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            Abstract
The serum metabolome contains a plethora of biomarkers and causative agents of various diseases, some of which are endogenously produced and some that have been taken up from the environment1. The origins of specific compounds are known, including metabolites that are highly heritable2,3, or those that are influenced by the gut microbiome4, by lifestyle choices such as smoking5, or by diet6. However, the key determinants of most metabolites are still poorly understood. Here we measured the levels of 1,251 metabolites in serum samples from a unique and deeply phenotyped healthy human cohort of 491 individuals. We applied machine-learning algorithms to predict metabolite levels in held-out individuals on the basis of host genetics, gut microbiome, clinical parameters, diet, lifestyle and anthropometric measurements, and obtained statistically significant predictions for more than 76% of the profiled metabolites. Diet and microbiome had the strongest predictive power, and each explained hundreds of metabolites—in some cases, explaining more than 50% of the observed variance. We further validated microbiome-related predictions by showing a high replication rate in two geographically independent cohorts7,8 that were not available to us when we trained the algorithms. We used feature attribution analysis9 to reveal specific dietary and bacterial interactions. We further demonstrate that some of these interactions might be causal, as some metabolites that we predicted to be positively associated with bread were found to increase after a randomized clinical trial of bread intervention. Overall, our results reveal potential determinants of more than 800 metabolites, paving the way towards a mechanistic understanding of alterations in metabolites under different conditions and to designing interventions for manipulating the levels of circulating metabolites.
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                    Fig. 1: Diet, gut microbiome, genetics and clinical data predict the levels of most serum metabolites.[image: ]


Fig. 2: Validation of microbiome-based predictions of metabolites in two independent cohorts.[image: ]


Fig. 3: Diet and gut microbiome data independently explain a wide range of biochemicals.[image: ]


Fig. 4: Increases in levels of metabolites explained by bread after an intervention of increased bread consumption.[image: ]
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                Data availability

              
              The raw metagenomic sequencing data are available from the European Nucleotide Archive under accession numbers PRJEB11532, PRJEB17643, and for TwinsUK PRJEB32731. The raw metabolomics data and the phenotypic data are available from the European Genome–phenome Archive (EGA; https://ega-archive.org/) with accession number EGAS00001004512. Known links between genetic loci and serum metabolites were taken from the GWAS Catalog46 (https://www.ebi.ac.uk/gwas/) and the GWAS server2,22 (http://metabolomics.helmholtz-muenchen.de/gwas/).

            

Code availability

              
              Source code for analysis is available at https://github.com/noambar/SerumMetabolomePredictions.
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Extended data figures and tables

Extended Data Fig. 1 Accurate and reproducible untargeted serum metabolomics.
a, Breakdown of the 1,251 measured metabolites by type. b, Number of samples (y axis) in which each metabolite (x axis) was identified, sorted by prevalence. c, d, Mass-spectrometry measurements (y axis) versus standardized lab tests results (x axis; Methods) for creatinine (c; Pearson’s R = 0.87, P < 10−20) and cholesterol (d; R = 0.79, P < 10−20). e, Spearman correlations (y axis: centre, median; box, IQR; whiskers, 1.5 × IQR) between standardized metabolomic profiles (Methods) of different individuals (n = 475; median Spearman’s ρ 0.05, s.d. 0.12) stratified by sex, and between standardized metabolomic profiles of the same participant (n = 20; median Spearman ρ 0.68, s.d. 0.06) taken one week apart. C&V, cofactors and vitamins; a.u., arbitrary units.


Extended Data Fig. 2 Biological sub pathway prediction of unidentified molecules.
Figure panels refer to the results of a leave-one-out cross validation prediction model of sub pathways of metabolites based on their normalized levels, raw mean, percentage of missing values, and SHAP values (Methods). Results shown are for a model trained using only sub pathways that include over 10 molecules in our data (28 sub pathways, 572 named metabolites). a, The overall accuracy of the sub pathway classifier (y axis) when a success is considered as having the true label in one of the top k predictions (x axis). b, The log loss of the classifier (y axis) computed over the resulting soft max (raw probabilities; blue) and a dichotomous matrix in which for every metabolite we only keep the top predicted sub pathway as 1 and zero-out all other predictions (red). c, The overall accuracy of the model (left y axis; blue) and the corresponding fraction of metabolites (right y axis; red) when considering only metabolites for which the classifier predicted a maximal probability above some threshold (x axis). d, A confusion matrix showing the predicted sub pathways (x axis), determined as the label with the highest probability per metabolite, versus the true annotated sub pathways (y axis). Each cell in the matrix counts the number of metabolites of a certain true sub pathway (y axis) which were assigned with some predicted sub pathway (x axis) by our model. The rightmost column is the sum of every row and represents the number of metabolites annotated for every sub pathway. The matrix is ordered by the higher order biological pathway (super pathway). Cell colours are log scaled. e, Classification results summarizing the f1-score, precision and recall per sub pathway. Rows correspond to the sub pathway annotation in d. f, For every sub pathway (y axis) shown are the fraction of metabolites truly annotated as such (black), predicted as such by the classifier (blue; out of the named molecules in the support of the model), and the fraction of unidentified molecules predicted as such (out of all unidentified molecules). M., metabolism; Xeno., xenobiotics; Ptds, peptides; AAs, amino acids.


Extended Data Fig. 3 Comparative analysis of linear versus nonlinear models and in-sample versus out-of-sample predictions.
a, Metabolite prediction R2 of GBDT versus Lasso regression models using diet data. Shown are only metabolites for which at least one model achieved significant predictions with R2 greater than 0.05. b, Histogram of the differences between the R2 of GBDT compared to Lasso regression using the diet data. c, The levels of the metabolite hydroxy-CMPF* (y axis: centre, median; box, IQR; whiskers, 1.5 × IQR) versus the monthly consumption of cooked, baked or grilled fish as reported in a food frequency questionnaire. The comparison of Spearman’s and Pearson’s correlation coefficients suggests that the relationship between the metabolite and the numerical values of the question are monotonic yet nonlinear, which explains why GBDT performs better in predicting the levels of hydroxy-CMPF* from diet data. The x axis is not to scale. d, e, Same as a, b for microbiome. f, Estimations of gut microbiome explainability (b2) of metabolite levels obtained via applying a linear mixed model on the bacterial species composition as previously described (y axis) versus the explained variance (R2) of metabolites from out-of-sample prediction models based on the same gut microbiome data. Shown are only metabolites with significant b2 estimates (5% FDR). g, Histogram of the differences between the b2 estimates and the R2 of out-of-sample prediction using the gut microbiome data.


Extended Data Fig. 4 Comparison of explained variance of metabolites for every pair of feature groups.
Dot plots of the explained variance of the metabolite groups (y axis) from models based on every pair of feature groups (x axis). Panels on the diagonal show the marginal distribution of explained variance of metabolite groups for a certain feature group.


Extended Data Fig. 5 Comparative analysis of different feature groups.
a, Spearman correlations computed between the EV of metabolites for every pair of feature groups. b, The proportion of variance explained by each of the first 400 principal components (left y axis; black) and their cumulative EV (right y axis; blue). c, R2 multiplied by the sign of the Pearson correlation coefficient (x axis) between metabolite levels and BMI in our study, versus the mean R2 multiplied by the sign of the Pearson correlation coefficient (y axis) of BMI associated metabolites recently reported by a different group13. Shown are 36 (out of 49) BMI associated metabolites that were also measured in this cohort. P value for the Pearson correlation, P = 7 × 10−11. Line and shaded colouring represent the fitting of a linear model and the 95% confidence interval. d, The EV of every metabolite from prediction models based on the gut microbiome (x axis) versus diet (y axis). Dashed red line is y = x. e, Same for prediction models based on both gut microbiome and diet (x axis) compared to using only diet (y axis). f, Same for prediction models based on diet and permuted gut microbiome (x axis) compared to using only diet (y axis). MB, microbiome.


Extended Data Fig. 6 Networks of interactions between phenotypes explain diverse metabolites.
Interactions between features from different feature groups predictive of similar metabolites are presented in a graphical layout, in which nodes are either metabolites or features, and edges are the directional mean absolute SHAP values (Methods) computed from models trained only on features from the respective feature group. Circular nodes, metabolites; predictive feature nodes, squares; both coloured by relevant categories. Shown are only edges with a mean absolute SHAP value greater than 0.12. a, Network of associations for the following feature groups: macronutrients, diet, microbiome, lifestyle, drugs and seasonal effects. b, A large group of metabolites for which predictions are mainly driven by the reported consumption of coffee and the relative abundance of a bacteria from the Clostridiales order. c, Metabolites explained by seasonal fruit consumption. d, Selected examples of interactions between metabolites and features in predictive models.


Extended Data Fig. 7 Specific dietary features and bacterial taxa underlie the accurate prediction of circulating metabolites.
a–f, Predicted (y axis) versus measured (x axis) levels (arbitrary units) of X-16124 (a; Pearson’s R = 0.77, P < 10−20), phenylacetylglutamine (b; R = 0.63, P < 10−20), p-cresol-glucuronide (c; R = 0.64, P < 10−20), caffeine (d; R = 0.68, P < 10−20), hydroxy-CMPF (e; R = 0.72, P < 10−20) and stachydrine (f; R = 0.5, P < 10−20). Predictions of a–c are based only on microbiome data, and coloured by the relative abundance of the bacterial taxa having the highest mean absolute SHAP value for each metabolite. Predictions of d–f are based only on diet data, and coloured by the reported consumption of the dietary item having the highest mean absolute SHAP value for each metabolite. P values for prediction were estimated via bootstrapping. g, Heat map showing the directional mean absolute SHAP values (Methods) of various features (x axis) computed from fivefold cross validation models that predict metabolite levels (y axis) using two separate models, one based on diet and another on gut microbiome data. Positive (negative) SHAP values indicate that higher (lower) feature values lead, on average, to higher predicted values. Shown are the top 150 predicted metabolites using diet and gut microbiome, and the top 40 features by maximum mean absolute SHAP value across all metabolites.


Extended Data Fig. 8 Distribution of phyla and a taxa from the Eggerthellaceae family.
a, Stacked bar plots per sample (x axis) showing the relative abundance of bacterial phyla (y axis). Samples are sorted by the relative abundance of the most abundant phylum, Firmicutes. Bacteroidetes is the second most abundant phylum in our cohort. Relative abundance of a phylum is computed as the sum over relative abundances of all bacterial features belonging to that phylum. b, The levels of the unidentified compound X-16124 in individuals for which the bacterial taxa from the Eggerthellaceae family was detectable in stool versus individuals for which it was not (P < 10−20, two-sided Mann–Whitney U-test).


Extended Data Fig. 9 The unidentified molecule X-21441 associates with rs8187710 independent of age.
a, A table showing the coefficients, standard errors and P values resulted from a multiple linear regression model with levels of the unidentified molecule X-21441 as the dependent variable, the allele dosage of rs8187710 (0–2) and age (years) as the independent variables: yX-21441 = constant + β1 × rs8187710 + β2 × Age. b, The levels of X-21441 (y axis; centre, median; box, IQR; whiskers, 1.5 × IQR) versus the genotype of the participants (x axis). The number of participants with each genotype is indicated below the tick labels. The explained variance of X-21441 by rs8187710 as estimated using plink (Methods) is indicated on the upper right corner of the panel. c, The levels of X-21441 versus the age of the participants (x axis) coloured by genotype of participants. Line and shaded colouring represent the fitting of a linear model and the 95% confidence interval. SE, standard error.


Extended Data Table 1 Basic characteristics and demographics of our main and validation cohortsFull size table
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