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            Abstract
To test the hypothesis that the gut microbiota of individuals with nonalcoholic fatty liver disease (NAFLD) produce enough ethanol to be a driving force in the development and progression of this complex disease, we performed one prospective clinical study and one intervention study. Ethanol was measured while fasting and 120 min after a mixed meal test (MMT) in 146 individuals. In a subset of 37 individuals and in an external validation cohort, ethanol was measured in portal vein blood. In an intervention study, ten individuals with NAFLD and ten overweight but otherwise healthy controls were infused with a selective alcohol dehydrogenase (ADH) inhibitor before an MMT. When compared to fasted peripheral blood, median portal vein ethanol concentrations were 187 (interquartile range (IQR), 17–516) times higher and increased with disease progression from 2.1 mM in individuals without steatosis to 8.0 mM in NAFL 21.0 mM in nonalcoholic steatohepatitis. Inhibition of ADH induced a 15-fold (IQR,1.6- to 20-fold) increase in peripheral blood ethanol concentrations in individuals with NAFLD, although this effect was abolished after antibiotic treatment. Specifically, Lactobacillaceae correlated with postprandial peripheral ethanol concentrations (Spearman’s rho, 0.42; P < 10−5) in the prospective study. Our data show that the first-pass effect obscures the levels of endogenous ethanol production, suggesting that microbial ethanol could be considered in the pathogenesis of this highly prevalent liver disease.
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                    Fig. 1: Ethanol concentrations in different blood compartments and studies.[image: ]


Fig. 2: Gut microbiome analyses of the studies.[image: ]
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Extended data

Extended Data Fig. 1 Portal ethanol concentrations linked to NAFLD disease markers in two independent cohorts.
Portal ethanol concentrations linked to histological scores for NAFLD (a–d). Portal vein ethanol in individuals with NAFL and NASH compared to those without steatosis (e). Ethanol concentrations between different SAF-Activity scores (f) and Nonalcoholic Fatty Liver Disease Activity Scores (g). Box plots feature the median (center line), upper and lower quartiles (box limits), 1.5× the interquartile range (whiskers), points outside of boxplot range are outliers. Significant differences were determined by two-tailed Mann–Whitney test (****P < 0.0001;***P < 0.001; **P < 0.01; *P < 0.05).
Source data


Extended Data Fig. 2 Peripheral ethanol concentrations linked to NAFLD disease markers in fasted and post prandial state.
Peripheral ethanol concentrations in relation with histological scores for NAFLD (a–d). Ethanol concentrations in individuals with NAFL and NASH compared to those without steatosis (e). Peripheral ethanol concentrations between different SAF-Activity scores (f) and Nonalcoholic Fatty Liver Disease Activity Scores (g). Box plots feature the median (center line), upper and lower quartiles (box limits), 1.5× the interquartile range (whiskers), points outside of boxplot range are outliers. Significant differences were determined by two-tailed Mann–Whitney test (****P < 0.0001;***P < 0.001; **P < 0.01; *P < 0.05).
Source data


Extended Data Fig. 3 Correlations between portal, fasted and post-prandial peripheral ethanol levels and insulin levels.
Spearman’s Rho correlations are given, and lines represent an overall linear fit, with grey areas the standard error with a 0.95 confidence interval.
Source data


Extended Data Fig. 4 Correlations between portal and peripheral ethanol levels.
Correlations between portal and fasting peripheral ethanol (a) and post prandial peripheral ethanol (b) concentrations. Correlation strength was tested with Spearman’s rank correlation. Colored lines represent a linear fit for each of the NAFLD classes while black represents the overall fit.
Source data


Extended Data Fig. 5 MA plots of liver gene expression in association with NAFLD and ethanol concentrations.
MA plots for fasted peripheral (a), post prandial peripheral (b) and portal (c) ethanol concentrations, between No Steatosis and NAFL (d) and NASH (e). Significant differentially abundant genes are highlighted in blue. NADH2A and CYB2E1 specifically are highlighted in red.
Source data


Extended Data Fig. 6 Small intestinal Streptococcus abundance associates with NAFLD and ethanol concentrations.
Relative abundance is increased in NAFL and NASH (a) and correlates with fasted (b) and post-prandial (c) peripheral and portal (d) ethanol concentrations. Difference in abundance was tested with two-tailed Mann–Whitney test Line represents a linear fit with grey areas the standard error with a 0.95 confidence interval. Spearman’s Rho correlation coefficients are shown. Box plots feature the median (center line), upper and lower quartiles (box limits), 1.5× the interquartile range (whiskers), points outside of boxplot range are outliers.
Source data


Extended Data Fig. 7 Prospective cohort microbiome alpha diversity analysis.
Shannon’s diversity Index with NAFLD classes (a) shown with violin plots, portal ethanol concentrations (b), fasted peripheral ethanol concentrations (c), post prandial ethanol concentrations (d). Differences in alpha diversity between NAFLD classes were determined by Kruskal-Wallis test. Correlations were tested using spearman’s rank correlation.
Source data


Extended Data Fig. 8 Prospective cohort microbiome beta diversity analysis.
NAFLD classes (a), portal ethanol concentrations (b), fasted peripheral ethanol concentrations (c), post prandial ethanol concentrations (d). Bray-Curtis was used as a distance metrics and dissimilarity was tested using permanova using 1000 permutations.
Source data


Extended Data Fig. 9 Prospective cohort microbiome associations.
S. cerevisiae abundance associations with NAFLD classes (a), portal ethanol concentrations (b), fasted peripheral ethanol concentrations (c), post prandial ethanol concentrations (d). Significant differences in abundance were determined by two-tailed Mann–Whitney test (*P < 0.05). Correlations were tested using spearman’s rank correlation.
Source data


Extended Data Fig. 10 Microbiome characteristics of the intervention study.
Alpha- diversity in NASH (a), PCoA of Bray-Curtis dissimilarity between NAFLD class (b), PCoA of Bray Curtis dissimilarity with rate of ethanol accumulation after 4-methylpyrazole infusion (c), Volcano plot with differential taxa abundance analysis (d). Alpha diversity metrics was compared using a two-tailed Mann–Whitney test. Box plots feature the median (center line), upper and lower quartiles (box limits), 1.5× the interquartile range (whiskers), points outside of boxplot range are outliers. Beta diversity was tested using permanova using 1000 permutations. Differential taxa abundance was tested using deSeq2 and observed p values were Benjamini & Hochberg corrected.
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