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ABSTRACT: To ensure biological validity in metabolic phenotyping, findings must
be replicated in independent sample sets. Targeted workflows have long been
heralded as ideal platforms for such validation due to their robust quantitative
capability. We evaluated the capability of liquid chromatography-mass spectrometry
(LC-MS) assays targeting organic acids and bile acids to validate metabolic
phenotypes of SARS-CoV-2 infection. Two independent sample sets were collected:
(1) Australia: plasma, SARS-CoV-2 positive (n = 20), noninfected healthy controls
(n = 22) and COVID-19 disease-like symptoms but negative for SARS-CoV-2
infection (n = 22). (2) Spain: serum, SARS-CoV-2 positive (n = 33) and
noninfected healthy controls (n = 39). Multivariate modeling using orthogonal
projections to latent structures discriminant analyses (OPLS-DA) classified healthy
controls from SARS-CoV-2 positive (Australia; R2 = 0.17, ROC-AUC = 1; Spain R2
= 0.20, ROC-AUC = 1). Univariate analyses revealed 23 significantly different (p <
0.05) metabolites between healthy controls and SARS-CoV-2 positive individuals across both cohorts. Significant metabolites
revealed consistent perturbations in cellular energy metabolism (pyruvic acid, and 2-oxoglutaric acid), oxidative stress (lactic acid, 2-
hydroxybutyric acid), hypoxia (2-hydroxyglutaric acid, 5-aminolevulinic acid), liver activity (primary bile acids), and host-gut
microbial cometabolism (hippuric acid, phenylpropionic acid, indole-3-propionic acid). These data support targeted LC-MS
metabolic phenotyping workflows for biological validation in independent sample sets.
KEYWORDS: metabolic phenotyping array, metabolic phenotyping, validation, LC-MS, SARS-CoV-2, COVID-19, TCA cycle, hypoxia,
organic acids, oxidative stress, bile acids

■ INTRODUCTION
Metabolic phenotyping is a powerful tool that enables for the
comprehensive analysis of the molecular content of biological
fluids or tissue.1 The technique allows for the identification of
discriminatory markers and multimarker signatures capable of
both stratification and classification at the individual level as well
as identification of metabolic risk markers of disease at the
population level.1 Advances in mass spectrometry protocols that
target known metabolites enable the quantification of large
panels of metabolites to capture precise detail on known
biochemical pathways within a system.2

To ensure validity of results, once a discovery sample set has
revealed putative metabolic phenotypes, it is widely accepted
that validation must be performed in independent sample sets.3

Targeted workflows have long been heralded as ideal platforms
for such biomarker validation due to their robust quantitative
capability2 derived from substantial bioanalytical validation.4

However, the performance of targeted assays in biomarker

validation when faced with intercohort sampling variation that
can be experienced in real-world scenarios is rarely reported.
In ideal scenarios, validation is performed in independent

sample sets collected under matched protocols, designed from
the ground up. However, this can often be challenging to
achieve, particularly in cases where sample availability is
suboptimal or in cases where validation assays are performed
on previously collected samples, where collection protocols
cannot be retrospectively matched. A pertinent example of this is
during the 2019 SARS-CoV-2 outbreak that caused unprece-
dented demand on international health care systems, with over
750 million confirmed cases to the world health organization
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(WHO) and over 7million individuals reported to have died as a
result of infection.5 The immense pressure that the initial phase
of the pandemic caused on clinical healthcare providers often
meant research was reactive rather than proactive, resulting in
sample sets that were collected using unmatched protocols.
Therefore, we sought to evaluate the feasibility of using targeted
metabolic phenotyping workflows to perform biomarker
validation in such a real-world scenario, where sample sets
were not optimally collected using standardized protocols.
SARS-CoV-2 was identified as an ideal exemplar for this

evaluation. Metabolic phenotyping has been widely employed
throughout the pandemic to document the metabolic
implications of infection, with reported perturbations in a
range of metabolic pathways including amino acids,6−10

biogenic amines,6,8,10,11 and the lipidome.12 Indeed, previous
work from our group has demonstrated that a metabolic
phenoconversion exists indicative of a multiorgan systemic impact
of infection,10 resulting in a phenotype that is predictive of
severity13 and prognosis,14 undergoing phenoreversion through-
out the recovery phase of the disease.15 However, due to the
aforementioned challenges with the pandemic, comprehensive
sample sets collected from independent populations were not
always available. In this study, we evaluated whether targeted
metabolic phenotyping platforms applied to different blood
sample types (EDTA plasma vs serum) collected at the height of
the pandemic and therefore corresponding to similar strains of
the virus would reveal complementary results regarding the
biochemical response associated with acute infection. To
achieve this we employed two ultrahigh performance liquid
chromatography−tandem mass spectrometry (UHPLC-MS/
MS) metabolite arrays, the first designed to target organic acids,
capturing metabolites that are key in mitochondrial energy
metabolism and the tricarboxylic acid (TCA) cycle, as well as
metabolites that are indicative of oxidative stress,16 providing a
snapshot of host cellular energy generation during infection.
Furthermore, the assay was adept at capturing gut-microbial/
host cometabolites, considered as an important link in the
synergistic microbiome−host relationship increasingly thought
to influence host immune function17,18 and linked to severity of
COVID-19 disease outcomes.19 The second assay targeted host
bile acid metabolism, a poorly studied area of SARS-CoV-2
infection. Bile acids are a key class of bioactive metabolites that
result from the catabolism of cholesterol. They have multiple
physiological roles, including modulation of bile flow and lipid
secretion and metabolism, and have also been implicated in the
regulation of cholesterol homeostasis. Bile acids are also
modulated by the gut-microbiome and can influence receptors
and cells of the host immune system.20 These complementary
assays were applied to blood serum and plasma samples
collected from two independent population cohorts and include
noninfected healthy controls, individuals who tested positive for
SARS-CoV-2 infection and individuals who reported with
COVID-19 disease like symptoms but tested negative for the
SARS-CoV-2 virus.

■ MATERIALS AND METHODS

Study Samples

The study consisted of two independent cohorts: a cohort of
plasma samples collected from Australia and serum samples
collected from Spain. Quality control samples consisted of a
commercial pooled sample matched to the biofluid for each
cohort (plasma/serum).

Australian Cohort
The Australian cohort consisted of plasma samples collected
from Perth, WA, Australia. The study was initiated at Fiona
Stanley Hospital by the COVID Research Response Collabo-
ration (https://research-au.net/covid-research-response/, ac-
cessed on December 12, 2022) as part of the International
Severe Acute Respiratory and Emerging Infection Consortium
(ISARIC)/World Health Organization (WHO) pandemic trial
framework (SMHS Research Governance Office PRN:3976 and
Murdoch University Ethics no. 2020/052, and no. 2020/053).
Plasma samples were collected from 64 individuals who were

either (i) SARS-CoV-2 positive (n = 20), (ii) healthy control
individuals who displayed no signs or symptoms of infection (n
= 22), and (iii) SARS-CoV-2-negative (n = 22) individuals,
where the individuals reported to COVID-19 clinics with signs
and symptoms but tested negative for SARS-CoV-2 infection.
Cohort demographics and descriptions are given in Table 1.

Spanish Cohort
A cohort of serum samples were obtained from collaborators at
the Centro de Investigacioń Cooperativa en Biociencias�CIC
bioGUNE, Derio, Bizkaia, Spain. Patients were recruited at the
Basurto University Hospital and Cruces University Hospital in
the Basque Country (Spain), with 33 samples collected from
individuals who tested positive for SARS-CoV-2 and 39 samples
collected from healthy controls. The Spanish cohort did not
contain SARS-CoV-2 negative symptomatic participants. A
demographic description of the cohort is provided in Table 1.
The project was evaluated and approved by the Comite ́ de Ética
de Investigacioń con Medicamentos de Euskadi (CEIm-E, PI +
CES-BIOEF 2020−04 and PI219130). All samples were
supplied by the Basque Biobank for Research (BIOEF). Samples
were imported under Import Permit 0004275122 issued by the
Australian Government’s Department of Agriculture,Water, and
the Environment.
Metabolite Phenotyping Array
Targeted metabolite phenotyping analysis was performed using
a commercial analytical array (Q300 metabolite array kit,
Metabo-Profile, Human Metabolome Institute, Shenzhen,
Guangdong, China) previously published,16 which contained
all reagents, standards, and internal standards required for
analysis. Analysis was performed as per the standard operating
protocol supplied by the manufacturer and produced
quantitative data for 115 target metabolites (Table S1).
In detail, 20 μL aliquots of plasma (Australia) or serum

(Spain) were transferred to 96 well plates. To each well 120 μL
of methanol containing stable isotope labeled internal standards

Table 1. Patient Samples in the Australia and Spain Sample
Sets

healthy control
SARS-CoV-2
positive

SARS-CoV-2
negative

Australia
n 22 20 22
age (mean ± [sd]) 54.35 [18.05] 67.32 [12.76] 47.64 [15.05]
biological sex (M/F) 14/8 6/13a 9/13

Spain
n 39 33 NA
age (mean ± [sd]) 42.15 [14.57] 72.09 [20.32] NA
biological sex (M/F) 22/17 10/22a NA

aMissing some clinical annotation data.
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(Table S1) was added, followed by 20 min on a plate shaker and
20 min of centrifugation at 4000g. Following centrifugation, 30
μL of the supernatant was removed and transferred to a fresh 96-
well plate.
Resultant extracts then underwent a derivatization procedure

with the addition of 20 μL of methanol containing 200 mM 3-
nitrophenylhydrazine (3-NPH) and 20 μL of methanol
containing 6% pyridine (v/v) and 96 mM 1-ethyl-3(3-
(dimethylamino)propyl)carbodiimide (EDC). Derivatization
of target metabolites was achieved following incubation at 30
°C for 60min on a plate mixer. Extract preparations were diluted
with 330 μL of 1:1methanol:water (v/v) andmixed for 5min on
a plate shaker. Samples underwent centrifugation for 20 min at
4000g. Finally 140 μL of supernatant were transferred to a fresh
96 well plate, foil sealed and transferred to a UPLC-MS/MS
system consisting of a Waters ACQUITY UPLC (Waters Corp.,
Milford, MA, USA) coupled to a Waters Xevo TQ-XS MS
(Waters Corp., Wilmslow, UK) for analysis. A 5 μL injection
volume was performed.
Chromatographic separations were performed on an

ACQUITY BEH C18 analytical column (1.7 μm, 100 mm ×
2.1 mm) (Waters, Milford, MA) with an additional ACQUITY
BEH C18 VanGuard precolumn (1.7 μm, 5 mm × 2.1 mm)
(Waters, Milford, MA). The solvent system consisted of (A)
water (0.1% formic acid) and (B) acetonitrile−2-propanol
(70:30 v/v) (0.1% formic acid). Solvent was delivered at 0.4
mL/min using the following linear gradient: 0−1 min (hold at
5% B), 1−5 min (5−30% B), 5−9 min (30−50% B), 9−12 min
(50−78% B), 12−15 min (78−95% B), 15−16 min (95−100%
B), 16−18 min (hold at 100%B), 18−18.1 min (100−5% B),
18.1−20 min (hold at 5% B).
The TQ-XSMS instrument was operated in both positive (1.5

kV) and negative (2 kV) ion modes, with a cone voltage of 60 V,
source temperature of 150 °C, desolvation gas (nitrogen)
temperature of 550 °C and flow of 1000 L/h, cone gas
(nitrogen), 150 L/h; nebulizer gas (nitrogen), 7 bar. Multiple
reaction monitoring (MRM) transition and retention time data
is reported in Table S2.
Peak integration, calibration, and quantification for each

metabolite from raw data was performed using automated Q300
processing with the Targeted Metabolome Batch Quantification
(TMBQ) software (v1.0, HMI, Shenzhen, Guangdong,
China).16

Bile Acids Assay

Bile acid data were collected using an in-house protocol
developed and validated following fit-for-purpose recommen-
dations for bioanalytical workflows from the European
Bioanalysis Forum adapted from the US Food and Drug
administration.21,22 Bile acid standards: chenodeoxycholic acid,
cholic acid, glycochenodeoxycholic acid, glycocholic acid,
glycodeoxycholic acid, glycoursodeoxycholic acid, taurocholic
acid, taurochenodeoxycholic acid, taurodeoxycholic acid,
ursodeoxycholic acid, deoxycholic acid, glycolithocholic acid,
lithocholic acid, taurohyodeoxycholic acid, and taurolithocholic
acid were purchased from Steraloids (Newport, RI, USA). Stable
isotope labeled internal standard mixtures of unconjugated and
conjugated bile acids were purchased from Cambridge Isotope
Laboratories (Tewksbury, MA, USA) (Table S1). Optima grade
solvents, acetonitrile, methanol, propan-2-ol, dimethyl sulfoxide
(DMSO), and Lichropur grade ammonium acetate were
purchased from Thermo Fisher Scientific (Malaga, WA,

Australia). Water was obtained from a Milli-Q IQ-7000 system
(Merck, Bayswater, VIC, Australia).
Stock solutions of bile acid standards were prepared at 1000

μg/mL in methanol (except for GCA that was dissolved in
DMSO). Individual stock solutions were combined to generate
an equimolar working stock solution at 1000 ng/mL in 50/50
water/methanol (v/v). Calibrators and quality controls were
prepared from the working stock solution and further diluted
with 50/50 water/methanol (v/v) to 1000, 600, 300, 150, 75,
25, 15, and 5 ng/mL for calibrators and 800, 320, 32, and 8 ng/
mL for quality controls. The stable isotope internal standard
solution mixture (ISTD, 200 ng/mL in methanol) was prepared
by diluting stock solutions at 100 μg/mL in methanol.
Plasma samples were thawed at 4 °C, vortex mixed, and

centrifuged, and 20 μL was transferred to a 500 μL 96-well plate
(Eppendorf). 20 μL of each calibrator and quality control were
transferred to the sample plate. 40 μL of ISTD solution (200 ng/
mL in methanol) was added to each well followed by 200 μL
methanol for protein precipitation. The 96-well plate was heat
sealed and mixed at 1600 rpm for 10 min at 6 °C. Following
centrifugation for 30 min at 6 °C, 180 μL of supernatant was
transferred to a 350 μL 96-well plate (Eppendorf) and dried by
using a SpeedVac vacuum concentrator (Thermo Fisher
Scientific, MA, USA). Dried extracts were reconstituted in 50
μL of 50/50 water/methanol (v/v) containing 5 mM
ammonium acetate prior to UPLC-MS/MS analysis.
UPLC-MS/MS analysis was performed using a Waters

ACQUITY UPLC (Waters Corp., Milford, MA, USA) coupled
to a Waters Xevo TQ-XS MS (Waters Corp., Wilmslow, UK).
Chromatographic separation was performed on an ACQUITY
HSS T3 2.1 × 150 mm, 1.8 μm column (Waters Corp., Milford,
MA, USA) maintained at 40 °C. Linear gradient elution was
performed at 0.4 mL/min. The mobile phase was composed of 5
mM ammonium acetate in water (A) and 5 mM ammonium
acetate in 50/50 methanol/acetonitrile (v/v) (B). The gradient
started at 20%B, increasing to 40%B over 1min, 95%B at 6min,
98% B at 7 min held until 9 min before returning to 20% B at 9.2
min for re-equilibration until 10.5 min. The weak and the strong
washes were 90:10 water/propanol-2-ol (v/v) and 100%
propanol-2-ol, respectively. A 5 μL injection volume was
performed.
Mass spectrometry detection was performed using negative

electrospray ionization (ESI) operated in multiple reaction
monitoring (MRM) mode. The ion source settings were:
capillary voltage, 2 kV; cone voltage, 60 V; desolvation
temperature, 650 °C; desolvation gas flow (nitrogen), 900 L/
h; cone gas (nitrogen), 150 L/h; nebulizer gas (nitrogen), 7 bar.
MRM transition and retention time data is reported in Table S3.
Peak integration, calibration, and quantification for each
metabolite from raw data was performed using Waters
TargetLynx package within MassLynx software (v4.2, Waters
Corp., Wilmslow, UK).
Data Preprocessing and Statistical Analysis

Metabolites with >50% missing values were excluded from
further statistical analysis. Remaining missing values were
assumed to be missing as a result of being below the limit of
detection and were therefore imputed using the half minimum
concentrationmethod.Metabolites with a concentration relative
standard deviation of >30% across replicate preparations of a
quality control reference sample were excluded. Metabolites
were only included in the statistical analysis if they passed the
above criteria in both the Australian and Spanish cohorts. Data
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describing the QC performance of each metabolite can be found
in Table S1.
Multivariate and univariate statistical analysis was performed

separately on each cohort due to the potential metabolite

concentration differences between serum and plasma biofluids.
For multivariate analysis, both principal component analysis
(PCA) and orthogonal projections to latent structures
discriminant analysis (OPLS-DA) were implemented from the

Figure 1.Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA)models of the study samples. Panels A and B present OPLS-
DA score plots indicating supervised separation of healthy control and SARS-CoV-2 positive groups in both studies and biofluid types. Panels C and D
present the metabolite feature loadings that have the greatest influence and drive the OPLS-DA model separation. Panel E presents SARS-CoV-2
negative data from the Australian cohort projected onto the Healthy Control vs SARS-CoV-2 positive Australian model in panel A.
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metabom8 package (v1.0.0, https://github.com/tkimhofer/
metabom8) in R (v4.2.2).
Univariate analysis was performed as follows: For the

Australian cohort, which consisted of three participant classes
(healthy control, SARS-CoV-2 negative, and SARS-CoV-2
positive), nonparametric Kruskal−Wallis and Dunn’s tests for
pairwise multiple comparisons were performed. For the Spain
cohort, which consisted of two participant classes (healthy
control and SARS-CoV-2 positive), nonparametric Mann−
Whitney U-tests were performed. To control the false discovery
rate the method proposed by Benjamini−Hochburg was
implemented to generate q-values.23 Metabolites were deemed
significant if they returned a BH q-value of <0.1.

■ RESULTS
A panel of 106 (Q300 metabolite array = 96; bile acid method =
10)metabolites passed quality control (QC) data filtering (RSD
% < 30%; missing values <50% in replicate pooled QC analysis)
and were matched across both the sample sets (Australia and
Spain) (Table S1). Principal component analysis (PCA) was
performed on the biological samples and replicate QC samples
and demonstrated clustering of the QC samples and no
biological sample outliers, indicating that the analysis had a
technical variation lower than biological variation. The replicate
QC samples clustered away from the biological samples in the
Spanish cohort, since the QC was an external pooled reference
serum (Figure S1A, S1B).
PCA using only study samples resulted in an unsupervised

separation of healthy controls and SARS-CoV-2 positive
samples in both cohorts, indicating a strong metabolic pattern
that is indicative of SARS-CoV-2 infection. In the Australian
cohort, the symptomatic but SARS-CoV-2 negative group
clustered closely with the healthy controls, indicating a stronger
metabolic signature associated with the SARS-CoV-2 positive
group in contrast to the symptomatic (SARS-CoV-2 negative)
group when comparing to healthy controls (Figure S1C, S1D).
Supervised orthogonal projections to latent structures

discriminant analysis (OPLS-DA) was performed independ-
ently on each cohort and revealed distinct metabolic signatures
when comparing between the healthy control and SARS-CoV-2
positive groups. Model scores were: Australia, R2 = 0.17, ROC-
AUC = 1.0; Spain R2 = 0.20, ROC-AUC = 1.0 (Figure 1, A and
B). OPLS-DA loadings plots indicated a panel of common
metabolites across the two cohorts that influenced separation
consisting of lower concentrations of tryptophan, hippuric acid,
indole-3-pyruvic acid, hydrocinnamic acid, and higher concen-
trations of glutamic acid, pyruvic acid, and oxoglutaric acid
associated with SARS-CoV-2 infection (Figure 1C, 1D).
Data acquired from individuals in the Australian plasma

cohort who reported COVID-19 like symptoms but tested
negative for SARS-CoV-2 infection (SARS-CoV-2 negative
group) were projected into the Australian OPLS-DA healthy
control vs SARS-CoV-2 positive model. The resultant scores
plot indicated that only 3 of 22 were projected to cluster with the
SARS-CoV-2 positive samples, with the majority (19 of 22),
clustering on the healthy control side of the model (Figure 1E).
To validate and report the metabolites that were consistently

perturbed across both cohorts and biofluids, univariate analysis
using nonparametric Kruskal−Wallis (Australian cohort, three
groups) and Mann−Whitney (Spain, two groups) were then
performed on the 106 metabolites. The false discovery rate was
controlled using the method described by Benjamini and
Hochburg, resulting in the generation of q-values.21 A panel of

24 metabolites returned a matched q-value of <0.1 across both
the Australian and Spanish cohorts (Table 2, Figure S2). Full
univariate outputs are reported in Table S4.
An additional 52 metabolites (17 Australia, 35 Spain) were

reported as significant in only a single cohort. For Australia, this
included bile acids (taurochenodeoxycholic acid), carnitines
(acetylcarnitine, butyrylcarnitine, carnitine, propionylcarnitine),
carbohydrates (glucose, glyceric acid), amino acids (alanine,
alpha-aminobutyric acid, arginine, histidine, phenylalanine,
proline, sarcosine, threonine), and tryptophan metabolites
(kynurenine, indole-3-acetic acid). In comparison, metabolites
only significant in the Spain cohort included, bile acids
(chenodeoxycholic acid, cholic acid, glycoursodeoxycholic
acid, taurodeoxycholic acid), amino acids (beta-alanine,
creatine, glycine, n-acetyaspartic acid, ornithine, phenylacetyl-
glutamine, serine), carbohydrates (phenylacetic acid, erythronic
acid), carnitines (linoleyl carnitine, stearoylcarnitine), short and
medium chain fatty acids (10z-nonadecenoic acid, alpha-
linolenic acid, arachidonic acid, caproic acid, docosahexaenoic
acid, isovaleric acid, linoleic acid, myristoleic acid, propionic
acid, sebacic acid, valeric acid), organic carboxylic acids (3-
hydroxybutyric acid, 3-methyl-2-oxovaleric acid, glutaric acid,
ketoleucine, methylmalonic acid, oxalic acid, succinic acid,
threonic acid) (Table S4).

■ DISCUSSION
To establish the capability of targeted mass spectrometry to
deliver robust and consistent metabolic phenotyping, we
evaluated the performance of two methods when applied across
independent sample sets collected from two different geo-
graphical locations consisting of different biofluids (Australia =
plasma; Spain = serum).
Following data preprocessing and subsequent statistical

analysis, independent OPLS-DA models were able to classify
SARS-CoV-2 patients from healthy controls in both the
Australian and Spanish cohorts, indicating a systemic metabolic
shift following infection that is observed in both plasma and
serum. Using the loadings of the OPLS-DA models, common
metabolites that were discriminant in both cohorts included
oxoglutaric acid, pyruvic acid, lactic acid, and glutamic acid,
providing robust evidence that perturbations occur in the TCA
cycle in response to viral infection. Further univariate analysis
resulted in the generation of a panel of 23 metabolites that were
present at significantly different concentrations in the healthy
controls and SARS-CoV-2 positive participant groups in
independent analyses of both the Australian plasma and Spanish
serum sample sets (Table 2). This finding gives encouragement
that targeted mass spectrometry metabolic phenotyping assays
can be used to validate biological phenotypes across
independent sample sets, even in cases in which collection
protocols are unmatched.
Despite the consistency within the multivariate and univariate

testing across the two sample sets, there were some
discrepancies, with 17 metabolites statistically significant in
univariate analysis only in the Australian plasma cohort and 35
statistically significant only in the Spanish serum cohort (Table
S2). The reasons for this are unclear, however may be due to the
sampling workflows and biofluid types used by each study
location, with known reports of small molecule compositional
difference between plasma and serum, with the protocols for
each known to impact the integrity and stability of certain
metabolites.24
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Metabolite concentrations across the two cohorts were largely
comparable (Table S4), with 62/82 (75%) metabolites
reporting median concentrations within a factor of 2 when
comparing the healthy control groups across the two cohorts.
Interestingly, metabolites from the panel of 23 biomarkers had
some of the highest variation in concentration between the two
data sets, including oxoglutaric acid, aspartic acid, and glutamine
that reported 4.5, 3.8, and 299.1× greater median concen-
trations in the Spanish serum cohort respectively (Figure S2,
Table S4). Some metabolites, however, shared consistent
concentrations, yet had differing univariate statistical outcomes.
Specifically, succinic acid had a factor difference of 1.072
between cohorts, yet returned p = 4.48 × 10−11 in the Spanish
cohort and p = 0.90 in the analysis of the Australian cohort. The
reasons behind this are unclear, especially withmuch of the TCA
cycle reporting differences between the healthy controls and the
SARS-CoV-2 groups. However, as discussed previously, this
may be due to the discrepancy in collection protocols and
biofluid types between the study locations with differences in the
performance of plasma and serum in small molecule bioanalysis
previously reported in the literature.24

Despite this, the general distribution and direction of change
between healthy controls and SARS-CoV-2 positive groups were
consistent across both data sets, supporting the concept of an
overall biomarker signature that can be achieved across
independent sample sets regardless of sampling protocol,
biofluid type, and concentration range encountered. From the
analyses of both cohorts, a distinct phenotypic signature was
identified that indicated perturbations in systemic metabolism in
response to infection from the SARS-CoV-2 virus; these are
discussed in the following sections.
Mitochondrial Central Cellular Energy Metabolism and the
TCA Cycle

The TCA cycle is integral to mammalian cellular energy
generation. The cycle consists of a series of organic acids that are
also precursors of amino acids and starting products of key
biochemical pathways. The derivatization reagent, 3-NPH, used
in the Q300 metabolite array in this study targets carboxyl,
carbonyl and phosphoryl groups, and therefore was especially
adept at targeting the organic acids and amino acids that are
either directly in the pathway, are peripheral to the cycles
function or are downstream products of the cycle metabolites
(Figure 2). Of these, pyruvic acid, 2-oxoglutaric acid, lactic acid,
glutamic acid, pyroglutamic acid, 2-hydroxyglutaric acid,
aspartic acid, alanine, and 5-aminolevulinic acid were all present
at significantly higher concentrations in both the plasma and
serum of the SARS-CoV-2 positive groups in both cohorts, when
compared to the controls (Figure 3). Succinic acid, however,
was only reported at a significantly higher concentration in the
SARS-CoV-2 positive group in the Spain cohort, and not in the
Australian cohort.
The presence of multiple TCA cycle metabolites indicates

that the SARS-CoV-2 infection results in the occurrence of
cellular hypermetabolism. This is supported further by the data
with significant increases in concentration in two carnitine
species, oleoylcarnitine and palmitoylcarnitine, members of the
mitochondrial carnitine shuttle, the process adjacent to the TCA
cycle, whereby free fatty acids are transferred to the
mitochondria for beta-oxidation and generation of acetyl-CoA
for use in the TCA cycle. This was observed in both plasma and
serum, providing further indications of altered mitochondrial
metabolism and TCA cycle activity after infection with the virus.T
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Previous literature has reported perturbations in the TCA
cycle in SARS-CoV-2, consistent with our observations with
reports of increases in the concentration of 2-oxoglutaric acid,9

glutamic acid,9,10,25 and lactic acid,9,25 as well as decreases in
glutamic acid9,10,25 and no significant change in citric acid
concentrations.9 However, inconsistencies in the literature exist
for pyruvic acid, the initiating metabolite of the cycle, with
studies reporting both an increase25 and decrease9 following
SARS-CoV-2 infection. Our analyses presented here report a
significant increase in pyruvic acid in both cohorts, further
reinforcing the value in validating biological findings in multiple
independent cohorts. However, our data reported different
intercohort/sample type results for succinate, with a significant
increase in concentration in SARS-CoV-2 positive individuals
from Spain, but no change reported in the Australian group. The
reasons for this are not immediately clear, with previous
literature having also reported no significant change in succinic
acid with SARS-CoV-2 infection,9 in agreement with our

Australian plasma cohort data, and higher concentrations
associated with infection as seen in the Spanish serum cohort.26

Mechanistically, previous in vitro work has observed increases
in TCA cycle activity following SARS-CoV-2 infection, and was
reported to be a result of increased glucose carbon entry into the
cycle, due to increased expression of the enzyme pyruvate
carboxylase.27 Our data across both biofluids would appear to
support this hypermetabolism of the cycle, with increases in
concentration of key TCA cycle metabolites including pyruvic
acid and 2-oxoglutaric acid in the SARS-CoV-2 positive groups;
however, there was no significant difference in the concentration
of citric acid in either biofluid.
A further mechanistic source of increased TCA cycle activity

may be a result of dysregulated glucose metabolism and
glycolysis as an entry carbon source for the cycle. Plasma
glucose concentrations have previously been reported at
elevated concentrations following SARS-CoV-2 infection
when compared with healthy controls10,25 in cross-sectional
analyses. In longitudinal analyses, glucose has been observed to

Figure 2.Mapping systemic tricarboxylic acid (TCA) cycle and associated metabolite changes in SARS-CoV-2. The figure presents metabolites of the
TCA cycle and peripheral metabolites that are perturbed following SARS-CoV-2 infection in our analyses in both plasma and serum biofluids. Orange
triangles indicated higher concentration in SARS-CoV-2 positive groups compared with healthy controls, while blue triangles indicate a lower
concentration in SARS-CoV-2 positive groups compared with healthy controls. Gray circle dots indicate themetabolite wasmeasured, but there was no
difference between SARS-CoV-2 positive and healthy control groups. Metabolites without annotation were not measured by the metabolite array.
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elevate in the active phase of the disease, but return to healthy
levels following recovery from infection,15 and glucose
dysregulation has been reported to adversely affect mortality
and length of hospital stay in the disease.28 Furthermore,
mechanistic in vitro work has indicated that increased rates of
glycolysis are essential for SARS-CoV-2 viral replication.25 In the
present study, we observed glucose levels to be increased for the

Australian cohort and no change observed in the Spanish cohort.

One possible explanation for the discrepancy in glucose findings

is the timing of the sample collection in patients and what phase

they were in at the time of collection, which may influence the

metabolite concentrations.

Figure 3. Population variations in individual metabolite levels. Boxplot visualizations of key metabolites from the TCA cycle that are present at
significantly higher concentrations in SARS-CoV-2 infection compared with healthy controls in both the Australian plasma and Spanish serum
samples. Key metabolites were (A) oxoglutaric acid; (B) pyroglutamic acid; (C) glutamic acid; (D) lactic acid; (E) 2-hydroxyglutaric acid; and (F)
pyruvic acid. Boxplot annotations represent: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. A schematic of the pathway is presented in Figure 2.
Additional boxplots of the remaining significant metabolites from the study are presented in Figure S2.
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Influence of Hypoxia in Acute Patients

Dysregulation of the TCA cycle occurs following systemic
hypoxia (defined as low oxygen saturation levels SpO2 < 90−
95%) that have been reported following infection with the
virus.29 Previous literature indicates that hypoxia leads to the
upregulation of pyruvate dehydrogenase kinase1 (PDK1)
expression and inhibits glycolysis. PDK1 acts on the enzyme
pyruvate dehydrogenase, phosphorylating it, and inhibiting its
action on pyruvic acid, in turn disrupting the TCA cycle.30 This
results in an excess of pyruvate and, subsequently, the
conversion to lactic acid, a known metabolic product of glucose.
In times of tissue hypoxia, the accumulation of lactic acid during
reduced levels of oxygen saturation likely reflects a mitochon-
drial limitation which coincides with greater lactate accumu-
lation.31 The response is rapid and as such has been proposed as
a potential clinical biomarker for the monitoring of critically ill
patients in intensive care units.31

Our data indicated the presence of hypoxia including
observations of elevations of 2-hydroxyglutaric acid in both
biofluid sample sets. 2-Hydroxyglutaric acid is an intermediary
metabolite resulting from the reduction of the ketone group 2-
oxoglutaric acid to a hydroxy group.32 2-Hydroxyglutaric acid
has mostly been studied due to its propensity as a tumorigenic
metabolite that is produced by cancerous cells which exhibit
gain-of-function isocitrate dehydrogenase 1/2 mutations.32,33

When considering COVID-19, to the best of the author’s
knowledge, changes in 2-hydroxyglutaric acid are yet to be
reported, yet 2-hydroxyglutaric acid is known to be produced at
significantly increased concentrations during times of tissue
hypoxia.33,34 The mechanism of this hypoxic response has been
demonstrated in mice, and reported to be a result of a hypoxia-
inducible factor 1-alpha (HIF-1α)-dependentmechanism.33 It is
possible that increases in 2-hydroxyglutaric acid may influence
the adaptive immune response to SARS-CoV-2, with reports of
accumulation, activation and differentiation of CD8+ T-cells,33

reported to play a role in the immune response to the disease35

and promote proinflammatory cytokine IL-1β and create an
inflammatory glycolytic state.
Metabolic phenotyping during acute SARS-CoV-2 infection

revealed higher concentrations of 5-aminolevulinic acid (5-
ALA), a metabolic byproduct of the TCA cycle involved in the
early phase of biosynthesis of porphyrins, in SARS-2-CoV
positive individuals in both the Australian plasma and Spanish
serum sample sets. Porphyrins are essential for the production of
heme and oxygen carriage throughout the host system,36 hence
elevations of in 5-ALA may result from a compensatory
mechanism of the host attempting to increase heme production
and subsequent oxygen carriage around the system. Interest-
ingly, 5-ALA has been reported to exhibit in vitro antipathogenic
effects against a range of pathogens including the SARS-CoV-2
virus.37,38

Oxidative Stress

The metabolic signatures observed in both cohorts of the study
indicate increased systemic oxidative stress occurring post-
infection. For example, 2-hydroxybutyric acid was present at
significantly higher concentrations in the SARS-CoV-2 positive
groups in both the Australian plasma and Spanish serum sample
sets. 2-hydroxybutyric acid is formed in hepatic tissue as a
byproduct of glutathione synthesis from cysteine. When the
hepatic system undergoes states of oxidative stress, for example,
in the detoxification of xenobiotics, the rate of hepatic
glutathione synthesis increases, thereby increasing the concen-

tration of 2-hydroxybutyric acid. The findings in our data
support previous reports of elevated 2-hydroxybutyric acid
concentrations in SARS-CoV-2 infection.26,39 As it is a marker of
oxidative stress in the hepatic system, findings of increased
concentrations re-enforce our earlier work of a multiorgan
systemic signature of SARS-CoV-2 infection.10 Furthermore, as
SARS-CoV-2 infection can lead to hypoglycemia and insulin
resistance,40 an association of note is that 2-hydroxybutyric acid
has also been reported to be useful as an early indicator of insulin
resistance in nondiabetic subjects,41 while elevated serum 2-
hydroxybutyric acid has been shown to predict glucose
intolerance,42 and therefore it may be an overlap of underlying
mechanism that leads to the elevations of the metabolite in
SARS-CoV-2 infection.
Host−Microbiome Cometabolites
The host microbiome is known to influence on host immune
function, with particular attention on themicrobiome of the host
gut18 and the production of host−microbiome cometabolites
that play roles in both human and microbial metabolism.
Interestingly the makeup of the host gut microbiome has been
associated with outcomes in SARS-CoV-2 infection,19 and a
panel of metabolites known to be host−microbiome comet-
abolites were reported in our data to alter in response to
infection from the virus.
Hippuric acid is one such metabolite that is known to be a

host-microbial cometabolite. Hippuric acid is omnipresent in
human biology as a result of the mitochondrial catabolism and
subsequent glycine conjugation of phenolic and benzoic acid
containing compounds, including 2- and 3- phenylpropionic
acid and phenylalanine, however it is also formed from
microbially derived benzoic acid in the gut43 and known to be
influenced by the composition of the gut microbiome.43 Indeed,
germ-free in vivo models have been shown to renally excrete
hippuric acid at significantly reduced concentrations compared
with wild-type.44 Furthermore, hippuric acid has also been
associated with increased gut-microbial diversity.43 Our data
indicated hippuric acid, as well its precursors 2- and 3-
phenylpropionate and phenylalanine were present at signifi-
cantly lower concentrations in the plasma and serum of
individuals infected with the SARS-CoV-2 virus. This was in
agreement with previous observations in the literature,26,45,46

with hippuric acid also reported to associate with disease
severity.19

Phenylpropionic acid precursors to hippuric acid are also
associated with gut microbiome diversity. While the detailed
biological role of 2-phenylpropionic acid has not been
extensively described in the literature to date, however, isomeric
phenylpropionate metabolites including 3-phenylpropionic
acid, are reported to be derived from the amino acids
phenylalanine and tyrosine by anaerobic gut microbial species
includingClostridium,47 and are reported to be indicators of high
gut microbial alpha diversity.48,49 While our analyses are the first
time 2-phenylpropionic acid has been associated with SARS-
CoV-2 infection, lower concentrations of 3-phenylpropionic
acid have been previously reported in those infected with the
virus and is supported by our findings in both biofluid types.50

The metabolic fate of the essential amino acids phenylalanine
and tryptophan have also been hypothesized to be influenced by
the gut microbiome and act as host−microbiome cometabo-
lites51,52 and were found to be significantly different in the
plasma and serum of the two SARS-CoV-2 positive groups when
compared to the corresponding controls in each cohort. In the
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case of phenylalanine, a precursor for the aforementioned
hippuric acid and phenylpropionic acid isoforms, we observed
significantly higher concentrations in the SARS-CoV-2 group
compared with the control groups in both the Australian plasma
and Spanish serum sample sets, supporting previous observa-
tions in the literature,6,10,53 which also report that phenylalanine
is associated with disease severity.54

Tryptophan, on the other hand, was observed to have a
significantly lower concentration in plasma and serum of SARS-
CoV-2 positive groups compared with the healthy controls,
again supporting previous literature.6,10,11 The observation of
tryptophan perturbation is curious and likely due to a
combination of both host and microbial metabolism. For the
host, elevations in the activity of indoleamine-2,3-dioxygenase
(IDO) as a result of upregulated macrophage activity in
response to infection metabolizes tryptophan via the kynurenine
pathway, resulting in reduced concentrations of tryptophan and
elevations in kynurenine and the subsequent kynurenine/
tryptophan ratio.6,10,11 However, the observation of significant
decreases in indole-3-pyruvic acid in our analyses indicate a
parallel metabolic influence of the gut microbiome, as indole-3
pyruvic acid is thought to be microbially derived from gut
microbial species including Clostridium sporogenes55 and
Trypanosoma brucei.56

Despite these observations, it should be noted that diet and
medication, especially antibiotics, can impact the composition of
the microbiome57,58 and subsequently impact host-microbial
cometabolites such as hippuric acid and tryptophan. To confirm
causative links between SARS-CoV-2 viral infection, the
microbiome, and metabolic phenotypes, extensive additional
work would be required that captures microbial compositional
data, dietary, and medication intake.
Bile Acids

Bile acids are a key class of bioactive metabolites that result from
the catabolism of cholesterol. They have multiple physiological
roles including modulation of bile flow and lipid secretion and
metabolism and have also been implicated in the regulation of
cholesterol homeostasis. Results indicated both agreement and
discrepancies between biofluid types, with cholic acid reported
at lower concentrations in the SARS-CoV-2 positive groups in
both types of biofluids, whereas taurocholic acid, taurocheno-
deoxycholic acid, and glycocholic acid were only significant in
the Australia plasma sample set and taurodeoxycholic acid and
glycoursodeoxycholic acid were only significant in the Spain
serum sample set. It is unclear why there are discrepancies
between the two cohorts and could be as a result of many factors,
including the time of collection in relation to the patient journey,
lifestyle and dietary factors, or true differences in biofluid type.
Cholic acid, taurocholic acid, and taurodeoxycholic acid are

major primary bile acids and are synthesized by hepatocytes in
the liver, while glycoursodeoxycholic acid and glycocholic acid
are secondary bile acids produced by the colonic gut
microbiome. Results from the analysis indicate that individuals
infected with SARS-CoV-2 infection have increased metabolism
of cholic acid to both its primary and secondary conjugates.
Previously in the literature there have been minimal
investigations into bile acid metabolism in SARS-CoV-2,
however it has been reported that taurocholic acid, taurodeox-
ycholic acid, glycodeoxycholic acid, glycocholic, and glyco-
ursodeoxycholic acid increase following infection with the
virus46 which is in agreement with our findings. It is unclear as to
the mechanistic relevance of increased bile acid conjugation

from cholic acid to its derivatives, however adds further evidence
to our previous reports that SARS-CoV-2 has a multiorgan
signature indicating systemic metabolic impact reaching beyond
the respiratory system.10 Unfortunately, clinical measures
indicative of liver function, for example, measures of alanine
transaminase (ALT) and/or total bile acids, were unavailable for
the samples; however, future work that captures this information
may be valuable in determining the systemic relevance of the
observation in SARS-CoV-2 infection.
Interestingly, bile acids have been investigated as a therapeutic

agent for SARS-CoV-2, in particular ursodeoxycholic acid, to
inhibit farnesoid X receptor (FXR), reducing expression of
angiotensin-converting enzyme 2 (ACE2), a key enzyme in the
infection cycle of the virus,59 indicating that there may be
benefits of bile acid conjugation in the systemic response to the
disease.
N-Acetylneuraminic Acid

Finally, N-acetylneuraminic acid, the most abundant sialic acid
in mammals, was also found at elevated concentrations in the
plasma and serum of both cohorts. This observation is of
particular note as N-acetylneuraminic acid containing glyco-
lipids have been reported to be a critical component in the
infection process of respiratory viruses, including SARS-CoV-
2,60 MERS-CoV61 and influenza viruses.62 Furthermore, N-
acetylneuraminic acid has been reported to bind in vitro to the
SARS-CoV-2 spike protein.63 The mechanistic reasons behind
elevations in free plasma/serum N-acetylneuraminic acid
following infection with the virus are unclear and associations
have not been previously reported in the literature; however, the
association with spike protein binding and the host cell infection
process are potentially worthy of future investigation.
Phenotypes of Non-SARS-CoV-2 Viral Induced Respiratory
Infections

It should also be noted that many of the observations within this
work are not unique to SARS-CoV-2 infection, with other
respiratory infections reporting phenotypic similarities. Exam-
ples include influenzas (TCA cycle64), respiratory syncytial
viruses (RSV) (TCA cycle65), human adenoviral infections
(TCA cycle,66 bile acids67), and Mycoplasma pneumoniae
bacterial infection (bile acids,68 amino acids68), indicating that
such phenotypes are not unique and are not specific to act as
diagnostic biomarkers in SARS-CoV-2 infection. However,
despite this, understanding the metabolic consequence of viral
infection can offer value beyond diagnostic capability, where the
gold standard in SARS-CoV-2 remains RT-PCR.69 Indeed,
insights into the systemic response to infection, regardless of
viral cause, may help determine severity of infection,13,25 predict
patient prognosis,13 and identify those who have prolonged
phenotypic perturbations15 and may therefore require person-
alized intervention strategies.
When considering the third group of participants in the

Australia cohort, who reported COVID-19 disease like
symptoms but tested negative for SARS-CoV-2 infection, only
3/22 clustered in OPLS-DA models with the SARS-CoV-2
positive group. While the source of their respiratory symptoms
was unconfirmed in this study, it indicated that the phenotypic
response to SARS-CoV-2 infection may have some differences
to other infectious pathogens. Unfortunately, there was not a
corresponding SARS-CoV-2 negative group in the Spanish
sample set, reinforcing the need to biologically validate findings
across independent sample sets. To advance findings in future
studies, the inclusion of multiple infection or insult types with
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orthogonal confirmation of the responsible infection pathogen
would be of significant value.

■ CONCLUSIONS
Biological validation of the results in metabolic phenotyping
studies is critical for clinical translation. We therefore evaluated
the use of targeted liquid chromatography-mass spectrometry to
generate and then biologically validate systemic metabolic
phenotypes in the acute infection phase of SARS-CoV-2
infection. Signatures were compared in independent cohorts
collected using unmatched protocols (plasma vs serum) at the
height of the SARS-CoV-2 pandemic. Data resulted in
agreement of 23 metabolites that were significantly perturbed
following infection in both biofluids, providing validation
confidence in the metabolite changes observed in response to
infection. Our analyses support the concept of metabolic
phenoconversion introduced by our group previously,10 with
evidence of disruption to mitochondrial energy metabolism,
oxidative stress, and dysbiosis of the host microbiome. These
SARS-CoV-2 mediated disturbances contribute further insights
into the systemic responses to infection and present potential
markers for diagnostic and prognostic testing and targets for
therapeutic action.
Furthermore, our findings reinforce the consensus that

targeted metabolic phenotyping is robust when used for the
biological validation of metabolic phenotypes in health and
disease. In cases of optimal study design, samples are collected
according to standardized protocols to minimize potential
sources of external variation that might compromise the
integrity of findings. However, we provide evidence that using
such an approach can provide value in the biological validation
of phenotypes where matched biofluids are not available,
indicating that biofluids independently collected using non-
matched protocols (plasma vs serum) may still serve as a
valuable validation set to corroborate phenotypic trends and
signatures. This builds upon our previous work where we have
demonstrated that targeted phenotyping workflows can be
robust to different sampling conditions, including blood
collection type and degrees of hemolysis when using targeted
lipidomic70 and lipoprotein phenotyping.71 These findings
justify that there remains value in validating biomarker
signatures in cohorts in which samples may have been collected
or treated differently, withstanding that the methodology is
robust to external influences.
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Innovacioń (Minciencias), Ministerio de Educacioń Nacional,
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