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            Abstract
During the transition from a healthy state to cardiometabolic disease, patients become heavily medicated, which leads to an increasingly aberrant gut microbiome and serum metabolome, and complicates biomarker discovery1,2,3,4,5. Here, through integrated multi-omics analyses of 2,173 European residents from the MetaCardis cohort, we show that the explanatory power of drugs for the variability in both host and gut microbiome features exceeds that of disease. We quantify inferred effects of single medications, their combinations as well as additive effects, and show that the latter shift the metabolome and microbiome towards a healthier state, exemplified in synergistic reduction in serum atherogenic lipoproteins by statins combined with aspirin, or enrichment of intestinal Roseburia by diuretic agents combined with beta-blockers. Several antibiotics exhibit a quantitative relationship between the number of courses prescribed and progression towards a microbiome state that is associated with the severity of cardiometabolic disease. We also report a relationship between cardiometabolic drug dosage, improvement in clinical markers and microbiome composition, supporting direct drug effects. Taken together, our computational framework and resulting resources enable the disentanglement of the effects of drugs and disease on host and microbiome features in multimedicated individuals. Furthermore, the robust signatures identified using our framework provide new hypotheses for drug–host–microbiome interactions in cardiometabolic disease.
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                    Fig. 1: Associations between CMD drugs, host and microbiome.[image: ]


Fig. 2: Combinatorial effects of CMD drugs.[image: ]


Fig. 3: Additive and dose-dependent drug associations with the host and microbiome.[image: ]
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                Data availability

              
              The source data for the figures are provided at Zenodo (https://doi.org/10.5281/zenodo.4728981). Raw shotgun sequencing data that support the findings of this study have been deposited at the ENA under accession codes PRJEB41311, PRJEB38742 and PRJEB37249 with public access. Raw spectra for metabolomics have been deposited in the MassIVE database under the accession codes MSV000088043 (UPLC–MS/MS) and MSV000088042 (GC–MS). The metadata on disease groups and drug intake are provided in Supplementary Tables 1–3. The demographic, clinical and phenotype metadata, and processed microbiome and metabolome data for French, German and Danish participants are available at Zenodo (https://doi.org/10.5281/zenodo.4674360).

            

Code availability

              
              The new drug-aware univariate biomarker testing pipeline is available as an R package (metadeconfoundR; Birkner et al., manuscript in preparation) at Github (https://github.com/TillBirkner/metadeconfoundR) and at Zenodo (https://doi.org/10.5281/zenodo.4721078). The latest version (0.1.8) of this package was used to generate the data shown in this publication. The code used for multivariate analysis based on the VpThemAll package is available at Zenodo (https://doi.org/10.5281/zenodo.4719526). The phenotype and drug intake metadata, processed microbiome, and metabolome data and code resources are available for download at Zenodo (https://doi.org/10.5281/zenodo.4674360). The code for reproducing the figures is provided at Zenodo (https://doi.org/10.5281/zenodo.4728981).
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Extended data figures and tables

Extended Data Fig. 1 A post-hoc testing approach for deconfounding univariate biomarker analysis for multiple medications and risk factors.
The schematic highlights our covariate control approach. All significant associations between putative drivers (e.g., disease D) and covariates (C1...Cn) to each measured feature (Y1...Ym) are taken. The outcome of the test is denoted with ai for a positive outcome (“yes”) and āi for a negative outcome (“no”). A significant predictor is called “confounded” and is filtered out in a post-hoc test if there is at least one covariate (e.g., drug treatment or combination) such that the predictor does not add significant predictive capacity beyond the covariate (“confounded”). If no such covariate itself passes the same test (i.e., covariates cannot in turn be shown to have predictive capacity beyond tested predictor), the predictor is considered ambiguous (“ambiguously deconfounded”). Otherwise, the predictor is considered “confidently deconfounded” (we note that “confidently deconfounded” is defined as no confounders were found among all covariates measured in our study).


Extended Data Fig. 2 Previously reported metabolic disease associations are replicated in the MetaCardis cohort under drug deconfounding, highlighting systemic inflammation, short-chain fatty acid and branched-chain amino acid mechanisms underlying insulin resistance.
Cuneiform plot marker hues and direction show sign of effect size (Cliff’s delta), intensity and size show amplitude of effect size, comparing metabolic diseased proband subsets (horizontal axis) with healthy control subject in the MetaCardis population for different microbiome, metabolome and host features (vertical axis). Bold and opaque markers show significant associations (two-sided MWU FDR < 0.1) not reducible to any significant drug or demographic confounder. Full associations are found in Supplementary Table 9; here a preselected subset is displayed reflecting previously reported risk and protective factors, validated in MetaCardis. 1H NMR features are shown with retention time in parentheses, functional modules with GMM or KEGG identifier in parenthesis, analogous for metagenomic species and mOTUs.


Extended Data Fig. 3 Previously reported drug-microbiome associations are replicated in the MetaCardis cohort for metformin and PPI.
Bar plots show the magnitude and direction of effect size (Cliff’s delta) of metformin treatment (left) and PPI treatment (right) on microbiome features. These effects are compared to the previously published data from two independent patient cohorts10. Only features with direct match on the taxonomic level were included in the comparison. Full list of associations is provided in Supplementary Table 6.


Extended Data Fig. 4 SNV analysis of strains in the gut of subjects taking PPIs.
Cuneiform plot shows change in abundance of bacterial species in the gut in subjects taking/not taking PPIs (controlling for other drugs and demographic factors) in each clinical group separately, and for all subjects pooled together. Rows marked “SNV” show whether oral strain single nucleotide markers are significantly (two-sided MWU FDR < 0.1) enriched over gut strain markers in subjects taking PPIs, controlling for abundance of each species. Marker direction, colour and size denote the sign and value of Cliff’s delta standardized effect size; opaque markers are significantly altered (two-sided MWU FDR < 0.1; passing all confounder checks). Bacteria are shown if their abundance is significantly altered under PPI consumption, and there are SNPs distinguishing oral from gut strains in HMP samples. (See Supplementary Tables 5–7).


Extended Data Fig. 5 Breakdown of antibiotics association into individual features, selected features shown.
Left cuneiform plot (markers show Spearman correlation direction by shape and colour, scope by size and colour, significance (two-sided MWU FDR < 0.1, deconfounded for other drug and demographic features) by edge opacity) shows association between each feature and total number of antibiotics courses in CMD groups as well as in healthy controls. Right cuneiform shows whether the same features are significantly different (two-sided MWU FDR < 0.1) between healthy controls and CMD subjects following drug deconfounding (markers show Cliff’s delta effect size), requiring significant and deconfounded correlation with number of antibiotic courses demonstrable in at least one proband group and at least one group showing significant and deconfounded alteration compared to healthy controls. Core features include increased carriage of possible disease-associated Ruminococcus gnavus and various Clostridia species, alongside decreased carriage of commensals such as Faecalibacterium species. Full list of associations is provided in Supplementary Table 12.


Extended Data Fig. 6 Taxonomic changes are validated in a recent intervention cohort.
For bacterial species where an effect on abundance of total antibiotics courses in MetaCardis could be demonstrated (significant at Spearman FDR < 0.1 and deconfounded), and where effect of antibiotic intervention has been tested in a recent antibiotic intervention study52, MetaCardis correlation on vertical axis vs intervention log-transformed fold change on horizontal axis are displayed. Separate markers are shown for each MetaCardis patient group within which antibiotic effect can be demonstrated. Bold markers achieve significance (FDR < 0.1) in the intervention study as well. For the majority of taxa overlapping between studies, direction of changes matches, consistent with a causal impact of antibiotics on the microbiota in MetaCardis.


Extended Data Fig. 7 Enterotype likelihood is altered by antibiotics.
Cuneiform shows normalized regression coefficients of logistic models for each 4-class enterotype as a function of antibiotics courses in the past 5 years, separately for controls and metabolic disease patient groups. All significant (two-sided Wald FDR < 0.1) models show depletion of Ruminococcus and Prevotella enterotypes, and enrichment for Bacteroides enterotypes; in the case of metabolic disease patients, this is strongest for the low cell count Bacteroides 2 enterotype.


Extended Data Fig. 8 Illustration of flow cytometry gating strategy. A fixed gating/staining approach was applied45.
Both blank and sample solutions were stained with SYBR Green I. a. FL1-A/FL3-A acquisition plot of a blank sample (0.85% w/v physiological solution) with gate boundaries indicated. A threshold value of 2000 was applied on the FL1 channel. b. Secondary gating was performed on the FSC-A/SSC-A channels to further discriminate between debris/background and microbial events. c, d./ FL1-A/FL3-A count acquisition of a faecal sample with secondary gating on FSC-A/SSC-A channels based on blank analyses. Total counts were defined as events registered in the FL1-A/FL3-A gating area excluding debris/background events observed in the FSC-A/SSC-A R1 gate. The flow rate was set at 14 microliters per minute and the acquisition rate did not exceed 10,000 events per second. Each panel reflects the events registered during a 30 s acquisition period. Cell counts were determined in duplicate starting from a single biological sample.





Supplementary information
Supplementary Information
Supplementary Text (including the Supplementary Results) and Supplementary References.


Reporting Summary

Supplementary Tables 1–4
Supplementary Tables 1–4 include information on the cohort characteristics and drug intake with source metadata. Source metadata for the MetaCardis cohort include disease group, gender, age, study centre, BMI (kg m−2), alternative healthy eating index, diet diversity score and dietary approaches to stop hypertension, physical activity and manual work levels, and smoking status. Source data include information on the drug intake, drug combinations, dosage and antibiotic use analysed in the MetaCardis cohort.


Supplementary Table 5
Multivariate breakdown of variance. The table includes multivariate breakdown of variance for each feature space by each predictor, a summary of all interaction terms in the models and the results of the confounder analysis for all patient groups analysed in the MetaCardis cohort.


Supplementary Table 6
Features of microbiome, host and metabolome impacted by different drug groups and drug compounds. Results of drug group (or drug compound according to the ATC classification) assessment for its impact on host and microbiome features for each patient group. The compound comparison with ref. 8 tab shows microbiome features that are negatively impacted by the drug treatment (for the ATC-level compounds) in at least one patient group, and bacterial species of which the growth was inhibited by the same drug in the in vitro experiment.


Supplementary Table 7
The number of microbiome and metabolome features impacted by different drug groups. Summary statistics of features impacted by different drugs, separated by host and microbiome features, and defined as either drug effects (drug effect discordant with the disease effect) or severity markers (drug effect concordant with the disease effect).


Supplementary Table 8
Features of the microbiome, host and metabolome impacted by different drug combinations. Analysis of the effect of drug combinations, assessed for impact on host and microbiome falling within different measurement categories in each patient group.


Supplementary Table 9
Features of microbiome, host and metabolome impacted by patient group/clinical indication. Analysis of the patient groups, contrasted against healthy control individuals, assessed for impact on host and microbiome features falling within different measurement categories.


Supplementary Table 10
Mediation analysis of host and microbiome features for drug intake, dosage and combinations. Mediation analysis using a regression model of drug effect on each host feature mediated through a microbiome feature or vice versa.


Supplementary Table 11
Driver analysis of antibiotic effects on the gut microbiota. Results of the principal coordinate analysis of microbiome composition (cell-count-adjusted mOTU abundance at the species level) performed on antibiotics-naive individuals with T2D as well as on healthy individuals.


Supplementary Table 12
Features of the microbiome, host and metabolome impacted by the number of antibiotic courses during the study period. The results of additive antibiotic exposure effect assessment for its impact on host and microbiome features for each patient group.


Supplementary Table 13
Features of the microbiome, host and metabolome impacted by different drug dosages. The results of drug dosage assessment for its impact on host and microbiome features falling within different measurement categories for each patient group. Both dosage-confirmed (the effect was identified both from drug intake status and relative drug dosage analysis) and dosage-unique (the effect was revealed only by relative dosage analysis) effects are shown.


Supplementary Table 14
Significant impacts on enterotype distribution based on disease status and medication variables. The table includes clinical status (patient versus healthy control comparisons), CMD or antibiotic drug status or dosage, or intake of drug combinations, shown for each enterotype versus the other three enterotypes in the four-enterotype classification.
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