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Abstract: Metabolites are small products of metabolism that provide a snapshot of the wellbeing
of an organism and the mechanisms that control key physiological processes involved in health
and disease. Here we report the results of a genome-wide association study of 722 circulating
metabolite levels in 8809 subjects of European origin, providing both breadth and depth. These
analyses identified 202 unique genomic regions whose variations are associated with the circulating
levels of 478 different metabolites. Replication with a subset of 208 metabolites that were available
in an independent dataset for a cohort of 1768 European subjects confirmed the robust associations,
including 74 novel genomic regions not associated with any metabolites in previous works. This
study enhances our knowledge of genetic mechanisms controlling human metabolism. Our findings
have major potential for identifying novel targets and developing new therapeutic strategies.

Keywords: metabolomics; genome-wise association study; bioresource

1. Introduction

Metabolism denotes the repertoire of biochemical processes that sustain the life of a
cell or organism. Metabolites are small molecules that are by-products or end-products of
metabolic processes and are potentially important markers for the states of physiological
processes underlying homeostasis. Although numerous external factors may affect metabo-
lite levels, such as nutrition [1,2], drugs [3] and the gut microbiome [4], the metabolome
is strongly heritable [5] and genetically-driven. Previous genetic association studies have
identified genetic variants influencing circulating blood [6–14], urinary excreted [15–17],
fecal [18] and saliva [19] metabolite levels. Knowledge of the mechanisms controlling
the human metabolome is key to understanding physiological processes and pathways
involved in health and disease. Various factors impede our understanding of the genetic
control mechanisms of the human metabolome, including insufficient resolution for the
characterization of both genetic and metabolite markers (i.e., limits in genomic coverage
and metabotyping), and the statistical power limitations of most available cohorts. Here
we report a genome-wide association study (GWAS) of 722 circulating blood metabolite
levels using over 10 million Haplotype Reference Consortium-imputed genetic markers
from up to 8809 European participants of the NIHR UK Bioresource cohort. To validate the
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results, we compared these findings with previously published [12] results from a GWAS
on the circulating levels of a subset of 201 overlapping metabolites, conducted on 2 million
genetic markers from 1768 individuals.

2. Results

We conducted GWAS on the plasma levels of 722 metabolites, using over 10 million
genetic markers (either directly genotyped or HRC-imputed) as predictors, and we adjusted
for age (mean = 48.2 ± 13.46 yrs), sex (M:F = 52.9%:47.1%) and body mass index (BMI) (mean
= 27.2 ± 5.4 Kg/m2). All analyses had low genomic control factors [20], suggesting no
undue inflation or population structure (Table S1). An LD score-based analysis [21] showed
that circulating levels of most of the metabolites analyzed had high heritability estimates
(Table S2 and Figure S1). Across all analyses, significant associations (p < 6.92 × 10−11,
i.e., conventional GWAS association [22] of 5 × 10−8, adjusted for 722 tests) were found
for 152,369 unique genetic markers (Figure 1), which are clustered in 197 unique genomic
regions (defined by contiguously associated markers, separated by more than 1 Mbp
from other GWAS-associated markers, as recommended previously [23]) located across
the genome. Collectively, these markers were associated with the levels of 478 of the
metabolites analyzed.
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Figure 1. A plot of the locations of the main regions associated with metabolite levels in the discov-
ery cohort.

The strongest associations observed were between rs1799958, a seventh exon missense
mutation (Gly > Ser) of the ACADS gene, and butyrylcarnitine (p = 7.87 × 10−717 previously
reported [10,24]) and ethylsuccinate (p = 1.34 × 10−962)—the latter is being reported for the
first time. The ACADS gene encodes a human short-chain acyl-CoA dehydrogenase, which
catalyzes the initial step of the mitochondrial fatty acid beta-oxidation pathway. Other
strong associations were observed between rs2147896 (Met > Thr) within the PYROXD2
gene and with N-methylpipecolate levels (p = 4.51 × 10−946). This locus has already been
reported to be associated with several urinary metabolite levels [16], and with plasma
N-methylpipecolate levels [12].

To highlight genotype–metabolite associations that were novel, we compared our
findings with the list of known associations between genetic variants and metabolic traits
from the GWAS Catalog repository [25]. In total, there were 72 unique genomic regions
significantly (p < 6.92 × 10−11) associated in our analysis with the circulating levels of



Metabolites 2022, 12, 61 3 of 13

at least one metabolite which at the time of writing were not listed in the GWAS Cata-
logue (Table S3). Often, a certain level of metabolite was associated with more than one
polymorphism within each region (Table S4).

Among the strongest of the novel associations observed was that between rs1206228892
and imidazole lactate levels (p = 4.62 × 10−186), and another was that between the rs2042367
variant within the DNAJC16 gene and 4-guanidinobutanoate levels (p = 4383 × 10−165).
SNP rs1801019, a missense variant within the genomic sequence of the UMPS gene, was
also strongly associated with orotate levels (p = 8.85 × 10−153).

Genetic variants associated with metabolites in our analyses displayed significant
eQTL effects in different tissues (Table S5), often in several genes. For example, the newly
associated rs2042367, located within DNAJC16, has strong eQTL effects over the adjacent
CASP9, AGMAT, DNAJC16 and PLEKHM2 genes in the thyroid, pancreatic, esophagus
mucosa and skeletal muscle GTEx [26] tissues (p = 9.60 × 10 × 10−24, p = 9.50 × 10 × 10−20,
p = 2.60 × 10 × 10−12 and p = 6.00 × 10−18 respectively). Interestingly, the strongest eQTL
effects were observed in central nervous system tissues (Figure S2).

Some of the new variants most strongly associated with metabolites are located within
or near genes known to harbor mutations that cause Mendelian disorders of metabolism
(Tables S3 and S5). For example, rs41272687, for which we report a novel association with
circulating metabolites (p = 8.72 × 10−14 with 7-HOCA), is a missense mutation in the
CYP27A1 gene, whose mutations cause cerebrotendinous xanthomatosis [27]. Similarly,
rs1801019, for which we report a new significant association with orotate (p = 8.85 × 10−153),
is a missense variant located within the fourth exon of the UMPS gene, whose mutations
cause hereditary orotic aciduria [28].

The associations identified through our analyses showed similarities with genetic
associations observed for other traits or diseases. Unsurprisingly, several metabolites were
genetically correlated with phenotypic traits correlated with hepatic or renal functions
(Table S6). There were also highly statistically significant genetic correlations between levels
of metabolites that we analyzed and body mass, height and basal metabolism. These genetic
correlations were strong even after linear adjustment for BMI, and remained significant
in stratified analyses (Figure S3), which suggests real genetic pleiotropic effects and no
confounding. Socio-economic markers, such as those related to educational attainment or
deprivation index, were also genetically correlated with the levels of many metabolites,
perhaps reflecting the importance of socio-economic differences in nutrition, lifestyle habits
and other environmental factors for the entire metabolism.

We compared the results obtained from our GWAS with the summary statistics of the
GWAS of the plasma levels of 177 overlapping metabolites from the previously published
results on the KORA cohort [12] which are publicly accessible (http://metabolomics.
helmholtz-muenchen.de/gwa/si/, accessed on 15 September 2021). Due to the different
genetic imputation panels (HRC vs. HapMap2), only a subset of about 2 million genetic
markers was available in both datasets. We selected one marker per 92 regions that was
associated in our initial discovery GWAS, based on strength of association in the discovery
cohort and availability in KORA (Table S7). Nominally significant replication was obtained
for 87 out of 102 of the attempted regions, of which 60 remained significant after Bonferroni
correction for multiple testing. Beyond statistical significance, the directions of the genetic
effects were remarkably consistent in both datasets, for all the other SNPs that were
significantly associated with metabolites in the discovery cohort (Figure 2). The meta-
analysis of these 201 metabolites identified two additional unique genomic regions for
which we report new associations with metabolite levels (Table S8), bringing the total of
newly associated metabolically active loci to 74.

http://metabolomics.helmholtz-muenchen.de/gwa/si/
http://metabolomics.helmholtz-muenchen.de/gwa/si/
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Figure 2. Comparison of the effects of association observed in the NIHR BioResource discovery
cohort versus the effects previously reported in the KORA cohort [11].

To explore the extent to which the effects of the genes associated with the levels
of the metabolites, we studied the differences between men and women; we conducted
SNP × sex analyses. The interaction associations were different from the marginal effects
reported previously. We found little significant genome-wide evidence that the metabolites
we studied are differentially regulated in men and women (Table S9). Only two regions,
both on chromosome 21, showed significant interactions with sex, although given the large
number of metabolites tested, these associations would not remain significant after multiple
testing corrections.

3. Discussion

To our knowledge, this is the largest scale GWAS of metabolite levels to date. Our
genetic investigation of the metabolome benefited both from a large sample size (~9000)
and from great breadth of metabolome coverage (722 metabolites). Though previous
studies had similar sample sizes to our discovery cohort [7,14], our metabolomic platform
measured almost six times as many metabolites. Due to the additional depth and breadth
of the analyses, we found 74 novel genomic regions that influence human metabolism.

Some of the associations reported here help shed light on mechanisms of known
Mendelian disorder loci. These include the association between 7α-hydroxy-3-oxo-4-
cholestenoic acid (7-HOCA) and a cytochrome P450 SNP involved in cerebrotendinous xan-
thomatosis. The latter is a Mendelian disorder consisting of an accumulation of cholestanol
leading to progressive neurological dysfunction, including ataxia, dystonia, dementia,
epilepsy, psychiatric disorders, peripheral neuropathy and myopathy [27]. 7-HOCA is
a cholestanol metabolite involved in maintaining the integrity of the blood–brain bar-
rier [29,30].

We also report several novel associations with potential clinical relevance. For example,
imidazole-lactate is a normally occurring metabolic product of L-histidine transamination,
usually excreted in the urine of a number of mammals [31]. L-histidine as an antioxidant
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is protective against liver fibrosis [32] and against acetaminophen toxicity [33]. The L-
histidine degradation pathway also influences the sensitivity of cancer cells to methotrexate
and may be related to methotrexate anti-cancer efficacy [34]; therefore, polymorphisms in
its degradation pathway may have pharmacogenetic relevance.

Another example is 4-guanidinobutanoate, whose level has already been shown to
have very high heritability in mice [34,35]. Although it can be generated as a fungal metabo-
lite, it has been shown to be a gamma-aminobutyric acid (GABA), the chief inhibitory
neurotransmitter in the developmentally mature mammalian central nervous system [36].
The relative abundance of this metabolite attenuates the magnitude of meta-amphetamine
psychomotor sensitization [36]. The strongest polymorphism associated with levels of this
metabolite maps to DNAJC16, and also has a strong eQTL effect on that gene in central
nervous system tissues.

Interestingly, our work did not find examples of very significant sexual dimorphism
in the genetic control of metabolism. It is unclear to what extent this was due to insufficient
power to detect genetic interactions or a genuine lack of such interactions in the control of
the metabolites that we studied.

There are potential limitations to this work. First, replication was only attempted
in about one third of metabolites analyzed during the discovery stage and for a subset
of genetic markers; and despite the clear support for our results the replication gave,
the lack of direct replication of metabolites unavailable in other platforms was not ideal.
Reassuringly, the vast majority of our findings were independently replicated, suggesting
the results of this study are robust even more generally. Second, we relied on publicly
curated repositories such as the GWAS Catalog for the annotation of our associations.
Given the fast pace of publication for GWAS results for a variety of phenotypes, any novel
results may not be fully accurate. Genetic associations reported for metabolic traits may not
be easy to attribute to specific metabolites, which forms a grey area in which the absolute
novelty of certain associations is occasionally not clear-cut. Third, although we would
have benefited enormously from the inclusion of individuals of non-European ancestry
both in terms of representation of real-world populations and opportunities to better locate
association signals, we were unable to analyze a sufficiently large sample of people of other
ethnic origins that would have offered sufficient power to improve our study. Fourth, our
results further illustrate the fact that genetic annotation of associated variants based on
physical distance relative to adjacent genes is often imprecise. They also illustrate the need
for a reliable, well curated catalogue of genetic associations with molecular phenotypes,
such as metabolites. The latter are often reported in a generic way by the GWAS Catalogue,
which also does not take into account several existing results, due their different study
designs (for example, when they are generated by analyses that are not classic GWAS), or
due to the increased popularity of non-peer reviewed and pre-print publications, which in
many cases contain very important information.

Despite limitations, the results of our work shed light on genetic mechanisms con-
trolling human metabolism, which can have many practical implications. Metabolites
with significant genetic correlations with BMI can provide useful insights into metabolic
dysregulation and obesity. These results may also improve our knowledge of the pharma-
cokinetics of current and future therapies, as they highlight the complexity and redundancy
of metabolic pathways and their genetic control.

More work will be needed in the future to identify variants of functional relevance
amid clusters of genetic variants in linkage disequilibrium with each other, and to clarify
the roles of the particular genes and transcripts in the control of metabolic processes.

4. Materials and Methods

The NIHR BioResource (NBR) Rare Disease Study is a multi-center whole-exome and
whole-genome sequencing study including up to 13,600 patients. (http://bioresource.nihr.
ac.uk/rare-diseases/rare-diseases/). In this study we analyzed data collected by the NBR.
We did not recall any participant for further analysis.

http://bioresource.nihr.ac.uk/rare-diseases/rare-diseases/
http://bioresource.nihr.ac.uk/rare-diseases/rare-diseases/
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The NBR Rare Diseases study was approved by the East of England Cambridge
South national research ethics committee (REC) under reference number 13/EE/0325. The
inclusion and exclusion criteria were as described before.

4.1. Metabolomic Profiling

Non-targeted metabolite detection and quantification was conducted by the metabolomics
provider Metabolon, Inc. (Durham, NC, USA) on fasting plasma samples of 10,654 partici-
pants from the UK Bioresource. The metabolomic dataset measured by Metabolon includes
1069 compounds of known structural identity belonging to the following broad categories—
amino acids; peptides; carbohydrates; energy intermediates; lipids; nucleotides; cofactors and
vitamins; and xenobiotics. A total of 506 compounds of unknown structural identify were
also measured.

4.2. Quality Control

Sample Handling: Following receipt, samples were inventoried and immediately
stored at −80 ◦C. Each sample received was accessioned into the Metabolon LIMS system
and was assigned by the LIMS a unique identifier that was associated with the original
source identifier only. This identifier was used to track all sample handling, tasks, results,
etc. The samples (and all derived aliquots) were tracked by the LIMS system. All portions
of any sample were automatically assigned their own unique identifiers by the LIMS when
a new task was created; the relationship of these samples was also tracked. All samples
were maintained at −80 ◦C until processed.

Sample Preparation: Samples were prepared using the automated MicroLab STAR®

system from Hamilton Company, headquartered in Reno, Nevada USA). Several recovery
standards were added prior to the first step in the extraction process for QC purposes. To
remove protein; dissociate small molecules bound to protein or trapped in the precipitated
protein matrix; and recover chemically diverse metabolites, proteins were precipitated
with methanol under vigorous shaking for 2 min (GenoGrinder 2000, Glen Mills, NJ, USA)
followed by centrifugation. The resulting extract was divided into five fractions: two for
analysis by two separate reverse phase (RP)/UPLC-MS/MS methods with positive ion
mode electrospray ionization (ESI), one for analysis by RP/UPLC-MS/MS with negative
ion mode ESI, one for analysis by HILIC/UPLC-MS/MS with negative ion mode ESI and
one reserved as a backup. Samples were placed briefly on a TurboVap® (Zymark, Biotage
acquired Zymark years ago. Biotage is headquartered in Uppsala, Sweden) to remove
the organic solvent. The sample extracts were stored overnight under nitrogen before
preparation for analysis. QA/QC: Several types of controls were analyzed in concert with
the experimental samples: use of a pool of well-characterized human plasma purchased
from bioreclamation. served as a technical replicate throughout the dataset; extracted
water samples served as process blanks; and a cocktail of QC standards that were carefully
chosen not to interfere with the measurement of endogenous compounds were spiked
into every analyzed sample, allowing instrument performance monitoring and aiding in
chromatographic alignment. Instrument variability was determined by calculating the
median relative standard deviations (RSD) for the standards that were added to each sample
prior to injection into the mass spectrometers. Overall process variability was determined by
calculating the median RSD for all endogenous metabolites (i.e., non-instrument standards)
present in 100% of the pooled matrix samples. Experimental samples were randomized
across the platform run with QC samples spaced evenly among the injections.

4.3. Ultrahigh Performance Liquid Chromatography–Tandem Mass Spectroscopy (UPLC–MS/MS)

All methods utilized a Waters ACQUITY ultra-performance liquid chromatography
(UPLC) and a Thermo Scientific (Waltham, MA, USA) QExactive high resolution/accurate
mass spectrometer interfaced with a heated electrospray ionization (HESI-II) source and
an Orbitrap mass analyzer operated at 35,000 mass resolution. The sample extract was
dried and then reconstituted in solvents compatible with each of the four methods. Each
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reconstitution solvent contained a series of standards at fixed concentrations to ensure
injection and chromatographic consistency. One aliquot was analyzed using acidic positive
ion conditions, and chromatographically optimized for more hydrophilic compounds. In
this method, the extract was gradient eluted from a C18 column (Waters (Milford, MA,
USA) UPLC BEH C18, 2.1 × 100 mm, 1.7 µm) using water and methanol, containing
0.05% perfluoropentanoic acid (PFPA) and 0.1% formic acid (FA). Another aliquot was
also analyzed using acidic positive ion conditions, however, it was chromatographically
optimized for more hydrophobic compounds. In this method, the extract was gradient
eluted from the same aforementioned C18 column using methanol, acetonitrile, water, 0.05%
PFPA and 0.01% FA and was operated with an overall higher organic content. Another
aliquot was analyzed using basic negative ion optimized conditions using a separate
dedicated C18 column. The basic extracts were gradient eluted from the column using
methanol and water, and 6.5 mM ammonium bicarbonate at pH 8. The fourth aliquot was
analyzed via negative ionization following elution from a HILIC column (Waters(Milford,
MA, USA) UPLC BEH Amide 2.1 × 150 mm, 1.7 µm) using a gradient consisting of water
and acetonitrile with 10 mM ammonium formate, pH 10.8. The MS analysis alternated
between MS and data-dependent MSn scans using dynamic exclusion. The scan range
varied slighted between methods but covered 70–1000 m/z.

Raw data files were archived and extracted as described below.

4.4. Bioinformatics

The informatics system consisted of four major components—the Laboratory Infor-
mation Management System (LIMS); the data extraction and peak-identification software;
data processing tools for QC and compound identification; and a collection of information
interpretation and visualization tools for use by data analysts. The hardware and software
foundations for these informatics components were the LAN backbone, and a database
server running Oracle 10.2.0.1 Enterprise Edition.

4.5. Data Extraction and Compound Identification

Raw data were extracted, peak-identified and QC processed using Metabolon’s hard-
ware and software. These systems are built on a web-service platform utilizing Microsoft’s.
NET technologies, which runs on high-performance application servers and fiber channel
storage arrays in clusters to provide active failover and load balancing. Compounds were
identified by comparisons with library entries of purified standards or recurrent unknown
entities. Metabolon maintains a library based on authenticated standards. The retention
time/index (RI), mass to charge ratio (m/z) and chromatographic data (including MS/MS
spectral data) are listed for all molecules present in the library. Furthermore, biochemical
identifications are based on three criteria: retention index within a narrow RI window of the
proposed identification; accurate mass match to the library +/− 10 ppm; and the MS/MS
forward and reverse scores between the experimental data and authentic standards. The
MS/MS scores are based on a comparison of the ions present in the experimental spec-
trum to the ions present in the library spectrum. While there may be similarities between
these molecules based on single factors, the use of all three data points can be utilized to
distinguish and differentiate biochemicals. More than 3300 commercially available puri-
fied standard compounds have been acquired and registered in LIMS for analysis on all
platforms for determination of their analytical characteristics. Additional mass spectral
entries have been created for structurally unnamed biochemicals, which have been identi-
fied by virtue of their recurrent nature (both chromatographic and mass spectral). These
compounds have the potential to be identified by future acquisition of a matching purified
standard or by classical structural analysis. A variety of curation procedures were carried
out to ensure that a high-quality dataset was made available for statistical analysis and
data interpretation. The QC and curation processes were designed to ensure accurate and
consistent identification of true chemical entities, and to remove those representing system
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artifacts, mis-assignments and background noise. Library matches for each compound
were checked for each sample and corrected if necessary.

4.6. Data Quality

Instrument variability was determined by calculating the median relative standard
deviation (RSD) for the internal standards that were added to each sample prior to injection
into the mass spectrometers. Overall process variability was determined by calculating
the median RSD for all endogenous metabolites (i.e., non-instrument standards) present in
100% of the MTRX samples, technical replicates of an extensively characterized large pool
of human plasma.

4.7. Metabolite Quantification and Data Normalization

Relative metabolite levels were quantified using area under the curve. A data nor-
malization step was performed to correct for variation resulting from instrument inter-day
tuning differences. In this step, the raw area for each metabolite was divided by the median
value for the run-day batch, thereby setting the medians to equal one (1.00) and normaliz-
ing each data point proportionately (termed the “block correction”). This preserved the
variation between samples but allowed metabolites of widely different raw peak areas to
be compared on a similar graphical scale.

4.8. Genotyping and Imputation

Genotyping was carried out with high-density array data (Affymetrix UK Biobank
Axiom® Array, ThermoFisher Scientific, Waltham, MA, USA). Before imputation, we
performed a range of quality control (QC) measures, excluding both samples and SNPs
using the following criteria. We excluded samples with: (1) call rate < 98%; (2) heterozy-
gosity across all SNPs ≥ 3 SD from the sample mean; (3) evidence of non-European
ancestry as assessed by PCA comparison with HapMap3 populations; (4) observed pair-
wise IBD probabilities suggestive of sample identity errors. We then excluded SNPs
with: (i) Hardy–Weinberg p-value < 10−6; (ii) minor allele frequency (MAF) < 1; (iii) call
rate < 98%. Furthermore, genotype data were checked for accuracy relative to 1000 G
inputs prior to imputation. In particular, we used the “HRC/1KG Imputation Prepa-
ration and Checking Tool” (version 4.2.8) developed by Will Rayner to identify: (a) in-
correct REF/ALT designations; (b) incorrect strand designations; (c) extreme deviations
from expected allele frequencies; and (d) palindromic (A/T and G/C) SNPs with al-
lele frequency near 0.5, which are often the sources of imputation errors. For this pro-
cess we compared the NIH bioresource using the 1000 G Phase 3 reference panel (http:
//www.well.ox.ac.uk/~wrayner/tools/1000GP_Phase3_combined.legend.gz, accessed on
10 June 2021).

The cleaned/updated binary files (one for each chromosome) generated by this tool
were then converted to vcf using PLINK2 (version 1.90b3.38) and uploaded on the Michigan
Imputation Server (https://imputationserver.sph.umich.edu. Accessed:10 June 2021) [37]
for the imputation stage. Imputations were performed selecting the following options:

• Reference Panel: 1000 G Phase3 v5;
• Phasing: Eagle v2.3 [38] (Autosomal chromosomes);
• Phasing: ShapeIT [39] (X chromosome).

The results that were obtained from analyses are being reported here using the
GRCh37/hg19 as a genomic reference.

4.9. Kooperative Gesundheitsforschung in der Region Augsburg (KORA)

Individuals from the follow-up study KORA F4 (Cooperative Health Research in
the Region of Augsburg) drawn from the general population of the region of Augsburg,
Germany [40]. In total, 1768 individuals with fasting serum metabolomic profiles available
using the Metabolon platform and GWAS were analyzed. Summary GWAS results for

http://www.well.ox.ac.uk/~wrayner/tools/1000GP_Phase3_combined.legend.gz
http://www.well.ox.ac.uk/~wrayner/tools/1000GP_Phase3_combined.legend.gz
https://imputationserver.sph.umich.edu
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metabolite levels available in this cohort are publicly accessible (http://metabolomics.
helmholtz-muenchen.de/gwa/si/, accessed on 15 September 2021).

4.10. Statistical Analysis

Metabolite level normalization and correction of batch effects: Metabolite data were
day-median normalized and inverse normalized, as the metabolite concentrations were not
normally distributed. To avoid spurious false-positive associations due to small sample
size, we excluded metabolic traits with more than 20% missing values, leaving for analysis
722 metabolites of known chemical identity.

Significance and multiple test correction: To account for the large number of tests, we
used classic Bonferroni correction, in which the threshold of significance (0.05) was divided
by the number of tests (n): α = 0.05/n.

Although many of the tests were not independent (the metabolite levels were inter-
correlated), during the discovery stage we considered as significant only the associations
with p < 5 × 10−8/722 = 6.92 × 10−11. Similar Bonferroni adjustments were applied to the
meta-analysis with the KORA cohort but using 177 (the number of metabolites available
from both platforms used) as a correction factor.

Linear regression association analyses: Only individuals of full European ancestry
(N = 8809) were included in the analyses in the discovery cohort. To verify ancestry,
principal component analysis was carried out on all subjects, and those who were non-
European or only partially European (i.e., with appreciable non-European ancestry) were
removed from further analyses.

To test for association between metabolite levels and genotypes, we built linear regres-
sion models where the outcome was defined as the transformed level of each metabolite,
predicted by the allele dosage at each polymorphic (MAF > 0.01) genotyped or imputed
genetic variant. In addition, analyses were adjusted for age, sex and body mass index (BMI).

All analyses were conducted using the PLINK software (https://www.cog-genomics.
org/plink/2.0/, accessed on 10 June 2021).

Ldscore regression-based methods: To distinguish between the effect of polygenicity
and those arising from sample stratification or uncontrolled population admixture, we fol-
lowed previously suggested approaches [41] to calculate the LD score regression intercepts
using the program LD Score (https://github.com/bulik/ldsc, accessed on 10 June 2021).
The LD Score method allows for a calculation of the proportion of the phenotypic variance
explained by the polymorphisms genotyped or imputed. These estimates are typically
smaller than estimates derived from twin or family-based modelling. Genetic correlations
between metabolite levels that were subject to our analyses, and other complex traits whose
summary statistics are publicly available were assessed following previously described
methodologies [42], using the program LD Score (https://github.com/bulik/ldsc, accessed
on 10 June 2021).

Conditional and joint association analyses using GWAS summary statistics. To identify
multiple sources of association within a genomic region, we conducted analyses that
approximated true conditional analysis results (i.e., forward step-wise multivariable linear
regression models using as predictors SNPs significantly associated with the outcomes) as
described before, implemented in GCTA software [43].

4.11. Annotations

Gene annotations: We annotated the results to the nearest gene. For this purpose,
we obtained the transcription start and end coordinates on the Human GRCh37/hg19
genome build from the UCSC Genome Browser website (http://genome.ucsc.edu/cgi-bin/
hgTracks?db=hg19, accessed on 18 September 2021). Only transcripts that were located
within 200,000 bp were considered.

Phenotypic annotations: Previous associations between genetic variants of interest and
other disease or quantitative phenotypic traits were retrieved by querying the 15 November
2018 version of the GWAS Catalog [25]. Specifically, we compared our findings against

http://metabolomics.helmholtz-muenchen.de/gwa/si/
http://metabolomics.helmholtz-muenchen.de/gwa/si/
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https://github.com/bulik/ldsc
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GWAS catalog entries that involved levels of any metabolite in blood (plasma, serum
or urine).

If no association with any endogenous metabolite level was reported in the GWAS
catalog, the association between that locus and the metabolite level that we observed in
our analysis was considered novel. We specifically did not consider metabolic products of
man-made substances, such as medications or pollutants.

The Online Mendelian Inheritance in Man (OMIM) is a continuously curated catalog of
human genes and phenotypic changes their polymorphic forms cause in humans [44]. This
catalogue contains a not fully complete, but highly reliable list of gene–phenotype pairs
and was used retrieve data that could inform about the functionality of specific genes with
particular focus on phenotypic expressions of extremely penetrant mutations. Annotation
data were downloaded from http://omim.org/, (accessed on 18 September 2021)

Functional annotation eQTL: The influences of our significant SNPs on the transcrip-
tion of adjacent genes were assessed in all other tissues available to the GTEx Project
and queried in the GTEx Portal (https://www.gtexportal.org/home/, accessed on 18
September 2021).

4.12. Meta-Analyses

Random-effects meta-analyses results were also obtained using the GWAMA (Version
2.2.2) software.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/metabo12010061/s1. Figure S1. Distribution of the estimate heritability values for the
722 metabolites analyzed. The values plotted here are the estimates of the proportion of phenotypic
variability that are explained by directly genotyped or imputed SNPs (“SNP chip heritability”), which
are always smaller than heritability estimates from twin and other family-based studies. Figure S2.
The distribution of the normalized effect size (NES) across a selection of GTEx-available tissues.
Only the most significant eQTL effect per associated region (Table S3) was selected. The top two
rows were selected on the basis of high NES medians, and the bottom two due to low NES medians.
Figure S3. Association of rs72552254 with threonate by BMI Quintile. This example was selected both
because it represents an association that is novel and because among all novel results, this metabolite
(threonate) showed the strongest genetic correlation with BMI. Each of the observations marked
with a blue dot represents the effect size of the rs72552254 on the threonate levels for each quintile
(different rows), and error bars represent the standard error (SE) for the effect size estimation. The
last row (in red) represents the effect size and SE for all subjects, regardless of the BMI. Table S1.
Genomic inflation factors for genome-wide association studies of all metabolites. Table S2. SNP Chip
LDscore-based heritability estimates for all the available metabolites. Table S3. Genomic regions and
markers most significantly associated with metabolite levels. Table S4. Additional SNPs identified
associated with metabolite levels following Co-Jo condtional analyses. Table S5. Summary of the most
significant eQTL effects for a selection of variants most significantly associated with metabolite levels.
Table S6. Selection of the most significant Ldscore-based genomic correlations between analyzed
metabolites and other GWAS traits. Table S7. Concordance of results and replication between the
GWAS in the NIHR Bioresource discovery cohort and the KORA cohort. Table S8. Novel genomic
regions associated with metabolite levels, identified as a result of a meta-analysis between the NIHR
Bioresource and the KORA cohorts. Table S9. Genome-wide significant (p < 5 × 10−8) results for
SNP × Sex interactions.
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