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Accepted 23 December 2025 We performed untargeted cerebrospinal fluid (CSF) metabolomics
using a UPLC-Q-Exactive-HFx Mass Spectrometry of 10 genetically

doi: 10.1002/cti2.70074 confirmed AGS patients (8 males, mean 4.8 years, range 0.2-16.5)

and age-sex matched controls. Metabolites were then quantified
and validated using UHPLC-QqQ-MS/MS in CSF and serum. Results.
We identified expected elevated inflammatory metabolites
(neopterin and kynurenine) and unexpected elevated gut microbe
metabolites in CSF samples: Indole, p-Cresol, y-Butyrobetaine and
N-Butyryl-L-homoserine lactone (all Prpr < 0.05). Using a targeted
assay, we confirmed elevation of these metabolites in CSF, and
also in the serum of patients with AGS (all P < 0.01). Conclusion.
Our findings suggest gut microbe metabolite leakage traversing
the gut-blood-brain barrier in AGS, potentially because of
endothelial dysfunction.
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Gut metabolites in interferonopathy

INTRODUCTION

Aicardi-Goutieres syndrome (AGS) is a rare,
monogenic neurodegenerative disorder affecting
approximately 1-5 per 10 000 live births.! Initially
described as a ‘congenital infection-like syndrome’,
subsequent discovered causative genes were found
to be enzymes involved in DNA and RNA
breakdown, or proteins involved in RNA sensing in
the cell. Loss- or gain-of-function mutations in
these genes trigger an autoinflammatory anti-viral
state with activation of interferon signalling.> AGS
is therefore considered a genetic interferonopathy,
and to date, most attention has been on the
neurological phenotype, but other organ
involvement is well-described, particularly skin
inflammation, and cardiopulmonary involvement.?
Although gene and RNA therapies hold future
promise, current therapeutics remain limited.*®
While immune therapies such as JAK inhibitors can
reduce the interferon signature, they have an
incomplete therapeutic effect on the neurological
phenotype.’*®

We conducted untargeted followed by targeted
cerebrospinal fluid (CSF) metabolomics, with
subsequent analysis of serum to discover
biomarkers in children with AGS, which will help
our understanding of disease biology and future
therapeutics.

RESULTS

Untargeted metabolomics

The PLS-DA data in our case (n = 8) vs. control
(n =8) study presented a tight cluster, which
indicated good reproducibility and ensured the
robustness of the metabolomics analysis method
(Figure 1a). Metabolic differences were identified
between AGS and controls for 102 CSF
metabolites (76 upregulated and 26
downregulated) (Figure 1b). ANOVA and Fisher’s
LSD post hoc analysis revealed 47 metabolites that
were significantly involved in driving the
discrimination between patients with AGS and
controls. Following FDR correction (Pgpr < 0.05),
19 metabolites were significantly different: 14
metabolites were elevated in the CSF of patients
with AGS, and five metabolites were decreased
(Table 1). The metabolites were involved in
diverse metabolic functions including microbial
activity, inflammation, stress responses and
neuroprotection.
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We identified expected elevation of
neuroinflammatory metabolites (kynurenine and
neopterin) and anti-inflammatory metabolites (5-
hydroxytryptophan). Unexpected findings were
significantly elevated indole, p-cresol,
v-butyrobetaine  and N-butyryl-L-homoserine
lactone, which are metabolites produced by gut
microbes (Figure 1c).

Targeted validation of gut microbe
metabolites in CSF and serum

The diversity of chemical and physical properties
of the metabolites in Table 1 limited the
feasibility of targeted validation in a single assay.
Given the unexpected elevation of gut microbial
metabolites, we focussed on validating these
findings with targeted metabolomics. Using
purchased reference standards, we confirmed
statistically significant elevations in the AGS group
compared to controls of CSF indole (P = 0.003),
p-cresol (P = 0.0006), y-butyrobetaine (P = 0.0003)
and N-butyryl-L-homoserine lactone (P = 0.002)
(Mann-Whitney U test) (Figure 2). There was no
statistical correlation between these CSF microbial
metabolites and CSF neopterin, nor any evident
gene association driving the findings.

Given the hypothesis that gut microbe
metabolites must travel via the blood stream, we
tested available serum in AGS patients (n = 4)
compared to controls (n =9), which confirmed
statistically significant elevations of serum indole
(P=0.003), p-cresol (P=0.01), y-butyrobetaine
(P=0.003) and N-butyryl-L-homoserine lactone
(P = 0.006) (Mann-Whitney U test) (Figure 2).

DISCUSSION

This study showed the utility of untargeted
metabolomics as a discovery-driven approach to
discover metabolite signatures in complex and
rare neurological disorders such as AGS. Our study
represents the  first comprehensive  CSF
metabolomic analysis in AGS, and we identified
expected pro-inflammatory metabolites but also
unexpected gut microbial metabolites, elevated
Indole, p-cresol, y-butyrobetaine and N-butyryl-
L-homoserine lactone, which were validated using
targeted metabolomics.

The classic biomarkers of AGS include increased
interferon-alpha (IFN-o) activity in CSF,'° elevated
CSF neopterin,'" interferon stimulated genes RNA
panel in blood'? and confirmatory gene testing.'®
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Figure 1. Summary of statistical analyses of CSF untargeted metabolomics case-control study: (a) partial least squares discriminant analysis
score plots of patients with AGS (red dots), control patients (green dots) and quality control samples (blue dots) showing separation and
clustering of the respective groups; (b) Volcano plot for AGS and a visual representation of significance and fold change distribution. Upregulated
metabolites included the expected pro-inflammatory metabolites (kynurenine and neopterin) and elevated gut microbial metabolites (c) elevation
of indole, p-cresol, y-butyrobetaine and N-butyryl-L-homoserine lactone in the AGS group compared to controls, (P = 0.01, P = 0.04, P = 0.01
and P = 0.01 respectively, ANOVA and Fisher's LSD FDR-adjusted). The response ratio is the ratio of peak area of metabolite: internal standard

peak area.
Previous ‘omics’ research in human AGS,'* "
primarily investigating the transcriptome and

proteome of blood and CSF, has identified
mitochondrial  dysfunction, upregulation of
toll-like receptor pathways, changes in synaptic
protein expressions and micronuclei formation,
and disrupted nucleic acid metabolism.

The gut microbiome is one of the most
chemically diverse ecosystems in the human body,
playing crucial roles in metabolic regulation,
endocrine signalling and immune modulation.'®
Precursors of uremic toxins, indole and p-cresol are
gut-derived microbial metabolites formed by the
fermentation of the amino acids tryptophan and
tyrosine, respectively, by proteolytic gut bacteria.'®
v-Butyrobetaine is an intermediate in the gut

© 2026 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.

microbial metabolism of L-carnitine  to
trimethylamine-N-oxide. The elevated formation
of y-butyrobetaine has been implicated in
atherosclerosis’® and peripheral artery disease.’’
N-Butyryl-L-homoserine lactone is a bacterial
signalling molecule involved in quorum sensing
within the gut microbiome, coordinating gene
expression and physiology of bacterial populations.
N-Butyryl-L-homoserine lactone has been shown
to interact with inflammation pathways in
inflammatory bowel disease’”?* and is positively
associated with the production of butyrate.?*
Microbial metabolite levels can vary between
individuals because of differences in gut
microbiota composition influenced by diet,
genetics and the environment;?> however, under
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Table 1. Untargeted metabolomics summary of ANOVA and Fisher's least significant difference post hoc analysis at a P-value cut-off of 0.01,
fold change and false discovery rate at 5% with Pepg adjusted values < 0.05 as statistically significant for children with AGS (n = 8) compared to

controls (n = 8)

Metabolite Change Fold change Pror Metabolite function
y-Butyrobetaine 0 2.37 0.01 Gut microbial activity
3,4-Dimethoxyphenethylamine 1 2.0 0.02 Analogue of dopamine
4-Hydroxyproline 1 0.35 0.03 Immune modulator
5-Hydroxytryptophan 1 8.82 0.01 Anti-inflammatory
Adrenaline 1 243 0.02 Inflammation and stress
Asparagine ? 1.60 0.01 Anti-inflammatory
Carnitine 1 4.65 0.03 Fatty acid metabolism
Deoxyuridine 1 2.35 0.04 DNA metabolism
Indole 1 2.47 0.01 Gut microbial activity
Kynurenine 1 4.68 0.009 Inflammation
N-Butyryl-L-homoserine lactone 1 29.3 0.01 Gut microbial activity
Neopterin 1 2.53 0.01 Inflammation

p-Cresol 1 24.7 0.04 Gut microbial activity
Serine 1 1.71 0.03 Inflammation
v-Glutamylleucine v 0.27 0.05 Anti-inflammatory
3-Methylhistidine v 0.16 0.05 Protein breakdown
Propanoylagmatine v 0.51 0.01 Agmatine metabolism
Quisqualic acid v 0.39 0.02 Excitotoxin
Succinyladenosine v 0.08 0.04 Purine metabolism

" represents elevation and | represents decreased levels. Gut microbial metabolites in bold.

normal physiological conditions, these metabolites
are typically present in the CSF only at trace
levels.?® Simultaneous analysis of indole, p-cresol,
v-butyrobetaine  and N-butyryl-L-homoserine
lactone in serum revealed statistically significant
elevations consistent with those observed in CSF.
This  cross-compartmental profiling revealed
elevated gut-derived metabolites in both central
and peripheral systems, which supports the
concept of altered blood-brain  barrier
permeability and leakage from gut into blood
and blood into brain compartments.?’

DNA and RNA metabolism is a key feature of all
nuclei containing cells, and although the brain
appears specifically vulnerable in AGS, broad
cellular dysfunction can be expected in AGS.
Mutations in DNA and RNA metabolism cause
persistent interferon signalling and secondary
activation of brain-derived endothelial cells. The
endothelial cells show increased interferon
stimulatory genes and release proinflammatory
cytokines which promote vascular inflammation
and injury,?®?° contributing to microangiopathy,
microinfarctions in AGS that is seen in
histopathology, and clinical cerebral small vessel
disease plus white matter injury.3® The
endothelium is a key barrier between the gut and
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blood, and blood and brain, and these gut
metabolites may transpire to be useful biomarkers
in the assessment of endothelial integrity.

Limitations of the study are the limited sample
size, the lack of a validation cohort and other
complementary studies to examine endothelial
integrity in AGS patients compared to controls.
An inherent challenge of CSF biomarker discovery
is the challenge of obtaining ‘healthy’ CSF, and
the controls used in this study were being
investigated for neurological disease, although
there was no evidence of neuroinflammation.
Fasting and feeding adequacy could also
influence gut microbial values in serum.
Although all samples were taken after a
minimum of 4 h of fasting, it is known that
children with AGS can experience feeding
difficulties, which could potentially have
confounded the findings.

A further improvement to our study would have
included examination of the gut microbiome to
see whether the AGS patients have a different
resident microbiome, which could theoretically
influence our findings. We recognise that the
crosstalk between the immune system and gut
microbiota is complex and exhibits great
individual variability presenting challenges in
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Figure 2. Confirmation of elevated gut microbial metabolomes with targeted quantitative CSF and serum indole, p-cresol, y-butyrobetaine and
N-butyryl-L-homoserine lactone. The gut microbial metabolites are elevated in CSF and serum *P < 0.01, **P < 0.005, ***P < 0.0005.

establishing cause and effect relationships.
Future studies can examine these metabolites in
other neurological conditions thought to have
‘leaky gut’ such as autism and explore whether
the gut microbial metabolites could have a
contributory pro-inflammatory effect in the blood
or brain.

METHODS

Study design and participants

Ten patients with genetically confirmed AGS, who were on
no immune therapies, were recruited (2 females, 8 males,
mean 4.8 years, range 0.2-16.5 years) (Table 2): Eight had
adequate CSF available for untargeted followed by
targeted metabolomics, and serum was available in four.
The patients were not acutely unwell at the time of
sampling.

Nine age-, sex-matched controls were recruited (2
females, 7 males, mean 4.35 years, range 0.5-10.1 years)
(CSF n=8, serum n=9). The controls had idiopathic
intracranial hypertension (n =4), delayed development
(n =3), and suspected epilepsy (n=2). All controls had
normal routine CSF investigation with normal neopterin,
and none had identified neuroinflammation.

CSF and serum samples in patients and controls were
taken under general anaesthetic after a minimum of 4 h of
fasting. All CSF samples were collected using an aseptic

© 2026 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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technique and frozen within 1 h of sampling and stored at
—80°C. The CSF tube analysed for this study was not used
for routine testing and was not previously thawed before
the metabolomic studies. All serum samples were stored at
—40°C until use.

Chemical and reagents

For untargeted metabolomics, an internal standard
mixture of d3-tryptophan and d4-kynurenine (Toronto
Research Chemicals, Toronto, Canada) was used. For the
targeted metabolomics, indole, p-cresol, y-butyrobetaine
and N-butyryl-L-homoserine lactone were purchased as
powders from Sapphire Bioscience (Sydney, Australia). A
mixed internal standard consisting of dy-indole, d;-
p-cresol and  ds-N-butyryl-L-homoserine lactone was
purchased from Sapphire Bioscience (Sydney, Australia).
HPLC grade acetonitrile, methanol and ammonium
formate were obtained from Sigma-Aldrich (Sydney,
Australia). Formic acid was purchased from Fisher
Chemical (Fair Lawn, New Jersey). The catalogue numbers
of the chemicals and reagents are provided in
Supplementary table 1.

Untargeted metabolomics

The sample preparation and metabolomic profiling were
performed in accordance with the previously reported
method of Yan et al.3" Briefly, 100 uL of human CSF was
deproteinised with methanol, then vortexed, sonicated
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and centrifuged. The supernatant was dried under
nitrogen and reconstituted prior to analysis on a
Thermo Scientific Vanquish system coupled to a Q
Exactive HF-X  Hybrid Quadrupole-Orbitrap  mass
spectrometer (Thermo Fisher Scientific, San Jose, CA,
USA). Metabolite separation was performed with an
Acquity UPLC HSS T3 Column (2.1 mm x 150 mm 1.7 um
particle size), at a flow rate of 0.30 mLmin™' and a
25-min gradient program. The mass spectrometer was
operated in positive electrospray mode with all-ion
fragmentation, at a high mass resolution of 120 000 and
a scan range from m/z 60-700. Three pooled quality
controls were analysed.

Peak detection and alignment, retention time
correction and metabolite identification were performed
on the raw data using Compound Discoverer 3.4 (Thermo
Fisher Scientific). The pre-processed raw data were
normalised against internal standards. Features detected
in fewer than 75% of samples were eliminated to reduce
false positives and negatives. Retention time alignment
was set to a 0.2-min shift window with a mass accuracy
threshold of 5 ppm, and features were extracted using a
minimum absolute intensity threshold of 5000 counts
across a m/z window of 70-500. Metabolites were
annotated using the Human Metabolome Database,
KEGG, an in-house built database and mzCloud using a
5 ppm mass tolerance.

Multivariate and univariate analyses were undertaken
using MetaboAnalyst 6.0. The multivariate analyses
included partial least squares discriminant analysis (PLS-DA),
a volcano plot and fold change analysis. Statistically
significant metabolites discriminating AGS from the control
group were determined by ANOVA and Fisher's least
significant difference (LSD) post hoc testing, applying a
significance threshold of P < 0.01 and false discovery rate at
5% with Pgpr values < 0.05.

Targeted quantification of gut metabolites
in CSF and serum

CSF levels of indole, p-cresol, y-butyrobetaine and N-
butyryl-L-homoserine lactone were quantified in all
patients with AGS (n =8) and controls (n = 8) from the
untargeted case-control study. These metabolites were
also quantified in serum of AGS patients (n=4) and
controls (n =9). Indole, p-cresol, y-butyrobetaine and N-
butyryl-L-homoserine lactone were extracted from human
CSF and serum samples using the sample preparation
protocol. 100 uL of human sample was deproteinised with
400 pL of methanol: acetonitrile (1:1 v/v) in Nanosep
0.2 uM centrifugal devices. The mixed IS solution was
added to the precipitation reagent resulting in a final
concentration of 200 ng mL~'. The CSF samples were
vortexed and precipitated in ice at 5°C. It is followed by
centrifugation for 10 min at a temperature of 5°C and
velocity of 6000 g. The supernatant was dried under
nitrogen and reconstituted for analysis using a Thermo
Scientific Vanquish system coupled to a TSQ Altis triple
quadrupole mass spectrometer (Thermo Fisher Scientific,
San Jose, CA, USA). Metabolites were separated
chromatographically using the Acquity UPLC HSS T3
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Column (2.1 mm x 150 mm 1.7 um particle size) at a flow
rate of 0.30 mL min~' using a 12-min gradient program.
The mobile phases consisted of 0.02% formic acid and
10 mM ammonium formate (A) and 0.02% formic acid
and 10 mM ammonium formate in acetonitrile (B). The
gradient program was as follows: 0-1 min (5% B),
1-5 min (5-95% B), 5-9 min (95% B), 9-9.5 min (95-5% B)
and 9.5-12 min (5% B). Metabolites were detected by the
mass spectrometer in MRM mode with positive
electrospray ionisation. Peaks were integrated using
Xcalibur and normalised to their corresponding internal
standard.

Statistics

Statistical analyses were conducted using GraphPad Prism 8
and SPSS version 26. As the data were not normally
distributed, nonparametric statistics (Mann-Whitney U test)
were applied.
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