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            Abstract
Insulin resistance is a forerunner state of ischaemic cardiovascular disease and type 2 diabetes. Here we show how the human gut microbiome impacts the serum metabolome and associates with insulin resistance in 277 non-diabetic Danish individuals. The serum metabolome of insulin-resistant individuals is characterized by increased levels of branched-chain amino acids (BCAAs), which correlate with a gut microbiome that has an enriched biosynthetic potential for BCAAs and is deprived of genes encoding bacterial inward transporters for these amino acids. Prevotella copri and Bacteroides vulgatus are identified as the main species driving the association between biosynthesis of BCAAs and insulin resistance, and in mice we demonstrate that P. copri can induce insulin resistance, aggravate glucose intolerance and augment circulating levels of BCAAs. Our findings suggest that microbial targets may have the potential to diminish insulin resistance and reduce the incidence of common metabolic and cardiovascular disorders.
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                    Figure 1: Overview of the workflow integrating human phenotypes, fasting serum metabolome, gut microbiome data and mouse feeding experiments.[image: ]


Figure 2: Association map of the three-tiered analyses integrating the phenome, the gut microbiome and the fasting serum metabolome in 277 non-diabetic individuals with available metagenomic data.[image: ]


Figure 3: The ratio between the gut microbiome potential for BCAA biosynthesis and inward transport is linked to fasting serum BCAA levels and IR in humans and can be attributed to a few driver species, including P. copri that induces an aggravation of glucose intolerance in mice concomitantly with elevated serum BCAA levels.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Distributions of continuous physiological traits for the 291 non-diabetic individuals, 75 type 2 diabetes patients and 75 matched non-diabetic controls.
An overview of the same traits is shown in Supplementary Table 1. The 75 non-diabetic controls are a subset of the 291 non-diabetic individuals matched to the type 2 diabetes patients by age, sex and BMI and used for comparative analyses.


Extended Data Figure 2 The number of metabolite clusters, species and microbiome functional modules significantly associated with HOMA-IR, HOMA-IRBMIadj, and metabolic syndrome.
a–c, Venn diagrams resuming the number of serum metabolite clusters (a), species (b) and microbiome functional modules (c) that are associated with the three HOMA-IR, HOMA-IRBMIadj and metabolic syndrome phenotypes at FDR < 0.1. d, The number of microbiome functional modules associated with HOMA-IR, gene richness and HOMA-IRGeneRichness.adj. The metabolite cluster associations are based on all 291 non-diabetic individuals whereas the species and KEGG module associations were estimated on the 277 non-diabetic individuals with microbiome data. MetS, metabolic syndrome.


Extended Data Figure 3 Fine-grained correlation profile of fasting serum metabolite clusters and physiological traits in 291 non-diabetic individuals.
Spearman correlations between all fasting serum metabolite clusters (top panel, molecular lipids; bottom panel, polar metabolites) and clinical phenotypes. The metabolites in each panel are clustered by their correlation profile (see dendrogram). The colour represents positive (blue) or negative (red) correlations and FDRs are denoted: +, FDR < 0.1; *, FDR < 0.01; **, FDR < 0.001. The names of the 19 metabolite clusters making up the IR- and IS-metabotypes are highlighted with blue (IR-metabotype) and red (IS-metabotype), respectively.


Extended Data Figure 4 Fine-grained correlation profile of IR- and metabolic-syndrome-associated microbial species and physiological traits in 277 non-diabetic individuals.
Spearman correlations between continuous physiological traits and the 81 species significantly associated (FDR < 0.1) with HOMA-IR, HOMA-IRBMIadj or metabolic syndrome phenotypes (Extended Data Fig. 1). The species are clustered by their correlation profile. The colour represents positive (blue) or negative (red) correlations and FDRs are denoted: +, FDR < 0.1; *, FDR < 0.01; **, FDR < 0.001.


Extended Data Figure 5 Correlations between IR- and metabolic syndrome-associated microbial species and fasting serum metabolite clusters in 277 non-diabetic individuals.
Spearman correlations between species that were significantly associated (FDR < 0.1) with HOMA-IR, HOMA-IRBMIadj or metabolic syndrome phenotypes and the 19 metabolite clusters making up the IR- and IS-metabotypes. The colour represents positive (blue) or negative (red) correlations and FDRs are denoted: +, FDR < 0.1; *, FDR < 0.01; **, FDR < 0.001. The left sidebar represents positive (blue) or negative (red) correlations between the species and the indicated phenotypes (FDR < 0.1). MetS, metabolic syndrome.


Extended Data Figure 6 Abundances of P. copri and B. vulgatus anti-correlate and their combined abundance correlates with HOMA-IR in 277 non-diabetic individuals.
a, b, The abundances of T2DCAG00385: P. copri (orange) and T2DCAG00050: B. vulgatus (blue), shown for all non-diabetic individuals arranged by decreasing P. copri abundance and increasing B. vulgatus abundance (a), and arranged by total abundance of both species with HOMA-IR levels shown above (b).


Extended Data Figure 7 Correlations between microbial species and both HOMA-IR and the BCAA-containing metabolite cluster (M10) in 277 non-diabetic individuals.
a, b, Spearman correlations between species and both the BCAA-containing metabolite cluster (a, M10) and insulin resistance (b, HOMA-IR) in individuals with detectable abundances of the respective species. FDRs of 0.1 and 0.05 are denoted with dotted and dashed lines, respectively. Colour intensity represents mean species abundance in individuals where the species was observed.


Extended Data Figure 8 Microbial driver species for associations between microbiome functional modules and insulin resistance in 277 non-diabetic individuals.
The five most important microbial species driving the association between the indicated microbiome functional modules and insulin resistance (HOMA-IR) are shown (see Supplementary Table 9 for effect sizes). Each species is highlighted with a different colour. The left sidebar represents positive (blue) or negative (red) associations between the functional modules and the indicated phenotypes (FDR <0.1). MetS, metabolic syndrome.


Extended Data Figure 9 An in-depth view of the microbial BCAA biosynthesis pathway and BCAA inward transport system, illustrating the correlations between microbial KEGG orthologous gene groups and serum metabolites with human insulin resistance.
KEGG orthologous gene groups (squares) and metabolites (circles) are coloured by their Spearman correlation with HOMA-IR in the non-diabetic individuals (n = 277 for KEGG orthologous gene groups, n = 291 for metabolites), or coloured grey if no information was available. The network is adapted from KEGG pathway maps (pathways hsa00290 and hsa02010).


Extended Data Figure 10 Oral glucose tolerance test after two weeks of P. copri or sham gavaging and 16S rDNA amplicon sequencing of faecal samples from mice after three weeks of treatment with P.copri or sham.
a, Oral glucose tolerance test. The P. copri-gavaged mice (n = 12) had significantly higher serum glucose levels compared to sham-gavaged controls (n = 12, P = 0.02, Mann–Whitney U-test for AUC) after two weeks of the gavage challenge. Mean ± s.e.m. is depicted. Stars indicate significant differences at individual time points (repeated measurements two-way ANOVA): *P < 0.05; **P < 0.01. b, Plasma insulin was measured before and 15 min post glucose bolus, P = 0.80, Mann–Whitney U-test, bars represents mean ± s.e.m., n = 12. c, Microbiota taxa summary plots on family level after the two given time points, that is, pre high-fat diet (HFD) and post HFD plus gavage. HFD feeding significantly changed the microbial community (adonis P = 0.001) while bacterial gavaging had negligible effect. Data represent mean values. n = 12 per group (one sample from the sham group at time point −3 weeks did not go successfully through the 16S rDNA amplicon sequencing and is therefore represented by 11 samples). ‘Unclassified’ refers to reads that could not be classified to any taxonomy. ‘Other’ refers to reads that could not be classified at family level. d, P. copri changes in mouse faecal samples after P. copri gavaging as determined by quantitative PCR. Bars show the change in P. copri levels relative to before P. copri or sham challenge (bars represents mean ± s.e.m., n = 12, P = 0.0058, Mann–Whitney U-test).
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