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            Abstract
Multimorbidity, the simultaneous presence of multiple chronic conditions, is an increasing global health problem and research into its determinants is of high priority. We used baseline untargeted plasma metabolomics profiling covering >1,000 metabolites as a comprehensive readout of human physiology to characterize pathways associated with and across 27 incident noncommunicable diseases (NCDs) assessed using electronic health record hospitalization and cancer registry data from over 11,000 participants (219,415 person years). We identified 420 metabolites shared between at least 2 NCDs, representing 65.5% of all 640 significant metabolite–disease associations. We integrated baseline data on over 50 diverse clinical risk factors and characteristics to identify actionable shared pathways represented by those metabolites. Our study highlights liver and kidney function, lipid and glucose metabolism, low-grade inflammation, surrogates of gut microbial diversity and specific health-related behaviors as antecedents of common NCD multimorbidity with potential for early prevention. We integrated results into an open-access webserver (https://omicscience.org/apps/mwasdisease/) to facilitate future research and meta-analyses.
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                    Fig. 1: Connectivity between incident diseases established based on associated metabolites.


Fig. 2: Brick plot showing the ranking of metabolites based on the number of associated incident end points.


Fig. 3: Summary of mediation analysis.


Fig. 4: Percentage of each disease acquired during follow-up.


Fig. 5: Metabolites associated with multimorbidity.


Fig. 6: Variance explained in the plasma levels of selected metabolites associated with multimorbidity.
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Extended data

Extended Data Fig. 1 Summary of event distribution during follow-up.
Occurrence of events during follow-up. Each line indicates an event. The pin plot on the right gives the total number of cases for each disease. COPD=chronic obstructive pulmonary disease.


Extended Data Fig. 2 Manhattan-like plot summarizing results from Cox proportional hazard models.
Mirrored Manhattan-like plot showing the p-values from Cox proportional hazard models using metabolite levels as exposure and disease onset as outcome adjusting for age and sex. Colours indicate metabolite classes (see Fig. 1 in main text for a legend) and numbers on top indicate number of significantly associated metabolites (p < 4.93 × 10−5). Grey dots indicate associations not reaching significance. Positive associations are displayed in the upper panel and inverse associations in the lower. COPD=chronic obstructive pulmonary disease.


Extended Data Fig. 3 Top five associated metabolites with each outcome.
For each incident disease under investigation hazard ratios with 95%-confidence intervals for the five metabolites with the lowest p-value are shown. Cox models with age as underlying scale were adjusted for sex. T2D=type 2 diabetes mellitus; CHD=coronary heart disease.


Extended Data Fig. 4 Relation between cases numbers and associated metabolites.
Number of cases against number of significantly associated metabolites for all incident diseases and all-cause mortality, for associations with nominal significance (left) and Bonferroni corrected significance (right panel). The black line indicates a linear fit between both.


Extended Data Fig. 5 Summary of sensitivity analysis.
A Left panel opposes effect estimates from Cox proportional hazard models (x-axis) with those from logistic regression models (y-axis) using binary event data only. Points are coloured by incident endpoints as labelled on the right and larger points indicate metabolite—disease pairs with p < 0.001. The right panel shows correlation coefficients for effect estimates across all metabolites for a given incident endpoint. B Left panel opposes effect estimates from Cox proportional hazard models (x-axis) including the whole study population with exclusion criteria applied as mentioned in the main text with those from further excluding 469 participants who have died within the first five years after baseline examinations (y-axis). Points are coloured by incident endpoints as labelled on the right and larger points indicate metabolite—disease pairs with p < 0.001. The right panel shows correlation coefficients for effect estimates across all metabolites for a given incident endpoint. C Pearson (left) and Spearman (right) correlation coefficients of effect estimates from Cox proportional hazard models comparing initial results as described in the main text with successive exclusion of participants experiencing any event (excluding all-cause mortality) within the first five years of follow-up.


Extended Data Fig. 6 Results testing for a modulating effect of sex.
Colour coded heatmap of β-estimates for a sex-metabolite interaction term in Cox proportional hazard models. Cox models were run with the metabolite, sex, and a sex-metabolite interaction term as exposure and disease onset as outcome with age as the underlying time scale. Red shades indicate a stronger effect among women, whereas blue indicates the opposite. Rectangles surrounded with a black frame indicate a p-value<0.001 correcting for 28 outcomes tested for each metabolite.


Extended Data Fig. 7 Amount of variance explained in plasma levels of metabolites by different risk factors at baseline.
A Results from variance decomposition analysis of plasma metabolites levels using information on 50 baseline characteristics. Each trait was treated separately to avoid collinearity in a model comprising age, sex, blood sampling time, and fasting duration. B Mirrored Manhattan-like plot showing the p-values from linear regression models using one of the traits on the x-axis as exposure and metabolite levels as outcome adjusting for age and sex. Colours indicate metabolite classes and numbers on top indicate number of significantly associated metabolites (p < 4.93 × 10−5). Grey dots indicate associations not reaching significance. Positive associations are displayed in the upper panel and inverse associations in the lower. Labels are explained in Supplementary Table 2.


Extended Data Fig. 8 Results from Cox models testing risk factors and outcomes.
Colour coded heatmap of β-estimates from Cox proportional hazard models. Results are restricted to significantly associated (p < 0.01; black frames) cross-sectional traits of at least one incident disease. Positive associations are indicated in red, whereas inverse associations are blue. Diseases and cross-sectional traits were ordered using hierarchical clustering with absolute correlations as distance. All abbreviations are listed in Supplementary Table 2.


Extended Data Fig. 9 Amount of effect mediated from a risk factor onto an outcome through a specific metabolite.
Heatmap of risk factor—metabolite pairs with a significant indirect effect of the risk factor on at least one of the diseases under investigation. Colouring was done based on the median proportion mediated by a metabolite across all diseases. The proportion mediated was derived as quotient of the main effect from two different Cox proportional hazed models, one with and one without adjusting for the metabolite and both including the risk factor as main exposure. Boxes indicate corrected statistical significance with at least one disease (p < 0.05/6,364) and grey shades indicate not tested due to missing requirements for mediation analysis.


Extended Data Fig. 10 Pairwise correlation heatmap of multimorbidity candidate metabolites.
Pairwise correlation matrix of plasma metabolites significantly associated with the incidence of NCD multimorbidity. Colours indicate positive (red) or inverse (blue) correlations and black frames indicate statistical significance after correction for multiple testing. Metabolites were clustered based on correlation profiles using hierarchical clustering.
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