







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	nature medicine

	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 13 January 2020



                    Integration of epidemiologic, pharmacologic, genetic and gut microbiome data in a drug–metabolite atlas

                    	Jun Liu 
            ORCID: orcid.org/0000-0001-5288-30421,2, 
	Lies Lahousse 
            ORCID: orcid.org/0000-0002-3494-43631,3, 
	Michel G. Nivard 
            ORCID: orcid.org/0000-0003-2015-18884,5, 
	Mariska Bot4,5, 
	Lianmin Chen 
            ORCID: orcid.org/0000-0003-0660-35186,7, 
	Jan Bert van Klinken8,9,10, 
	Carisha S. Thesing4,5, 
	Marian Beekman 
            ORCID: orcid.org/0000-0003-0585-620611, 
	Erik Ben van den Akker 
            ORCID: orcid.org/0000-0002-7693-072811,12,13, 
	Roderick C. Slieker 
            ORCID: orcid.org/0000-0003-0961-91525,14,15, 
	Eveline Waterham16, 
	Carla J. H. van der Kallen 
            ORCID: orcid.org/0000-0003-1468-879317,18, 
	Irene de Boer 
            ORCID: orcid.org/0000-0002-7261-762X19, 
	Ruifang Li-Gao20, 
	Dina Vojinovic1, 
	Najaf Amin1, 
	Djawad Radjabzadeh21, 
	Robert Kraaij21, 
	Louise J. M. Alferink22, 
	Sarwa Darwish Murad22, 
	André G. Uitterlinden 
            ORCID: orcid.org/0000-0002-7276-33871,21, 
	Gonneke Willemsen4,5, 
	Rene Pool 
            ORCID: orcid.org/0000-0001-5579-09334,5, 
	Yuri Milaneschi4,5, 
	Diana van Heemst23, 
	H. Eka D. Suchiman 
            ORCID: orcid.org/0000-0002-7168-551611, 
	Femke Rutters5,14, 
	Petra J. M. Elders5,24, 
	Joline W. J. Beulens5,14, 
	Amber A. W. A. van der Heijden5,24, 
	Marleen M. J. van Greevenbroek17,18, 
	Ilja C. W. Arts 
            ORCID: orcid.org/0000-0001-6462-669218,25,26, 
	Gerrit L. J. Onderwater19, 
	Arn M. J. M. van den Maagdenberg8,19, 
	Dennis O. Mook-Kanamori20,27, 
	Thomas Hankemeier28,29, 
	Gisela M. Terwindt19, 
	Coen D. A. Stehouwer17,18, 
	Johanna M. Geleijnse 
            ORCID: orcid.org/0000-0001-7638-058916, 
	Leen M. ‘t Hart5,11,14,15, 
	P. Eline Slagboom 
            ORCID: orcid.org/0000-0002-2875-472311, 
	Ko Willems van Dijk 
            ORCID: orcid.org/0000-0002-2172-73948,9,30, 
	Alexandra Zhernakova6, 
	Jingyuan Fu 
            ORCID: orcid.org/0000-0001-5578-12366,7, 
	Brenda W. J. H. Penninx4,5, 
	Dorret I. Boomsma4,5, 
	Ayşe Demirkan1,6,31, 
	Bruno H. C. Stricker1,21,32 & 
	…
	Cornelia M. van Duijn 
            ORCID: orcid.org/0000-0002-2374-92041,2,28 

Show authors

                    

                    
                        
    Nature Medicine

                        volume 26, pages 110–117 (2020)Cite this article
                    

                    
        
            	
                        8798 Accesses

                    
	
                        42 Citations

                    
	
                            50 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Epidemiology
	Genetics research
	Translational research


    


                
    
    

    
    

                
            


        
            Abstract
Progress in high-throughput metabolic profiling provides unprecedented opportunities to obtain insights into the effects of drugs on human metabolism. The Biobanking BioMolecular Research Infrastructure of the Netherlands has constructed an atlas of drug–metabolite associations for 87 commonly prescribed drugs and 150 clinically relevant plasma-based metabolites assessed by proton nuclear magnetic resonance. The atlas includes a meta-analysis of ten cohorts (18,873 persons) and uncovers 1,071 drug–metabolite associations after evaluation of confounders including co-treatment. We show that the effect estimates of statins on metabolites from the cross-sectional study are comparable to those from intervention and genetic observational studies. Further data integration links proton pump inhibitors to circulating metabolites, liver function, hepatic steatosis and the gut microbiome. Our atlas provides a tool for targeted experimental pharmaceutical research and clinical trials to improve drug efficacy, safety and repurposing. We provide a web-based resource for visualization of the atlas (http://bbmri.researchlumc.nl/atlas/).
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                    Fig. 1: Drug–metabolite associations in model 1 versus model 2.


Fig. 2: Drug–metabolite associations in model 2 versus model 3.


Fig. 3: Drug–metabolite associations in model 3 versus significance after disentangling the indicated disease/endophenotype effect.


Fig. 4: Comparison of statin–metabolite associations between cross-sectional, longitudinal and genetic studies.


Fig. 5: Integrated data of PPIs, metabolites, liver function measurements and gut microbiome.



                


                
                    
                
            

            
                Data availability

              
              All summary statistics of the meta-analysis, and those utilized in compilation of the figures, are made available through the Supplementary tables. In regard to the availability of the raw data, the analyses are based on a meta-analysis of multiple Dutch studies. The raw metabolomics data of the studies are pooled in a single database. The quantified metabolic biomarker datasets included in this study are available through the BBMRI-NL website http://www.bbmri.nl/omics-metabolomics/, where details of how to access the data through centralized computational facilities are described. To request data, researchers are required to fill out and sign the data access request and code-of-conduct forms. Applications compliant with ethical and legal legislations will be reviewed by the BBMRI-NL board in regard to overlap with other ongoing projects before access is granted. Data on medication used in the current study are available through the individual studies on reasonable request. To obtain these, the principal investigator of the cohorts can be contacted through http://www.bbmri.nl/omics-metabolomics/. No custom code or mathematical algorithm was used in the current study.
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Extended data

Extended Data Fig. 1 Correlation between metabolites in Rotterdam Study.
The correlation matrix of metabolites were performed by Pearson’s correlation (n = 5,191). The hierarchical cluster analysis was used in the clustering. Color in the boxes, correlation coefficient.


Extended Data Fig. 2 Drug–metabolite associations in model 1 versus model 2.
The drugs with at least one significant metabolite association in baseline model (model 1) by linear regression are shown. The first letter of the ATC code precedes the drug name, to identify different categories. Sample sizes of the drug users and non-users in model 1 (age and sex adjusted) and model 2 (age, sex, BMI and smoking adjusted) are shown following drug names, respectively. Dark red, positive significant associations in model 1 (P-value < 1.9 × 10−5); light red, positive nonsignificant associations in model 1 (P-value ≥ 1.9 × 10−5); dark blue, negatively significant associations in model 1 (P-value < 1.9 × 10−5); light blue, negatively nonsignificant associations in model 1 (P-value ≥ 1.9 × 10−5). Asterisks in boxes denote that neither direction nor significance status were different between model 1 and model 2 (P-value < 1.9 × 10−5). Two-tailed tests were used.


Extended Data Fig. 3 Drug–metabolite associations in model 2 versus model 3.
The drugs with at least one significant metabolite association in model 2 (age, sex, BMI and smoking adjusted) by linear regression are shown. The first letter of the ATC code is shown preceding the drug name, to identify different categories. Sample sizes of the drug users and non-users in model 2 and model 3 (age, sex, BMI, smoking and co-treatment adjusted) are shown following drug names, respectively. Dark red, positive significant associations in model 2 (P-value < 1.9 × 10−5); light red, positive nonsignificant associations in model 2 (P-value ≥ 1.9 × 10−5) dark blue, negatively significant associations in in model 2 (P-value < 1.9 × 10−5); light blue, negatively nonsignificant associations in in model 2 (P-value ≥ 1.9 × 10−5). Asterisks in boxes denote that neither direction nor significance status was different between model 2 and model 3 (P-value threshold is multiple testing-corrected per drug; See Supplementary Table 4). Two-tailed tests were used.


Extended Data Fig. 4 Correlation between drugs.
The correlation matrix of metabolites were performed by Spearman’s correlation (n = 6,631). The first letter of the ATC code is shown preceding the drug name, to identify different categories. Sample size of the drug users and non-users is shown following drug names. The depth of the color refers to the correlation coefficients. Asterisks in boxes denote the positively significant correlations (P-value < 5.9 × 10−4). Two-tailed tests were used.


Extended Data Fig. 5 Drug–metabolite Associations in model 3 versus single drug test.
The first letter of the ATC code is shown preceding the drug name, to identify different categories. Single drug test: Association analysis (linear regression) in the sub-samples of patients who use one drug only (one-drug-users) and all-treatment-naive controls. Sample size of the drug users and non-users in model 3 (age, sex, BMI, smoking and co-treatment adjusted) and the single drug test are shown following drug names, respectively. Dark red, positive significant associations in model 3 which are available for the single drug test; light red, positive non-significant associations in model 3 or not available for the single drug test; dark blue, negatively significant associations in model 3 which are available for the single drug test; light blue, negatively non-significant associations in model 3 or not available for the single drug test. Asterisks in boxes denote that the significant associations confirmed in the single drug test (P threshold is multiple testing-corrected per drug; see Supplementary Table 4). Two-tailed tests were used.


Extended Data Fig. 6 Association of PPI/dosage and the PPI-related metabolites.
The association of dosage of PPI and metabolites were tested by linear regression in Rotterdam Study (n = 700). The PPI-related metabolites were selected in model 3. DDD, defined daily dose of PPI. (/), sample size of user/non-user. Red, positive association, blue, negative association. The depth of the color refers to the association estimates. Asterisks in boxes denote significance after correcting for multiple test (P-value < 0.004). Two-tailed tests were used.


Extended Data Fig. 7 Association of specific PPI drugs and the PPI-related metabolites.
The association of PPI drugs (A02BC) and metabolites were tested by linear regression in Rotterdam Study. The PPI-related metabolites were selected in model 3. A02BC01, omeprazole; A02BC02, pantoprazole; A02BC03, lansoprazole; A02BC04, rabeprazole; A02BC05, esomeprazole. (/), sample size of user/non-user. Red, positive association; blue: negative association. The depth of the color refers to the association estimates. Asterisks in boxes denote significance after correcting for multiple test (P-value < 0.004). Two-tailed tests were used.


Extended Data Fig. 8 The effect of population structure on metabolite clustering across datasets.
Principal component (PC) analysis was performed using joint metabolite data from the cohorts (AlphaOmega, n = 877; ERF, n = 778; RS1, RS Dataset 1, n = 2,975; RS2, RS Dataset 2, n = 729; RS3, RS Dataset 3, n = 1,487; TMS, n = 854). Two-tailed tests were used.
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