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OBSERVATIONAL STUDY

A Genome-Wide Association Study of Serum 
Metabolite Profiles in Septic Shock Patients
OBJECTIVES: We sought to assess whether genetic associations with metabo-
lite concentrations in septic shock patients could be used to identify pathways of 
potential importance for understanding sepsis pathophysiology.

DESIGN: Retrospective multicenter cohort studies of septic shock patients.

SETTING: All participants who were admitted to 27 participating hospital sites in 
three countries (Australia, New Zealand, and the United Kingdom) were eligible 
for inclusion.

PATIENTS: Adult, critically ill, mechanically ventilated patients with septic shock  
(n = 230) who were a subset of the Adjunctive Corticosteroid Treatment in Critically 
Ill Patients with Septic Shock trial (ClinicalTrials.gov number: NCT01448109).

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: A genome-wide association study 
was conducted for a range of serum metabolite levels for participants. Genome-
wide significant associations (p ≤ 5 × 10–8) were found for the two major ketone 
bodies (3-hydroxybutyrate [rs2456680] and acetoacetate [rs2213037] and 
creatinine (rs6851961). One of these single-nucleotide polymorphisms (SNPs) 
(rs2213037) was located in the alcohol dehydrogenase cluster of genes, which 
code for enzymes related to the metabolism of acetoacetate and, therefore, pres-
ents a plausible association for this metabolite. None of the three SNPs showed 
strong associations with risk of sepsis, 28- or 90-day mortality, or Acute Physiology 
and Chronic Health Evaluation score (a measure of sepsis severity).

CONCLUSIONS: We suggest that the genetic associations with metabolites 
may reflect a starvation response rather than processes involved in sepsis path-
ophysiology. However, our results require further investigation and replication in 
both healthy and diseased cohorts including those of different ancestry.

KEYWORDS: genetics; metabolomics; molecular biology; sepsis

Metabolites are small molecules that reflect biological processes that 
have long been used as markers for diagnosis, prognosis, and evalua-
tion of treatment efficacy within clinical medicine (1, 2). Circulating 

blood metabolites typically exhibit significant heritabilities (3), although sub-
stantial variability exists in estimates depending upon the particular metabo-
lite assayed (2, 4–6). Genome-wide association studies (GWAS) have identified 
hundreds of quantitative trait loci robustly associated with serum/plasma lev-
els of a wide range of metabolites (1, 2, 6–15). Perhaps unsurprisingly, the ge-
netic variants reported in these studies have often mapped to genes that encode 
enzymes, metabolite transporters, and regulators of metabolism (6). These have 
included variants that have been previously identified in GWAS of common 
complex diseases, providing a potential upstream mechanism for (or down-
stream consequence of) the underlying disease associations (6, 8). Given that 
the genetic variants associated with metabolomic phenotypes typically display 
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much larger effect sizes than those associated with 
common complex diseases (6), it has been proposed 
that large-scale GWAS of metabolites could pro-
vide a useful adjunct and powerful discovery tool for 
improved understanding of the molecular pathways 
underlying common diseases.

Previous GWAS of metabolite concentrations have 
predominantly been performed in large (healthy)  
population-based cohorts (1, 2, 6–15). However, it is likely 
that the genetic etiology of metabolite concentrations 
differs according to the health status of participants. For 
example, a range of complex diseases exhibit metabolite 
patterns that are vastly different from those in healthy 
populations (16). Identifying genetic variants of relatively 
large effect that are associated with dysregulated metabo-
lite levels may therefore provide a complementary strategy 
for identifying genetic loci and biological pathways im-
portant in disease pathogenesis.

In the present study, the genetic basis of serum me-
tabolite levels in a sample of individuals with septic 
shock was investigated. Sepsis is an abnormal host 
response to infection that results in tissue and organ 
damage (17). To date, there have only been a small 
number of sepsis GWAS (18–22). These have yielded a 
handful of genome-wide significant loci that have not 
replicated upon subsequent investigation (18). Septic 
shock represents the most severe form of sepsis, with 
a significantly higher mortality rate due to circulatory 
and metabolic pathologies. This study was designed 
to assess whether the genetic etiology of metabolite 

concentrations in septic shock patients differed from 
the genetic etiology of metabolites in population-based 
samples, and further whether focusing on genetic vari-
ation associated with dysregulated metabolite concen-
trations could be used to identify pathways that may be 
important in terms of sepsis pathophysiology.

MATERIALS AND METHODS

Study Participants and Sampling

The Adjunctive Corticosteroid Treatment in Critically Ill 
Patients with Septic Shock (ADRENAL) trial is an inter-
national randomized double-blinded placebo-controlled 
trial designed to assess the utility of IV hydrocortisone 
treatment compared with placebo in critically ill, mechan-
ically ventilated patients with septic shock (ClinicalTrials.
gov number: NCT01448109). The ADRENAL-Gene 
Expression Study (GEPS) is a prespecified substudy of the 
ADRENAL trial designed to investigate the genetics and 
genomics of septic shock (23). The ADRENAL-GEPS 
study was approved by institutional review board (Board 
Name: University of Queensland Human Research 
Ethics Committee B; Approval Number: 2015000018; 
Approval Date: March 11, 2017; Study Title: Gene ex-
pression profiling in critically ill patients with septic 
shock: The ADRENAL-GEPS study). Previous written 
informed consent or written consent to consent to con-
tinue was obtained for all participants, according to the 
legal requirements in each jurisdiction, concurrently 
with consent for the ADRENAL trial. The study was 
conducted in accordance with the Helsinki Declaration 
of 1975. All ADRENAL participants who were admit-
ted to 27 participating hospital sites in three countries 
(Australia, New Zealand, and the United Kingdom) were 
eligible for inclusion in ADRENAL-GEPS. The inclusion/
exclusion criteria are summarized in the Supplementary 
Methods S1 (http://links.lww.com/CCX/B290) (18, 23). 
Blood samples from ADRENAL-GEPS participants (n = 
578) were collected at the time of randomization before 
administration of corticosteroids/placebo. Blood was col-
lected into 2 × 2.5 mL EDTA, 2 × 2.5 mL serum blood col-
lection vacuettes (Cat. No. 455071; Interpath, Somerset, 
Australia), and 1 × 2.5 mL PAXgene RNA Vacutainer 
(Cat. No. 762165; Becton Dickinson, Franklin Lakes, 
New Jersey). The present study describes 230 fully geno-
typed individuals of White European ancestry who were 
randomly selected from the ADRENAL-GEPS substudy 
to have their serum nuclear magnetic resonance (NMR) 

 
KEY POINTS

Question: The genetic etiology of circulating me-
tabolite levels in a septic shock cohort.

Findings: Genome-wide association studies were 
conducted with measured metabolite levels as the 
phenotype of interest in a septic shock cohort. 
Significant results were reported for two ketone 
bodies (3-hydroxybutyrate and acetoacetate) and 
creatinine.

Meanings: The findings suggest that these me-
tabolite changes are either an association with 
sepsis pathophysiology or a reflection of a starva-
tion response.
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metabolome profiles measured. The exclusion of indi-
viduals of different ancestry from analyses is standard 
procedure in GWAS because allelic frequency differences 
between populations can produce spurious associations, 
and linkage disequilibrium patterns can vary across 
ancestries and obscure/complicate the interpretation of 
genetic signals.

Genotyping

DNA extractions were performed on 200 µL of whole 
blood using a QIAsymphony (QIAGEN, Venlo, The 
Netherlands) SP instrument according to the manufac-
turer’s protocol. Genomic DNA was eluted in 100 µL of 
buffer ATE and quantified using the Trinean Dropsense 
96. Samples were genotyped on the Illumina Infinium 
Global Screening Array (GSA)-24+ v1.0 (Illumina, 
San Diego, California). The arrays were scanned on 
an Illumina iScan system, and the raw fluorescence 
intensity data were normalized and clustered for 
each sample using Illumina Genome Studio (v 2.0.3) 
(Illumina, San Diego, California). Genotypes were 
called using the standard Illumina GSA-24v1-0_A6  
Cluster File (Illumina, San Diego, California).

The PLINK v1.90b3.31 software package (https://
pngu.mgh.harvard.edu/purcell/plink/) was used to 
carry out a number of standard quality control (QC) 
procedures on the entire ADRENAL-GEPS cohort (24). 
Pre-imputation QC procedures included excluding one 
of each pair of cryptically related individuals (genome-
wide proportion of alleles identical by descent > 0.185), 
high autosomal heterozygosity (F > 0.2), sex inconsis-
tencies, low minor allele frequency (MAF < 1%), low 
genotyping rate (< 95%), and departure from Hardy-
Weinberg equilibrium (p < 10–6). Imputation was per-
formed against the HRCr1.1 panel using the Michigan 
Imputation Server (https://imputationserver.sph.
umich.edu) that implements Eagle v2 for phasing and 
IMPUTE2 for imputation (25). Post-imputation QC 
was performed using the same thresholds. Additionally, 
single-nucleotide polymorphisms (SNPs) with low im-
putation quality (R2 < 0.2), ambiguous SNPs that may 
result in strand mix-ups (e.g., A/T and C/G SNPs), 
triallelic SNPs, and SNPs with MAF that differed by 
greater than 10% from HRCr1.1 allele frequencies were 
removed. For further details regarding QC procedures 
refer to D’Urso et al (18) and Supplementary Methods 
S2 (http://links.lww.com/CCX/B290).

NMR Metabolomic Spectra Collection

Serum samples were thawed at room temperature and 
left on ice for sample preparation. For each serum 
sample, a total volume of 200 μL for each sample 
was prepared consisting of a 100 μL aliquot of serum 
sample, 80 μL 63.75 mM sodium phosphate buffer (pH 
7.4), and 20 μL D2o. The prepared serum samples (200 
μL) were transferred to 3 mm NMR tubes. 1H NMR 
spectra were acquired on a Bruker AV900 NMR spec-
trometer operating at a 1H frequency of 900.13 MHz 
and equipped with a 5-mm self-shielded z-gradient 
triple resonance probe.

The sera 1H NMR spectra were collected at a tem-
perature of 310 K. Both a 1D Carr-Purcell-Meiboom-
Gill (1D CPMG) and a 1D 1H-Nuclear Overhauser 
Effect Spectroscopy (1D NOESY) spectrum were ac-
quired for each of the serum samples included in 
the ADRENAL cohort. 1D CPMG spectra were ac-
quired with the standard cpmgpr1d pulse sequence 
(RD− 90◦ − [τ − 180◦ − τ ]n − acq). A fixed spin-spin relaxa-
tion delay 2nτ of 80 ms (τ = 500 μs) was used to elim-
inate the broad signals from high molecular weight 
analytes. Water suppression irradiation was applied 
during the relaxation delay of 4.0 seconds. For sera 
1D CPMG spectra 65536 data points with a spectral 
width of 20 ppm were collected into 56 transients and 
16 dummy scans.

In addition to standard 1D CPMG spectra collec-
tion for serum samples 1D NOESY were also collected 
for potential investigation of lipid changes. For all 
ADRENAL serum samples a 1D NOESY spectrum was 
acquired with the standard noesypr1d pulse sequence 
([RD]− 90◦ − t1 − 90◦ − τm − 90◦ − acq). The water signal 
was suppressed by a continuous wave irradiation dur-
ing both the relaxation delay 4.0 seconds and the mix-
ing time (τm) of 100 ms. For serum 1D NOESY spectra 
65536 data points with a spectral width of 20 ppm were 
collected into 32 transients and eight dummy scans.

For one of the pooled quality controls (PQCs) 2D 
spectrum were collected in the form of 1H-13C hetero-
nuclear single quantum coherence (HSQC) and 1H-1H 
Total Correlation Spectroscopy (TOCSY). Both HSQC 
and TOCSY spectrum were used as an aid in metabo-
lite identification.

Signal processing of 1H NMR spectra was per-
formed in TopSpin, Version 3.6.2 (Bruker BioSpin, 
Rheinstetten, Germany). The free induction delays 
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(FIDs) of the serum 1D CPMG spectra were multi-
plied by a sine window function shifted by π/2 before 
Fourier transformation. The serum 1D CPMG spectra 
were aligned to the anomeric proton of glucose (δ = 
5.22 ppm). Phase and baseline correction were per-
formed manually in TopSpin.

Metabolite Identification and Quantification

Metabolites in the sera 1D CPMG spectra were iden-
tified using Chenomx NMR Suite, Version 8.5.1 
(Chenomx, Edmonton, AB, Canada) and the human 
metabolome database (26). The PQC HSQC spec-
trum was used to help confirm metabolite assignment. 
Quantification of identified metabolites was performed 
manually in Chenomx NMR Suite. For a list of identi-
fied metabolites with resonance assignments refer to 
Supplementary Table S1 (http://links.lww.com/CCX/
B290).

No internal chemical standard was included in the 
serum samples, instead serum quantification was a rela-
tive measure, using the integrated region of formate as a 
reference in Chenomx Processor. The formate concentra-
tion Chenomx Processor referenced was a ratio of inte-
grated regions of formate (sample) : formate (PQC1)
. Some metabolites could not be quantified in all col-
lected 1H NMR samples due either to signal overlap or 
relative low concentration.

Metabolite GWAS

Outlying metabolite values that had a z score greater 
than three (|z| > 3) were removed before analyses 
and distributions of metabolites were inverse normal 
transformed. For a list of metabolites and initial 
sample size with number of excluded outliers refer to 
Supplementary Table S2 (http://links.lww.com/CCX/
B290). Ordinary least squares linear regression analysis 
was performed across the genome assuming an under-
lying additive genetic model as implemented in PLINK 
(24). The first five principal components (PCs) from 
a PC analysis of the cleaned ADRENAL-GEPS GWAS 
dataset were used as covariates as well as age and sex 
(18). PCs were calculated for the entire ADRENAL-
GEPS cohort including individuals of non-European 
descent as well as individuals for whom metabolite 
data was not collected (n = 576) (18). Genome-wide 
significant SNPs from the current metabolite GWAS 
were looked up in a previously published GWAS 

of 28- and 90-day mortality, sepsis risk, and Acute 
Physiology and Chronic Health Evaluation (APACHE) 
score (a measure of disease severity) involving 
the entire ADRENAL-GEPS cohort (18). We also 
looked up our top genome-wide significant SNPs in 
PHENOSCANNER (http://www.phenoscanner.med-
schl.cam.ac.uk/) (27, 28) and the National Human 
Genome Research Institute-European Bioinformatics 
Institute (NHGRI-EBI) GWAS catalog (https://www.
ebi.ac.uk/gwas/) (29). Finally, genome-wide signifi-
cant variants from the NHGRI-EBI GWAS catalog for 
3-hydroxybutyrate, acetoacetate, and creatinine (i.e., 
the three metabolites that displayed genome-wide sig-
nificant results) were checked for replication in our 
scan.

Gene- and Pathway-Based Analyses

Gene-based and gene-set enrichment analyses were 
performed using Multi-marker Analysis of GenoMic 
Annotation (MAGMA) as implemented by the 
Functional Mapping and Annotation of GWAS plat-
form (fuma.ctglab.nl) (30). Gene-based tests were per-
formed to estimate the degree of association between 
the total genetic variation in each gene and each me-
tabolite phenotype (31). The significance threshold for 
MAGMA gene-based tests was set at p ≤ 2.655 × 10–6 
given SNPs were mapped to 18830 protein-coding 
genes. The output of the gene-based tests, the gene p 
values, and gene correlation matrix were then used 
to conduct gene-set analyses. MAGMA implements 
a competitive gene-set analysis that uses the full dis-
tribution of SNP p values to determine whether genes 
in a particular gene set are more strongly associated 
with the phenotype of interest than other genes in the 
genome (31). MAGMA by default uses 10678 gene 
sets (curated gene sets: 4761, GO terms: 5917) from 
MsigDB v6.2. All MAGMA analyses were performed 
on summary level statistics. MAGMA gene-set anal-
ysis considers results significant for Bonferroni cor-
rected p values (p ≤ 4.682 × 10–6).

Metabolites and Clinical Variables Analysis

Targeted metabolite analysis with select clinical vari-
ables as outcomes was performed. Outcomes of in-
terest were those related to mortality of septic shock, 
28- and 90-day mortality, and those related to renal 
function, prior renal replacement therapy (RRT), RRT 
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post-randomization, and dialysis use, as a number of 
metabolites measured are known to be associated with 
renal function. Each metabolite was used as an explan-
atory variable for individual logistic regression mod-
els. Subsequent logistic regression models included 
similar clinical covariates as presented in the original 
ADRENAL trial (23). Clinical covariates that were in-
cluded in addition to individual metabolite levels in 
the subsequent logistic regression models were patient 
sex, age, APACHE II, admission type (medical or sur-
gical), trial site, and the use of RRT in the 24 hours 
before randomization.

Statistical Power Analyses

We estimated the statistical power (two-tailed α = 0.05) 
to detect an association between genome-wide signif-
icant genetic variants related to metabolite concentra-
tions (i.e., variants for creatinine, 3-hydroxybutyrate, 
and acetone) and sepsis outcomes (i.e., APACHE II 
score and susceptibility to sepsis). For continuous 
outcomes (APACHE II score), we estimated statis-
tical power using the Genetic Effects Power Calculator 
(https://zzz.bwh.harvard.edu/gpc/) (32). We assumed 
that each genome-wide significant variant explained 
the same proportion of variance in the relevant me-
tabolite that was empirically estimated in our study, 
and then derived the expected variance explained in 
APACHE score given possible sizes of the causal rela-
tionship between metabolite level and APACHE score.

In the case of binary traits (i.e., susceptibility to 
sepsis), for each individual we simulated a SNP, a 
metabolite associated with the SNP (with variance 
explained equal to that which was empirically esti-
mated in our study), and then a (standard normal) 
latent variable that represented liability to sepsis and 
was a function of the simulated metabolite. Individuals 
whose liability score exceeded a threshold based on a 
lifetime risk of sepsis (in this case, a threshold in the 
upper right tail of the distribution corresponding to 
1.16% of the total area under the curve) (33) were 
coded as affected, while the remainder of simulated 
individuals were coded as controls. We performed re-
jection sampling until the same number of cases and 
controls as in the present study was obtained. We then 
performed logistic regression on each replicate. For 
all power calculations/simulations, we assumed per-
fect linkage disequilibrium between trait and marker 

loci and the same allele frequencies as in the article. 
We performed 1000 simulated replicates for each 
condition.

RESULTS

Genome-Wide Association Studies

GWAS for 20 measured metabolites were conducted. 
Quantile-quantile plots (Supplementary Figs. S1–
S20, http://links.lww.com/CCX/B290) and genomic 
inflation factors (Supplementary Table S3, http://
links.lww.com/CCX/B290), which ranged from 0.985 
to 1.007, were consistent with our GWAS being well 
controlled for population stratification and other 
possible biases. Three metabolite phenotypes, 3- 
hydroxybutyrate, acetoacetate, and creatinine, con-
tained SNPs that passed the criterion for genome-wide 
significance (p ≤ 5 × 10–8). Manhattan plots for these 
three metabolites are presented in Supplementary 
Figures S21–S23 (http://links.lww.com/CCX/B290) 
with regional plots of significant SNPs presented in 
Figure 1. For Manhattan plots of the other metabolite, 
GWAS with no genome-wide significant SNPs refer to 
Supplementary Figures S24–S40 (http://links.lww.
com/CCX/B290). The lead SNPs and their associated 
metabolite are shown in Table 1; and Supplementary 
Table S4 (http://links.lww.com/CCX/B290). For lead 
SNPs that did not reach genome-wide significance but 
reached the threshold for suggestive significance (p 
≤ 1 × 10–5), refer to Supplementary Table S5 (http://
links.lww.com/CCX/B290).

The only genetic variant that was significantly as-
sociated with serum levels of 3-hydroxybutyrate was 
the imputed SNP rs2456680. This SNP is located in 
an intronic region of a protein-coding gene CTNNA3 
(Fig. 1A) and the effect allele “G” was associated with 
elevated levels of 3-hydroxybutyrate (p = 1.24 × 10–8; 
Table 1).

Acetoacetate had one lead SNP, rs2213037, that 
reached genome-wide significance. The effect allele, the 
C-allele, of the genotype SNP rs2213037 was associated 
with increased levels of acetoacetate (p = 1.57 × 10–8; 
Table 1). The rs2213037 SNP lies in an intronic region 
of a noncoding RNA gene LOC100507053 located 
among the alcohol dehydrogenase (ADH) cluster of 
genes (Fig. 1B). An additional SNP, rs10014222, which 
is in linkage disequilibrium with the leading acetoace-
tate GWAS SNP (r2 = 0.59), also reached genome-wide 
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Figure 1. Regional plots for metabolite GWAS with genome-wide significant SNPs. A, rs2456680 with association to 
3-hydroxybutyrate levels. B, rs2213037 with association to acetoacetate levels. C, rs6851961 with association to creatinine  
levels.
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significance (p = 3.19 × 10–8) (Table 1). The rs10014222 
SNP falls within overlapping gene region with both 
the intronic region of the protein-coding gene ADH4 
and the intronic region of the noncoding RNA gene 
LOC100507053. It is of note that a number of SNPs 
associated with acetoacetate reach genome-wide sig-
nificance with these SNPs falling across a number of 
genes, including several ADH genes (ADH1A, ADH1B, 
ADH4, ADH5, and ADH6).

The genotyped SNP rs6851961 was the only genetic 
variant that was significantly associated with levels 
of creatinine (p = 1.62 × 10–8; Table 1). This SNP did 
not fall in a reported gene region (Fig. 1C), the clos-
est protein-coding gene being TECRL about 100 kb 
centromeric to rs6851961. Given that creatinine has a 
known association with renal function a second cre-
atinine GWAS was performed with additional covari-
ates (prior RRT, RRT post-randomization, and dialysis 
use). The same signal was still present after correction 
for renal function (results not shown).

Look-Up of Genome-Wide Significant Variants

The top SNPs at the three genome-wide significant 
loci were not associated with sepsis-related outcomes 
in the wider ADRENAL-GEPS cohort (p > 0.05) 
(Supplementary Table S6, http://links.lww.com/CCX/
B290). Nor were they associated with phenotypes in 
the PHENOSCANNER (p > 1 × 10–5) or NHGRI-EBI 
GWAS databases (p > 5 × 10–8).

A list of SNPs that have shown evidence of as-
sociation (p ≤ 1 × 10–5) with 3-hydroxybutyrate, 

acetoacetate, and creatinine was generated using the 
GWAS catalog and queried for replication (p < 0.05) 
in our corresponding metabolite GWAS summary sta-
tistics (Supplementary Table S7 and S8, http://links.
lww.com/CCX/B290). Of these three metabolites, 
creatinine was the only one to have SNPs of previous 
studies replicated in our study. Creatinine had seven 
SNPs which replicated for a nominal p value (p < 0.05) 
taking into consideration direction of effect allele for 
both studies. However, given the large number of SNPs 
queried no replicated SNPs passed multiple testing 
correction (p < 8.36 × 10–5).

Gene-Based Test and Gene-Set Analysis 
(MAGMA)

None of the metabolite phenotypes produced signif-
icant results with gene-based tests implemented in 
MAGMA. The significant results from the competitive 
gene-set analysis, which was performed in MAGMA, 
are presented in Table 2. The only metabolite pheno-
type which reported a significant gene set that passed 
multiple testing corrections was 3-hydroxybutyrate. 
The significant gene set related to circulating levels 
of 3-hydroxybutyrate was a gene set related to G1/S-
specific transcription as recorded in the Reactome 
Pathway Database (https://reactome.org) (34). 

Metabolite and Clinical Variable Analysis

Logistic regression analysis without covariates revealed 
a few metabolites associated with mortality, 28-day 

TABLE 1.
Genome-Wide Significant Single-Nucleotide Polymorphisms With a p ≤ 5 × 10–8 From the 
Different Metabolite Genome-Wide Association Studies

Genome-Wide 
Association 
Studies 
Phenotype

Single-
Nucleotide 

Polymorphism

Chromosome: 
Base Pair 
Positiona Variant Type

Minor 
Allele 

Frequency

Effect 
Allele/

Other Allele Beta (se) p

3-Hydroxybutyrate rs2456680 10:68255097 Intronic CTNNA3 0.48 G/A 0.60 (0.10) 1.24 × 10–8

Acetoacetate rs2213037 4:100160177 Intronic 
LOC100507053

0.97 C/T 1.72 (0.29) 1.57 × 10–8

Acetoacetate rs10014222 4:100062064 Intronic ADH4, 
Intronic 
LOC100507053

0.97 G/A 1.76 (0.030) 3.19 × 10–8

Creatinine rs6851961 4:65351771 Intergenic 0.49 G/A 0.54 (0.09) 1.62 × 10–8

aThe hg37 human genome build was used.
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mortality (creatine, myo-inositol, pyruvate, and tyro-
sine), and 90-day mortality (pyruvate) (Supplementary 
Table S9, http://links.lww.com/CCX/B290). However, 
many metabolites were associated with renal function, 
RRT prior randomization (myo-inositol, pyruvate, 
and tyrosine), and RRT post-randomization (creatine, 
myo-inositol, pyruvate, and tyrosine). Logistic regres-
sion analysis with the inclusion of covariates showed 
pyruvate was associated with 28-day mortality (p = 
0.0356) (Supplementary Table S10, http://links.lww.
com/CCX/B290). In these analyses, pyruvate was not 
associated with markers of renal function. Of note, 
creatinine was consistently associated with markers of 
renal function both with and without the inclusion of 
covariates and did not show an association with sepsis 
mortality.

Statistical Power Analyses

Statistical power analyses suggested that our study 
did not have sufficient power to detect a relationship 
between a metabolite associated variant and sepsis-
related outcomes—assuming a variant of relatively 
small effect—as would be expected for a complex trait 
like sepsis (Supplementary Tables S11 and S112, 
http://links.lww.com/CCX/B290).

DISCUSSION

The current study represents the first GWAS of metab-
olite levels to have been performed in a cohort of indi-
viduals with septic shock. Previous GWAS of sepsis 
have primarily focused on mortality (i.e., 28- or 90-d 
mortality) as an outcome. These GWAS have reported 
a limited number of genome-wide significant loci (18–
22) which have subsequently failed to replicate in later 
studies (18). In contrast, GWAS have been far more 
successful in identifying hundreds of genetic variants 
robustly associated with metabolite levels, including 
many of large effect (2, 4–6, 11–15). We therefore 

reasoned that performing a GWAS of metabolite lev-
els in individuals with septic shock (i.e., thereby using 
dysregulated metabolite levels as an intermediate phe-
notype for sepsis) might serve as a useful complemen-
tary strategy for identifying genetic variants important 
in the etiology of sepsis.

The current study found genome-wide signifi-
cant associations for the two major ketone bodies 
(3-hydroxybutyrate and acetoacetate). Both of these 
metabolites play a role in energy metabolism, acting 
as alternative energy sources during starvation. Sepsis 
and starvation have been previously linked, either due 
to decreased food intake (35, 36) or an energy deficit 
created by the elevated energy demands associated 
with an ongoing immune response (37). The typ-
ical starvation response is generally altered in septic 
patients, impacting disease severity and lethality. It 
has been suggested that sepsis mortality in relation to 
the starvation response is impacted by two key tran-
scription factors, the glucocorticoid receptor (GR) 
and peroxisome proliferator-activated receptor alpha 
(PPARα). GR has well-known anti-inflammatory  
effects but additionally is linked to controlling gluco-
neogenesis, with mice GR knockouts being associated 
with diminished gluconeogenesis. PPARα is a nu-
clear receptor that among the many genes it controls 
includes those responsible for fatty acid β-oxidation. 
Fatty acid β-oxidation in hepatocytes produces acetyl-
CoA, the primary substrate of ketogenesis.

Ketogenesis, the synthesis of ketone bodies, occurs 
in the liver mitochondria (38), and uses the mitochon-
drial acetyl-CoA pool to synthesize 3-hydroxybutyrate  
and acetoacetate (39). Both of these ketone bodies 
then diffuse through the blood stream to metaboli-
cally active tissues such as the brain and heart, which 
are then able to use them as alternative energy sources 
when glucose is limited (40). The genetic signals for 
3-hydroxybutyrate and acetoacetate represent novel 
genetic associations that have not been reported in 
previously published metabolite GWAS. However, 

TABLE 2.
Gene-Sets Reported by Multi-Marker Analysis of GenoMic Annotation Competitive  
Gene-Set Analysis

Gene Set No. of Genes Beta (se) p Bonferonni Corrected p

G1/S-specific transcription 29 0.68 (0.14) 2.74 × 10–7 4.24 × 10–3D
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the top SNPs at these loci were not associated with 
risk of sepsis, sepsis severity, or mortality. This po-
tentially suggests that these signals do not represent 
genetic variation important in the etiology of sepsis. 
However, it is also likely that this study is underpow-
ered to detect an association with metabolite genetic 
variants with sepsis outcomes (Supplementary Tables 
S11 and S12, http://links.lww.com/CCX/B290). It is 
also possible that these results may reflect the fact that 
ketone bodies are dysregulated in sepsis patients where 
elevated energy demands can trigger a starvation re-
sponse where the body shifts from using readily avail-
able energy sources to consuming energy stores (36), 
and consequently that ketone body associated quanti-
tative trait loci are easier to detect in a cohort of septic 
shock patients than in cohorts of healthy individuals 
(i.e., who tend to comprise the majority of metabolo-
mic GWAS).

Lower 3-hydroxybutyrate levels in sepsis are asso-
ciated with higher observed mortality (41), and met-
abolic screening of sepsis patients has identified fatty 
acid beta-oxidation pathways as being significantly 
different between survivors and nonsurvivors of sepsis 
(42). Additionally, 3-hydroxybutyrate has been shown 
to have a wide variety of signaling effects, acting as 
an inhibitor of protein deacetylases and as a ligand 
on some receptors (40). The current study reports a 
novel genome-wide significant SNP (rs2456680) for 
3-hydroxybutyrate, which mapped to an intronic re-
gion of the CTNNA3 gene. Previous studies have 
shown that mutations in this gene are associated with 
arrhythmogenic right ventricular cardiomyopathy 
(43) and that levels of circulating 3-hydroxybutyate 
are associated with disease progression potentially due 
to the altered energy requirements of diseased hearts 
(44). Sepsis, also involves alterations in energy require-
ments and the normal starvation response, although it 
is unclear exactly how CTNNA3 would play a role in 
this process.

There were also a number of SNPs in the ADH gene 
cluster that were associated with circulating aceto-
acetate levels at genome-wide levels of significance. 
However, the high degree of linkage disequilibrium 
in this part of the genome means that it is difficult to 
determine which gene is likely to be responsible for 
the primary association (45). Sepsis has been shown 
to lead to an accumulation of free fatty acids (FFAs). 
Increased FFAs typically results in the up-regulation 

of PPAR-α expression, which leads to increased ke-
tone body production. However in sepsis, PPAR-α is 
downregulated, which alters β-oxidation of fatty acids 
and decreases ketone body production (37). Altered 
fatty acid transport and β-oxidation have been shown 
to differ between sepsis survival and nonsurvival 
patients (46). ADH genes are generally involved in 
ethanol metabolism, which produces acetyl-CoA (47), 
with ketogenesis using the mitochondrial acetyl-CoA 
pool to synthesize the two main ketone bodies (3- 
hydroxybutyrate and acetoacetate) (39). However, per-
haps more relevant is the reported role of the ADH4 gene 
in fatty acid omega-oxidation, a precursor of the beta-
oxidation process (48). Similar to 3-hydroxybutyrate,  
SNPs in this region of the genome were only bord-
erline genome-wide significant (i.e., p = 1.57 × 10–8). 
Potential relationships between ADH gene variation 
and circulating acetoacetate levels warrant further in-
vestigation and replication in fasting cohorts.

Finally, a genome-wide significant SNP (rs6851961) 
showed association with circulating creatinine, a me-
tabolite which is predominantly synthesized in the 
liver and the kidney and that accumulates in skeletal 
and heart muscle in order to provide a high-energy 
phosphate buffering system. Serum creatinine is cur-
rently used as a diagnostic measure in the Sequential 
(Sepsis-related) Organ Failure Assessment (17), as well 
as a marker of renal function for both acute kidney 
injury (AKI) and chronic kidney disease (CKD) (49). 
AKI is a frequent and serious complication of sepsis 
in ICU patients (50) being associated with increased 
mortality as well as increased risk of later CKD and 
end-stage kidney disease (51). The rs6851961 SNP 
lies in an intergenic region roughly 100 kb telomeric 
to TECRL the nearest protein-coding gene. TECRL 
is an endoplasmic reticulum protein expressed in the 
heart and skeletal muscle. While pathologic variants in 
TECRL are known to cause life-threatening arrhyth-
mias (52), the gene is not known to be involved in 
sepsis pathology.

While we have reported novel genetic loci for 
three metabolites, these may represent type 1 errors. 
In particular, our genome-wide significant loci are 
not reported in recent metabolomic GWAS; likewise, 
previously reported genome-wide significant loci for 
these metabolites (11, 13–15) are not significant in our 
current scan. Nevertheless, the current study, to the 
best of our knowledge, is the first to investigate genetic 
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associations with metabolites in a cohort of individu-
als with septic shock. As discussed, sepsis is known to 
disrupt metabolite levels and these changes may not be 
commonly observed in otherwise healthy populations. 
It is therefore possible that our genetic loci reflect true 
findings in states that have not been analyzed in large-
scale GWAS to date.

CONCLUSIONS

The current study is the first to have investigated the ge-
netic basis of circulating metabolites in a cohort of indi-
viduals with septic shock. While three genetic variants 
significantly associated with three different circulating 
metabolites were identified, these associations may re-
flect a generalized starvation response rather than an 
effect specific to sepsis. These results require further in-
vestigation and replication in both healthy and diseased 
cohorts including those of different ancestry.
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