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            Key Points

                	
                  Technical advances in mass spectrometry and NMR spectroscopy enable genome-wide screens to be carried out for the association between genetic variants and hundreds of metabolic traits in a single experiment.

                
	
                  Metabolite concentrations are direct readouts of biological processes and can play the part of intermediate phenotypes, providing functional links between genetic variance and disease end points in genome-wide association studies (GWASs).

                
	
                  The first GWASs with metabolomics have already discovered many genetic variants in enzyme-, transporter- and other metabolism-related genes that induce major differences in the individual metabolic capabilities of the organism.

                
	
                  Knowledge of the genetic basis of human metabolic individuality holds the key to understanding the interactions of genetic, environmental and lifestyle factors in the aetiology of complex disorders.

                
	
                  We review emerging insights from recent GWASs with metabolomics and present design considerations for high-throughput metabolomics experiments with metabolic traits in epidemiological and clinical studies.

                
	
                  Using ratios between metabolite concentrations can drastically increase the power of a metabolomics study and can provide functional information on the perturbed underlying biochemical pathways.

                
	
                  Integration with other biochemical information, including data from other GWASs, can largely improve the value of the study.

                
	
                  Current challenges and future directions include the addition of new sample types (other than urine and blood), extension of the metabolite panels, standardization between platforms and the development of adapted statistical and data analysis tools.

                


              

Abstract
Many complex disorders are linked to metabolic phenotypes. Revealing genetic influences on metabolic phenotypes is key to a systems-wide understanding of their interactions with environmental and lifestyle factors in their aetiology, and we can now explore the genetics of large panels of metabolic traits by coupling genome-wide association studies and metabolomics. These genome-wide association studies are beginning to unravel the genetic contribution to human metabolic individuality and to demonstrate its relevance for biomedical and pharmaceutical research. Adopting the most appropriate study designs and analytical tools is paramount to further refining the genotypeâ€“phenotype map and eventually identifying the part played by genetic influences on metabolic phenotypes. We discuss such design considerations and applications in this Review.
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                    Figure 1: The metabolic trait as an intermediate phenotype.


Figure 2: Workflow and considerations.
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Glossary
	NMR spectroscopy
	
                  An experimental technique that identifies molecules by the specific pattern in the chemical shift of specific atoms.

                
	High-performance liquid-phase chromatography
	
                  (HPLC). A chromatographic technique used to separate a complex mixture of metabolites. Often used in combination with mass spectrometry.

                
	Metabolomics
	
                  The field of identifying metabolites in a biological sample using techniques such as NMR spectrometry and liquid- or gas-phase chromatography coupled with mass spectroscopy. 'Metabonomics' is often synonymously used in connection with NMR-based experiments.

                
	Metabolic traits
	
                  Quantitative measures of the concentrations of a specific metabolite.

                
	Genetically influenced metabotypes
	
                  (GIMs). Associations between a genetic variant and a metabolic phenotype.

                
	Metabolic individuality
	
                  The metabolic capacities of an individual, as defined by the ensemble of all functional genetic variants (genetically influenced metabotypes) in their metabolism-related genes. Historically, Garrod introduced the term 'chemical individuality' to represent this concept.

                
	Metabolome
	
                  The ensemble of all small molecules (metabolites) that are processed by the body's enzyme and transporter proteins.

                
	Glycerophosphatidylethanolamines
	
                  Glycerophospholipids with ethanolamine head groups.

                
	Qâ€“Q plots
	
                  A graphical method for comparing probability distributions. In genome-wide association studies, it is used to verify whether the P values are normally distributed; an over-representation of low P values indicates possible true positive associations.

                
	Additive linear model
	
                  A mathematical model used in statistical association analysis; here, it assumes a linear additive effect of the minor alleles on the metabolite concentrations.

                
	Linkage disequilibrium
	
                  (LD). A nonrandom association between neighbouring gene variants; it is used to describe a region of high correlation between SNPs.

                
	Glycerophospholipids
	
                  Glycerol-based phospholipids are major constituents of the membrane bi-layers and are found in association with low-density lipoprotein (LDL) and high-density lipoprotein (HDL) particles.

                
	Sphingolipids
	
                  A class of lipids that contain a backbone of sphingoid bases
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