrap Blue HP 1ml (Cat no. 17-041201, GE Healthcare Life Sciences, Sweden) on AKTA pure purification system which is prepacked with Blue Sepharose beads immobilized by Cibacron Blue F3G-A dye in which  Albumin attaches to the Cibacron blue dye due to its albumin-dye binding property. The high trap blue column (Cibacron blue dye) was used as it has a specific binding with albumin8-11. Baseline 100µl plasma was diluted 1:4 times using Binding buffer (20mM Na2HPO4) followed by loading onto a 1 ml HiTrap Blue column in which the sample was loaded for a brief period of 2 min followed by washing of the column using 20mM Na2HPO4 for 5 min in which we observe a sharp peak of the unbounded low abundant proteins (LAP), this is followed by elution phase of 7 min with an increase in the percentage (5-98%) of 2M NaCl + 20mM Na2HPO4 which results in the elution of the dye bounded albumin as mentioned in the previous paper for SAH12. 
Sample Preparation for Metabolomics
For metabolomic analysis, an organic phase extraction protocol was employed to isolate metabolites from 100 µL of low-abundant protein (LAP) samples from both the training cohort (ALF = 40, HC = 5) and test cohort (ALF = 230, HC = 20), using 100 µL of plasma and paired one-drop blood (~16 µL plasma). Sample preparation involved a methanol-to-sample ratio of 4:1, with 100 µL of LAP from the training cohort and 100 µL of baseline plasma with paired one-drop blood from the test cohort incubated overnight at −20°C to facilitate protein precipitation. Samples were then centrifuged at 13,000 rpm for 10 minutes, and the resulting protein pellet was discarded while the supernatant was collected and vacuum-dried. The dried samples were reconstituted in 100 µL of a standardized solution (90% water, 5% acetonitrile, 5% internal and external standards) to ensure optimal metabolite stability. A total of 80 µL of each prepared sample was transferred into a high-performance liquid chromatography (HPLC) tube, while the remaining 25 µL was pooled across all samples to create a quality control sample. This pooled sample was analyzed at serial dilutions (1:1, 1:2, 1:4, and 1:8) to assess analytical reproducibility. Internal standards included Dinoseb (1 mg/mL), MCPA (1 mg/mL), and Dimetrazole (1 mg/mL), whereas external standards comprised Cholesterol (0.1 mg/mL), Colchicine (4 mg/mL), Imparinine (2 mg/mL), Roxithromycin (2 mg/mL), Amiloride (1 mg/mL), and Atropine (2 mg/mL).
For mass spectrometry-based metabolomics
15 µL of each prepared sample was subjected to reverse-phase chromatography on a C18 column (Thermo Scientific™ 25003102130; 3 µm, 2.1 mm, 100 mm) using an ultra-high-performance liquid chromatography (UHPLC) system. The mobile phase consisted of 0.1% formic acid (Phase A) and 100% acetonitrile (Phase B). The samples were introduced into the heated electrospray ionization (HESI) source of a Q-Exactive mass spectrometer (Thermo Scientific, San Jose, CA) and analyzed. The spray voltage was set to +3.7 kV in positive ionization mode and −3.1 kV in negative ionization mode. The heated capillary temperature was maintained at 360°C, with sheath and auxiliary gas flow rates set to 15 and 10 arbitrary units, respectively.
Metabolite identification was conducted using Compound Discoverer 3.0 (Thermo Fisher Scientific, Waltham, United States), with annotation performed through multiple databases, including mass list databases, ChemSpider, mzVault, Metabolika, and mzCloud™. The identified and annotated metabolite features underwent log normalization and Pareto scaling using MetaboAnalyst 5.0 (http://metaboanalyst.ca), which facilitated subsequent analyses such as principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), heat map generation, and random forest classification. Additionally, pathway enrichment analysis was carried out using MetaboAnalyst 5.0, while IBM SPSS Statistics version 2.0 was employed for multi-variate correlation and univariate regression analyses, as detailed in our recent publication.
Sample Preparation for Meta-proteomics
Following albumin depletion from baseline plasma, low-abundant protein (LAP) samples from all study groups, including acute liver failure (ALF) patients (n=40), ALF non-survivors (ALF-NS, n=32), ALF survivors (ALF-S, n=8), and healthy controls (HC, n=5), underwent protein quantification using the Bradford assay. For in-solution protein digestion, 50 µg of protein was vacuum-dried and reconstituted in 200 µL of ammonium bicarbonate (ABC) buffer. To reduce disulfide bonds, 20 µL of 10 mM dithiothreitol (DTT) was added, and the mixture was incubated at 60°C for 1 hour in a water bath. Following reduction, 15 µL of 10 mM iodoacetamide (IAA) was introduced for protein alkylation, with incubation in the dark for 30 minutes. Protein digestion was carried out using 10 µL of sequencing-grade trypsin (0.1 µg/µL), with samples incubated at 37°C for 20–24 hours. Trypsin activity was subsequently inhibited by adding 5 µL of concentrated formic acid.
For C18 column-mediated peptide purification, the digested LAP was purified using the Thermo Scientific Pierce C18 Spin column (Catalog No. 89873). Initially, the column was preconditioned with 200 µL of 100% acetonitrile (ACN) for 5 minutes, followed by centrifugation for 2 minutes, and the flowthrough was discarded. To activate the column, 200 µL of wash buffer (50% ACN + 50% water) was added, incubated for 5 minutes, and then centrifuged, with the flowthrough removed. Equilibration was performed by adding 200 µL of equilibration buffer, incubating for 2 minutes, and discarding the flowthrough. The digested protein sample (50 µg) was then loaded onto the column and incubated for 5 minutes, with repeated loading for a total of four cycles to enhance peptide binding. The flowthrough was discarded, and the column was washed with 200 µL of equilibration buffer (5% ACN + 95% water) for 2 minutes, followed by centrifugation and removal of the flowthrough. Peptide elution was carried out in three sequential steps using an elution buffer (90% ACN + 10% water): first, 30 µL was incubated for 2 minutes, followed by another 30 µL for 2 minutes, and finally, 40 µL was incubated and centrifuged. The eluate was collected, and the used column was discarded. The samples were lyophilized at 4°C under 60 millibar pressure until dry, ensuring they were not over-dried to prevent difficulties in reconstitution. The dried peptides were then reconstituted in 40 µL of 0.1% (v/v) formic acid, centrifuged at 15,000g, and 20 µL of the supernatant was loaded into an HPLC vial.
For mass spectrometry-based meta-proteomics analysis, proteins were isolated from plasma samples across all study groups. These proteins were subjected to reduction, alkylation, and trypsin digestion, followed by analysis via mass spectrometry as described in the proteome analysis section. MS/MS data were acquired and analyzed using Proteome Discoverer (version 2.0, Thermo Fisher Scientific, Waltham, MA, United States), employing bacterial and fungal sequences from UniprotSwP_20170609 (sequences: 467231) and MG_BG_UPSP (sequences: 2019194). The Mascot algorithm (Mascot 2.4, Matrix Science) was used for cross-validation of microbial species identification. Peptide identification was considered significant at p < 0.05, with q-values p < 0.05 and a false discovery rate (FDR) of 0.01. Only rank-1 peptides with peptide-spectrum matches (PSMs) greater than 3 were included for biodiversity and functional analyses using Unipept. Peptides that mapped to eukaryotic, fungal, and viral databases were excluded, ensuring that only bacterial species-associated peptides were retained for statistical, functional, and biodiversity analyses, as detailed in our recent publications.
Weighted Metabolome Co-Expression Network (WMCNA) and Weighted Metabolome Co-Expression Network (WMpCNA); was also performed upon identified Metabolites using ‘WGCNA’ R package in Perseus software. In this, the correlation matrix between the metabolites or Meta-proteins in the dataset describes a fully connected, weighted network, in which the weight on each edge denotes the correlation between the quantitative profiles of the two metabolites or Meta-proteins13. Soft-threshold=9, signed network and Bi-weight mid-correlation, a robust alternative to Pearson correlation, were chosen to calculate correlations between all Metabolite signatures. In order to obtain a scale-free co-expression network, a power parameter of 12 was selected, leading to an approximately scale-free network with a scale-free topology of 0.85. Hierarchical clustering of the co-expression network identified 8 and 5 modules of identified metabolites and meta-proteins respectively. 
Probability of death (POD) calculation: In the current study Probability of death (POD) for Acute liver failure patients (ALF) was assessed to determine the putative indicator of non-survival in ALF patients. POD was calculated using the Top meta-proteins and metabolites identified based on p-value, AUC, and mean decrease in accuracy in each comparison (ALF VS HC and ALF-Non survivor VS ALF-Survivor) using IBM SPSS 20. 
Machine Learning: approach14 was employed using five different ML (LDA, RF, SVM, KNN, CART) algorithms to validate the plausible biomarker metabolomic species. In total, we implemented 30 ML models comprising 5 ML algorithms along with 5 metabolomic species individually as well as combinedly. Fourfold (outer) nested repeated (five times) tenfold (inner) cross-validation (with randomized stratified splitting) was done on training and test cohort in R with the Caret package. In this way, repeated tenfold cross-validation was performed 20 times and the models obtained the best results. Besides, the overall cross-validation prediction performance was summarized by the accuracy, sensitivity, specificity, and -log10p performance measures. The equations used to quantify these performance measures are presented below (in which TP represents true positives, TN represents true negatives, FP represents false positives and FN represents false negatives):
Accuracy=TP+TN/ TP+TN+FP+FN
Sensitivity=TP/TP+FN
Specificity=TN/TN+FP
Bacterial culture and cell culture
Bacteroides intestinalis AM-1 strain DSM 17393 (B. intestinalis) was purchased from Leibniz-Institute DSMZ (Germany) and cultured in Columbia agar medium supplemented with 5% defibrinated sheep blood.  B. intestinalis was cultured anaerobically at 37°C for 24 h in an anaerobic cabinet (Whitley DG250 Anaerobic workstation). 
Mouse Model of ALF and Bacterial intervention: 
Six-week-old male C57BL/6 germ-free mice were bred and maintained at the in-house animal facility of ILBS. All experimental procedures were approved by the Institutional Animal Ethics Committee (Approval No: IAEC/ILBS/23/1). The mice were housed under controlled conditions, with free access to food and water, a 12-hour light/dark cycle, and a stable temperature of 25°C ± 2°C. After a one-week acclimatization period, mice were randomly divided into twelve groups (Supplementary Figure -20).
Acetaminophen (APAP) was dissolved in warm saline (0.9% NaCl at 55°C), then cooled to 37°C before administration. Non-overnight-fasted mice received intraperitoneal (i.p.) injections of APAP at doses of 250 mg/kg or 500 mg/kg, while control groups were injected with normal saline.
For pre-treatment, mice underwent gut cleansing (PEG in saline, 425 g/L, 4 doses at 20-min intervals) followed by B. intestinalis-AM1 (10⁹ CFU/200 µL intragastrically) daily × 7 days before APAP. For post-treatment, B. intestinalis was given daily × 3 days after 12hr of APAP injection. Sacrifice occurred at 24 h and 72 h. Samples (blood, liver, stool, intestine) were collected and stored at −80°C further in brief.
In the bacteria pre-treatment group (BI+APAP), mice underwent gut cleansing using polyethylene glycol (PEG) dissolved in normal saline (425 g/L), administered four times at 20-minute intervals. Following gut washing, B. intestinalis was delivered intragastrically at a dose of 1 × 10⁹ CFU per 200 µL daily for seven days, administered twice, before i.p. injection of APAP at either 250 mg/kg or 500 mg/kg. These mice were sacrificed at 24 hours and 72 hours post-APAP administration.
In another group, non-overnight-fasted mice were first injected i.p. with APAP (250 mg/kg or 500 mg/kg), followed by intragastric administration of B. intestinalis at the same dose (1 × 10⁹ CFU per 200 µL) daily for three days (after 12hr of APAP dosing), administered twice. These mice were also sacrificed at 24 hours and 72 hours post-APAP treatment.
After sacrifice, blood, liver, intestine, and stool samples were collected and stored at −80°C for further analysis.
Staining procedures 
Formalin-fixed tissue samples were embedded in paraffin and stained with H & E. To determine necrosis and cell damage. Five-micrometre frozen sections were then cut and stained with H&E. Representative images from each group of mice are shown in each figure. 
Biochemical analysis
Serum levels of ALT and AST and other liver function test were determined using Infinity ALT kit (Abkine). 
Real-time qPCR
RNA was extracted from mouse liver and intestine and cDNAs were generated as per Verso cDNA Synthesis Kit (Thermoscientific-AB1453A). Primer sequences for mouse genes were obtained from the NCBI and Primer 3. All primers used in this study are listed in Supplementary Table (4). Mouse gene expression and amplification of bacterial genes were determined with Sybr Green (Bio-Rad Laboratories) using Applied Biosystems ViiA 7 Real-Time PCR System. The qPCR value of mouse genes was normalized to GAPDH.
Statistical Analysis
Results are shown as mean and standard deviation unless indicated otherwise. Statistical analysis was performed using Graph Pad Prism v6, SPSS V20, and P-values of < 0.05 using Benjamini & Hochberg correction were considered statistically significant. Unpaired (two-tail) Student’s t-test, and Mann-Whitney U test were performed for comparison of two groups.  For comparison among more than two groups, a one-way analysis of variance, the Kruskal-Walli’s test was performed. All correlations were performed using Spearman correlation analysis and r2>0.5, p<0.05 was considered as statistically significant. Annotated features were subjected to different statistical software platforms. First, missing value imputation was applied to data in which half the minimum positive value was estimated for meta-proteome that were undetected in the samples. Subsequently, data were filtered based on non-parametric relative standard deviation (MAD/median) and were subjected to log normalization and Pareto-scaling using Metaboanalyst 5.0 (http://metaboanalyst.ca.) server. PCA and PLS-DA, Heat map, Random-forest analysis, and other statistical analyses were performed. To determine the best Metabolites among the top 5 metabolites univariate and multivariate AUROC analysis was performed by IBM SPSS and Hazard ratio were analyzed. Additionally, survival analysis was performed by Kaplan-Meier curve in IBM SPSS on the basis of panel of 5 metabolites.




[bookmark: OLE_LINK1]ML Method: 
A total of 270 ALF patients were subjected to machine learning analysis using 5 ML algorithms in the CARET package using a fixed allocation of the dataset (80% training set) and then validate using the holdout (20% of the whole data) set14-16. The five ML algorithms used and model performance was assessed using kappa score; anything above K=0.7 was considered significant. Overall accuracy of the model was also calculated based on which the best model was selected. Evaluation of the model was performed by assessing its accuracy, sensitivity, specificity, p-value, positive predictive value, negative predictive value and balanced accuracy. In total, 30 trained and tested ML models were generated using 5 ML algorithms across 5 metabolites combination. Fourfold (outer) nested repeated (five times) tenfold (inner) cross-validation (With randomized stratified splitting) was used to train and test ML models and the hyperparameters of each algorithm were optimized. Accuracy and the kappa of model development (training cohort) were significant for all metabolites and comparison for the test cohort (plasma and paired one drop blood). Positive predictive value, negative predictive value and balanced accuracy of plasma (100µl) were found to be highest for RF model. Prediction capability of the identified top 5 metabolites in combination showed highest accuracy, sensitivity, specificity and p-value making the identified panel candidate indicators and the random forest model as the preferred ML algorithm for segregation of ALF patients predisposed to early mortality using plasma samples. 
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