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ABSTRACT

The gut microbiome has been recognised as a key
component in the pathogenesis of inflammatory bowel
diseases (IBD), and the wide range of metabolites
produced by gut bacteria are an important mechanism
by which the human microbiome interacts with host
immunity or host metabolism. High-throughput
metabolomic profiling and novel computational
approaches now allow for comprehensive assessment
of thousands of metabolites in diverse biomaterials,
including faecal samples. Several groups of metabolites,
including short-chain fatty acids, tryptophan metabolites
and bile acids, have been associated with IBD. In this
Recent Advances article, we describe the contribution of
metabolomics research to the field of IBD, with a focus
on faecal metabolomics. We discuss the latest findings on
the significance of these metabolites for IBD prognosis
and therapeutic interventions and offer insights into the
future directions of metabolomics research.

INTRODUCTION

Inflammatory bowel diseases (IBD) are chronic
inflammatory disorders of the gastrointestinal tract
that affect more than 7 million people worldwide.
The two primary forms of IBD, Crohn’s disease
(CD) and ulcerative colitis (UC), are character-
ised by intermittent inflammation and cumulative
damage to the intestinal tract. The pathogenesis
of IBD is multifactorial and involves an exagger-
ated intestinal immunological response in genet-
ically predisposed individuals that is triggered by
environmental and nutritional factors.> Multiple
lines of evidence from epidemiological, genomic,
interventional and in vitro studies have revealed
the important role of the gut microbiome in IBD
pathogenesis.?

The gut microbiome—the trillions of micro-
organisms, including bacteria, viruses, fungi and
archaea living in the human gut—is an important
factor in human health. This complex ecosystem
impacts host digestion and nutrient absorption and
helps modulate the host’s immune system. Knowl-
edge of how the microbiome is involved in human
health and disease is largely driven by a growing
capacity to interrogate the gut microbiome using
high-throughput technologies like whole-genome
shotgun sequencing. These efforts have identified
that the gut microbial composition of patients with
IBD deviates from that of healthy individuals. The
IBD gut microbiome is characterised by a decrease
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KEY MESSAGES

= Advances in untargeted metabolomic
technologies are expanding our understanding
of metabolic alterations occurring in
inflammatory bowel diseases (IBD).

= Significant alterations in the faecal metabolome
profiles of patients with ulcerative colitis (UC)
and Crohn's disease (CD) have been described.
The faecal metabolic signature of IBD includes
changes in short-chain fatty acids, tryptophan
metabolites, sphingolipids, and vitamin levels.
While the metabolic signatures of the two
IBD subtypes largely overlap, CD is primarily
characterised by an enrichment of primary bile
acids, whereas ulcerative colitis shows higher
levels of proteolytic fermentation products.

= Metabolomic profiling of IBD patients can
provide complementary and mechanistic
insights into the relationships between genetics,
dyshiosis, and the disease.

= Metabolomics is currently aiding in discovering
novel therapeutic targets. In the near future,
molecular profiling may facilitate patient
stratification for personalised therapy.

= Faecal metabolome profiles are emerging as a
source of novel disease biomarkers, showing
promise for disease diagnosis, behaviour,
and treatment response prediction. However,
these biomarkers still require validation in
independent cohorts and clinical settings.

in bacterial richness and a reduction in beneficial
species, for example, butyrate-producing bacteria,
and an enrichment of opportunistic species,
commonly referred to as pathobionts.* These
signatures seem to reflect more than just a state of
chronic intestinal inflammation as gut microbiome
changes have also been observed prior to the onset
of CD and in healthy first-degree relatives, healthy
individuals at high genetic risk for IBD and the non-
affected twins of an IBD-affected twin.’” Further-
more, longitudinal studies on patients with IBD
have shown that their gut microbiota undergoes
temporal periods of ‘dysbiosis’ in which the loss of
microbial diversity and blooming of pathobionts
accentuates and co-occurs with metabolic and tran-
scriptional changes in the gut.®1°

Despite the apparent involvement of the gut
microbiota in the pathology of IBD, the mechanisms
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triggering intestinal inflammation are still unknown. Metabo-
lites, that is, low-molecular-weight molecules including lipids,
amino acids, small peptides, nucleic acids and organic acids,
produced by the intestinal microbiota modulate host immunity
and metabolism and have, therefore, been suggested to be critical
factors in the development and progression of IBD.!! 2 Because
the composition and metabolic activity of the intestinal micro-
biota are contingent on nutrient intake, the interaction between
dietary habits, microbiota and inflammation is becoming crucial
for understanding the disease. A Westernised diet, characterised
by increased consumption of simple carbohydrates, emulsifiers
and lipids, along with reduced fibre intake, has been identified as
a major risk factor for developing IBD.? '* '* Experimental data
have demonstrated that the accumulation of simple sugars and
lipids in the intestinal lumen can induce inflammation in genet-
ically susceptible rodent models and promote the expansion of
pathobionts." '* However, whether dietary metabolites directly
influence immune activation or whether effects are mediated by

the microbiota remains unclear, and it is plausible that multiple
mechanisms are involved.

In the last decade, targeted and untargeted metabolomics
analytical techniques, like mass spectrometry (MS) and nuclear
magnetic resonance spectroscopy (NMR), have enabled high-
throughput profiling of thousands of compounds.'” These tech-
nologies have been applied in multiple tissues, including blood,'®
faeces' and urine,?® and more recently, the luminal content of
the gastrointestinal tract.”’ The quantification and characterisa-
tion of metabolites in patients with IBD represent a promising
strategy for the discovery of novel disease biomarkers and poten-
tial targets for therapy.”” Furthermore, combining metabolomics
with genomics and metagenomics may help unravel the intricate
molecular mechanisms underlying the disease (figure 1).

In this Recent Advances article, we highlight the contribution
of high-throughput metabolomics to IBD research, discuss the
latest findings regarding the significance of altered metabolites
in IBD prognosis and therapeutic interventions and offer insights
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Figure 1

Applications of faecal metabolomics in IBD research. Overview of the potential of faecal metabolomics for the discovery of novel

biomarkers and the metabolic pathways involved in disease development. Metabolite-based biomarkers could assist in the early diagnosis of disease
and in monitoring disease activity to predict future relapses. Molecular profiles might also be useful for patient stratification and the design of
personalised treatment strategies. Furthermore, metabolomics data provide complementary information to other omics datasets, which might be
essential for understanding disease triggers. BA, bile acid; IBD, inflammatory bowel diseases; SCFA, short-chain fatty acid.
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into the future directions of metabolomics research, with a focus
on faecal metabolomics. Finally, we anticipate the potential
breakthroughs and innovations we could expect in the coming
years.

Challenges and opportunities of using metabolomics for
mechanism discovery in IBD

High-throughput technologies, including MS and NMR, now
allow the measurement of thousands of small compounds
(<1.5kDa) in single experiments. These technologies can
target specific groups of metabolites, such as bile acids (BAs) or
lipids, or they can take a wider untargeted approach.” We have
summarised the main metabolomic profiling technologies in
box 1. However, despite the rapid advances in metabolite char-
acterisation, only a small proportion of the chemical compounds
detected in the human body can currently be assigned to known
molecules. This represents one of the main limitations of untar-
geted techniques, posing a challenge to biological interpret-
ability.** %

A second important aspect to consider is that metabo-
lites are the products of complex reactions occurring in the
human body and are influenced by multiple factors, such as
exposures (including diet), genetics and the gut microbiota.
The pool of metabolites in a given tissue reflects different
contributions from each of these factors. For instance, blood
metabolites are strongly influenced by diet, whereas faecal
metabolites predominantly reflect the metabolic activity
of the intestinal microbiota.’ 2% In an Israeli cohort,
dietary information derived from food frequency question-
naires accounted for the variation in over one-third of the
measured serum metabolites (n=335), with the explained
variation ranging from 4% to nearly 50% for individual
metabolites. The microbiome accounted for the levels of 182
metabolites, whereas genetics influenced 83 serum mole-
cules.”” A cohort study involving 1569 individuals from the
USA found that, on average, genetics explained 4% and the
microbiome 11% of the overall serum metabolome varia-
tion. Of the 595 metabolites associated with either genetics
or the microbiome, approximately 410 were solely predicted
by gut microbiota composition and 90 by genetics, though
the impact of diet was not assessed in this cohort.”’ In a
Dutch cohort, long-term dietary patterns explained 9.3%
of plasma metabolome variation. Compared with genetics
or faecal microbiome composition, diet showed the largest
number of associations with the serum metabolome, with
2854 associations between dietary habits and the levels of
769 circulating metabolites.?® Similarly, urine metabolite
profiles have been shown to contain several biomarkers
for food intake.’” *! In contrast, we demonstrated that only
a few faecal metabolites, mainly related to coffee and tea
intake, could be predicted using dietary data."”

These findings emphasise the importance of integrating
diverse metabolomic measurements across different body
sites with dietary and environmental data in the context
of IBD. Moreover, since single metabolomic measurements
only represent a snapshot of complex and dynamic processes,
longitudinal measurments must be considered when investi-
gating metabolic alterations in a disease context.

A third consideration is that the growing availability of multi-
omics datasets generated from high-throughput technologies
demands the development of effective methods for data inte-
gration. One of the current challenges in computational biology
is designing robust, efficient algorithms that can handle large

Box 1 Main untargeted metabolomics techniques

Nuclear MR (NMR) spectroscopy

NMR spectroscopy is a spectroscopic technique that relies on the
interaction between electromagnetic radiation and atomic nuclei
with spins, such as hydrogen (*H), carbon ("*C) and nitrogen
("N). 'H NMR is widely used in metabolomics due to the natural
abundance of hydrogen in biological samples. NMR spectroscopy
can generate profiles of metabolites in complex mixtures

with little sample preprocessing, including lipids, amino acids,
nucleotides, organic acids and sugars. The advantages of NMR
spectroscopy include robustness, high reproducibility and non-
destructive characteristics. The main drawback is its relatively
low sensitivity, resulting in the non-detection of less abundant
metabolites.”

Mass spectrometry (MS)

MS is an analytical technique measuring the mass-to-

charge ratio (m/z) of ions, allowing for the identification and
quantification of chemicals by accurate measurement of mass
spectra. It is often coupled with separation methods such as gas
chromatography (GC) and liquid chromatography (LC) to allow
for high-throughput measurement of many compounds. The
complexity of biological samples is first reduced by separating
constituents based on the interaction of different components
with absorbent materials within the chromatographic column.
After elution from the column, the m/z value of the separated
molecule is detected by MS. The MS-based approach offers high
sensitivity and selectivity but less robustness, and it requires
complex sample ionisation processes.”

GC-MS uses inert gas, such as helium or nitrogen, as a
mobile phase to transport samples through capillary columns
for separation. It is used for naturally volatile substances or
compounds that can be chemically modified into volatile
derivatives, including short-chain fatty acids, amino acids, sugars,
amines and organic acids. GC-MS has high sensitivity, selectivity
and separation resolution, along with reproducible retention
times, making it suitable for trace analysis. Well-developed
mass spectral libraries make it a commonly used technique in
metabolomics research. The inherent limitation is that GC-MS
can only be used to separate and identify low molecular
weight (ca. 50-600 Da) molecules and needs complex sample
derivatisation.

LC-MS uses polar solvents as a mobile phase to distribute
components, followed by mass analysis, and can work with
different column chemistries, including reversed-phase LC for
non-polar to moderately polar molecules and hydrophobic
interaction liquid chromatography (HILIC) for ionic and polar
molecules. LC-MS provides the broadest metabolite coverage
without derivatisation, including proteins, nucleic acids, sugars,
peptides and lipids and has become the most widely used
technique in metabolomics. LC-MS can also provide high
sensitivity and selectivity, but spectral libraries for LC-MS are
currently less developed compared with GC-MS, leading to a
higher number of unidentified spectra.'®

and complex datasets in order to facilitate the comprehension of
biological events that trigger diseases. Two common approaches
for integrating metabolomics data with, for example, genomic
and metagenomics datasets rely either on knowledge of meta-
bolic pathways (knowledge-guided approaches) or on statistical
co-abundance analyses (agnostic approaches). Knowledge-guided
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Figure 2 Overview of two main strategies to integrate metabolomics in the context of IBD research. Differentially abundant metabolites in patients
with IBD compared with non-IBD controls can be further investigated by integrating additional omics layers. For metabolites with a known identity,
knowledge-guided approaches can be used to place metabolites in their metabolic context, allowing the identification of genes involved in their
production and degradation. In the case of human genes, further investigation of its expression or the presence of polymorphisms in individuals with
IBD can provide novel hypotheses of the pathomechanism of the disease. Similarly, faecal metagenomics and metatranscriptomics datasets can be
used to explore the capacity of the gut microbiota to transform these molecules. When the information on the metabolic pathway is unavailable or the
identity of the associated metabolites cannot be established, co-abundance analyses with other omics layers can help establish which environmental,
host and microbial factors impact the levels of a specific metabolite. IBD, inflammatory bowel diseases.

approaches rely on the curated biological information in data-
bases such as KEGG** or METACYC.*® These frameworks use
existing knowledge about metabolic pathways to associate genes
with metabolites, facilitating the identification of precursor-
product ratios between metabolites or the dysfunction of specific
enzymatic reactions. Examples of such tools include MetaboAna-
lyst,** IMPaLA,* MIMOSA23® and Anansi.*” In contrast, agnostic
approaches do not require prior knowledge of the biological
relations between the different omics layers. A wide variety
of agnostic techniques, ranging from correlations to advanced
machine learning and Al algorithms, have recently been devel-
oped.*®*! While these approaches can be effective in discovering
novel relations between features (genes, bacteria and metabo-
lites), biological interpretation can often be challenging, and
additional ex vivo or in vitro validations are therefore needed
(figure 2).

Recently, we have witnessed not only a technological leap
forward in the field of metabolomics and bioinformatics but
also an increase in (untargeted) metabolomics profiling within
large multi-omics cohorts of patients with IBD. The discovery of
altered metabolites levels in patient samples, and their correla-
tion with genetics, microbiota and clinical data, is providing
new insights into the diversity and complexity of IBD. In the
upcoming sections, we review recent findings from cohorts of
patients with IBD where untargeted metabolomics has been
employed.

Recent discoveries using untargeted metabolomics in
combination with other omics layers

BAs and amino acids, particularly tryptophan, have been
focal points in numerous studies. Current knowledge on these
metabolites in the context of IBD was recently reviewed else-
where.> 7% In box 2 and figure 3, we summarise metabolomic
pathways that have been consistently associated with IBD and
their suggested mechanism of action.

The current eruption of studies employing untargeted tech-
niques in large cohorts of patients with IBD provides a compre-
hensive overview of metabolic changes associated with the
disease. For example, in a study using the Prospective Registry in
IBD Study at MGH cohort (PRISM)," which included 88 CD, 76
UC and 56 non-IBD controls, researchers identified 2729 metab-
olites associated with IBD. Notably, only 43% of the over 8000
metabolites detected in the faeces could be matched to a known
compound in the Human Metabolome Database, highlighting the
prevalence of unknown metabolites. Differential abundance anal-
ysis revealed 2456 metabolites associated with CD and 1049 asso-
ciated with UC. In line with this, our study of 238 CD, 172 UC
and 255 non-IBD controls also reported significant but compa-
rable alterations in the faecal metabolomes of patients with CD
and UC." Specifically, faecal levels of sphingolipids, primary BAs
and ethanolamines were positively associated with IBD. Further-
more, both studies demonstrated a strong correlation between
microbiota composition and faecal metabolite profiles, enabling
the prediction of metabolite levels based on metagenomic data.
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Box 2 Metabolite classes associated with inflammatory bowel diseases (IBD)

Here, we highlight metabolic classes for which both observational data from patients’ cohorts and experimental evidence (in vitro or in
vivo) supports the involvement of these molecules in IBD.

Short-chain fatty acids

Short-chain fatty acids (SCFAs) are saturated aliphatic organic acids with six or less carbon atoms, such as acetate, propionate and
butyrate. In the gut, these molecules are mainly produced by microbial fermentation of dietary fibres. SCFAs are rapidly absorbed by
colonocytes via passive diffusion or transporter proteins such as MCT1 and SMCT1, and they are converted into ATP for energy through
the citric acid cycle. Unmetabolised SCFAs enter the portal vein through the basolateral membrane, providing energy substrates for
hepatocytes. Importantly, a small portion of SCFAs reach the systemic circulation, and only about 5% are excreted in the faeces.'" SCFAs
exert a wide variety of biological functions, such as maintenance of intestinal barrier integrity'® and immune regulation by inhibiting
histone deacetylase activity and binding to G protein-coupled receptors (including GPR41, GPR43 and GPR109A).

Evidence from preclinical experimental studlies: SCFAs induce Th1-cell IL10 production and antimicrobial peptide (AMP) expression
in intestinal epithelial cells by activating the signal transducer and activator of transcription 3 (STAT3) and the mammalian target of
rapamycin (mTOR) pathways in colitis mouse models.'®® SCFA can also reduce intestinal inflammation by regulating innate immunity by
inhibiting TLR4 expression and Th17 differentiation in chemically induced colitis in mouse models.'”" Exogenous supplementation of SCFAs
has been shown to alleviate chemically induced colitis in mice."

Evidence from observational studies: Patients with IBD show a drastic reduction of SCFA-producing bacteria, and the levels of these
metabolites in faeces are depleted during dysbiosis.'

Bile acids

Bile acids (BAs) are steroid acids synthesised from cholesterol in the liver via a multistep enzymatic reaction. Primary BAs (PBAs),
including cholic acid (CA) and chenodeoxycholic acid (CDCA), are conjugated with taurine (T) or glycine (G) in the liver to increase their
water-solubility before being released into bile to aid in digestion and absorption of fats and fat-soluble vitamins. Approximately 95%
of conjugated BAs are reabsorbed in the distal ileum, and the remaining 5% enter the colon, where they are chemically modified by
commensal bacteria into secondary BAs (SBAs).”® BAs regulate their own synthesis by activating the farnesoid X receptor (FXR) and
exert various metabolic and immune effects by binding to the transmembrane G protein-coupled receptor 5 (TGR5), vitamin D receptor,
pregnane X receptor (PXR) and constitutive androstane receptor. Notably, SBAs have a higher affinity for TGR5 than PBAs, while the
affinity for FXR varies between CDCA (highest) and CA (lowest).'®

Evidence from preclinical experimental studies: Research in mouse and rat models reveals that activation of FXR can induce
enteroprotective genes that help maintain intestinal integrity, inhibit bacterial overgrowth and translocation, and prevent chemically
induced colitis by reducing proinflammatory cytokine production. In human-derived cell lines studied in vitro, FXR activation can stimulate
AMP and MUC2 expression.'® "7 BAs also impact the intestinal immune landscape in mice by regulating T cell homoeostasis—balancing
the differentiation of Th17 and Treg—and influencing gut macrophage recruitment and polarisation.'® In addition, studies have reported
that SBAs can inhibit the IL1B-induced IL8 secretion of Caco-2 cells and promote Lgr5-positive intestinal stem cell growth via TGRS
activation in mice.”?

Evidence from observational studies: Patients with IBD show alterations in their faecal BA profile characterised by an accumulation
of PBAs and a reduction of SBAs, probably due to the loss of bacterial richness in the colon. It is important to highlight that a novel
mechanism in which the microbiota reconjugates BAs was recently described.”’ This has led to the discovery of novel BAs, some of which
are enriched in faeces of patients with IBD, such as glutamate-CA and isoleucine/leucine-CA.%

Tryptophan-derived metabolites

Tryptophan (Trp) is an essential aromatic amino acid that can be metabolised via three main pathways: the kynurenine (KYN), serotonin
(5-HT) and indole pathways. The KYN pathway metabolises over 95% of dietary Trp, with indoleamine 2,3-dioxygenase 1 (IDO1) as the
rate-limiting enzyme. KYN presents mucosal protective effects mediated by aryl hydrocarbon receptor (AhR) and GPR35. Moreover, the
5-HT pathway in enterochromaffin cells produces serotonin where tryptophan hydroxylase is the rate-limiting enzyme. Emerging research
indicates that 5-HT exerts a bidirectional impact on host immunity and gut microbiota, the balance of its production and interaction with
local receptors on the intestinal epithelium can exacerbate or mitigate inflammatory processes. 5-HT, receptor antagonists and 5-HT,
receptor agonists have been used to treat gastrointestinal dysfunction.'®® Alternatively, the indole pathway, conducted primarily by the
intestinal microbiota, produces various indole derivatives, such as indole-3-aldehyde, indole-3-acetic acid, indoleacrylic acid and indole-3-
propionic acid (IPA), that act as either agonists or antagonists of the AhR receptor.

Evidence from preclinical experimental studies: AhR activation has been shown to protect against dextran suldate sodium (DSS)-
induced colitis by regulating the I1L22 and IL10 signalling pathways'®®; modulating the differentiation and function of key immune cells like
Th17, Treg, macrophages and dendritic cells in mice''® and enhancing murine epithelial barrier function. Furthermore, IPA can maintain
intestinal barrier function in mice by upregulating junctional protein genes and downregulating mucosal TNF-a via binding to PXR.""!

Evidence from observational studies: Compared with healthy subjects, the levels of tryptophan and several microbially produced indoles
are decreased in the serum of patients with IBD, while the kynurenine and serotonin catabolism pathways are increased, leading to the
accumulation of quinolinic acid and 5-HT. Faecal samples from patients with IBD show higher levels of tryptophan and kynurenine, but no
consistent changes in the levels of 5-HT and indoles."?'"®

Sphingolipids

Sphingolipids (SLs), a class of complex lipids containing a sphingosine backbone linked to a fatty acid, are essential components of all
eukaryotic membranes. The metabolism of SLs leads to the formation of bioactive molecules, such as ceramide, sphingosine-1-phosphate

Continued
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Box 2 Continued

and ceremide-1-phosphate, which are involved in cellular signalling controlling apoptosis, mitosis, cell differentiation, epithelial integrity

and inflammation.""

Evidence from preclinical experimental studies: The results of multiple animal model studies on IBD support that sphingosine-1-
phosphate modulators can effectively alleviate disease progression and reduce immune cell infiltration in the colon."> Among them,
ozanimod and etrasimod have been approved by the FDA for the treatment of ulcerative colitis in adults.

Evidence from observational studies: Recent findings indicate a reduction in bacterial SLs concurrent with an elevation of host-derived
SLs in faecal samples from IBD individuals, suggesting the role of bacterial SLs in maintaining gut homeostasis and interactions with host

metabolism.""®

Other molecules associated with IBD

Other groups of molecules that have been associated with IBD include acylcarnitines, which are formed from fatty acids and L-carnitine,

polyunsaturated fatty acids (PUFAs) and amino acids.
Acylcarnitines

Evidence from observational studies: In IBD, mitochondrial dysfunction and the subsequent reduction of fatty acid oxidation leads to

elevated carnitine and acylcarnitine levels in the colon.'"’

Evidence from preclinical experimental studies: It has been recently demonstrated that increased levels of acylcarnitines promote the
growth of pathobionts both in vitro and in the murine gut, providing evidence for metabolic host-microbiota interactions in the context of

IBD.""®
PUFAs

Evidence from observational studies: An imbalance in omega-6/omega-3 ratio of dietary PUFAs is associated with higher CD risk. Higher

faecal PUFA levels have been observed in IBD."

Evidence from preclinical experimental studies: Dietary PUFAs can trigger inflammatory response in genetically susceptible mice
(Xbp1—/—IEC) via IL8 and TNF-a expression, significantly influenced by the compromised expression and enzymatic activity of glutathione
peroxidase 4 (GPX4)."" Specifically, functional GPX4 mitigates the detrimental effects of dietary PUFAs on the intestinal epithelium by

limiting the oxidation of membrane phospholipids.
Amino acids

Evidence from observational studies: Patients with IBD tend to present lower serum AA levels but increased faecal AA levels, potentially
suggesting nutrient malabsorption and increased proteolytic fermentation in the gut.'
Evidence from preclinical experimental studies: Glutamine and arginine contribute to gut barrier integrity and modulate inflammation in

colitis murine models.'?!

BAs, carnitines and propionate were identified as key alter-
ations in the faecal metabolome of patients with IBD in the Inte-
grative Human Microbiome Project (HMP).'” These metabolites
formed nodes in a large correlation network between faecal
metabolomics, metagenomics, metatranscriptomics, metapro-
teomics and serological profiles. By examining the dynamics
within each data layer throughout a 1-year progression of the
disease, the authors found that changes in the BA profiles and
enrichment of acylcarnitines were associated with periods of
intestinal dysbiosis. While the directionality of these associations
and their causal role in disease dynamics remain unclear, such
analyses are helpful to prioritise targets and provide insights into
the complex interaction between the host and their microbiota.

Faecal metabolomics was shown to be a strong predictor of
disease activity in patients with UC in another cross-sectional
multi-omics cohort.*® Phosphocholines, indoles and dipeptides
were found to be the most enriched molecular classes in the
faeces of this group of patients. Moreover, the authors showed
that the enrichment of dipeptides was linked with increased
protease activity of the gut commensal Bacteroides vulgatus.
Remarkably, the authors were able to demonstrate that B.
vulgatus protease activity induced colitis in IL10-deficient germ-
free mice, providing evidence for novel therapeutic targets that
aim to inhibit Bacteroides protease activity.

An enrichment of dipeptides was also observed in the stools of
treatment-naive paediatric UC patients with moderate or severe
disease when compared with inactive disease in the Predicting
Response to Standarized Colitis Therapy (PROTECT) cohort.*
Interestingly, the faecal metabolite profile variation was strongly

associated with bacterial diversity, while the plasma metabolite
variation was associated with disease activity. Participants with
moderate or severe disease showed lower levels of secondary
BAs and tryptophan metabolites, while phosphatidylcholines
and sphingomyelins were among the most strongly enriched
molecules. In plasma, long-chain triacylglycerols were the most
significantly depleted metabolites, whereas acetylated polyam-
ines were enriched.

In another cohort of 1313 individuals (484 UC, 464 CD and
365 non-IBD), an enrichment of sphingomyelins in both faeces
and serum was associated with disease activity.'® Additionally,
faecal secondary BAs were linked with inflammation extension
in UC. Furthermore, integrating genomics and serum metabolo-
mics through colocalisation and Mendelian randomisation anal-
ysis revealed two genetic loci influencing disease development
via modulation of metabolite levels. These results suggested a
protective effect for CD mediated by a polymorphism on chro-
mosome 11 (rs4246215), resulting in lower fatty acid desaturase
activity and a reduction in the conversion of linoleic acid into
arachidonic acid.

Overall, these studies not only confirm the relevance of bile
acids and tryptophan-derived metabolites in the IBD pathology
but also point to other less studied molecules such as fatty acids
and sphingolipids. Furthermore, the studies we have highlighted
are elegant examples of how hypothesis-free approaches using
multi-omics datasets in large cohorts, combined with statistical
causal inference, can lead to novel mechanistic hypotheses in
the context of IBD. Such discoveries are expected to increase
significantly in the near future thanks to the growing availability
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of extensive molecular data in large population biobanks like
the Finngen project,”® The UK Biobank,’" and LifeLines’* and
disease-specific cohorts such as 1000IBD,** iHMB' the Pedi-
atrict Risk Stratification and Identification of Immunogenetic
and Microbial Markers Study (RISK)** and IBD Response.’’
Importantly, mechanistic investigations will be needed to vali-
date the relevance of novel metabolites or pathways associated
with IBD, prioritise molecules for developing novel thera-
pies and distinguish metabolites that trigger diseases from the
by-products of inflammation.

Impact of disease subtype, location and intestinal resection
on the faecal and serum metabolite profiles

Metabolomics studies have identified differences in the metabo-
lomic profile between CD and UC patients. However, analyses
in both the 1000IBD and PRISM cohorts revealed a substantial
overlap between the UC and CD faecal metabolome signatures,
although the enrichment of bile acids and ethanolamines was
primarily observed in CD."” ¥ In serum, metabolites related
to lipid metabolism, TCA cycle-related molecules, and amino-
acids were the main contributors distinguishing between CD
and UC.>**7 *® Differences observed between CD and UC might
be driven by disease location. Accumulating evidence indicates
that ileal CD represents a distinct disease entity that differen-
tiates itself from colonic CD. Consistently, the colonic-isolated
and ileal-isolated CD subtypes also display clear differences in
metabolomic profiles. Metabolites related to fatty acid biosyn-
thesis, BA, and amino acids (tryptophan) exhibited a marked
increase in faeces from ileal CD patients compared with those
from colonic CD.> ®® Alterations in the bile acids profiles are
also observed in the faeces of CD patients with resection in the
ileum, with an increase on primary BA and a trend towards lower
levels of secondary BAs.”” ®! ©* Considering the role of the ileum
in bile acids reabsorption and nutrient absorption, inflammation
or resection of this site is expected to have a large impact on
the gut environment, and therefore, should be considered when
studying the metabolome in IBD.

Identification of novel biomarkers for IBD based on faecal
metabolites

The extent of the metabolic alterations observed in patients
with IBD presents an opportunity to leverage metabolites as
biomarkers, with combinations of metabolites suggested to
be predictors of disease and treatment response. Below, we
summarise recent proposed biomarkers identified using untar-
geted metabolomics approaches. Due to the semi-quantitative
nature of these methods, biomarkers should be further assessed
using targeted approaches, which are more sensitive and provide
higher reproducibility compared to untargeted approaches.

Metabolomic markers for diagnosing and classifying IBD
Bacterial-associated metabolites, including short-chain fatty
acids (SCFAs), medium-chain fatty acids, tryptophan-derivatives,
BAs and sphingolipids, have been proposed as biomarkers for
IBD diagnosis. For instance, in an Italian cohort of patients
with IBD (n=132), 14 faecal metabolites enabled the separa-
tion of samples from patients with CD from those of non-IBD
controls.®® Predictors included higher levels of biogenic amines,
amino acids and lipids and lower levels of vitamins. In UC, 16
metabolites were found to be altered compared with controls,
with 9 overlapping with CD.

Amino acid levels in faeces were also predictive of IBD in a
study that included two cohorts from China (n=108 and n=70)

and two derived from the US PRISM study (n=155and n=65
from the Dutch replication cohort).®* A panel of 13 metabolites,
more than half being derivates of amino acids, exhibited power in
discriminating patients with IBD from controls, with an average
area under the curve (AUC) of 0.916 in the Chinese cohorts and
0.885 in the US cohorts. Overall, this shows the robustness of
these predictors across populations and two different ethnicities.
Notably, none of the 13 metabolites were differentially abun-
dant in colorectal cancer and type 1 diabetes. In another Chinese
cohort comprising 158 UC, 130CD and 138 healthy controls,
targeted metabolomics in serum samples confirmed the potential
of amino acids as biomarkers.*® Four and five amino acid levels
were sufficient to distinguish UC and CD from healthy control
serum samples, respectively (AUC=0.942 for UC, AUC=0.962
for CD), although none of the amino acids overlapped with
those identified in the study mentioned above. Furthermore, a
classification model using the levels of three amino acid metabo-
lites (taurine, homocitrulline and kynurenine) accurately distin-
guished CD from UC (AUC=0.935). While these results are
promising, replication in independent cohorts is still needed.

We recently used machine learning to identify the most
discriminative faecal metabolomic features in patients with
IBD." The ratio between two metabolites, sphingolipid lactosyl-
N-palmitoyl-sphingosine (d18:1/16:0) and L-urobilin, improved
the accuracy of the calprotectin test in distinguishing samples
from patients from those of non-IBD controls, reaching an AUC
of 0.83 in the test dataset. Importantly, these findings were repli-
cated in an independent cohort of Australian UC patients,*® and
several additional studies have reported alterations in these two
metabolites in faecal, plasma, mucosal and serum samples from
patients with IBD, supporting the role of these metabolites as
biomarkers,'® 3 67 68

Taken together, and despite the diversity of methods and
metabolites captured between studies, increased faecal levels
of amino acid derivates and sphingolipids have been reported
in multiple cohorts and are the most promising markers for
IBD. Understanding the mechanism underlying the changes in
these metabolites might provide useful leads for preventing and
treating the disease. Alterations of other well-studied metab-
olites in IBD, for example, BAs and SCFAs,* have also been
reported in several other conditions.®” 7 While this stresses that
these metabolites play a critical role in gut health overall, they
might be less suitable as unique IBD biomarkers. Furthermore,
while the models we have described seem to perform well in
discriminating IBD from non-IBD samples, subtype classifica-
tion, that is, CD versus UC, has been shown to be less robust.”” #7
To discover and validate subtype-specific metabolite signatures,
large high-quality prospective cohorts are needed. In partic-
ular, it is important to distinguish the metabolic changes that
are the product of intestinal inflammation from those that are
subtype-specific.

Metabolomic markers for disease activity

Identifying changes in the level of metabolites preceding the
development of flares can assist in disease monitoring and
relapse prevention. Although multiple studies have found alter-
ations of the faecal metabolome in relation to disease scores,*®
"1 whether these alterations can predict future disease relapse
is still underexplored. In our recent study, we showed that the
levels of two metabolites that distinguish IBD from non-IBD
samples (lactosyl-N-palmitoyl-sphingosine (d18:1/16:0) and
L-urobilin) differed between individuals in long-term remission
(no relapse registered 1 year before sample collection) and other

8
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patients with IBD." Validation in longitudinal cohorts will be
needed to determine the value of tracking the levels of these two
metabolites in faeces.

Promising biomarkers have been identified as well in blood
samples from patients with IBD. In a prospective cohort study
of 40 patients with UC, a combination of the levels of plasma
metabolites exhibited an accuracy of 74% in predicting wors-
ening postoperative endoscopic activity up to 7 months from
sample collection.”” In addition, plasma histidine levels were
found to be associated with an increased risk of relapse in
patients with UC.”?> Low histidine levels were also reported to
be predictive of relapse within a 1-year period by Hisamatsu et
al.”? Tn another study, patients in clinical remission presented
higher levels of 3-hydroxybutyrate, acetoacetate and acetone in
serum and of transaconitate in urine, whereas urinary acetamide
and cystine levels decreased.”* Moreover, a prospective cohort
study of 164 patients with IBD identified four serum metab-
olomic markers (sarcosine, carnitine, propionyl-l-carnitine
and sorbitol) associated with clinical relapse within 2 years
which showed a moderate performance in predicting relapse
(AUC=0.70).”°

Based on the currently available evidence, predictors for
disease relapse are lacking due to the limited number of longi-
tudinal studies and data heterogeneity across populations. Only
plasma histidine levels have been reported to be reduced in active
UC patients in multiple studies,”*”* 7® but additional research is
needed to assess its capacity to predict disease flares.

Metabolomic markers for response to treatment

Another promising avenue is the use of metabolomics profiles as
predictors for treatment response. Given the suggested correla-
tion between microbiome composition and treatment response
to biologics,”’ ™ investigating the role of metabolites in this rela-
tionship is a logical next step for understanding the underlying
mechanisms.

In a longitudinal cohort study of 76 patients with CD, lipid
and BA profiling from faeces, serum and urine showed distinct
before-treatment signatures between those patients who
responded to anti-TNF therapy and those who did not.®! Lipid
profiling of serum unveiled alterations in the levels of four circu-
latory lipid markers (phosphocholines, ceramides, sphingomy-
elins and triglycerides) that accurately predicted the anti-TNF
response. However, faecal lipid profile showed an even higher
predictive accuracy than the serum lipid profile (faecal lipids:
AUC=0.94+0.10, serum lipids: AUC=0.78+0.12). In addition,
the authors demonstrated that BA profiles differed between
responders and non-responders, with higher levels of primary
BAs associated with non-response to treatment. Predictors built
from the levels of three faecal BAs or five serum or five urine BAs
showed a good performance in discriminating the two groups of
patients (AUCs=0.81, 0.74 and 0.70, respectively).

The integration of stool metagenomics, serum metabolomics
and proteomics allowed the prediction of response to anti-
cytokine or anti-integrin therapy in 185 participants from the
US PRISM cohort (AUC=0.963, 77 UC and 108 CD partici-
pants).’? Serum metabolomics alone showed moderate discrim-
inative power (AUC=0.77 (95% CI 0.664 to 0.891)) but
performed slightly worse than predictors based on proteomics
(AUC=0.806) and metagenomics (AUC=0.849). Interest-
ingly, responders at 14-week therapy presented higher levels
of secondary BAs in their baseline serum sample, stressing the
importance of microbial-produced metabolites in immunoregu-
latory functions.

In addition, we recently evaluated the capacity of the faecal
metabolome and microbiome to predict response to usteki-
numab and vedolizumab in a cohort of 100 patients. Our
preliminary results suggest that faecal features have limited
predictive power (AUC=0.71), similar to patient clinical char-
acteristics. However, consistent with previous studies, we iden-
tified the levels of lithocholic acid, a secondary BA higher in
responders than in non-responders, as a potential predictor of
treatment success.®

Overall, while baseline faecal levels of BAs are promising
predictors of treatment response, the mechanism behind this
association is unclear. Considering the role of the intestinal
microbiota in regulating the pool of primary and secondary BAs,
these associations could represent a proxy of the microbiome
alterations previously reported in non-responders. On the other
hand, BAs are emerging as a key regulator of the immune system
in the gut.®* Therefore, future research should elucidate the role
of BAs in the response to biologicals.

It is important to stress that despite the many potential markers
for diagnosis, monitoring and therapeutic responses, very few
have been validated in independent cohorts. Estimations of
accuracy have been primarily conducted in single cohorts using
cross-validation approaches and predominantly in Caucasian
cohorts. Consequently, the impact of different dietary habits,
genetic backgrounds,® and microbiome compositions®® among
diverse human populations on metabolome-based biomarkers
has been overlooked. Ideally, the robustness of these biomarkers
should be tested across diverse and multiethnic patient cohorts
and various stages of the disease. Moreover, integrating metabo-
lome with other data layers that have also been proven as poten-
tial biomarkers, such as the proteome,®” * microbiome* *” ** or
circulating antibodies,®” might increase diagnostic test accuracy
and assist in understanding the disease heterogeneity, including
subtypes and progression. Therefore, multiomics efforts to study
the interaction between different data layers will likely yield
better patient stratification and therapeutic strategies. Finally,
any novel biomarkers should be validated using targeted metab-
olomics approaches and must exhibit superior accuracy to estab-
lished markers such as faecal calprotectin, C-reactive protein or
lactoferrin.

FUTURE PERSPECTIVES

Metabolite characterisation remains one of the main challenges
in the field, as the identities of many molecules found in the
gastrointestinal tract are still unknown. Understanding the
chemical structure of metabolites, how they are produced, and
their potential physiological impact on the gut environment
will be crucial for developing novel therapeutic strategies for a
wide range of health disorders.”® Therefore, efforts should be
made to improve the analytical frameworks for quantifying and
annotating metabolites. Equally important is the availability of
metabolomic data in public repositories. Open-access metabolic
data are critical for validating novel molecules and extrapolating
their clinical relevance. For example, recently discovered micro-
bial conjugated BAs (BAs that are reconjugated to amino acids by
the gut microbiota) have been found to be elevated in faeces of
patients with IBD upon reanalysing the MS data from the HMP2
cohort.”" In the same line, Gentry et al recently developed the
so-called ‘reverse metabolomics’ strategy, an analytical pipeline
that enables the systematic search of newly synthesised mole-
cules in public repositories.”* Implementing this strategy at a
large scale will certainly boost the discovery of relevant disease-
associated molecules.
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Despite the diversity of analytical approaches, in the context
of IBD, sphingolipids, SCFAs, BAs, and tryptophan-derived
metabolites have consistently been found as IBD-associated
molecules. Therefore, targeted approaches to reveal the impact
of these molecules and the molecular diversity on their deriva-
tives should, in our opinion, centre the efforts of metabolomics
research in IBD. Considering that these metabolites are partially
regulated by the gut microbiota, either through synthesis or
transformation, further understanding the metabolic capacity
of the microbial communities in the gut will enable the iden-
tification of therapeutic strategies to modulate metabolites by
targeting the microbiota. To this end, a deeper characterisation
of gut microbes’ genetic and metabolic diversity will be neces-
sary, as the function of a substantial proportion of bacterial genes
remains unknown, and the impact of polymorphism and struc-
tural variants in bacterial genomes is still overlooked.” **

Together with the benefits of technical improvements for
discovering new metabolites, our understanding of the role of gut
metabolism in health and diseases can be enhanced by sampling
along the gastrointestinal tract using capsules. Compared with
endoscopic sampling, gastrointestinal capsules are less invasive
and allow sampling of different upper and lower gastrointes-
tinal tract regions. A recent exploration using this technique to
profile luminal metabolites of the upper intestine in 15 healthy
controls showed that the chemical environment varied signifi-
cantly along the gastrointestinal tract and revealed several mole-
cules and microbially produced metabolites rarely detected in
faeces.”! Comparing regional metabolic changes in patients with
IBD during remission and periods of active disease or during
clinical interventions will provide a better understanding of
IBD triggers and host—microbiota crosstalk. Another promising
strategy in the investigation of local host-microbiota interac-
tions is spatial biology. Although still in its infancy, we expect
that spatial technologies will lead to a better understanding of
metabolic and immune interactions in the context of inflamma-
tion. Complementing measurements on gut metabolism with
metabolomics measurements in blood and urine can lead to the
discovery of novel mechanisms by which the microbial-produced
molecules influence the host’s health beyond its impact on the
gut environment.

Advances in our understanding of metabolic alterations in IBD
are rapidly unveiling novel therapeutic approaches that target
specific pathways. For instance, restoring the activity of amino-
adipate aminotransferase, an enzyme crucial for converting
tryptophan into xanthurenic and kynurenic acids, has shown
promising results in promoting epithelial healing and modu-
lating Th17 cell differentiation.”® Similarly, enhancing bacterial
capacity to convert primary BAs into secondary BAs, namely
lithocholic acid and deoxycholic acid, has been demonstrated
to mitigate inflammation in murine colitis models.”® Although
these findings illustrate exciting avenues in the treatment of IBD,
it is important to keep in mind that, given the disease hetero-
geneity, it is improbable that strategies targeting a single meta-
bolic pathway will serve as a ‘one-size-fits-all’ solution for IBD.
In our view, patient stratification based on molecular profiles
holds significant promise for tailoring treatments to individual
patients. To this end, the identification of biomarkers will be
essential. Beyond disease diagnosis, recent findings suggest that
faecal metabolites can assist in predicting disease progression and
drug response. In the near future, data from large IBD cohorts
will allow the discovery and replication of metabolite-based
biomarkers before these can be implemented in clinical practice.

Finally, data derived from (longitudinal) population cohorts or
studies in first-degree relatives like the Genetic, Environmental,

Microbial (GEM) study’” offer the opportunity to ascertain
whether gut metabolic alterations precede disease onset. In
combination with experimental data, these types of observation
will be instrumental in establishing the causal role of dietary-
derived or microbial-produced metabolites in the development
of IBD.

Overall, we have highlighted the potential of untargeted
metabolomics for investigating the molecular mechanisms
involved in IBD and provided recent examples of how faecal
metabolomics can help establish connections between genetic
susceptibility, the microbiome and inflammation. Considering
the recent findings presented above, we foresee that future
technological innovations in metabolomics and bioinformatics
will likely reveal new molecules suitable for developing new
biomarkers and treatments for IBD.
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