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Abstract

The genome-wide association study (GWAS) is a powerful means to study genetic determinants 

of disease traits and generate insights into disease pathophysiology. To date, few GWAS of 

circulating metabolite levels have been performed in African Americans with chronic kidney 

disease. Hypothesizing that novel genetic-metabolite associations may be identified in a unique 

population of African Americans with a lower glomerular filtration rate (GFR), we conducted 

a GWAS of 652 serum metabolites in 619 participants (mean measured glomerular filtration 

rate 45 mL/min/1.73m2) in the African American Study of Kidney Disease and Hypertension, a 

clinical trial of blood pressure lowering and antihypertensive medication in African Americans 

with chronic kidney disease. We identified 42 significant variant metabolite associations. Twenty 

associations had been previously identified in published GWAS, and eleven novel associations 
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were replicated in a separate cohort of 818 African Americans with genetic and metabolomic 

data from the Atherosclerosis Risk in Communities Study. The replicated novel variant-metabolite 

associations comprised eight metabolites and eleven distinct genomic loci. Nine of the replicated 

associations represented clear enzyme-metabolite interactions, with high expression in the kidneys 

as well as the liver. Three loci (ACY1, ACY3, and NAT8) were associated with a common pool 

of metabolites, acetylated amino acids, but with different individual affinities. Thus, extensive 

metabolite profiling in an African American population with chronic kidney disease aided 

identification of novel genome-wide metabolite associations, providing clues about substrate 

specificity and the key roles of enzymes in modulating systemic levels of metabolites.
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Metabolite levels can be affected by normal physiological processes, disease states, 

environmental exposures, and genetic variation. Investigation of genetic determinants of 

metabolites through genome-wide association study (GWAS) can provide insights into 

specific pathways of metabolism and its regulation. A recent GWAS of urinary metabolites 

in a European population with chronic kidney disease (CKD) highlighted the important role 

of the kidneys in the absorption, distribution, metabolism, and excretion of metabolites.1 

The study of genetic determinants of metabolites in the presence of kidney disease may 

be particularly powerful for additional reasons: populations with CKD may have both 

increased interindividual variability in metabolites and higher average levels of metabolites, 

resulting in increased power to detect associations.1,2 To date, however, most genome-wide 

association studies of circulating metabolite levels have been performed in people with 

normal kidney function.3,4

The prevalence of CKD and end-stage kidney disease is disproportionately high in African 

Americans, and African Americans have been underrepresented in genetic studies.5 Allele 

frequencies and linkage disequilibrium can differ by population, providing the opportunity 

to detect novel genetic associations. A better understanding of the genetic architecture of the 

human metabolome in the setting of CKD may aid the identification of novel biomarkers or 

development of targeted therapeutics.

Hypothesizing that novel genetic-metabolite associations may be identified in a unique 

population of African Americans with lower glomerular filtration rate (GFR), we aimed 

to identify genetic determinants of circulating metabolites using data collected from 619 

participants in the African American Study of Kidney Disease and Hypertension (AASK), 

with replication of findings in 818 African Americans with and without CKD in the 

Atherosclerosis Risk in Communities (ARIC) Study.
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METHODS

Study population

AASK was a 2 × 3 randomized trial of blood pressure–lowering and antihypertensive 

medication, enrolling African Americans with CKD between February 1995 and September 

1998.6 Exclusion criteria included measured GFR <20 or >65 ml/min per 1.73 m2, 24

hour urine protein-to-creatinine ratio >2.5 g/g, diabetes mellitus, and known glomerular or 

polycystic kidney disease. Eleven clinical centers (Cleveland, OH; Baltimore, MD; Dallas, 

TX; Nashville, TN; Atlanta, GA; Los Angeles, CA; and Washington, DC) participated in 

the recruitment of patients in AASK. For the present study, we included participants with 

both metabolomic and genetic data. The ARIC Study is an ongoing prospective cohort study 

of 15,792 participants (including 4270 African Americans, 11,478 European Americans 

and 44 participants of other ethnicity) from 4 US communities (including Forsyth County, 

North Carolina; Jackson, Mississippi; Minneapolis, Minnesota; and Washington County, 

Maryland). Participants were 45 to 64 years of age at the baseline examination from 1987 

to 1989 (visit 1)7 and attended 6 follow-up visits from 1990 to 1992 (visit 2), from 1993 

to 1995 (visit 3), from 1996 to 1998 (visit 4), from 2011 to 2013 (visit 5), from 2016 to 

2017 (visit 6), and from 2018 to 2019 (visit 7), while visit 8 is ongoing. Replication analysis 

was performed in 818 African Americans in the ARIC Study who had both genetic and 

metabolites measures (obtained at visit 5).

Serum metabolite profiling

Frozen fasting serum samples from the baseline visit in AASK and visit 5 in the ARIC 

Study had metabolomic profiling using the HD4 platform (Metabolon, Inc), the details of 

which have been described previously.8,9 Briefly, separate untargeted mass spectrometry 

(MS) platforms, including reverse phase ultraperformance liquid chromatography 

tandem MS methods using positive ion mode electrospray ionization, reverse phase 

ultraperformance liquid chromatography tandem mass spectrometry method using negative 

ion mode electrospray ionization, and hydrophilic interaction ultraperformance liquid 

chromatography tandem MS method using negative ion mode electrospray ionization, were 

used to analyze samples. Based on an in-house library of authentic reference standards, 

experimental features were matched for retention time/index, mass-to-charge ratio, and 

chromatographic data (including MS/MS spectral data). After interday normalization, 

metabolite levels were quantified with MS peaks’ area under the curve. Metabolites were 

scaled to a median of 1 and then log transformed. We removed outliers where any principal 

component deviated >5SDs and capped metabolites at 5SDs above the mean. In total, 652 

known, nondrug, nonxenobiotic metabolites were detected in >20% of samples in AASK 

and were included in the present study. Of the 22 metabolites with novel variant-metabolite 

associations discovered in AASK, 19 metabolites were available in the ARIC Study.

Genetic profiling

Genotyping was conducted in 770 AASK participants using the Infinium Multi-Ethnic 

Global BeadChip arrays (GenomeStudio software, Illumina). Data cleaning was performed 

following a protocol that included evaluations of per–single-nucleotide polymorphism (SNP) 

and per-individual call rates, phenotypic and genotypic sex mismatches, relatedness, and 
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genetic ancestry. Altogether, 252,673 (SNPs with duplicate positions or across-individual 

call rate <95%) of 1,736,793 SNPs and 74 samples (across-SNP call rate <95%, sex 

mismatch, or related) were removed during quality control and data cleaning. Genotype 

data were then imputed to a common set of SNPs using TopMed (Freeze 5 on GRCh38) as 

a reference panel. Filtering for minor allele frequency (>1%), Hardy-Weinberg equilibrium P 
value (>0.00001), and call rate (>95%) led to a final set of 14,760,605 markers for GWAS. 

In the ARIC Study, genotyping was conducted using Affymetrix Genome-Wide Human SNP 

Array 6.0. Measured SNPs used for imputation were filtered using the same parameters, and 

there were 806,416 autosomal SNPs in the final set used for the imputation using TopMed 

(Freeze 5 on GRCh38) as a reference panel. Principal component ancestry scores were 

computed using EIGENSOFT.10

GWAS and statistical analysis

Metabolite missing values were imputed with the lowest detected values. Metabolite levels 

were then rank-based inverse normal transformed. An additive genetic model, adjusted 

for age, sex, and the first 10 principal component scores, was used. For the primary 

analysis in AASK, statistical significance was set at 5E—08/207, which equals 2.4E—10 

(5E—08 is the genome-wide significance level; 207 is the number of principal components 

explaining >95% of metabolite data variance). For each metabolite, we denoted the index 

SNP as that with the lowest statistically significant P value and the genomic locus as the 

region spanning 1 Mb centered on the index SNP. We repeated this procedure with SNPs 

not contained in an identified locus until no SNP with statistical significance remained. 

Across metabolites, overlapping genomic loci within chromosomes were merged. GWAS 

was conducted using EPACTS (https://genome-sphumich-edu.proxy1.library.jhu.edu/wiki/

EPACTS). Quality control was conducted using GWAtoolbox.11 LocusZoom was used to 

visualize locus-metabolite associations.12 The novelty of each variant-metabolite association 

was determined via literature review of published metabolite GWAS. Analyses were 

repeated for novel associations in the ARIC Study. Variant-metabolite associations with 

P < 2.27E—3 (0.05 corrected for 22, the number of associations that were deemed novel 

and selected for replication analysis) were considered replicated. For each replicated index 

SNP-metabolite association, the interaction between the index SNP and the measured GFR 

for the metabolite level was tested by incorporating the product term of the measured GFR 

with SNP in the linear regression. Analyses were repeated for metabolites detected in <90% 

of samples after excluding missing values and then requantifying metabolite levels as an 

ordinal variable (1 = missing, 2 = below median, and 3 = equal to or above median)13 

or reimputing metabolite levels using a k-nearest neighbor method based on metabolite 

principal components.14,15 For the k-nearest neighbor method, briefly, the optimal number 

of principal components to be included in the analysis was determined to be 5 using 

the R package “missMDA.” The first 5 metabolite principal component scores were then 

generated for each individual using the R package “imputePCA.” The Euclidean distance 

between each individual was computed, and for each individual, metabolite missing values 

were imputed with the median value among the individual’s 25 (square root of 652, 

the number of metabolites being evaluated) nearest neighbors. Statistical analyses were 

performed using either R (R Foundation, version 3.3.3) or Stata/IC 14.2 (Stata Corp.).
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Allele frequencies in the general population

To assess how the genetic background of our study population differed from that of general 

populations, we retrieved allele frequencies for index SNPs in the European and African 

populations using the NCBI database of Genotypes and Phenotypes.

Metabolite pathway analysis

The Fisher exact test was used to evaluate the probability that the observed number of 

significant metabolites in each superpathway (based on annotations provided by Metabolon) 

was different from the expected number. A permutation test was also performed, which 

evaluates the probability of obtaining the observed number of statistically significant 

metabolites in a given pathway after accounting for intrapathway metabolite correlations, 

assuming a fixed number of total significant metabolites overall (N = 38). This test randomly 

permutes the identified index SNPs en bloc and then regresses the residuals of regressions 

of all metabolites (N = 652) on age, sex, the first 10 principal component ancestry scores on 

each of the index SNPs. The test was repeated 200 times to generate a null distribution of 

the number of significant metabolites within each pathway. The proportion of the permuted 

results equal to or more extreme than the observed data is the permutation P value.

Gene mapping and most likely causal genes

Gene mapping to loci and annotation were performed by querying SNiPA v3.3, Gene 

Ontology (http://geneontology.org), and UniProt (https://www.uniprot.org).16 The most 

likely causal gene for each genomic locus was selected using a scoring system to quantify 

the evidence associated with each gene.1 Evidence was captured with respect to (i) 

disease genes with variants known to cause monogenic disease, (ii) cis-eQTL (expression 

quantitative trait loci), (iii) gene hit, (iv) missense variants, (v) pQTL (protein quantitative 

trait loci), and (vi) regulated genes and was combined with equal weight. The gene 

with the highest sum score for each locus was selected as the most likely causal gene. 

Gene expression for the likely causal genes in different tissue types was evaluated using 

Genotype-Tissue Expression Project version 8. Data used for the analyses were obtained 

from the Genotype-Tissue Expression Portal on November 4, 2020.

Systematic literature search

Two independent reviewers conducted a PubMed search for published circulating metabolite 

GWAS on February 26, 2020 by using the following search strategy: (((((“metabolic trait*”

[Title/Abstract])) OR (“metabolic parameter*” [Title/Abstract])) OR (“metabolit*”[Title/

Abstract])) OR (“metabolo*”[Title/Abstract])) AND (((((((“genetic association*”[Title/

Abstract]) OR (“genetic variant*”[Title/Abstract])) OR (“genomewide”[Title/Abstract])) OR 

(“genome-wide”[Title/Abstract])) OR (“genome-wide”[Title/Abstract])) OR (“mGWAS”

[Title/Abstract])) OR (GWAS[Title/Abstract])). Studies that involved the evaluation of ≥1 

genetic association for ≥1 circulating (blood/plasma/serum) metabolite (defined as any 

molecule 50–1500 Da) and the referenced material in these studies were reviewed by 

2 reviewers independently. The most relevant studies were selected for comparison with 

the present study. To determine novelty of our associations, the 2 reviewers examined 

the full texts and supplemental materials of these studies separately and matched present 
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findings to all previously published significant associations using either chromosomal 

positions (distance within 1 Mb) or gene names. Lists of all evaluated named metabolites, if 

published, were extracted from these studies. Metabolite synonyms were obtained from the 

PubChem database (https://pubchem.ncbi.nlm.nih.gov). A full list of names of all previously 

evaluated and published known metabolites including their synonyms was compiled. We 

checked each of the 652 metabolites investigated in this study against this list to determine 

the overlap in the coverage of metabolite platforms.

RESULTS

Participant characteristics

The 619 AASK participants with genetic and metabolomic data had a mean age of 55 ± 11 

years and a mean body mass index of 30 ± 7 kg/m2 (Table 1). Of these participants, 232 

(38%) were women, 182 (29%) were current smokers, and 336 (54%) had a history of heart 

disease. The mean measured GFR was 45 ± 13 ml/min per 1.73 m2, and the median urine 

protein-to-creatinine ratio was 31 mg/g (interquartile range 29–382 mg/g).

Genomic loci–metabolite associations and gene mapping

There were 652 metabolites evaluated, with 40 metabolites missing in >10% to 50% of 

participants, 27 missing in >50% to 75% of participants, and 3 missing in >75 to 80% 

of participants. GWAS of serum levels of the 652 metabolites identified 42 unique variant

metabolite associations between 38 metabolites and 32 index SNPs (Supplementary Table 

SI; genomic control factor ranged from 0.97 to 1.01).4,17–24 Of the 38 metabolites with 

significant associations, 30 were missing in <10% of samples, 36 were missing in <50% 

of samples, and all had <75% missingness. The 32 index SNPs represented a total of 23 

genomic loci (Supplementary Figure SI). Of the 23 genomic loci, 16 were associated with 

1 metabolite, 4 were associated with 2 metabolites, 1 was associated with 3 metabolites, 1 

was associated with 4 metabolites, and 1 was associated with 11 metabolites. Correlations 

between index SNPs and metabolites within each of the genomic loci are shown in 

Supplementary Table S2.

Difference in allele frequencies between AASK participants and general populations

The minor allele frequency for the 32 identified index SNPs ranged from 0.01 to 0.46. 

Ten index SNPs were below 0.05 in minor allele frequency. To assess whether the genetic 

background of our study population differed from that used in other metabolite GWAS 

studies, we compared allele frequencies of the 32 index SNPs to a European ancestry 

population; 27 differed in allele frequencies by >50% (Supplementary Table S3).

Metabolite pathways where significant genome-wide associations were more likely

Metabolites with significant associations with at least 1 SNP belonged to one of the 

following superpathways: amino acid (24 of 184 metabolites were significant), lipid (8 

of 349 metabolites were significant), nucleotide (3 of 34 metabolites were significant), 

cofactors and vitamins (2 of 23 metabolites were significant), and peptide (1 of 35 

metabolites was significant) (Supplementary Table S4). Among these superpathways, 
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significant associations were more likely to be found for amino acids (Fisher exact, P = 

7E—06; permutation, P = 0.005).

Literature search for published metabolite GWAS

A literature search identified 28 published studies involving GWAS of circulating metabolite 

levels (Supplementary Table S5). Our GWAS investigated 89 metabolites that had not 

been reported as known metabolites in these studies (Figure 14,17–20,22,25–31). Of the 42 

variant-metabolite associations, 22 were determined to be novel on the basis of comparison 

to previous GWAS, and 14 of the associations involved metabolites not included in previous 

metabolite GWAS (Table 24,17–24,32,33). Seventeen of the 19 metabolites were available 

in the ARIC Study for a validation effort, allowing the evaluation of 19 of the variant

metabolite associations.

Replication of novel associations in the ARIC Study

Among 818 African Americans with available metabolic profiling at ARIC visit 5, the 

mean age was 75 ± 5 years and the mean body mass index was 30 ± 7 kg/m2. Of these 

participants, 532 (65%) were women, 49 (6%) were current smokers, 84 (10%) had a history 

of heart disease, and all were African American. The mean estimated GFR was 67 ± 21 

ml/min per 1.73 m2 (35.6% had estimated GFR <60 ml/min per 1.73 m2), and the median 

urine albumin-to-creatinine ratio was 11 mg/g (interquartile range 6–31 mg/g). Of the 19 

metabolites available in the ARIC Study, 6 had missing values >10% to 50% and 1 had 

missing values >50% (Supplementary Table S6). Eleven of the 19 novel variant-metabolite 

associations, spanning 8 genomic loci and 11 metabolites, were replicated (Table 3).

Most likely causal genes

For the 11 replicated novel variant-metabolite associations, a subset of 8 genes were selected 

as the most likely underlying causal genes using a scoring system that quantified evidence 

such as whether genes had variants known to cause monogenic diseases or whether the 

SNPs were located near the transcription start site, within the gene itself, were missense 

variants or were associated with protein levels. Of these 8 genes, 7 encoded enzymes 

(Supplementary Table S7). Nine of the 11 variant-metabolite associations involved ACY1, 

ACY3, NAT8, HAO2, and AFMID, suggesting clear enzyme-metabolite interactions: ACY1, 

ACY3, and NAT8 demonstrated associations with distinct acetylated amino acids: ACY1 
with N-acetylmethionine, ACY3 with N-acetyltryptophan and N-acetyltyrosine, and NAT8 
with N-acetyllysine, N-acetylleucine, and N-acetylarginine (Table 4 and Figure 2). Gene 

expression was enhanced in the liver and kidney for most of the suspected causal genes, 

particularly for ACY1, ACY3, NAT8, HAO2, and AFMID (Supplementary Figure S2).

Interactions with GFR for novel variant-metabolite associations and correlations with GFR 
for significant metabolites

Of the 11 replicated novel variant-metabolite associations, 1 (rs7528838: 2-hydroxy-3

methylvalerate) had nominal evidence of interaction with GFR (P = 0.007). Each minor 

T allele of rs7528838 was associated with lower levels of 2-hydroxy-3-methylvalerate, and 

as GFR levels decreased, the T allele was associated with still lower levels of 2-hydroxy-3
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methylvalerate (Supplementary Table S8). Nine of the 11 metabolites were negatively 

correlated with GFR (Supplementary Table S9).

Sensitivity analyses

Of the 42 significant index SNP-metabolite associations in AASK, 9 involved metabolites 

missing in >10% of samples. In repeat analyses excluding missing values, 7 of the 9 

associations remained statistically significant (P < 0.05/9). After requantifying metabolite 

level as an ordinal variable, the same 7 associations remained significant. Using the k

nearest neighbor method, 8 associations were statistically significant (Supplementary Table 

S10).

DISCUSSION

In a GWAS of 652 serum metabolites in African Americans with CKD, we identified 11 

novel associations between metabolites and genomic loci that were replicated in 818 African 

Americans from the ARIC Study. Many of the novel associations described clear enzyme

metabolite interactions. Several of the likely causal genes (i.e., ACY1, ACY3, and NAT8) 

modulated a similar pool of metabolites—acetylated amino acids—with distinct patterns of 

specificity. Thus, our study identifies novel biologically plausible genetic determinants of 

metabolites in African Americans with kidney disease, providing new insight into the key 

roles of enzymes in modulating blood levels of metabolites as well as substrate specificity.

Our findings expand on known enzyme-substrate relationships, particularly with respect 

to the acetylated amino acids. Interestingly, the 3 implicated genes—ACY1, ACY3, and 

NAT8—are all highly expressed in the kidney and liver. NAT8 is thought to acetylate the 

alpha-amino group to form mercapturic acids; ACY1 may be involved in the hydrolysis of 

N-acetylated amino acids; and ACY3 may deacetylate products of the mercapturic pathway. 

Our finding that ACY1 was associated with N-acetylmethionine is consistent with the 

observation that among 16 amino acids tested in vitro, human acetyltransferase 1 has the 

highest affinity with acetylmethionine.34 The metabolite associations with ACY3 (i.e., N-
acetyltryptophan and N-acetyltyrosine) strongly suggest that acetyltransferase 3 is specific 

for aromatic acetylated amino acids. Finally, NAT8 showed associations with a broad range 

of acetylated amino acids, including aromatic and nonaromatic. In contrast to early reports, 

which suggested that N-acetyltransferase acetylated cysteine S-conjugates but not amino 

acids, the results of this article and others suggest otherwise: that in vivo N-acetyltransferase 

8 plays a key role in acetylating a broad range of amino acids, likely in both the kidney and 

the liver, which in turn has a significant effect on circulating levels. Additional studies of 

enzyme and metabolite levels may further elucidate the relationships between NAT8, ACY1, 

and ACY3.

Other suspected causal genes are also biologically plausible regulators of metabolite levels 

with interesting implications in the kidney. HAO2 encodes a protein highly expressed in the 

kidney and liver that is known to have 2-hydroxyacid oxidase activity. The protein is thought 

to localize in the peroxisome, where it catalyzes the oxidation of L-alpha-hydroxy acids and 

L-alpha amino acids. The AFMID gene codes for arylformamidase, an enzyme that catalyzes 

the hydrolysis of N-formyl-L-kynurenine to L-kynurenine, a step in the kynurenine pathway 
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of tryptophan degradation, and which is thought to be required for the elimination of toxic 

metabolites. N-Formylanthranilic acid (the metabolite associated with AFMID) is a benzoic 

acid that is biosynthesized from N-formylkynurenine from kynureninase. Interestingly, 

kynurenic acid has been proposed as a precipitant of inflammation in kidney disease and 

a predictor of GFR decline.35

Previous genome-wide evaluation of metabolites has also highlighted enzyme-substrate 

relationships.4,17,20,25 The close associations between enzyme and substrate and high 

heritability allow the discovery of associations using relatively small sample sizes, yet a 

few additional factors may have aided our efforts. Seven of the novel associations involved 

metabolites not previously included in metabolite GWAS. Nearly all metabolites were 

negatively associated with GFR, and one variant-metabolite association was stronger at 

lower GFR, which may have enabled detection in our cohort of patients with CKD. Nine 

index SNPs had minor allele frequencies that were >50% higher in AASK than in the 

European populations, highlighting the benefit of including diverse populations in genetic 

studies.

This study has limitations. First, the relatively small sample size may have limited our 

power. Nonetheless, we were able to identify associations comparable in number to 

many other metabolite GWAS with a larger sample size, validate 20 previously known 

associations, and replicate many novel findings in African Americans from the ARIC 

Study, suggesting our approach’s utility and validity. Second, because of the unique study 

population of African Americans with CKD, our findings may not be generalizable to all 

populations, and a validation effort in a population with CKD (rather than ARIC, which is 

a general population study) may have yielded more replicated findings. Third, associations 

identified in this study may in part represent epigenetic effects. A GWAS approach does not 

allow the quantification of such effects. However, those associations are unlikely to have 

been solely driven by epigenetic mechanisms seen exclusively in CKD, given successful 

replications in individuals with and without kidney disease in the ARIC Study. The enzymes 

that we highlight as potentially key in modulating blood levels of metabolites may guide 

future epigenetic studies. Fourth, some metabolites were undetectable in certain samples, 

and for these samples, the levels of metabolites were imputed with the lowest detected 

value. To conserve information in metabolite levels that were lower than detectable limits, 

we included all metabolites missing in <80% of samples. This approach is appropriate 

if missing values were indeed caused by low metabolite levels. However, bias could be 

introduced if missing values were due to other factors. To address this, we performed 

several sensitivity analyses in the 9 metabolites missing in >10% of samples. The results 

suggested robustness of our findings to missingness, but we do note that the significant 

genetic variant-metabolite association that was identified for a metabolite missing in >50% 

of samples was not replicated.

In conclusion, GWAS of 652 serum metabolites in African Americans with CKD identified 

42 unique locus-metabolite associations. A systematic literature review of published 

metabolite GWAS identified that 20 variant-metabolite associations were previously 

reported and 11 novel associations were replicated in African Americans in the ARIC Study. 

Many of the novel associations had strong biological plausibility and represented clear 
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enzyme-substrate relationships. The findings provide insight on substrate specificity (e.g., 

ACY1 and ACY3) and strongly implicate NAT8 in amino acid acetylation and collectively 

underscore the key role of the kidney, not just as a passive filter and secretory device but also 

as a locus of enzymatic actions that influence systemic metabolism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 |. Overlap of the 652 metabolites investigated in the present study with metabolites 
included in previous genome-wide association studies (GWASs) using the Metabolon, Broad, 
and/or Biocrates platforms.
Previous GWASs using the Metabolon platform: Long et al.,17 Yu et al.,25 Yu et al.,4 Shin et 
al.,18 Krumsiek et al.,22 and Suhre et al.,19 Previous GWASs using the Biocrates platform: 

Li et al.,20 Draisma et al.,26 Ried et al.,27 Nicholson et al.,28 Illig et al.,29 and Gieger et al.30 

Previous GWAS using the Broad platform: Rhee et al.31
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Figure 2 |. Possible location and function of NAT8, ACY1, and ACY3 in the proximal kidney.
AA, am ino acid; ER, endoplasmic reticulum.
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Table 1 |

Participant characteristics

Study population AASK (primary) ARIC Study (replication)

N 619 818

Age, yr 55 ± 11 75 ± 5

Women 232 (37.5) 532 (65)

BMI, kg/m2 30 ± 7 30 ± 7

Current smoker 182 (29) 49 (6)

Heart disease 336 (54) 84 (10)

GFR,
a
 ml/min per 1.73 m2 45 ± 13 67 ± 21

Urine protein-to-creatinine ratio, mg/g 331 (29–382) 11 (6–31)
a

Number with GFR,
b
 <60 ml/min per 1.73 m2 521 (84) 219 (27)

AASK, African American Study of Kidney Disease and Hypertension; ARIC, Atherosclerosis Risk in Communities; BMI, body mass index; GFR, 
glomerular filtration rate. Data are expressed as mean ± SD, median (interquartile range), or n (%).

a
The median urine albumin-to-creatinine ratio is reported for the ARIC Study.

b
GFR is measured GFR in AASK and estimated GFR in the ARIC Study (using creatinine and cystatin C).
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