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Chemical crosstalk is universal to all life, niche-specific, and essential to thrive. This crosstalk is mediated by
a large diversity of molecules, including metal ions, small molecules, polysaccharides, nucleic acids, lipids,
and proteins. Among these, specialized small molecules referred to as natural products (NPs) play an
important role in microbe—drug/environment interactions, microbe—-microbe, and microbe—host
interactions. Microbial communication using NPs allows microbes to sense quorum, form biofilms,
eliminate competition, establish symbiosis, evade immune attack, and respond to stress. In most cases,
the elucidation of small molecule mediators and effectors of microbe—host interactions presents a major
challenge due to the relatively low abundance of microbial metabolites in a milieu of host, microbe, and
environmental metabolites. Advances in analytical instrumentation, such as mass spectrometers, and
both experimental as well as computational methods to analyze data, coupled with the use of model
organisms, have enabled fundamental discoveries of mechanisms of small molecule-mediated host—
microbe interactions. The focus of this review is to detail the approaches applied in the last decade to
disentangle microbiome-derived NPs in human and murine model systems. Select recent findings from
diverse biological ecosystems are discussed to inform relevant parallels and potential strategies for
research in human health.
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1 Introduction

The advent of fast and affordable high-throughput sequencing
ignited the development and application of metagenomics and
metatranscriptomics methods to decipher host-microbe inter-
actions.' The Human Microbiome Project Consortium (HMP)
and Metagenomics of the Human Intestinal Tract (MetaHIT)
have generated large, complementary datasets of 16S rRNA
sequences, whole genome sequences (WGS), shotgun meta-
genomics sequences, and metagenome-assembled genomes
(MAGSs) to characterize the human microbiome.>* The HMP was
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started in 2007 looking at the nasal, oral, vaginal, gut, and skin
microbiomes of a healthy human cohort, with this effort
leading to the discovery of the community compositions at each
of the body sites.” The second phase of this project (HMP2)
expanded the scope to include host-microbe interactions in
three disease conditions: preterm birth, onset of IBD and type II
diabetes. The focus was also expanded to include tran-
scriptomics, proteomics, and metabolomics data.® The studies
derived from the HMP and MetaHIT projects initially focused
on the bacterial component of the microbiome but have
inspired further research exploring the other members of the
microbiome, including fungi, archaea and phages.” This chro-
nology illustrates the growing awareness in the microbiome
research community of the importance of metabolomics in
understanding host-microbe interactions. While the focus of
this review is targeted towards discussion of human or murine
host-bacterial interactions, several examples from diverse
environmental hosts are cited to inspire their application in
mammalian host-derived microbiome systems.

Metabolomics is the study of all small molecules present in
a biological sample, such as those involved in the metabolism of
lipids, carbohydrates, nucleotides, and amino acids, the degra-
dation of xenobiotics, and the biosynthesis of specialized
metabolites, also referred to as small molecule NPs or specialized
metabolites (Fig. 1). In the context of biological life, the central
dogma of biology flows from gene to transcript to protein.
However, beyond proteins lies the world of metabolites, both
primary and specialized metabolites. Specialized metabolites
refer to those metabolites that, while not essential for the growth
and reproduction of an organism, can confer fitness advantages,
which can lead to competitive, predatory, symbiotic or antago-
nistic interactions between organisms living together in an
ecosystem. To investigate chemical interactions between organ-
isms, metabolomics serves as a useful starting point and is
applied in an untargeted or targeted fashion. Untargeted
metabolomics provides a snapshot of all the detectable metabo-
lites in a sample under the given experimental conditions. The
detectable metabolites can vary depending upon the extraction
method, the data acquisition strategy, and the instrument used.®
The development and application of data independent methods
to natural product discovery has further improved metabolite
coverage and limit of detection (discussed below).® In contrast,
targeted metabolomics seeks to quantify a predefined subset of
metabolites to validate a hypothesis. Both strategies serve
complementary roles in hypothesis building, refining, and vali-
dation to provide insights into biochemical activities.*

There are primarily two analytical techniques applied to
interrogate the metabolome: Mass Spectrometry (MS) and
Nuclear Magnetic Resonance (NMR).” For the purposes of this
review, we will focus on MS-based techniques. The higher sensi-
tivity of MS enables detection of specialized metabolites, which
are usually found in low concentrations. MS is often coupled to
liquid chromatography (LC) or gas chromatography (GC), allow-
ing for separation of analytes in the sample based on their
chemical or physical properties such as polarity or volatility. A
typical metabolomics workflow will involve sample preparation,
data acquisition, and data preprocessing, followed by statistical
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analysis to rank metabolites, and annotation of metabolites
relevant to phenotype being studied (Fig. 1). The metabolites
detected using these techniques vary widely in size and structure.
Thus, not only the large number of molecules detected, but also
the diversity of building blocks and functional groups present in
organic molecules presents a significant challenge in compound
annotation. Detailed and complementary analyses, such as
spectral similarity analysis using networking approaches,
substructure discovery, class enrichment, and pathway analysis,
aid in compound annotation and understanding the biological
significance of the metabolites analyzed.***

When investigating host-microbe interactions in vitro,
sample generation can involve co-culturing microbial species
and/or mammalian cells of interest in various conditions or
against a control or baseline condition (Fig. 1). For complex in
vivo systems, samples include skin, sweat, sebum, tissues, feces,
urine, serum and saliva, directly from a volunteer or from
animal models. The samples are homogenized, and extracted
using an appropriate combination of organic solvents. These
extracts are then dried and resuspended in a solvent compatible
with LC or GC." The column used in LC depends on the polarity
of the metabolites under investigation. For polar metabolites,
HILIC (Hydrophilic interaction chromatography) columns may
be used, while for non-polar metabolites a C18 reverse-phase
column chromatography is commonly implemented.'* Newer
columns combining the properties of HILIC and reverse phase
(polar C18 columns) are now being applied to minimize data
acquisition time.**?> Since MS operates on the principle of
detecting charged molecules, there are several ionization tech-
niques that can be used, with soft ionization techniques such as
Electrospray ionization (ESI) and Atmospheric Pressure Chem-
ical Tonization (APCI) often used for specialized metabolites.>
Fragmentation of precursors generated by the aforementioned
ionization methods through Collision-induced Dissociation
(CID), higher-energy collisional dissociation (HCD), ultraviolet
photodissociation (UVPD) or Electron Capture Dissociation
(ECD) generate tandem mass spectra (MS/MS) that aid anno-
tation efforts.** An important consideration in the acquisition
of MS/MS spectra is the basis on which precursors are chosen
for fragmentation. MS/MS experiments can be operated in data-
dependent acquisition (DDA) or data-independent acquisition
(DIA) mode.>*** In DDA, ions are isolated for fragmentation on
the basis of abundance, prioritizing fragmentation of ions with
higher abundance first. Thus, lower-abundance ions often do
not result in acquisition of MS/MS spectra. To overcome this
challenge, several vendor-specific strategies, including active
exclusion and AcquireX, have been developed.” Such data
acquisition strategies have been extensively reviewed in Defos-
sez et al.*® In DIA, all ions in a given m/z window are fragmented
ata given time, reducing bias, but also making deconvolution of
spectra challenging.® DIA has been recently applied in NPs
research workflows.??® Quality Control (QC) samples, prepared
by pooling of all samples, are run every few samples to monitor
the performance of the instrument and ensure reproducibility
of the results.*® Data preprocessing involves generation of
a ‘feature’ table consisting of the area under the curves of the
extracted ion chromatograms of all detected metabolites, after

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Overview of metabolite categories and the workflows for investigating their role in host—microbe interactions using LCMS-based

metabolomics approaches. Created with https://www.biorender.com.

filtering noise and background, detecting and deconvoluting
peaks and aligning for retention time across samples. The
effectiveness of this step is crucial in comparing and obtaining
accurate statistically significant differences between the
samples.**** Integration of metabolomics data with genomes,
transcriptomes, and proteomes provides another layer of
confidence in data annotation and may facilitate the elucida-
tion of the biochemical functions of discovered metabolites or
disease-impacted signals.**¢

2 Methods used to decipher host—
microbiome interactions and role of
metabolomics

The first step in disentangling the host-microbe interactome is
to identify the microbial community composition. While
bacteria are the most abundant and extensively studied

members of the human microbiome, other members like fungi,
archaea, and phages are also present and are increasingly

This journal is © The Royal Society of Chemistry 2025

recognized for their roles in health and disease.*”** Meta-
genomics has emerged as the ideal technique for studying
microbial diversity and composition. A common approach in
metagenomics is shotgun sequencing, wherein DNA extracted
from samples is fragmented, followed by sequencing. Over-
lapping reads are assembled into longer composite sequences
called contigs, and multiple contigs can be processed to
reconstruct a genome and identify the taxa of the microbe
associated with it. The creation of these MAGs has enabled the
study of previously unknown or unculturable species and has
revealed greater phylogenetic diversity in host-microbe envi-
ronments while also providing access to biosynthetic capability
for production of specialized metabolites by these microor-
ganisms (Fig. 2).*>** Apart from taxonomic identification, met-
agenomics can also identify pathway-related genes encoding
products involved in host-microbe interactions. For example, in
the environmental determinants of diabetes in the young
(TEDDY) study for Type 1 diabetes (T1D), metagenomics anal-
ysis of stool samples from 783 children susceptible to T1D was
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performed.** Authors found that the genes mapping to biosyn-
thesis of short-chain fatty acids (SCFAs) and bacterial fermen-
tation were increased in the control group compared to those
with who progressed to T1D, furthering support for the
protective effect of SCFA. However, underscored in the study
was the lack of functional annotations for many gene families
that presents a limitation in a purely metagenomics-based
approach.*

Identification of biosynthetic gene clusters (BGCs) can
directly feed into the discovery of novel specialized metabolites.
For example, Donia et al. used ClusterFinder to predict BGCs of
both known and unknown compound classes in human
microbiota reference genomes, finding BGCs for a variety of
saccharide, polyketide synthase (PKS), ribosomally synthesized
and post-translationally modified peptide (RiPP), and non-
ribosomal peptide synthase (NRPS) clusters, some of which
were widely distributed across species.**** They characterized
lactocillin, the product of a RiPP thiopeptide cluster from the
vaginal commensal Lactobacillus gasseri, by liquid culturing and
isolation, using NMR, tandem MS, and isotope labeling (Fig. 3).
Lactocillin had antibacterial activity against several Gram-
positive bacteria.** While the authors could not conclusively
prove that lactocillin is made in the human body, they mined

Nat. Prod. Rep.

publicly available metatranscriptomic data sets to show that the
lcl BGC encoding its production is expressed in this
environment.**

An alternative genome-first approach that has been useful to
identify the genes involved in producing specialized metabo-
lites impacting host biology is phenotypic screening combined
with transposon library screening. For example, colibactin,
a genotoxin produced by strains of Enterobacteriaceae, was first
discovered in 2006 when certain pathogenic Escherichia coli
strains isolated from meningitis and urinary tract infections
induced megalocytosis in cultured eukaryotic cells (Fig. 4).* A
genetic screen of transposon mutants pointed towards a 54 kb
polyketide synthase genomic island (pks). Colibactin induces
interstrand crosslinks and double-strand breaks in DNA.*
While the structure of colibactin remained elusive for many
years, its bioactivity and by extension, the activity of the corre-
sponding pks island was a topic of great interest, driven by the
finding that pks+ bacteria were found in a high percentage of
patients with IBD and colorectal cancer (CRC).“™** Germ-free
mice progressed to carcinoma after exposure to a carcinogen
if colonized with bacteria that harbored pks, compared to
controls colonized with pks— bacteria, which showed decreased
tumor multiplicity and invasion.*® Moreover, mutational

This journal is © The Royal Society of Chemistry 2025
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signatures were found in an organoid study resulting from past
exposure to bacteria containing the pks island, furthering the
link with colorectal cancer.” Structural characterization of
biosynthetic
provided important clues into the structure of colibactin.

intermediates and DNA-crosslinked adducts
50-57

This journal is © The Royal Society of Chemistry 2025

Eventually, the structure of colibactin was elucidated using
a combination of genetic deletions in the colibactin BGC, stable
isotope labeling of precursors, tandem mass spectrometry, and
chemical synthesis.”>***> Patients with cystic fibrosis (CF),
a disease known to have dysfunctional dense mucus, who were

Nat. Prod. Rep.
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not taking CF transmembrane conductance regulator (CFTR)
modulators, were found to have a higher frequency of
colibactin-induced DNA adduct formation compared to other
CF and non-CF patients. Notably, a patient with both CF and
colon cancer harbored E. coli with the BGC for colibactin,
further extending the implications of the prominent discovery
of colibactin.®

Advances in metabolomics tools, such as Global Natural
Product Social Molecular Networking (GNPS, discussed below
and extensively reviewed elsewhere),*®* has made it possible to
harness the power of database annotations to aid in discovery of
novel microbial biotransformations.'*® Pyochelin, a side-
rophore produced by Pseudomonas and certain Burkholderia
species, is a well-established virulence factor.*®* Molina-
Santiago et al. found the presence of the methyl ester form of
pyochelin (PME) in the chemical interactions of plant patho-
gens Pseudomonas chlororaphis PCL1606 and Bacillus amyloli-
quefaciens FZB42 (Fig. 3).® The annotation was deposited to
GNPS for PME and was encountered a few years later by two
separate groups studying Pseudomonas aeruginosa and Staphy-
lococcus aureus from the perspective of co-infection and co-
existence, respectively.”””* Jenul et al. went on to use trans-
poson library screening of 576 mutants via LC-MS to identify the
gene encoding a methyltransferase in S. aureus that catalyzed
the formation of PME from pyochelin, thereby abrogating its

Nat. Prod. Rep.

ability to chelate iron and conferring protection to S. aureus
against P. aeruginosa.”® Methods using transposon libraries
have been further advanced to identify production of cryptic
NPs.” Currently, screening of transposon libraries by LC-MS is
limited due to the associated cost and time required to screen
thousands of clones in the absence of a visual or measurable
phenotypic change. This limitation is alleviated by applications
of methods such as Desorption Electrospray Ionization-Mass
Spectrometry Imaging (DESI-MSI) capable of acquisition
speeds of under a minute per sample, which was recently
applied to profile free-fatty acids produced by engineered E.
coli.”® A comprehensive discussion of other high-throughput
approaches for screening mutant libraries has been published
by Shepherd et al.”

Once microbial communities and candidate genes
producing specialized metabolites of interest are identified,
techniques incorporating spatial visualization of these
communities in their environment can aid in correlating the
site of BGC expression to its cognate microbial producer.
Fluorescence in situ hybridization (FISH) is a technique that
consists of fluorescent DNA probes that can bind specific DNA,
including ribosomal DNA that enables species identification.”
The colocalization of these probes with microbes can be visu-
alized by microscopy. FISH was employed to confirm the cya-

nobacterial origin of a polychlorinated NP, barbamide, in the

This journal is © The Royal Society of Chemistry 2025
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Table 1 List of selected databases supporting analyses of microbial products
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Common acronym

Database (if applicable) Type of data Recent example

Dictionary of natural products®'* DNP Database containing data for over Observed the metabolite variation
340 000 natural products, with the and bioactivity of a co-culture of two
ability to search using structures, marine Aspergillus species®'?
melting/boiling point data,
chemical names, molecular
formulas, and CAS numbers

Global natural product social GNPS User-submitted MS/MS spectra of GNPS-guided discovery of

molecular networking™! tissue/microbial samples and their madurastatin siderophores from
associated metadata the termite-associated Actinomadura

Sp.213

AntiBase®™* N/A Compendium of natural products Analyzed aromatic polyketides
and their compound properties, produced by Streptomyces sp. PU-
physicochemical data, and NMR/MS MM59 (ref. 215)
spectra

SciFinder>'® N/A Extensive database of compound Identified the activity and novelty of
properties, references, and microbially-derived metabolites
structures for a large range of from Crocodylus porosus gut flora*'”
compounds, including those of
microbial origin

Human metabolome database>'®>"® HMDB Comprehensive catalogue of Linked metabolites present in the
metabolites known to be present in breast muscles of chickens to their
humans, including those derived genotype-dependent cecal
from microbes native to the human microbes®*°
microbiome

MicrobeMASST*® N/A Query language for GNPS that Performed functional
identifies microbially-derived metabolomics of the human scalp®
metabolite MS/MS spectra from
microbial monoculture extracts.
Linked to taxonomic data of the
original sample

Human microbial metabolome MiMeDB Multi-omics database combining Associated gut microbiota features

database**!

Streptome DB%>2%3

Natural product atlas®**>?

Natural product activity and species
Source226,227

Pseudomonas aeruginosa
metabolome database®*’

COlleCtion of Open NatUral
prodUcTs**°

the taxonomic, phenotypic, and
genotypic data related to a microbe
with the metabolites produced by
each microbe as well as any
suspected or proven health effects
on humans. Limited to microbes
known to reside in humans
N/A Database of natural products
derived from Streptomyces,
phylogenetic trees, predicted BGCs,
MS spectra, and natural product-
organism relationships
Collection of known microbial
products connected with their
known source organisms, structure,
and associated publications.
Integration with MIBIG,
NPClassifier, and ClassyFire
Database focusing on the known/
estimated activity against targets of
interest, native concentrations, and
drug-likeness of natural products
Compiled resource containing
compound descriptions, MS
spectra, molecular pathways,
associated genes/proteins, and
physicochemical data for
metabolites derived from P.
aeruginosa
Web-based compendium of natural
product data from open-source
databases, like NPAtlas and NPASS

NPAtlas

NPASS

PAMDB

COCONUT

This journal is © The Royal Society of Chemistry 2025

and circulating metabolites with
systemic inflammation in
children®**

Identified potential inhibitors of
a key protein of H. pylori®”’

Identified potential inhibitors of
Bcl-2 protein®®

Determined new inhibitors of
MurG>*®

Analyzed the different metabotypes
of P. aeruginosa associated with
different types of cystic fibrosis
virulence®®

Determined the effect of media
conditions on metabolites
produced by Colletotrichum spp.*°
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holobiont of the marine sponge Dysidea herbacea.”® When
combined with spatial metabolomics (discussed in the ‘Spatial
metabolomics in host-microbiome studies’ section), FISH can
help link the metabolome of a microbe to its cognate producer
as exemplified for the investigation of chemical interactions
between a deep-sea mussel and its intracellular symbiont
community.”””® These examples from the marine microbiome
provide parallels and serve as an inspiration for their applica-
tion in human microbiome research, particularly due to the
ease in acquiring metagenomic data and availability of robust
BGC predictive tools.*»”® Traditionally, FISH was limited to the
analysis of two to three microbes or genes, due to lack of dyes
with non-overlapping colors. However, advances in spectral
imaging and algorithms for spectral unmixing of fluorophores
with overlapping spectra have made it possible to incorporate
two or more fluorophores per microbe, achieving combinatorial
labeling and greatly increasing the number of species that can
be distinguished. This method, also called Combinatorial
Labeling and Spectral Imaging (CLASI), combined with FISH,
has been used to analyze the spatial organization of microbe
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communities in complex microbiomes such as shown for
human oral plaques.* These methods demonstrate the pres-
ence of an organism, its biosynthetic potential to produce
a molecule and the neighboring microbial community structure
that may play a role in the expression of the BGC, while mass
spectrometry approaches such DESI-MSI can prove the direct
production of a molecule in the context of interest. Lastly, cell
sorting and single cell genomics can also enable linking of
a molecule to its BGC.*

3 Database-aided identification of
microbiome-derived metabolites

After extraction of metabolites from a sample and MS-based
data acquisition, dereplication is a crucial step in metab-
olomics analysis. Dereplication is the classification and struc-
tural annotation of unknown metabolites using compound
characteristics such as m/z, retention time, UV/Vis absorption
spectrum, isotope patterns, collision cross section, and spectral
fragmentation patterns. One way of performing dereplication of
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known compounds is through the use of MS/MS databases
(Fig. 5). In recent years, online MS/MS databases have rapidly
expanded in terms of library size and associated tools, due to
openly available, user-submitted MS data, and advances in
computational power and machine learning-based analytical
techniques in the analysis of mass spectrometry data.*>®”
Commonly used databases include Metlin, HMDB, DNP, GNPS,
NIST, AntiBase, and MarinLit, to name a few. Each database has
a variety of information, including spectra and supporting
metadata, making them a valuable resource for both structural
and functional annotation as well as source tracking (identify
biological producer or biotic source of a given metabolite) when
provided (Table 1).

As recognition of the role of microbial small molecules in
human health and the bioeconomy increased, the demand for
databases specific to microbially-derived metabolites led to the
development of MiMeDB, COCONUT, StreptomeDB, NPAtlas,
NPASS, and PAMDB (Table 1). These databases offer detailed
information on microbial NPs and their producers, such as
predicted BGCs, phylogenetic information, and known activity
in humans (Fig. 5). PAMDB has been used to identify molecular
pathways significantly altered in P. aeruginosa isolated from the
sputum of cystic fibrosis patients.*® These P. aeruginosa isolates
were categorized into “metabotypes” that correlated with viru-
lence based on which molecular pathways were altered. Using
COCONUT and NPAtlas, Reveglia et al. identified microbially-
derived metabolites affected by different media conditions in
three strains of Colletotrichum spp. known to cause legume
disease.*® Furthermore, development of the search query tool
microbeMASST, which searches MS/MS data against datasets
for thousands of microbial monocultures present in the GNPS
ecosystem, has provided researchers with the ability to query
a MS/MS spectrum of interest and receive an output with
interactive taxonomic trees without the need for prior molecular
annotation.? The application of this search query tool led to the
discovery of microbially-derived molecules in human scalp
samples that correlate with scalp oiliness and in skin samples
from patients with atopic dermatitis (AD).”**> Online reposito-
ries of data can also be used to identify undiscovered modifi-
cations of known microbially-derived molecules. After creating
a library of MS/MS spectra of bile acids and their potential
modifications from publicly available data in GNPS, Mohanty
et al utilized microbeMASST to identify monocultures of
bacteria that produce previously unidentified modifications of
microbially-derived bile amidates.”® Indeed, 92 potential
modifications of bile amidates were matched with a quarter of
the monocultures present in microbeMASST, with two-thirds of
these matches belonging to previously uncharacterized bile
amidates.

Molecular networks, such as those generated by GNPS, while
enabling dereplication of known NPs, can also provide
a systems-level overview of the metabolites from metabolomics
experiments.'** Molecular networks rely on the similarities of
MS/MS fragmentation patterns between molecules belonging to
the same molecular family, such as peptides, glycolipids, and
quinolones.”® As a result, molecules can be grouped into
molecular families based on their MS/MS patterns, and mass
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differences between annotated features and unannotated
features within a molecular family can be used to annotate
previously unidentified molecules.”** For example, using
AntiBase and SciFinder to dereplicate MS data and GNPS to
create molecular networks, Rak Lee et al. showed that a termite-
associated Actinomadura sp. RB99 produces families of poly-
brominated and polychlorinated isoflavonoids with antimicro-
bial activity.*®

Beyond simple annotation and structure identification,
databases have also proven useful in identifying potential roles
and applications of microbe-derived products. Noori Goodarzi
et al. used specialized metabolites present in StreptomeDB to
perform docking simulations on Helicobacter pylori, an
increasingly antibiotic-resistant bacterial species with a role in
gastrointestinal disease.”” 36 potential inhibitors of a critical
protein present in H. pylori but not in humans were identified
using this docking approach, two of which showed favorable
properties for in vivo testing. Similarly, Almansour et al.
screened compounds from NPAtlas to identify potential inhib-
itors of Bcl-2 protein, a critical anti-apoptotic protein involved
in carcinomas.”® This approach led to the discovery of the
Streptomyces spp. NP saquayamycin F as a potential candidate
for Bcl-2 inhibition.*

Newer methods such as reverse metabolomics utilize the
large repositories of publicly available untargeted metab-
olomics data in databases such as GNPS, to allow association of
a given phenotype with compounds via matching the mass
spectral signature of a known class of compounds. For example,
Gentry et al. used combinatorial chemistry to synthesize classes
of metabolites such as N-acyl amide and bile acid conjugates,
and acquired MS/MS spectra on the synthetic library.?” Bio-
informatic analysis using GNPS revealed the abundance of
these molecules in existing public metabolomics datasets, and
found associations of bile acid profiles with IBD subtypes. For
compound classes where large numbers of compounds can be
synthesized using combinatorial synthesis, reverse metab-
olomics will lead to increased annotation rates and enable
discovery of new microbiome-related metabolites relevant to
human health and disease.*

4 Spatial metabolomics in host—
microbiome studies

The LC-MS-based approaches described above are inherently
agnostic to spatial distribution of metabolites, which can
provide another layer of confidence in metabolite annotations
and their role in host-microbe, and microbe-microbe interac-
tions. By integrating the analytical power of metabolomics with
spatial imaging methods, one can uncover intricate chemical
landscapes and gain critical insights into the role of metabolites
in cellular crosstalk. Owing to these advantages and advance-
ments in instrumentation, mass spectrometry imaging tech-
niques using ionization methods such as Matrix-Assisted Laser
Desorption/Ionization (MALDI), DESI, Secondary-lon Mass
Spectrometry (SIMS), and Laser Ablation Electrospray Ioniza-
tion (LAESI) have grown in popularity. These methods have
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been extensively reviewed elsewhere and provide spatial reso-
lutions as high as 0.1 pm for SIMS, <100 pm for LAESI, 10-200
pm for MALDI and DESI (with atmospheric pressure MALDI and
nanoDESI achieving <10 um).'?**%

Direct application of MALDI-MSI to cultures grown on solid
media has become a widely used method.'®*'"" Aiosa et al.
recently used this method to study the interactions between
a candidate airway probiotic from the Bacillus genus and B.
thailandensis, a surrogate for the causative agent of melioidosis
B. pseudomallei.'® This technique, coupled with untargeted
metabolomics, mapped molecules made by both the pathogen
and potential probiotic in and around a zone of inhibition
observed in an agar diffusion assay. Amongst the molecules
found were Bacillus-produced fengycins, surfactants, and baci-
lomycins, and pathogen-produced capistruins. While many
compounds were produced in both mono and co-culture, cap-
istruins, known to have antibacterial activity, were induced in
co-culture, and their diffusion captured using MALDI-MSI.
These results demonstrate the utility of visualizing microbial
interactions at the compound level. Geier et al. took MSI one
step further by incorporating FISH to label members of
a bacterial community in a deep sea mussel.”””® The authors
optimized their MALDI method to minimize sample ablation so
they could use the same tissue section for FISH labeling. Their
high spatial resolution facilitated differentiation of host and
symbionts. It enabled them to find differences in the localiza-
tion of hopanoid molecules in the gills of fish at a micrometer
scale, and to discover a new molecular family co-localizing with
the symbiont communities. While the authors were unable to
elucidate the structures of the molecules, molecular networking
provided insight into the transformations that linked each
molecule in the network. Single-cell metabolomics has been
used to study the effects of Trypansoma cruzi intracellular
parasite infection on parasite-containing and neighbouring
host cells.'® A similar approach could be implemented in the
context of host-microbiome interactions, including application
of the new organ-on-a-chip model system, as described later in
the ‘Host-microbe co-culture metabolomics and tissue culture
models’ section.

Complementing MALDI at spatial scales of the centimeter
and above, spatial metabolomics techniques involve a three-
dimensional reconstruction of organs with an overlay of
metabolites detected using LC-MS. Spatial resolution is ach-
ieved by analyzing tissue sections. Spatial mapping played an
important role in understanding the relationship between the
location of the microbiome and metabolome in SPF mice across
all organ systems, which set up the discovery of novel bile acid
conjugates by Quinn et al., as described below."® The lung of
a late-stage CF patient was used to create a 3D model to visualize
microbial localization and antibiotic penetration, and to map
metabolites made by the host, microbes, and those derived
from metabolism of antibiotics.'** The lung samples, domi-
nated by Pseudomonas, showed a diversity of quinolone mole-
cules, including the 4-hydroxy-2-alkylquinolines (AHQ), but did
not show the specific Pseudomonas quinolone signal (PQS)
molecule produced downstream of the AHQs, pointing towards
differences between results observed in culture models
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compared to in situ models. Moreover, the study showed
a negative spatial correlation of Achromobacter species with the
antibiotic meropenem, showing how pathogens in a diverse
environment can find their ecological niche and survive. A
follow-up study looked at six explanted lungs and found patient-
specific differences in microbial and metabolome composition,
but surprisingly found more intrapatient than inter-patient
differences in distribution of microbial NPs. The localization
and abundance of certain microbial quinolones correlated with
the presence of Staphylococcus.**

Spatial mapping also provided insights into the metab-
olomic signatures associated with Trypanosoma cruzi eukaryotic
parasites in the heart and gastrointestinal tract. T. cruzi,
a protozoan and the causative agent of Chagas disease, was
preferentially localized at the base of the heart. Metabolomics
analysis of uninfected mice revealed metabolite gradients that
either correlated with the parasite presence (eicosanoids) or
anti-correlated with the parasite (adenosine monophosphate
(AMP))."** Acylcarnitines were also perturbed by infection in
a spatially-defined manner in both the heart and GI tract."*'**
The hypothesis that perturbations in acylcarnitine levels play
a key role in the disease inspired the authors to evaluate
carnitine supplementation as a treatment strategy. Supple-
mentation of carnitine in drinking water prevented mouse
mortality in the acute stage of infection."* This study highlights
the value of spatial methods in studying host-microbe meta-
bolic interactions and informing possible therapeutic
interventions.

5 Monoculture, microbe—microbe
co-culture, and synthetic community
metabolomics

To identify the source of microbial products, microbes can
either be cultured in isolation (axenic cultures) or in the pres-
ence of one or more co-occurring microbes (co-cultures and
synthetic communities).”***®* The metabolite output of
a microbe in isolation differs significantly from when it is
associated with a host or is a part of a microbial community,
which is why many BGCs are silent under laboratory
conditions."™*** Cell-to-cell signaling mechanisms such as
quorum sensing play an important role in regulation of gene
expression in a cell density-dependent manner, and control
metabolite production.”™ In the absence of the appropriate
chemical signals, production of many metabolites remains
below the limit of detection.'* In mixed cultures, NPs control
community structure and BGC expression, as shown for the
synthetic ‘The Hitchhikers Of the Rhizosphere’ (THOR) in vitro
community designed from the soil microbiome."*® Notable in
vivo synthetic communities that have been developed to model
the mammalian microbiome include Oligo Mouse Microbiota
(OMM) and hCom2."***** Simulator of Human Intestinal
Microbial Ecosystem (SHIME®) is an example of an ex vivo
model of the gut synthetic microbial community that uses
multi-compartment reactors to mimic the entire gastrointes-
tinal tract.”®
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Biotransformations and conjugations between metabolites
of two bacteria can further produce additional metabolites with
unique biological functions, emphasizing the importance of
mixed cultures. For instance, when Pseudomonas aeruginosa and
Burkholderia thailandensis are cultured in isolation, the NP
malleonitrone is not detected. The production of this
compound is observed only in co-culture.** When the mono-
culture of B. thailandensis is supplemented with IQS (2-(2-
hydroxylphenyl)-thiazole-4-carbaldehyde), a quorum sensing
small molecule signal produced by Pseudomonas aeruginosa,
production of malleonitrone is observed. Structural character-
ization revealed that malleonitrone is derived by conjugation
between IQS produced by P. aeruginosa and malleobactin
produced by B. thailandensis. Similarly, incubating soil Strep-
tomyces with compounds containing catechol moieties induces
the production of catechol-containing siderophores by Strepto-
myces.”” Similar to the phenomenon of substrate-dependent
regulation of specific metabolite pathways, indole-producing
E. coli and indolelactic acid (ILA)- and indolepropionic acid
(IPA)-producing Clostridium sporogenes competed for trypto-
phan within a three-species community including Bacteroides
thetaiotaomicron (Fig. 3). Fiber-degrading B. thetaiotaomicron
influenced the competition by cross-feeding monosaccharides
to E. coli. Thus, indole production through catabolite repression
was inhibited, which in turn made more tryptophan available to
C. sporogenes. This observation was confirmed with increased
ILA and IPA production by C. sporogenes.*”® Thus, cross-feeding
between microbes and host plays an important role in synthesis
of NPs, which further structure the composition of the micro-
bial community present. Additionally, genomics and metab-
olomics were applied to reveal the genes involved in the
production of IPA (Fig. 3). The authors compared metabolomes
of a genetically modified strain with a disruption in a phenyl-
lactate dehydratase subunit fIdC, hypothesized to be involved in
IPA production from tryptophan, with the wild-type strain using
LC-MS/MS.** It was shown that in addition to being involved in
IPA production, F1dC was also involved in reductive metabolism
of tyrosine and phenylalanine, indicating a shared pathway for
reductive aromatic amino acid metabolism in C. sporogenes.
Thus, tryptophan metabolism by the microbiome plays an
important role in host-microbiome interactions. Co-culture-
based interactions can also be dependent on the environ-
mental context. Recently, Jin et al. showed that expression of the
ham BGC in Burkholderia cenocepacia, in the presence of clini-
cally prescribed antibiotic trimethoprim, affected its chemical
interactions with Aspergillus fumigatus.**® The induction of B.
cenocepacia NPs was linked to increased production of the
fungal siderophore triacetylfusarinin C, biotransformation of
fungal membrane ergosterol, and inactivation of the ham BGC
NP fragin via methylation by the fungus. In studies of the coral
holobiont, Moree and coworkers demonstrated the impact of
light exposure on the metabolic output of the commensal coral
microbiota and underlying mechanisms to prevent growth of
fungal pathogens.™® A Pseudoalteromonas sp. isolated from
a healthy octocoral was cocultured with a marine fungus,
Penicillium citrinicum, isolated from the necrotic tissue of
a diseased gorgonian octocoral. MALDI-IMS revealed that
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Pseudoalteromonas produce antifungal polyketide alteramides
at higher levels in the dark than in light. The alteramides
undergo a photoinduced intramolecular cyclization, forming an
inactive congener in the presence of light. As corals are
nocturnal feeders, it is hypothesized that they may be more
vulnerable to fungal infections at night and thus may benefit
from specific production of an antifungal molecule in dark
conditions.

6 Host—microbe co-culture
metabolomics and tissue culture
models

Beyond microbial co-culture systems, microbe-host co-cultures
can further elucidate the specific metabolite signals involved in
health and disease. Such co-culture systems have been useful to
identify signals differentially produced in the presence of hosts,
and to interrogate immunometabolic crosstalk. For example,
the brain and muscles of the ant Camponotus pennsylvanicus
were dissected and kept alive in an insect cell culture medium.
The vegetative mycelia of two fungal species, Beauvaria and
Metarhizium, were introduced to this ant ex vivo tissue culture to
simulate an ant infection. A different repertoire of specialized
metabolites were produced in co-culture with insect tissue
rather than in regular fungal media, resulting in the description
of several new analogs of previously known specialized metab-
olites responsible for ant killing activity, namely destruxins and
beauverolides.**

Another study employed co-culturing of Burkholderia thai-
landensis, a model bacterium for the disease melioidosis,
intracellularly within murine epithelial and macrophage
lines.*** Monocultures, including naive host cells and B. thai-
landensis, were used as controls. Metabolites structurally
similar to romidepsin, namely burkholdacs and spiruchostatin
C, a potent inhibitor of histone deacetylases (HDACs), were
detected in both epithelial cells and macrophage cells.'***%¢
HDACs regulate gene expression by removing acetyl groups
from histone proteins, which makes the DNA more compact
and less accessible for transcription. HDACs are known to
inhibit phagocytosis of pathogens by macrophages.*” The BGC
for these compounds are lowly expressed under laboratory
conditions and require manipulations such as addition of
elicitors in culture or over expression of transcriptional regu-
lators."***? This study suggests the use of mammalian cell co-
culture as a relevant and useful approach to discover special-
ized metabolites from pathogens with specific phenotype such
as inhibition of HDACs, and that in vitro mammalian cell
culture provides the right environment for the inductions of
virulence factors.

Additional examples of such systems emerge from the
studies involving the gut microbiome. The communities of
microorganisms in the small intestine play an important role in
host physiology. Bifidobacterium is one of the most dominant
groups of bacterial genera residing in human gut microbiota
and has been used industrially as probiotics. A two-chamber co-
culture device containing Bifidobacterium breve MCC 1274 and
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intestinal epithelial cells derived from induced pluripotent
stem (iPS) cells to mimic the environment of small intestinal
tract was used to investigate immunometabolic crosstalk. Based
on metabolite analysis, a significant increase in immunomod-
ulatory metabolites, including microbially-derived indole-3-
lactic acid and phenyllactic acid, were observed, representing
a synergistic interaction between probiotics and intestinal
epithelial cells.™°

Other successful iterations of this method are organ-on-a-
chip platforms aiming to recapitulate the 3D topography of
organs and their physicochemical cues.'* Lucchetti et al
combined E. coli bacteria with a human microbial-crosstalk
(HuMIX) gut-on-chip and a liver-on-chip, representing a multi-
organ-on-a-chip platform, to assess the metabolism of the
colorectal cancer drug irinotecan. Based on LC-MS/MS analysis,
the presence of E. coli enabled transformation of the inactive
irinotecan metabolite SN-38 G into the toxic metabolite SN-
38."> Wang et al. likewise performed gut-on-a-chip analysis, co-
culturing aerobic human intestinal epithelial cells and anaer-
obic gut microbiota from individuals with depression.*** Anal-
ysis of metabolites in the co-culture revealed a significant
increase in tyrosine, and a significant decrease in r-proline, -
threonine, and the secondary bile acid hyodeoxycholic acid.
Further, reduced gut barrier function, chronic low-grade
inflammatory responses and decreased neurotransmitter 5-
hydroxytryptamine levels were also discovered, signatures that
are indicative of depression.'® Continued development of new
in vitro systems, including optimized organs-on-a-chip and
organoid systems mirroring the complex multicellular organi-
zation of tissues will facilitate the elucidation of host-microbe
cross-talk. In this context, human immune organoids may be

144

particularly promising.

7 Linking phenotype to microbial
chemistry

Host or microbial phenotypes are observable characteristics
that can be a representation of the biological response to
a stimulus. Thus, investigation of disease and beneficial
phenotypes by mass spectrometry metabolomics can provide
useful hypotheses about the role of metabolites in association
with host-microbe interactions. Correlative analysis between
a specific disease phenotype and a bioactive compound can be
performed by screening a library of compounds, or a library of
niche and disease relevant microbial isolates, or by using
samples from disease-specific animal models or human
samples. Select examples from the last decade that combined
these approaches with metabolomics are discussed in this
section. For example, the study of ferroptosis, an iron-
dependent cell death, by Cui et al. brings forth the usefulness
of screening endogenous metabolite libraries.*** The authors
applied a ferroptosis assay to screen a library containing
hundreds of endogenous human host and gut microbe metab-
olites using 786-O human kidney adenocarcinoma cells. This
screen identified a specific tryptophan metabolite derived from
Peptostreptococcus anaerobius, trans-3-indoleacrylic acid (IDA),
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which mediated ferroptosis resistance in cancer cells (Fig. 3).
16S rRNA sequencing of human faecal samples found bacteria
enriched in CRC, which, combined with LC-MS based metab-
olomics on candidate bacterial isolates, was used to identify the
microbial source of IDA. The observations from these analyses
were validated using xenograft models and in Apc™™* mice
wherein supplementation of IDA in either model or gavage of P.
anaerobius into the mice promoted progression of tumors.

Another approach screened a library of bacterial cultures to
identify small-molecule metabolites associated with DNA
damage from a diverse set of gut microbes. Using a plasmid-
based DNA damage assay, Cao et al. discovered a new class of
genotoxins, namely indolimines, produced by the gut bacte-
rium Morganella morganii in patients with inflammatory bowel
disease (IBD)."** DNA damage by gut microbes can increase risk
of colorectal cancer, exacerbated by the presence of IBD. After
detecting genotoxicity from a Morganella morganii isolate that
was not due to known genotoxins such as colibactin, the
authors used untargeted metabolomics and bioactivity guided-
fractionation of cultures to isolate and characterize indolimines
(Fig. 4). MS-based quantification showed that M. morganii
produced a high level of indolimines, which led to increased
expression of the double strand break marker y-H2AX.*¢

In addition to screening bacterial and compound libraries,
direct investigation of disease phenotype-relevant samples can
advance the understanding of the link between disease and host
microbiome. For example, type 2 Diabetes mellitus (T2DM) is
associated with a higher risk of cardiovascular disease.
However, control of blood glucose is not effective in reducing
adverse cardiac events.'*”'*®* Nemet et al. analyzed a cohort of
human subjects undergoing elective cardiac evaluation over
a three-year period, using untargeted plasma metabolomics.'*
Metabolites were prioritized based on their increased abun-
dance in those with T2DM and an association with major
adverse cardiac events, while being poorly correlated with
indices of glycemic control such as fasting glucose levels,
HDbA1C levels or glucose/insulin ratio. A metabolite with m/z
265.1188 was identified and annotated as phenylacetylglut-
amine (PAGIn) through comparison of MS/MS fragmentation
pattern and retention time with a standard. The role of the gut
microbiome in generating phenylacetic acid, the precursor of
PAGIn, was confirmed by metabolomics in human subjects who
presented substantially reduced levels of PAGIn following an
antibiotic course. Three weeks after the discontinuation of
antibiotics, restoration of PAGIn levels was observed. This
initial discovery using untargeted metabolomics was further
verified using stable isotope dilution LC-MS/MS with deuterated
PAGIn as an internal standard.*®

Recently, a similar approach was used to identify the fungal
specialized metabolite AT-C1, which was linked to polycystic
ovary syndrome (PCOS). The fungus Aspergillus tubingensis was
found at higher levels in patients with PCOS and induced
a PCOS-like phenotype in murine models. A. tubingensis targets
interleukin-22 (IL-22) secretion by inhibiting the aryl hydro-
carbon receptor (AhR). Untargeted metabolomics data from 23
A. tubingensis strains was correlated with AhR inhibition, to
identify a candidate m/z responsible for this inhibition. This
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analysis was followed by isolation, MS/MS analysis and NMR for
structure elucidation. The identified compound was named AT-
C1 and was found at higher levels in the feces of PCOS patients,
with correlation to immunological and clinical markers of
PCOS."*°

The study of the gut microbiota-brain axis has also brought
forward several examples of the role of gut metabolites in
modulating brain health."* For example, during progression of
the neurodegenerative disorder amyotrophic lateral sclerosis
(ALS), changes in the composition of the gut microbiome are
observed.'” Using a superoxide dismutase mutant Sod1-Tg
mice model, the levels of Akkermansia muciniphila (AM) were
found to be decreased and AM supplementation mitigated
motor degeneration in these mice. Untargeted serum metab-
olomics of AM-supplemented and control Sod1-Tg mice found
nicotinamide to be significantly increased in the AM-
supplemented group. Based on metagenomic data, nicotin-
amide had the highest probability to be synthesized by a wild-
type microbiome but not the Sod1-Tg microbiome, suggesting
that AM was responsible for increased nicotinamide levels.
Targeted metabolomics showed significantly higher levels of
nicotinamide in AM cultures compared to other commensals
and further supported the link between AM supplementation
and increased levels of nicotinamide in the cerebrospinal fluid
of Sod1-Tg mice. An analysis of a cohort of human ALS patients
using untargeted serum metabolomics further revealed signif-
icant changes in the tryptophan-nicotinamide pathway,
including indoleacetate, kynurenine, serotonin and nicotin-
amide itself.’*

Gut microbes may also play an important role in maintain-
ing host nicotinamide adenine dinucleotide (NAD) homeo-
stasis. To investigate de novo gut microbial NAD synthesis,
Chellapa et al. fed mice a diet including stable isotope-labeled
fiber and protein, and found that dietary fiber accounted for
37% of total carbons in NAD in the cecum, while protein only
accounted for 3%."** This indicated that most of the dietary
precursors of NAD are absorbed prior to reaching the end of the
small intestine, pointing to an alternate precursor. Indeed,
labeled NAM injected intravenously into mice was detected in
the lumen along with labeled NAD. Interestingly, NAM was
converted to nicotinic acid (NA) by luminal microbes via a dea-
midase activity that mammals lack. NA that in turn could feed
into the host Preiss-Handler pathway to synthesize NAD, sug-
gesting a synergistic host-microbe relationship (Fig. 3).***

Many pathogens can enter the bloodstream through invasive
procedures such as surgery, patient care equipment (IV lines,
ventilators), and even through skin and mucous membrane
breaches. Mayers et al. developed an iterative metabolomics
pipeline to prioritize metabolite features relevant to blood-
stream infections by Gram-negative bacteria.">® Their pipeline
involved comparative metabolomics on human plasma samples
of healthy controls versus infected individuals, to obtain a list of
significant metabolite features. These features were filtered
based on disease severity using a clinically-relevant score (Acute
Physiology and Chronic Health Evaluation (APACHE II)). The
authors then moved from this observational cohort to an
experimental study using a mouse model of sterile injury versus
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live infection, to identify metabolite features that showed
differential abundance in the same direction as the human
plasma samples. As a final filtration step, to focus on features
that would have a microbial origin, culture supernatants of E.
coli were examined by metabolomics. Initially, this pipeline was
used on a targeted set of features, where the authors found N-
acetylputrescine as a metabolite significantly abundant in the
infection condition that was likely microbially-derived (Fig. 3).
Using the same pipeline but with an untargeted approach, they
additionally found diacetylspermidine, another acetylated
polyamine, which led them to investigate the possible role of
polyamine acetylation. This strategy allowed the authors to link
the enzyme, spermidine N-acetyltransferase (SpeG), encoded in
the genome of E. coli, with production of acetylated putrescine.
Notably, inhibition of these enzymes re-sensitized
antimicrobial-resistant Gram-negative bacteria to antibiotics
by increasing membrane permeability.’* These findings
demonstrate how an initial discovery made using metabolomics
allowed hypothesis building, with subsequent validation
extending the implication of this discovery in a clinical appli-
cation via the development of alternate treatment strategies.
Another common phenotypic method involves bioactivity-
guided assays to screen a potential specialized metabolite
producer against other members of its community from a host-
relevant environment. This serves two purposes. First, growing
bacteria in an environment closer to their natural setting
increases the chances of eliciting a silent BGC. Second, it can
provide an accurate assessment of the biochemical interactions
that occur in that environment. For example, S. epidermidis
isolates from the human nose were identified as useful sources
of antimicrobial compounds with activity against other
members of the nose microbiome."*® A particularly active strain,
IVK83, inhibited a broad range of strains from various phyla.
The authors generated and screened a transposon mutant
library to find the BGC responsible for activity. This led to the
discovery of a BGC that encoded for an unstable broad-
spectrum antimicrobial peptide-polyene that could inhibit
methicillin-resistant Staphylococcus aureus (MRSA).**” While the
culture extracts from IVK83 displayed activity, this activity was
lost within a few hours upon exposure to light, pH and
temperature conditions mimicking S. epidermidis in vivo habi-
tats, suggesting the bioactive antimicrobial was unstable. Using
reverse-phase HPLC-MS-UV, the authors correlated the fraction
with the antimicrobial activity to the UV absorption wavelength,
found the m/z, and purified the compound, which they called
epifadin (Fig. 3). While its instability precludes its use as a drug,
the authors proposed the commensal producers of epifadin as
potential probiotics. S. lugdunensis IVK28 had similarly been
found by the same group to have potent activity to inhibit S.
aureus under iron-limiting conditions on solid agar, leading to
the discovery of the peptide antibiotic lugdunin.*® Broadly,
coagulase-negative Staphylococcus (CoNS) commensals are an
important part of the skin microbiome. Healthy patients have S.
epidermidis and S. hominis clones on the skin with strain-
specific activity against S. aureus at a higher frequency than
those with AD." These commensal species produced lanti-
biotics that could synergize with host antimicrobial peptides.
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Additionally, autoinducing peptides from S. hominis, S. simu-
lans, and S. warneri inhibit the agr quorum sensing system in
MRSA (Fig. 3).'°°'%> Notably, a phase 1 randomized clinical trial
of AD patients consisting of topical therapy with S. hominis A9
was shown to be safe and beneficial for decreasing S. aureus
abundance.'®

Thus, with the appreciation that human microbiomes are
a useful resource for medically important compounds, large
bioinformatics studies have been carried out, which seek to
mine available genomic datasets for possible NP BGCs. The type
of NP being made can be predicted based on homology to
known BGC types (e.g. RiPP, NRPS etc.). These BGCs can be
expressed en masse in a heterologous host such as E. coli, and
then their products can be purified, isolated, and screened for
bioactivity. For instance, 70 unique lanthipeptide and lasso-
peptide gene clusters from the HMP were chosen by King et al.,
their genes cloned and expressed heterologously in E. coli,
leading to the purification of 21 lanthipeptides and 4 lasso
peptides.*®* Of the 112 possible RiPPs in all the BGCs that the
authors attempted to produce, modified peptides could only be
detected in 27 of them. This highlights the challenges associ-
ated with optimizing conditions needed to produce a NP even
after identifying the BGC. Furthermore, structural character-
ization of the modifications using mass shift data from LC-MS/
MS was successful for 18 of the 27. Bioactivity against MRSA or
vancomycin-resistant Enterococci was observed only in a subset
of 6 RiPPs. However, the study does provide a framework that
can be used for rapid discovery of NPs with undiscovered bio-
logical functions in the future.

8 Germ-free approaches to identify
microbiome-derived metabolites

Germ-free (GF) mice are useful animal models to study the
effects of microbiome absence and of microbiota on health, as
they can be inoculated with host-derived and defined micro-
biomes. When colonized with defined communities (gnotobi-
otic mice), this system offers a unique way to control and tailor
the microbiome to the specific requirements of a study. In
particular, combining gnotobiotic animals and cultured
microbial isolates allows for re-colonization experiments that
help to unequivocally assign function to specific microbes and
the produced metabolites (Fig. 6). On the other hand, the
stringent conditions under which they need to be housed iso-
lated from the environment, coupled with prohibitive costs,
present a limitation in their use. Furthermore, GF mice have an
under-developed immune system that may not fully replicate
the host-microbe interactions observed in normal colonized
individuals, even if subsequently colonized.**® Nevertheless, GF
mice have been extensively used to enhance our understanding
of microbiota-produced and microbiota-modulated metabo-
lites.'*® Lai et al. used comparative metabolomics on germ-free
versus conventional specific pathogen free (SPF) mice to study
the effect of microbiota on the metabolites involved in the gut-
brain axis, using samples from feces, serum, and the brain.'*”
The gut microbiota enriched numerous pathways involved in

Nat. Prod. Rep.

View Article Online

Review

aromatic amino acid and neurotransmitter synthesis, and
altered the transsulfuration, redox homeostasis, and neuro-
inflammation pathways in the brain. These interactions were
correlated with the production of microbial-derived metabolites
such as indoxyl sulfate and trimethylamine-N-oxide
(TMAO).**”**®* TMAO, made from gut microbial metabolism of
trimethyl quaternary ammonium compounds such as choline
and r-carnitine to trimethylamine, followed by oxidation via
host metabolism, was associated with an increased risk of
atherosclerosis.’®'”* d-Valerobetaine, another precursor of
TMAO, was at a higher abundance in liver and liver mitochon-
dria samples of conventionalized mice derived from GF mice
housed with conventional mice, compared to mice that
remained GF. Elevated levels of d-valerobetaine inhibited
mitochondrial fatty acid oxidation, leading to increased lipid
accumulation in the adipose tissue of mice, suggesting a link to
obesity. Notably, this effect was dependent on the type of diet
fed to the mice, since supplementation of d-valerobetaine in
a western diet led to more weight gain than a control diet,
indicating a complex regulatory network involving host,
microbiota, and diet.'™

Quinn et al. investigated the impact of the microbiome on
the whole animal by analyzing various organs, skin, blood and
stool of GF versus SPF mice using untargeted metabolomics,
finding unique chemical profiles and significant differences in
the metabolome at most of the sampled locations."'® They
discovered a previously uncharacterized conjugation of
phenylalanine, tyrosine or leucine with cholic acid, in the
duodenum, jejunum and ileum of SPF mice only. Interestingly,
Mass Spectrometry Search Tool (MASST) searches showed that
these transformations were also present in humans, with a high
frequency in patients with IBD and CF. In vitro culturing of the
Clostridium species correlated to conjugated bile acid levels in
mice demonstrated the microbial origin of the metabolites,
while exogenous administration of labeled amino acid to mice
on a high-fat diet confirmed that diet-derived amino acids could
be incorporated into bile acids. This study has inspired the
discovery of hundreds of conjugated bile acids through in silico
methods combined with searching in spectral databases and
synthesis of standards.*>®***'7>'”®* The discovery of bile salt
hydrolases with acyltransferase activity has led to the identifi-
cation of additional bile acid modifications.****%

Dohnalova et al. profiled the genomes, microbiomes and
metabolomes of genetically diverse mice and compared them
with regards to performance while running on treadmills and
wheels.”® They found that the gut microbial community by
itself could predict performance. The authors investigated the
molecular basis for these differences and found that there was
activation of the striatum and an increase in striatal dopamine
levels in the diversity outbred (DO) mice, coupled with decrease
in monoamine oxidase (MAO) levels, which is important in
motivating physical activity. GF mice had lower dopamine levels
after exercise, which could be restored by supplementing with
microbiome transplants. Upon discovering that neuronal
calcium signaling in the dorsal root ganglion (DRG) was
correlated with exercise performance, the authors carried out
untargeted metabolomics on mice ceca and screened candidate
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Fig.6 Overview of germ-free (GF) and gnotobiotic mouse models as tools for studying microbiota-derived metabolites and their effects on host
physiology. This figure illustrates the use of germ-free (GF) and gnotobiotic mice in both in vitro and in vivo studies, enabling the discovery and
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predict the structures and roles of metabolites within biological systems. Created with https://www.biorender.com.

molecules that could activate calcium signaling in DRG
neurons. They found several fatty acid amides (FAA), including
N-oleoylethanolamide (OEA), correlated with exercise perfor-
mance. FAA dietary supplementation restored the exercise
performance of mice, even in the absence of a microbiome.
Moreover, colonizing GF mice with a strain of E. coli expressing
FAA biosynthesis genes enhanced exercise performance
compared to the empty vector control.'® Further examination
showed that fatty acid amides bind to the endocannabinoid CB1
receptor on vanilloid receptor (TRPV1+)-expressing DRG
sensory neurons, to transmit signals to the brain and lead to
downregulation of MAO levels in the striatum.

It is intriguing that microbial OEA plays a role in promoting
physical activity, given that it is also produced endogenously
and is known to regulate feeding.'®* Indeed, studies looking at
the effects of a specialized diet on malnourished children found
increased levels of Faecalibacterium prausnitzii in the gut
microbiome of children with improved outcomes, and showed

This journal is © The Royal Society of Chemistry 2025

that the bacterium encodes a fatty acid amide hydrolase (FAAH)
that can reduce levels of OEA."™>'*® MAGs assembled from stool
samples of the study population were used to build two con-
sortia of bacteria differing in the presence or absence of a strain
of F. prausnitzii Bg7063 and were used to colonize gnotobiotic
mice. Using untargeted metabolomics, F. prausnitzii-colonized
gnotobiotic mice were found to have lower levels of N-acyle-
thanolamides such as OEA and palmitoylethanolamide (PEA).
Supplementation of stable isotope-labeled PEA in the expo-
nential phase monocultures of F. prausnitzii led to degradation
of PEA. Moreover, F. prausnitzii monocultures supplemented
with PEA accumulated a product annotated as N-palmitoy-
larginine using tandem MS. Fractionation of active protein
extracts and bioinformatic analysis led to the discovery of an
FAAH enzyme with bidirectional activity that could both
hydrolyze N-acyl amides and synthesize N-acylamino acids.*®
N-Acyl amides are subdivided in many categories based on
their amine headgroups and acyl tails (Fig. 7). They are
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produced by the host and function as endogenous signaling
molecules.' However, they are also produced by microbes. For
instance, Cohen et al. conducted a large metagenomics-guided,
high-throughput fluorescence microscopy screen for nuclear
factor-kB activators.*®® Active metagenomic clones were further
subjected to transposon mutagenesis to find genes responsible
for activity. One of the genes encoded an acetyltransferase-5
family enzyme, which produced the small molecule 3-hydrox-
ypalmitoylglycine (commendamide). Commendamide activates
GPCR G2A/GPR132, thereby affecting native GPCR signaling
and playing a role in modulation of autoimmunity and
atherosclerosis.*®®

Burkholderia cenocepacia, a deadly CF pathogen, constitu-
tively produces ornithine lipids (OL) containing an ornithine
linked to a 3-hydroxy fatty acyl group further esterified by
a second fatty acyl group which is often enzymatically converted
to the 2-hydroxy form.'**° Moreover, the amide-linked fatty
acyl moiety can itself undergo enzymatic hydroxylation.'®
While the role of OLs in B. cenocepacia are yet to be fully
explained, mutants lacking OL production showed reduced
virulence in a Galleria mellonella infection model.** OLs may
also aid Gram-negative bacteria to increase inflammation in
mammalian hosts and evade the immune system through
prevention of bacterial lipopolysaccharide recognition by Toll-
like receptor 4.'? Increasing interest in microbiome-derived
N-acyl amides has led to the development of a spectral library
resource using MASSQL to query MS/MS spectra against
untargeted GNPS datasets.'

Nat. Prod. Rep.

Gnotobiotic mice, derived from GF mice administered
a controlled microbial inoculum, serve as reliable model
systems to study both host-microbe and microbe-microbe
interactions (Fig. 6). For example, Limosilactobacillus reuteri,
a gut symbiont species used as a probiotic, exhibits intraspecies
competition. A rodent isolate L. reuteri R2lc induced the
production of IL-22 by activating the aryl hydrocarbon receptor
(AhR). Using genomic approaches, the authors found a PKS
cluster pks encoding for antimicrobial activity that was also
responsible for AhR activation. In vitro competition assays
showed that R2lc inhibited most of the other L. reuteri strains,
while mutants with the pks cluster deleted resulted in loss of
antimicrobial activity. Likewise, gnotobiotic mice with 1:1
mixtures of R2lc and a competitor strain showed that R2lc
outcompeted the other strains throughout the GI tract. UPLC-
MS and UV analysis were used to infer the molecular formula
of the compound and that it was a polyene, though the exact
structure remains unknown. Interestingly, certain L. reuteri
strains resistant to the antimicrobial effect of R2lc were found
to contain an acyltransferase gene that was responsible for
acetylation of the C6 hydroxyl of N-acylmuramic acid in pepti-
doglycan that makes up the cell wall. Future studies would be
needed to elucidate the mechanism by which cell wall acetyla-
tion confers protection against R2lc antimicrobial activity.'**

A study using the maternal immune activation (MIA) model
for atypical neurodevelopment in autism spectrum disorder
(ASD) observed gut dysbiosis in the MIA mice. Treatment of
mice with Bacteroides fragilis ameliorated GI defects and
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corrected autism spectrum disorder-related behaviors.
Comparison of the serum metabolome of treated versus
untreated MIA mice with untargeted metabolomics using gas
chromatography coupled with MS revealed that the metabolite
4-ethylphenyl sulfate (4EPS) was driving the significant differ-
ences between the two groups. Notably, serum levels of 4EPS
were almost undetectable in GF mice compared to conventional
SPF mice, supporting a microbial contribution. Systemic
administration of 4EPS was sufficient to induce anxiety-like
behaviour in MIA mice."” 4EPS was similarly found at
elevated levels in the plasma of individuals with ASD."® 4EPS is
biosynthesized from tyrosine, a common source of mammalian
neurotransmitters, through a combination of gut microbial
enzymes to yield 4-ethylphenol (4 EP) and then to 4EPS by host
metabolism. GF mice were colonized with candidate microbial
strains engineered to produce 4 EP, leading to detection of 4EPS
in the serum and urine. Additionally, when these mice were
treated with probenecid to inhibit small molecule efflux from
the blood-brain barrier, 4EPS accumulated in the brain and
disrupted the myelination of axons and maturation of oligo-
dendrocytes, highlighting the importance of microbial metab-
olism in the gut-brain axis."**™"’

8 Metabolomics in host—microbe—
exogenous metabolite interactions

Traditionally, metabolism studies within the preclinical drug
development pipeline have focused on host drug metabolism by
liver-associated cytochrome P450 enzymes, for example using
liver microsomes."® However, recent findings have revealed
that metabolism by the microbiome also plays a critical but
under-appreciated role in drug inactivation, detoxification, and
in the production toxic by-products (Fig. 8)."*° For example,
a study by Guthrie et al. examined the prodrug irinotecan, used
for treatment of colorectal cancer.”® While irinotecan is acti-
vated in the liver and subsequently inactivated via glucur-
onidation, reactivation can occur due to B-glucuronidases (BG)
produced by the microbiome. Presence of the reactivated drug
in the gut can lead to adverse effects, including diarrhea. Using
an integrative metagenomics and metabolomics approach, an
individual's unique gut microbial community composition
could be related to the capacity of the microbiota to reactivate
the inactive form of irinotecan. After categorizing subjects’
microbiome as either high-metabolizing or low-metabolizing
using targeted LC-MS/MS for the inactive metabolite, the
authors moved to look for significant differential abundance of
BG genes between the two groups. This approach led to the
discovery of BGs, which could be linked to a high-metabolizing
metabotype for inactive irinotecan.>*

Drugs such as antibiotics can themselves affect the function
of host enzymes and the composition of the gut microbiome,
thereby also altering both host metabolism and drug metabo-
lism, a factor that may be important to consider when admin-
istering multiple drugs at a time. For instance, vancomycin, an
antibiotic of last resort, increases levels of Proteobacteria, Fir-
micutes, and Fusobacteriota. The increased level of these
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bacteria was correlated to increased production of intestinal BG
enzymes based on increased levels of p-glucuronic acid, a by-
product of glucuronidation, found by GC-MS.*** However, van-
comycin also caused dysbiosis in the gut microbiota of healthy
human subjects, with increased levels of Escherichia, Enter-
obacter, and Lactobacillus. This was associated with increased
activity of the host enzyme dihydropyrimidine dehydrogenase
(DPD) that can metabolize pyrimidines such as uracil, and their
analogs used in chemotherapy. The decreased levels of uracil
and increased levels of its fecal metabolites, as measured using
GC-TOF-MS, correlated with the vancomycin-induced dysbiosis
of the gut microbiome.?” Untargeted urine metabolomics on
human subjects with uncontrolled hypertension found that the
beta-blocker metoprolol could likewise affect microbial
metabolism. Higher levels of gut microbiome-derived acylgly-
cine metabolites (hippuric acid and hydroxyhippuric acid) were
detected in the treatment group.**® Hippurate, a product of
phenylalanine metabolism, was found to be a metabolic marker
for gut microbiome diversity, and was associated with reduced
odds for metabolic syndrome.?**

To highlight the application of untargeted metabolomics
and networking approaches in understanding the role of the gut
microbiome in drug metabolism, Jarmusch et al. investigated
the effect of cefprozil on the microbiome, pharmacokinetics
and metabolome, in a prospective study consisting of 14 human
subjects.>® Cefprozil, a B-lactam antibiotic, decreased CYP450
enzyme activity, and increased the microbiome beta diversity
while reducing alpha diversity. To study the effect cefprozil was
having on drug metabolism, a drug cocktail consisting of
caffeine, omeprazole, dextromethorphan and midazolam was
administered on day 1 and 8, and 500 mg cefprozil adminis-
tered orally twice every day from day 2 to day 7. Fecal, urine and
plasma samples were collected for untargeted LC-MS/MS
metabolomics. Omeprazole, 5-OH omeprazole, and 5-OH ome-
prazole sulfide, were associated with decreased alpha diversity.
The hydroxylation of a reported bacterial metabolite, omepra-
zole sulfide, was annotated using network propagation, sug-
gesting that both the host and microbiome play a role in drug
metabolism. Furthermore, the disruption of the microbiome
caused by cefprozil led to the detection of elevated levels of drug
and drug metabolites in fecal samples.>* This study highlights
the need to consider emergence of previously unexpected drug
metabolites as a result of drug-microbiome interactions and
their implications on the structure of gut microbiome.

Untargeted metabolomics also played a crucial role in the
search for the enzymes from the gut microbiota responsible for
degrading 5-aminosalicylic acid (5-ASA), an oral drug used for
treatment of inflammatory bowel disease. When homology-
based methods using gut metagenomes to identify potential
N-acetyltransferases failed to yield candidates, a combined
metatranscriptomics and metabolomics approach was fol-
lowed, correlating the levels of fecal N-acetylated-5-ASA with the
presence or absence of microbial transcripts. This enabled the
discovery of the candidate degrading enzymes.>*®

Zimmermann et al. built a model evaluating the impact of
oral bioavailability, enzyme activity (host and microbiome),
metabolite absorption, and intestinal transit, to quantitatively
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predict the contribution of the microbiome on the metabolism
of the antiviral compound brivudine.””” Brivudine is metabo-
lized by both the host and microbiota to bromovinyluracil.
Comparisons between conventional and germ-free mice showed
increased levels of bromovinyluracil in serum and liver for
conventional mice. Drug conversion assays using MS were used
to search candidate microbial enzymes in transposon libraries

Nat. Prod. Rep.

of high-metabolizing bacterial species. After identifying Bac-
teroides thetaiotaomicron and Bacteroides ovatus as responsible
for the metabolism of brivudine, gnotobiotic mice containing
the wild-type strain or a mutant lacking a predicted purine
nucleoside phosphorylase (bt4554) were established. MS-based
metabolomics was then used to quantify the abundances of
drug and metabolite in the serum and in various compartments

This journal is © The Royal Society of Chemistry 2025
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along the intestinal tract, to make a pharmacokinetic model
that showed a microbial contribution of 71% to serum bromo-
vinyluracil levels. The modeling approach was then successfully
extended to sorivudine and clonazepam, opening the possibility
for broader use in other drugs and exogenous metabolites.>*”

10 Challenges and future
opportunities

The study of host-microbe interactions is rapidly evolving due
to the convergence of powerful technologies such as NGS,
metaproteomics, and metabolomics and the integration of
knowledge from diverse scientific disciplines including
biochemistry, microbiology, immunometabolism, high-
resolution imaging, and chemoinformatics. An interdisci-
plinary approach is essential to unravel the complexities of
these interactions and for translating the knowledge gained
into advancements in human health and disease prevention. In
this review, through examples (Table 2), we have highlighted the
steps involved and the role that mass spectrometry-based
metabolomics plays in elucidating function of specialized
metabolites in host-microbe interactions. A large portion of the
literature covered here focuses on bacterial interactions with

View Article Online

Natural Product Reports

the host, often from the perspective of the gut microbiome.
However, there is a clear need to expand these studies to fungi,
protozoa, and yeasts, which also play diverse roles in the
microbiome. Better integration of host-inspired model systems
such as mammalian-microbial co-culture systems, ex vivo tissue
models, and models mimicking multi-organ interfaces such as
the gut-liver-brain axis are needed. Advances in organs-on-a-
chip and organoid systems, particularly through develop-
ments in bioengineering and cell biology, present new oppor-
tunities for biochemists and analytical chemists in microbial
specialized metabolite discovery.

We also highlight the development of computational
approaches to compare metabolomics data acquired from
cultured microbes, animal models, and host-derived in vivo and
ex vivo model samples. Methods such as microbeMASST enable
extraction of microbial metabolites from a complex milieu of
host-derived, environment-derived and diet-derived metabo-
lites. Continued expansion of mass spectral databases and
advanced methods for in silico structure prediction and deter-
mination from small amount of materials such as microED
present exciting opportunities to unravel chemical underpin-
nings of host-microbiome interactions.?***** The development
of computational methods for integration with other “-omics”
data such as metagenomics and metatranscriptomics data is

Table 2 List of selected metabolite discoveries relating to host—microbe interactions discussed in this review

Compound Discovery Biochemical role Microbial source Ref.
4-Ethylphenylsulfate Comparative metabolomics Autism spectrum disorder Combined host-microbe 195 and 197
metabolism
Alteramides Microbe-microbe co-culture Antifungal activity Pseudoalteromonas 131
metabolomics
AT-C1 Phenotype-guided PCOS A. tubingensis 150
Colibactin Transposon mutagenesis CRC E. coli 45
screening
Commendamide Functional metagenomics Autoimmunity, Bacteroides 188
atherosclerosis
Epifadin Transposon mutagenesis Antibacterial activity S. epidermidis 157
screening
Indolepropionic acid GF mice metabolomics, Antioxidant, neuroprotective C. sporogenes 129
genomics
Indolimines Monoculture metabolomics CRC M. morganii 146
and bioactivity-guided
fractionation
Lactocillin In silico BGC prediction Antibacterial activity L. gasseri 44
followed by culturing and
isolation
Lugdunin Transposon mutagenesis Antibacterial activity S. lugdunensis 158
screening
Malleonitrone Microbial co-culture Antibacterial activity B. thailandensis 119
metabolomics
N-Acetylputrescine Iterative and comparative Fitness advantage to bacteria E. coli, P. aeruginosa 155
metabolomics in bloodstream infections
OEA GF mice metabolomics Regulating motivation for Eubacterium, Coprococcus 182
exercise and meditation
satiety
TMAO Comparative metabolomics Cardiovascular disease Combined host-microbe 169
metabolism
trans-3-Indoleacrylic acid Bioassay screening CRC P. anaerobius 145
d-Valerobetaine GF mice metabolomics Obesity Multiple gut microbial 171

This journal is © The Royal Society of Chemistry 2025
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essential to identify microbial pathways and link them to the
metabolites produced. Thus, further development of accessible
and user-friendly computational tools for metabolomics data
analysis is crucial to facilitate wider adoption of this field.**"**°
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