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            Abstract
Genome-wide association scans with high-throughput metabolic profiling provide unprecedented insights into how genetic variation influences metabolism and complex disease. Here we report the most comprehensive exploration of genetic loci influencing human metabolism thus far, comprising 7,824 adult individuals from 2 European population studies. We report genome-wide significant associations at 145 metabolic loci and their biochemical connectivity with more than 400 metabolites in human blood. We extensively characterize the resulting in vivo blueprint of metabolism in human blood by integrating it with information on gene expression, heritability and overlap with known loci for complex disorders, inborn errors of metabolism and pharmacological targets. We further developed a database and web-based resources for data mining and results visualization. Our findings provide new insights into the role of inherited variation in blood metabolic diversity and identify potential new opportunities for drug development and for understanding disease.
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                    Figure 1: Ideogram of metabolomic associations.


Figure 2: A network view of genetic and metabolic associations.


Figure 3: Heritability and variance explained.


Figure 4: Epistatic effects and mendelian randomization analyses on eQTL loci.


Figure 5: Medical and pharmacological relevance of metabolomic associations.
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Integrated supplementary information

Supplementary Figure 1 Study design.

Supplementary Figure 2 Manhattan plots.
Association results for raw metabolite concentrations are shown for genome-wide SNPs. Top, TwinsUK; bottom, KORA. Only SNPs with P < 1 ×10–6 are displayed. The green line indicates the genome-wide cutoff of P < 1.03 ×10–10. Loci with P value < 1 ×10–30 are indicated with a red symbol.


Supplementary Figure 3 Comparison of imputation based on HapMap 2 and 1000 Genomes Project data.
Correlation between (a) minor allele frequency (MAF) in meta-analysis, (b) association P value in meta-analysis (on a –log10 scale) and (c) average variance explained for the most significant SNPs selected from imputation based on either the HapMap 2 (x axis) or 1000 Genomes Project (y axis) panels. High correlations between the HapMap 2 and 1000 Genomes Project data sets support the view that metabolic associations are driven by common variants that are well tagged by HapMap 2 imputation. (d,e) One exception is the CYP3A4-CYP3A5-CYP3A7 locus where the 1000 Genomes Project scan reveals an additional variant (rs10278040) with greater association and variance explained for androsterone sulfate than for the corresponding HapMap 2 variant (rs148982377). (HapMap 2: rs148982377, MAF = 0.038, P = 7.65 ×10–244, R2 = 15.6%; 1000 Genomes Project: rs10278040, MAF = 0.042, P = 8.82 ×10–113, = 10.3%.)


Supplementary Figure 4 Interaction between NAT8 and PYROXD2 variants.
(a) Box plots of PYROXD2 and NAT8 transcript levels in fat, skin and LCLs as a function of the genotype conformation between the two variants rs10469966 (NAT8) and rs4488133 (PYROXD2). (b) Summary of association and interaction effects at the two loci, summarizing association statistics and variances explained under the single-SNP, additive and interaction models. An ANOVA F test was used to test the significance of the interactive model over the additive model. The association test with X-12093 reported here is based on a combined TwinsUK and KORA data set; all other analyses were carried out using unrelated TwinsUK singletons. See also Figure 4.


Supplementary Figure 5 Cardiovascular disease and hypertension metabolic subnetwork.
Network data were annotated with expert knowledge to illustrate correlations between molecular relationships and knowledge on blood pressure regulation, blood coagulation and known molecular risk factors for cardiovascular disease and hypertension. Black nodes and edges represent a subnetwork from the metabolite network in Figure 2. This subnetwork contains metabolites (circular nodes) and genes (diamond-shaped nodes) of the fibrinogen cleavage (left) and kininogen/kinin (right) systems and their interconnections as derived from our data. Gray nodes and edges, annotations of biochemical function based on expert knowledge27; colored nodes and edges, reported associations based on genome-wide studies for blood pressure regulation (orange), blood coagulation (blue) and cholesterol levels (purple; information in Supplementary Table 6).
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