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Abstract

Gut microbiota produces a wide range of metabolites and plays a critical role in maintaining host health. Dysre-
gulation of these metabolites can influence host metabolism through systemic circulation, contributing to the devel-
opment of various diseases, including immunological, neurological and cancer-related disorders. Chromatography
coupled with mass spectrometry (MS) has emerged as a powerful analytical approach, offering high sensitivity and
resolution for studying gut microbiota-related metabolites. This review provides a comprehensive overview of chro-
matographic MS-based methods applied to the study of the gut microbial metabolome. We summarize strategies for
sample collection, storage, and preparation of commonly analyzed sample types, including feces, plasma/serum, urine,
and tissue samples. In addition, we included the main chromatographic MS-based approaches, as well as data analysis
techniques, for investigating the gut microbial metabolome. The characteristics and utility of liquid chromatographic-
mass spectrometry (LC-MS), gas chromatographic-mass spectrometry (GC-MS), and capillary electrophoresis-mass
spectrometry (CE-MS) were discussed in the context of providing broader coverage of gut microbiota-derived metab-
olites with diverse physicochemical properties. Finally, we summarize recent studies that have employed chromato-
graphic MS-based approaches to investigate gut microbiota-related disease. Through the integration of appropriate
sample handling and advanced analytical strategies, a deeper understanding of host—microbiota interactions and their
roles in health and disease can be achieved.
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1. Introduction

he gut microbiota constitutes a highly diverse

and metabolically active community that has
emerged as a key regulator of host physiology,
health, and disease. Increasing evidence indicates
that gut microbes act as a virtual metabolic organ,
generating a wide profile of bioactive metabolites
that profoundly influence host physiology. These
metabolites participate in signaling networks that
regulate energy balance, gut homeostasis, immune
function, and neuroendocrine communication.

Importantly, they can be absorbed through the in-
testinal epithelium and circulate systemically to
affect distal organs, including the liver and brain
(Fig. 1). Disruptions in these microbial metabolic
profiles, often referred to as dysbiosis, have been
implicated many diseases such as obesity, type 2
diabetes, inflammatory bowel disease, cardiovascu-
lar disorders, and neurodegenerative conditions [1].

Metabolomics—the comprehensive analysis of
small-molecule metabolites in biological systems—
has emerged as a powerful approach for studying
gut microbiota—host interactions. Advances in mass
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Fig. 1. Common gut microbiota-derived metabolites include trimethylamine (TMA), trimethylamine-N-oxide (TMAOQ), bile acids, short-chain fatty
acids (SCFAs), aromatic amino acid metabolites (AAA metabolites). FMO3: flavin containing monooxygenase 3, Phe: phenylalanine, Trp: tryp-

tophan, Tyr: tyrosine [125].

spectrometry (MS), particularly when coupled with
chromatography, have enable profiling of thou-
sands of metabolites across diverse sample types.
Chromatographic MS-based metabolomics become
one of the most widely used tools for studying
metabolites associated with microbial activity and
disease. Recent studies have highlighted several
major classes of gut microbiota-derived metabo-
lites, and dysregulation of these metabolites may
affect the host's health status. A brief summary of
the most widely discussed gut-derived metabolites
is provided below.

1.1. Short-chain fatty acids (SCFAs)

SCFAs, including acetic acid, propionic acid,
butyric acid, and valeric acid, are produced by
bacterial fermentation of dietary fiber. They serve
as energy substrates for colonocytes, support gut
barrier integrity, and regulate host lipid and
glucose metabolism. Dysregulated SCFA produc-
tion has been implicated in neurological disorders,
obesity, cardiovascular disease, inflammatory
bowel disease, and colorectal cancer [2].

1.2. Volatile organic compounds (VOCs)

Gut microbes produce a diverse range of VOCs,
including alcohols, aldehydes, ketones, sulfur-
containing compounds, and aromatic derivatives.
VOCs are largely generated from microbial

fermentation of polysaccharides and amino acids,
and they are detectable in feces, urine, exhaled
breath, and sweat. Emerging evidence suggests that
VOC profile may serve as noninvasive surrogate
biomarkers for gastrointestinal disorders such as
inflammatory bowel disease and infectious diarrhea

[3].
1.3. Bile acid (BA) metabolites

BAs and their derivatives are amphipathic end
product of cholesterol metabolism. Primary BAs (e.
g., cholic acid and chenodeoxycholic acid) are syn-
thesized by hepatocytes, whereas secondary BAs (e.
g., deoxycholic acid and lithocholic acid) are pro-
duced through microbial deconjugation and trans-
formation. BA receptors such as farnesoid X
receptor (FXR) and Takeda G-protein receptor 5
(TGR5) regulate lipid metabolism, glucose homeo-
stasis, and intestinal inflammation. Perturbations in
BA metabolism have been associated with nonal-
coholic fatty liver disease (NAFLD), obesity, in-
flammatory bowel disease, and cancer [4].

1.4. Amino acid-derived metabolites

Microbial metabolism of dietary and host amino
acids generates a wide range of bioactive products,
including aromatic amino acids (e.g., phenylala-
nine, tryptophan, and tyrosine) and polyamines [5].
Dysregulated aromatic amino acid metabolism has
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been linked to Parkinson's disease and insulin
resistance [6,7]. Moreover, microbial conversion of
these aromatic amino acids produces indole de-
rivatives (e.g., indole-3-lactic acid, indole-3-acetic
acid, and indole-3-propionic acid), which influence
epithelial proliferation and immune homeostasis.
Polyamines, derived from decarboxylation of amino
acids such as arginine, histidine, and lysine by the
gut microbiota, also play an essential role in im-
mune regulation and intestinal physiology [8,9].

1.5. Trimethylamine (TMA) and TMAO

Gut microbes convert dietary choline and
carnitine into trimethylamine (TMA), which is
subsequently oxidized in the liver to trimethyl-
amine N-oxide (TMAO). Elevated plasma TMAO
levels are strongly associated with atherosclerosis
and cardiovascular events. Targeting microbial
pathways involved in TMAO production is being
explored as a potential therapeutic and preventive
strategy for cardiovascular disease [10,11].

1.6. Other emerging metabolites

Recent metabolomics studies have revealed
additional microbiota-derived metabolites such as
sphingolipids, and conjugated fatty acids. Although
many remain poorly characterized, these com-
pounds are increasing recognized as important
mediators of host-microbe interactions [12,13].

Compared with metagenomics and tran-
scriptomics, which primarily reveal microbial di-
versity and gene expression, metabolomics
provides direct functional evidence of host-
microbe interactions. By linking microbial taxa and
genes to specific metabolites, metabolomics ad-
vances our understanding from descriptive asso-
ciations to mechanistic insights. MS coupled with
chromatography—encompassing gas chromatog-
raphy mass spectrometry (GC-MS), liquid chro-
matography mass spectrometry (LC-MS), and
capillary electrophoresis mass spectrometry (CE-
MS)—offers high sensitivity and broad coverage
for profiling the gut microbial metabolites, which
exhibits chemical diversity. Despite these ad-
vances, standardized sample collection and pro-
cessing protocols, appropriate chromatographic
MS platforms, and more robust computational
tools are still required to ensure unbiased results.

This review addresses critical aspects of sample
collection, preparation, and storage to preserve the
native metabolomic state. It also covers analytical
considerations in chromatographic MS-based
metabolomics and their applications in characterizing

gut microbiota-derived metabolites, followed by an
overview of tools for metabolomics data analysis.
Fig. 2 summarizes the workflow of gut microbiota-
derived metabolomics using chromatographic
MS—based methodologies. By understanding the
critical considerations in these methods for measuring
gut microbiota-derived metabolites, further studies
can be conducted to enhance their translational po-
tential in precision medicine and therapeutic
development.

2. Sample collection and storage

In gut microbial metabolomics research, feces,
plasma/serum, urine, and tissue are among the
most frequently employed sample types. The sub-
sequent section presents comprehensive details
regarding their collection and storage conditions. In
addition, key considerations regarding the handling
of these samples for the analysis of gut microbiota-
derived metabolites are summarized in Table 1.

2.1. Feces

In the study of the complex interactions between
the host and gut microbiota, the non-invasive na-
ture and ease of collection make fecal samples
highly advantageous for gut microbiome metab-
olomics research. Feces are rich in diverse metab-
olites produced jointly by the host and gut
microbiota, providing direct and representative
chemical evidence for research. As such, they have
been widely used to investigate the mechanisms of
various diseases, including liver diseases [14—16],
obesity [17], intestinal inflammation [18,19], and
cancer [20,21].

To prevent microbial activity from affecting
metabolite measurements, proper storage condi-
tions after sample collection are essential. Rapid
low-temperature storage post-collection is partic-
ular important. If fecal samples require transport,
they should be maintained at 4 °C or on ice to
preserve metabolomic integrity [22]. In addition to
temperature, some protocols recommend placing
samples quickly into an anaerobic environment,
considering the gut's anaerobic conditions, to
further minimize microbial metabolism and main-
tain the sample's original composition [22—24].

When immediate extraction and analysis are not
feasible, two pre-processing storage strategies can
be applied. The first involves storing crude feces,
which refers to untreated solid fecal samples: these
can be temporarily stored at 4 °C, while long-term
storage is recommended at —80 °C, avoiding
repeated freeze-thaw cycles [22]. The second
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Fig. 2. Workflow of chromatographic MS-based analysis of gut microbiota-derived metabolites. A schematic overview of the experimental workflow
from samples collection, storage and processing to chromatographic separation, mass spectrometry analysis, and data processing.

strategy involves preparing and storing fecal water
samples, which refers to isolating water-soluble
analytes from crude feces for analysis. Preparation
usually involves mixing fecal samples with physi-
ological saline, phosphate buffered saline (PBS), or
deionized water at a defined ratio, followed by
repeated centrifugation or ultrafiltration to remove
solids and cellular debris. Previous work has

suggested that using larger amounts of homoge-
nized crude feces for fecal water preparation (e.g.,
15 g vs. 350 mg) yields more representative
metabolite profiles, although the optimal smaller
sample size remains unclear [22]. Fecal water
should ideally be prepared within 24 h after fecal
collection; otherwise, crude feces should be stored
at 4 °C until processing. Once prepared, fecal water
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~
< Table 1. Sample type, pre-processing, storage, and key considerations for sample handling for gut microbiota-associated metabolites analysis.
g Sample Type Pre-processing/Storage Key Considerations
; Feces - Crude feces: short-term 4 °C, long-term —80 °C; - Minimize microbial metabolism by rapid freezing
= avoid repeated freeze—thaw or anaerobic handling
Q - Fecal water: prepare within 24 h by mixing with - Transport on ice or at 4 °C
t PBS, saline, or deionized water;
centrifuge/ultrafiltrate; store —20 °C short-term,
—80 °C long-term
Plasma/Serum - Centrifuge at 4 °C as soon as possible after - Plasma preferred over serum to minimize metab-
collection to separate plasma/serum olite release from platelets
- Store at —80 °C; avoid repeated freeze—thaw - Choice of anticoagulant (heparin, EDTA) may
affect MS signal
- Minimize delay between collection and processing
Urine - Centrifuge at 1000—3000 g for >5 min at 4 °C to - Prevent bacterial growth and metabolite
remove debris degradation
- Optional: add preservatives (e.g., 10 mM sodium
azide, 200 mM boric acid)
- Store at —80 °C; avoid repeated freeze—thaw
Tissue - Snap-freeze immediately in liquid nitrogen - Handle quickly to preserve metabolites

Store at —80 °C; avoid repeated freeze—thaw

samples are best stored at —20 °C and analyzed
within 24 h, with —80 °C recommended for long-
term preservation [22]. Metabolomic results from
fecal water has been reported to be more stable
than those from crude feces, making it a preferable
sample type for preserving metabolite integrity [22].
However, because fecal water cannot capture non-
water-soluble or intracellular metabolites, the
choice between crude feces and fecal water should
ultimately be guided by research objectives and
target metabolites.

2.2. Plasma/serum

Although blood specimens do not provide a direct
focus on intestinal metabolite changes as fecal
samples do, plasma or serum samples, owing to
their systemic circulation characteristics, can reflect
gut microbiota-derived metabolites that have been
absorbed and subsequently exert systemic effects on
the host. Blood is therefore one of the most widely
used sample types in metabolomics. Numerous
studies have employed blood samples to investigate
the association between gut microbial metabolites
and diseases such as neurodegenerative diseases
[25,26], diabetes [27], cardiovascular disorders [28],
and depression [29]. In addition, previous research
has demonstrated that gut microbiota can signifi-
cantly influence the levels of amino acids and indole
derivatives in blood [30], further highlighting the
importance of blood specimens in studying how gut
microbiota regulate systemic metabolism, drug
metabolism, and disease risk.

The handling and storage of blood samples for
microbiota-related metabolomic analysis generally
follow standard metabolomics procedures, and a

number of standardized protocols and reviews are
already available [31—33]. Nevertheless, the stability
of metabolites in blood remains a critical issue, as
pre-analytical factors such as delays in centrifuga-
tion and fluctuations in storage temperature can
markedly affect metabolite profiles. To minimize
these effects, blood samples should be stored and
centrifuged at 4 °C as soon as possible after collec-
tion to separate plasma or serum, thereby reducing
metabolite alterations caused by cell lysis. In clinical
settings, however, immediate centrifugation is often
not feasible due to operational constraints. Under
such circumstances, careful control of storage con-
ditions prior to processing becomes particularly
important. Once processed, plasma or serum sam-
ples should be stored immediately at —80 °C to
maintain metabolite stability. Prolonged exposure to
room temperature and repeated freeze—thaw cycles
should be strictly avoided to ensure data accuracy
and reproducibility. Another key pre-analytical
consideration is the choice between plasma and
serum. Plasma is often preferred in metabolomic
studies, since platelet activation during clotting can
release a large number of metabolites and mask or
alter biologically relevant signals [34]. For plasma
collection, heparin or EDTA tubes are commonly
recommended [35,36]. However, both anticoagu-
lants may introduce distinct signal interferences in
MS [37], and the choice should therefore be tailored
to the metabolites of interest. For animal models,
the preparation and storage follows the same prin-
ciples as applied to clinical samples, while a wider
range of blood collection routes are allowed,
including tail vein and jugular vein sampling, with
cardiac puncture being mainly reserved for terminal
experiments [38].
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2.3. Urine

Urine samples have also been used in previous
studies of gut microbiota-related metabolomics.
Although it does not directly reflect the intestinal
environment like fecal samples, a large proportion
of small molecules metabolized by gut microbiota
and subsequently absorbed by the host are ulti-
mately excreted via the kidneys [39,40]. Therefore,
urine can provide important information on how
the host processes these gut-derived metabolites. In
particular, urine has recently been recognized as a
sample type that can more specifically reveal the
influence of diet and lifestyle on the host [41],
making it valuable for assessing the effects of gut
microbiota on host health and for identifying dis-
ease biomarkers. Urinary metabolomics has
increasingly been applied in studies related to gut
microbiota, including those focused on diet [42],
cardiovascular metabolism-related diseases [43],
and gut dysbiosis induced by antibiotics [39,44].

Due to its non-invasive nature and accessibility,
urine collection is relatively easy and allows
repeated sampling at multiple time points. How-
ever, sample quality must still be carefully consid-
ered. Midstream urine is generally recommended,
and samples should be centrifuged immediately at
1000—3000 g for at least 5 mins at 4 °C to remove
cells and debris [45]. To prevent bacterial growth
and maintain metabolite stability, preservatives
such as sodium azide at a final concentration of
10 mM or boric acid at 200 mM can be added to the
samples [46,47]. For long-term storage, urine sam-
ples should be maintained at —80 °C to ensure
metabolite stability, and repeated freeze—thaw cy-
cles should be avoided as they may lead to
metabolite degradation or concentration changes,
which can severely affect the accuracy of subse-
quent analyses.

2.4, Tissue

Tissue samples in animal models can provide
deeper insights into related physiological mecha-
nisms when supported by well-designed experi-
ments. Recent studies have utilized a variety of tissue
specimens including mouse liver, intestinal tissues
[48—50], cerebral cortical brain tissues [51], heart tis-
sue [52,53], and others—to investigate the systemic
impact of gut-microbiota-derived metabolites.
Analyzing these diverse tissues allows researchers to
assess how microbial metabolites influence distant
organ function, providing insights from studies on
multiple gut-organ axes, such as the gut-brain and

gut—heart axes. Similarly, the gut and skin micro-
biome communicate through inflammatory path-
ways and oxidative stress, highlighting a functional
gut—skin axis [54]. Profiling gut microbiota-derived
metabolites in various tissue types, including skin,
serves as a valuable approach to capture tissue-
specific microbial signatures and to illustrate how
microbial metabolites may impact different organs.
This approach highlights the importance of analyzing
diverse tissues for a comprehensive understanding of
gut microbiota—host relationships.

Preparing intestinal tissue requires careful
handling, typically through sequential washing and
mucosal scraping to minimize contamination from
luminal contents [55]. Even with these precautions,
a key limitation remains: distinguishing host-
derived metabolites from microbial ones can be
challenging. While physical contamination from
luminal contents can be mitigated by careful tissue
processing, accurately attributing metabolites to
microbial versus host origin requires additional
approaches, such as using germ-free mice or
metabolic tracing. Special attention should be paid
to the handling of tissue samples, which should be
snap-frozen in liquid nitrogen immediately after
collection and stored at —80 °C.

3. Sample preparation and extraction

In addition to collection and storage, appropriate
preparation and extraction strategies must be
adapted to the characteristics of both specimens
and analytes. The following sections outline con-
siderations for feces, plasma/serum, urine, and tis-
sue samples.

3.1. Feces

Although a universally accepted standardized
protocol for fecal sample pre-processing is
currently lacking, homogenization is widely recog-
nized as a critical step in fecal sample handling.
Proper homogenization ensures that collected
subsamples are representative, which is essential
for both crude feces and fecal water analysis. It also
enhances metabolite extraction efficiency in sub-
sequent analyses [56].

Metabolomic analysis of fecal samples is gener-
ally performed using a fixed sample weight. Due to
the unique characteristics of crude feces, samples
can be weighed either as wet weight or, after
lyophilization, as dry weight. Reported sample wet
weights range widely, from 150 to 1000 mg [57—60].
To minimize the influence of variable water content
on sample weight and solvent ratios during
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extraction, many studies prefer using lyophilized
feces, which improves matrix homogeneity and
significantly enhances data reliability [57,61].
However, lyophilization may increase the risk of
volatile compound loss, such as SCFAs [62],
although some studies suggest that lyophilization
does not significantly affect SCFA measurements.
Despite this potential risk, lyophilization remains
commonly adopted to improve sample matrix con-
sistency and facilitate standardized processing, ul-
timately enhancing the accuracy and comparability
of analytical results [63,64].

The ratio of solvent to fecal sample varies
depending on the sample type. For wet feces, re-
ported sample-to-solvent ratios range from 1:2 to
1:10 (w/v) [64—67], while for lyophilized feces,
higher ratios are typically applied, ranging from
1:10 to 1:40 (w/v) [67—69]. This is mainly because the
absence of water leads to higher metabolite con-
centrations, requiring more solvent to achieve suf-
ficient extraction, proper dilution, and prevention of
signal saturation. Although reference ranges exist
in the literature, ratios should be optimized ac-
cording to the target metabolites, instrument
sensitivity, and specific experimental requirements.
Extraction solvent selection should likewise be
tailored to the target analytes, as fecal samples
contain metabolites of varying polarity. For polar
small molecules, commonly used solvents include
water, methanol, acetonitrile, isopropanol, buffer
solution, or their mixtures [70]. For more lipophilic
metabolites, liquid—liquid extraction (LLE) is
generally applied, using solvents such as chloro-
form/methanol mixtures or methyl tert-butyl ether
(MTBE) to extract into the organic phase [71,72].

For highly volatile metabolites such as SCFAs,
sample preparation and extraction should be per-
formed at low temperatures with minimal air expo-
sure to inhibit ongoing microbial metabolism and
reduce volatilization [58,73—75]. SCFA extraction
typically involves acidifying the samples to convert
salts into free acids, followed by LLE to enhance
recovery and reduce potential column damage in
GC-MS [76,77]. To enhance analytical sensitivity,
targeted compounds subjected to GC—MS analysis
are often derivatized prior to measurement. Silyla-
tion, which produces trimethylsilyl (TMS) de-
rivatives, is one of the most widely used
derivatization methods [78]. Common reagents
include N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) and N-methyl-N-(tri-methylsilyl)-tri-
fluoroacetamide (MSTFA) [79]. This reaction can
modify a broad range of functional groups, including
hydroxyl, carboxyl, amino, and thiol groups. How-
ever, it is sensitive to moisture and may lead to

higher sample loss during preparation. Esterification
is another frequently employed strategy, particu-
larly effective for carboxyl-containing metabolites
[77]. Compared with silylation, esterification is
generally milder and carries a lower risk of sample
loss, although its applicability is more limited to
specific functional groups.

3.2. Plasma/serum

To extract common gut microbiota-derived me-
tabolites from blood samples, which are predomi-
nantly polar, acetonitrile, methanol, or their
mixtures with water are commonly used. These
solvents effectively dissolve water-soluble or highly
hydrophilic metabolites. After adding organic sol-
vents, the samples are typically vigorously mixed
and then centrifuged at high speed and low tem-
perature (e.g., 4 °C) to remove precipitated proteins.
Lipid LLE methods can also be used to extract other
non-polar metabolites [80,81]. For SCFAs, which are
commonly investigated metabolites, derivatization
is generally necessary before LC—MS analysis
because of their low blood concentrations and high
volatility [82].

3.3. Urine

Common pre-treatment methods for metab-
olomic analysis of urine samples involve dilution
followed by direct injection. The dilution factor
should be adjusted based on the concentration
of target analytes to ensure measurements fall
within the linear range of the assay [83,84]. For pH-
sensitive metabolites or when LLE is required, the
urine pH may need to be adjusted accordingly [85].
In addition to these pre-analytical considerations, it
is important to account for the inherent variability
of urine metabolite concentrations, which can be
influenced by dietary intake, hydration status, and
genetic factors. To reduce such variability, metab-
olite concentrations are commonly normalized to
creatinine levels or urine osmolality [86,87]. How-
ever, in patients with kidney disease, creatinine
may not be an optimal normalization factor, as its
concentration can be significantly affected by the
pathology. In such cases, post-analytical data
normalization has been recommended to account
for urine concentration differences [88].

For specific gut microbiota-derived metabolites,
such as SCFAs and BAs in urine, additional
specialized processing is often necessary due to
their low concentrations. SCFA extraction is similar
to that in blood samples, requiring an acidic envi-
ronment and derivatization to enhance detection
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sensitivity [89]. In contrast to plasma samples,
where BA are predominantly detected as glycine-
or taurine-conjugated species, urinary BAs largely
exist in sulfated forms, with free parent compounds
occurring only at trace levels [90,91]. Although
sulfated BAs constitute the major form in urine,
their absolute concentrations are relatively low, and
the urine matrix is complex. Therefore, these me-
tabolites typically require enrichment and purifi-
cation, most commonly through solid-phase
extraction (SPE) or drying and reconstitution, prior
to LC-MS analysis to ensure adequate sensitivity
[90—92].

3.4. Tissue

Tissue samples generally require pulverization or
homogenization either prior to or during the
extraction process, followed by solvent-based
extraction [93,94]. In some protocols, the extraction
step is further assisted by tools such as ultrasonic
sonication or small steel ball to improve extraction
efficiency [95,96]. While mechanical homogeniza-
tion and sonication improve metabolite recovery,
care should be taken to minimize excessive heat
generation and sample exposure, as volatile and
labile microbiota-derived metabolites—such as tri-
methylamine (TMA) and SCFAs—may be lost or
degraded during tissue processing. Subsequent
normalization of metabolite signal intensities across
different samples—such as by using equal tissue
weight—should be carefully considered and opti-
mized based on the nature of the experiment and
study design [96,97].

4. Chromatographic MS-based metabolomics
for studying microbiota-derived metabolites

MS techniques, such as single quadruple mass
spectrometry (SQ-MS), triple quadruple mass
spectrometry (TQ-MS), time of light mass spec-
trometry (TOF-MS), and Orbitrap mass spectrom-
etry (Orbitrap-MS), have been widely applied in
microbiota-related metabolomics analyses. MS is
typically coupled with GC, LC, or CE to achieve
analyte separation, thereby enabling accurate
qualitative and quantitative measurements. The
selection of an MS instrument mainly depends on
the purpose of the study, whether targeted or
untargeted.

TQ-MS employs three quadrupole stages in se-
ries, providing highly selective and sensitive
detection. This configuration is widely used for
quantitative analysis, particularly in multiple reac-
tion monitoring (MRM) mode for targeted

metabolomic analysis. This is a powerful approach
for the quantitative analysis of predefined micro-
biota-derived metabolites, such as SCFAs, BAs,
amino acid-derivatives, and TMAO. Such targeted
strategies are particularly valuable in hypothesis-
driven studies, where precise quantification of
selected metabolites is required to assess metabolic
alterations, validate biomarker candidates, or
monitor therapeutic interventions.

In contrast, TOF-MS and Orbitrap-MS are high-
resolution mass spectrometry (HRMS) platforms
that measure the mass-to-charge ratio (m/z) of ions
with high accuracy and resolving power. These in-
struments enable precise determination of molec-
ular formulas and identification of complex
compounds in untargeted metabolomic analyses.
Untargeted strategies aim to detect and profile as
many metabolites as possible in a biological sample
without prior knowledge of their identities. This
approach enables the discovery of novel or unex-
pected compounds, provides global metabolic fin-
gerprints, and facilitates comparative analyses
across disease conditions to identify associated
metabolites and underlying metabolic mechanisms.

Given the chemical diversity of microbiota-
derived metabolites, integrating chromatographic
separation with MS platforms is essential for
comprehensive analysis. Each platform offers
distinct advantages for analyzing different classes
of metabolites and describes in the following sec-
tions. Fig. 3 summarizes the chromatographic MS-
based techniques applied in microbiota-related
metabolomics.

4.1. GC-MS

Highly volatile and thermally stable metabolites
(e.g., SCFAs and VOCs) can be directly analyzed by
GC-MS without additional derivatization. For non-
volatile and thermally unstable metabolites, chem-
ical derivatization is a complementary strategy to
enhance volatility for GC-MS analysis [98]. More-
over, electron ionization (EI) used at 70eV is the
standard ionization technique used in GC-MS to
generate MS spectral libraries. This approach gen-
erates highly specific and reproducible ion frag-
mentation patterns, providing a significant
advantage by enabling direct metabolite identifi-
cation through established commercial spectral
database (e.g., NIST or FiehnLib). Overall, GC-MS
coupled with EI offers robust, reproducible, and
database-supported analysis, making it particularly
powerful for profiling microbiota-derived metabo-
lites. Its standardized fragmentation patterns and
well-established spectral databases further support
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- TQ-MS
- Non-volatile metabolites LC Q-
(e.g., amino acids, BAs)
/ / TOF
3.
. N Polar and charged
’ metabolites CE TOF

(e.g., fatty acids)

Fig. 3. Chromatographic MS-based platforms for the analysis of different classes of gut microbial metabolites.

biomarker discovery and diagnostic applications.
The next section highlights targeted and untargeted
metabolomics approaches applied GC-MS in gut
microbiota-related disease studies.

4.1.1. Targeted metabolome in microbiota-related
disease studies

SCFAs are the most important gut microbiota-
derived metabolites, commonly analyzed by GC-
MS without prior derivatization. For example, Baert
et al. investigated changes in SCFA concentrations
in fecal samples from patients with Parkinson's
disease (PD) using GC-SQ-MS to investigate the
effect of dietary fiber supplementation on fecal
butyric acid levels, which has been proposed as an
important SCFA in reducing PD symptoms [99].
They observed that the administration of butyro-
genic fibers to PD patients stimulated butyric acid
production, which was associated with alleviation
of PD symptoms. This study provided preliminary
evidence for an association between dietary fiber
intake and improvement of PD symptoms [100].
Similarly, Su et al. applied GC-SQ-MS to measure
SCFA profiles in both fecal and hippocampus
samples from a rat model of chronic cerebral
hypoperfusion. They reported decreased fecal ace-
tic acid and propionic acid, as well as reduced acetic
acid levels in the hippocampus. Importantly, fecal
microbiota transplantation and SCFA supplemen-
tation alleviated cognitive impairment induced by
chronic cerebral hypoperfusion [101]. These studies
support the utility of GC-MS as a robust tool for
SCFA analysis.

4.1.2. Untargeted metabolome in microbiota-related
disease studies

Volatile metabolites can be directly analyzed by
GC-MS. For instance, Hassani et al. applied
GC-TOF-MS to measure fecal volatile organic com-
pounds (VOCs) in infants diagnosed with necrotizing

enterocolitis (NEC). This study characterized 14
unique VOCs that could serve as predictive bio-
markers for the early diagnosis of NEC [102]. Simi-
larly, Maqoud et al. used GC-TOF-MS to analyze
fecal and urinary VOC profiles in obese individuals.
They reported significantly increased urinary levels
of m-cymen-8-ol and 1,3,5-undecatriene, along
with decreased levels of carvone, p-cresol, and non-
ane compared with healthy controls, providing evi-
dence of metabolic dysregulation associated with
increased body mass index (BMI) [103]. To analyze
non-volatile metabolites, chemical derivatization is
required prior GC-MS analysis. Jo et al. used MSTFA
as a derivatization reagent to expand metabolites
coverage while used GC-SQ-MS to study the gut
microbial metabolome in high-fat diet induced
obese mice. They observed enrichment of specific
bacterial taxa, accompanied by upregulated serum
phenylalanine and tyrosine biosynthesis [104]. Since
derivatization in GC-MS increases methodological
complexity, recent studies primarily apply GC-MS
to volatile compounds without derivatization.

4.2. LC-MS

LC-MS is a versatile analytical platform capable
of detecting a wide range of microbiota-derived
metabolites, including both hydrophilic and hy-
drophobic compounds (e.g., amino acids or bile
acids). Chromatographic separation can be ach-
ieved using either normal- or reverse-phase col-
umns. In addition, simple sample preparation
procedures enable high-throughput analysis.
Owing to the extensive chemical diversity of gut
microbiota-derived metabolites, recent studies
continue to develop new strategies to enhance
analytical performance and broaden metabolite
coverage. For metabolites that are highly volatile,
poorly retained on reverse-phase columns, or pre-
sent isobaric forms, novel analytical approaches
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have also been developed to overcome these
challenges.

Although C18 columns are typically applied to
analyze most metabolites, such as BAs and amino
acids, various LC columns have been employed to
improve the separation of different classes of gut
microbiota-derived metabolites. Hermeling et al.
established a rapid 6.5-min LC-TQ-MS method
using a biphenyl column with a basic pH mobile
phase, enabling separation of BA isomers and
quantification of 27 BA species. This method was
successfully applied to mouse samples, including
plasma, bile, and liver, for BA concentration mea-
surement [105]. Wang et al. developed a polarity-
switching MRM-MS method that identified 118
amino acid-conjugated BA isomers and epimers,
and for the first time reported 14 types of amino
acid conjugations with host BAs from mouse and
human feces [106]. Zheng et al. demonstrated that
using a pentafluorophenyl (PFP) column in LC-
Orbitrap-MS enables broad coverage of gut
microbiota-derived metabolites. Applying this
platform in germ-free mice, they successfully
identified 282 previously unreported metabolites,
providing a comprehensive strategy for advancing
our understanding of gut microbiota-host metabolic
interactions [107].

Besides addressing chromatography and MS
challenges in facilitating the analysis of gut micro-
biota-derived metabolites, chemical derivatization
is an effective strategy to expand metabolite
coverage, improve retention on reversed-phase
columns, and enhance sensitivity. Volatile metab-
olites such as SCFAs are difficult to analyze directly
by LC-MS. Moreover, their low concentrations in
plasma make detection by GC-MS challenging
[108]. Our group developed a derivatization method
using 3-nitrophenylhydrazine (3-NPH) as a deriv-
atization reagent for the simultaneous quantifica-
tion of 22 metabolites, including SCFAs, BAs, and
tryptophan, in plasma from patients with cardio-
vascular disease. We further employed "*C¢-3NPH-
labeled standards to generate one-to-one internal
standards, allowing accurate quantification of these
metabolites, which are measured within 14 min of
total run time on a reverse-phase column [82]. To
identify gut microbial-derived metabolites at low
abundant, Wang et al. applied N,N-dimethylethy-
lenediamine (DMED) as a derivatization reagent to
enhance sensitivity and analytical coverage, suc-
cessfully detecting 261 carboxylated metabolites
and characterizing a novel class of phenylacetylated
BA conjugates from mouse feces [109]. P-cresol, a
by-product of tyrosine, is typically present at trace
levels in biological systems and organs. To improve

its detection, Fabregat-Safont et al. demonstrated
1,2-dimethylimidazole-5-sulfonyl chloride as a
derivatization reagent to improve the sensitivity of
p-cresol measurement and successfully quantified
p-cresol in mice brain [110]. These studies provide
different derivatization strategies to overcome the
limitations of LC-MS in facilitating gut microbial
metabolomics research. Based on these advances,
the following section focuses on targeted and
untargeted LC-MS-based metabolomics ap-
proaches in the context of gut microbiota-related
disease studies.

4.2.1. Targeted metabolome in microbiota-related
disease studies

BA metabolites, amino acid-derived metabolites,
and SCFAs are among the most frequently studied
gut microbiota-derived metabolites. Moreover,
TMAO, a metabolite derived from TMA, is also
importantly associated with several disease.
Collectively, these metabolites have become popu-
lar targets for LC-MS analysis in recent studies.
Silva et al. employed LC-TQ-MS to investigate the
association between gut microbiota-derived me-
tabolites, such as SCFAs and indole-3-propionic
acid, and dietary intake in women with polycystic
ovary syndrome (PCOS). They used 3NPH as a
derivatization reagent for SCFA analysis. Their re-
sults showed that women with PCOS had lower
serum indole-3-propionic acid levels, along with
higher fecal acetic acid and propionic acid,
compared with healthy controls. These findings
support the notion that women with PCOS display
distinct microbiota-related metabolic outcomes
[111]. Cheng et al. applied LC-TQ-MS to evaluate
the association of trimethylamine N-oxide (TMAO)
and its related metabolites in participants with
chronic kidney disease (CKD). They observed that
higher plasma TMAO levels were associated with
an increased risk of reduced estimated glomerular
filtration rate (eGFR) and CKD progression. Their
study proposed TMAO may become a biomarker
and a potential therapeutic target for mitigating the
progression of CKD [112]. Chang et al. used LC-TQ-
MS to analyze plasma amino acid levels and
explore their association with autism spectrum
disorder (ASD) in children. They found that lower
ornithine levels and higher valine levels were
associated with an increased risk of ASD [113].
Moreover, our group combined LC-TQ-MS and
GC-TOF-MS to analyze SCFAs in plasma and feces
from PD patients with different stages. Plasma
samples were further derivatized with 3NPH for
LC-TQ-MS analysis. Interesting, we observed
distinct trends in SCFA concentrations between
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fecal and plasma samples, with lower fecal SCFAs
but increased plasma SCFA levels in PD patients,
which correlated with specific gut microbiota.
These results provide preliminary evidence that the
leaky gut phenomenon links SCFAs to the circula-
tory system in patients with severe PD. Paired
analysis of plasma and feces can provide a more
systematic understanding of how gut-derived me-
tabolites affect human health [114].

4.2.2. Untargeted metabolome in microbiota-related
disease studies

LC-combined with high resolution mass spec-
trometry provides high mass accuracy, resolution,
and scan speed, enabling comprehensive and reli-
able non-targeted metabolomics for the discovery
of novel metabolites associated with gut micro-
biota-related diseases. Wang et al. used LC-Orbi-
trap-MS to profile serum gut microbiota-derived
metabolites in patients with autoimmune liver dis-
ease, including primary biliary cholangitis (PBC),
autoimmune hepatitis (AIH), and their overlap
syndrome (OS). In addition to reduced gut micro-
bial diversity in OS compared with PBC and AIH,
serum pentadecanoic acid and aminoimidazole
carboxamide ribonucleotide were distinctly identi-
fied in OS patients. Moreover, L-tyrosine levels
were negatively correlated with aspartate amino-
transferase (AST) activity, and the metabolomic
signature improved the differential diagnosis of
these liver disease [115]. Yang et al. employed LC-
TOF-MS to investigate the role of high fat diet
(HFD) in increasing colorectal cancer (CRC) risk in
a mouse model. Elevated fecal lysophosphatidic
acid was identified as a gut microbiota-derived
metabolite promoting CRC development under
HFD condition. This study demonstrated that HFD
may increase CRC risk through altered gut micro-
biota and host metabolism. Gan et al. applied
LC-Orbitrap-MS to investigate gut microbial
metabolites associated with chronic apical peri-
odontitis (CAP) contribute to nonalcoholic fatty
liver disease (NAFLD). Their results showed
elevated fecal D-galactosamine and reduced
16-hydroxyhexadecanoic acid and 3-methylindole
in CAP patients. Given the potential role of CAP in
promoting NAFLD through gut microbial meta-
bolism, this study provides new insights into the
CAP and NAFLD connection [116].

Overall, LC-MS approach provides broad
metabolite coverage and high throughput
potential, enabling comprehensive and sensitive
simultaneous profiling of different classes of
microbiota-derived metabolites. Although volatile

metabolites are difficult to analyze by LC-MS,
chemical derivatization strategies are effective
in addressing this issue. Therefore, LC-MS has
become a primary analytical platform in recent
studies among chromatographic MS-based ap-
proaches for unraveling host—microbiome in-
teractions in human health.

4.3. CE-MS

CE-MS offers advantages for analyzing highly
polar and charged microbiota-derived metabolites
(e.g., amino acids, organic acids, and fatty acids),
providing exceptional separation efficiency based
on electrophoretic mobility. This makes it particu-
larly suitable for resolving isomeric or structurally
similar compounds that are difficult to analyze by
LC-MS. Despite these advantages, few studies have
employed CE-MS approaches in gut microbiota-
related metabolomic research. This may be because
CE-MS has notable disadvantages compared with
other chromatographic MS-based techniques, such
as low sensitivity and limited robustness. Although
CE-MS is not considered a primary approach for
analyzing gut microbiota-derived metabolites, it
retains advantages for the measurement of specific
metabolites in recent studies. In the following sec-
tion, we summarize targeted and untargeted
metabolomics studies that have applied CE-MS in
gut microbiota-related disease research.

4.3.1. Targeted and untargeted metabolome in
microbiota-related disease studies

The CE-MS approach has advantages in analyzing
polar and charged metabolites and has been applied
in recent studies. Barker-Tejeda et al. combined CE-
TOF-MS and GC-TOF-MS to comprehensively
profile different classes of gut microbiota-derived
metabolites in infants and their elderly individuals.
First, they applied GC-TOF-MS for large-scale
metabolomic analysis. Second, they used targeted
CE-TOF-MS with multisegment injection, which
enables multiple sample analyses in a single run and
offers advantages for high-throughput analysis. By
further combining CE-MS, they were able to detect
metabolites that could not be measured by GC-MS
alone. They found that fecal SCFAs and branched-
chain fatty acids were associated with shifts in
bacterial community composition, providing novel
insights into microbiota—metabolite interactions
relevant to child health [117]. Kure et al. used
CE-TOF-MS to investigate gut microbiota-related
metabolic profile changes in prostate cancer patients
receiving androgen deprivation therapy (ADT).
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Significant alterations were observed in fecal lactic
acid, butyric acid, 2-hydroxyisobutyrate, and S-
adenosylmethionine, suggesting that ADT may exert
adverse effects through metabolic modulation [118].
These studies demonstrated that CE-MS offers ad-
vantages for analyzing specific polar and charged
metabolites.

Together, these studies highlight the utility of
targeted and untargeted MS-based approaches for
linking metabolic alterations to gut microbiota-
related disorders, underscoring that modulation of
microbiota-derived metabolites may provide
promising therapeutic opportunities in precision
medicine. Table 2 summarizes recent applications
of chromatography-MS-based metabolomics in
elucidating associations between microbial metab-
olites and microbiota-related diseases.

5. Data analysis

In targeted metabolomics, the data analysis
workflow is relatively straightforward. A calibration
curve is first generated, and the ratio of analyte to
internal standard responses in samples is plotted
against the curve to determine concentrations. One
of the critical issues in targeted quantification is the
selection of internal standards. For example,
although many studies have reported quantification
of BAs, not all of them used a one-to-one stable
isotope-labeled internal standard [92,119]. Instead,
targets were often divided into groups, with a
representative internal standard selected for each
class [92]. In such cases, the efficiency of matrix
effect correction must be carefully considered to
ensure accurate quantification. Alternatively, some
studies have introduced a derivatization step to
overcome the limitation of unavailable one-to-one
stable isotope-labeled standards [82]. This
approach not only enables the generation of isoto-
pically labeled derivatives that can serve as one-to-
one internal standards, but also enhances detection
sensitivity.

In untargeted metabolomics, the general work-
flow typically includes data alignment, noise
removal, peak detection, missing value imputation,
and statistical analysis. Open-source software such
as XCMS [120], MS-DIAL [121], and MZmine [122]
are commonly used for these steps. For metabolites
derived from gut microbiota, many compounds
may be novel and lack authentic standards. In such
cases, in silico fragmentation analysis (e.g., using
SIRIUS) and spectral similarity-based molecular
networking (e.g., via the GNPS platform) can facil-
itate structural annotation and identification of
unknown metabolites [123,124].

Table 2. Selected MS-based metabolomics investigations of gut microbiota-associated diseases.

Ref.

Identified metabolites

Disease

Quantification

Analytical
platform

Sample

type

Model

Metabolites

Targeted analysis

[100]
[126]

Butyric acid

Parkinson's disease

Obesity

Yes

Feces GC-SQ-MS
GC-SQ-MS

Human
Human

SCFAs
SCFAs

Acetic acid, propionic acid, isobutyric
acid, butyric acid, isovaleric acid, and

valeric acid

Yes

Serum

[101]

Acetic acid and propionic acid

Cognitive dysfunction

Yes

GC-SQ-MS

Feces

Rat

SCFAs

Hippocampus

Serum
Feces

[127]

Valeric acid, melatonin, 5-HTOL,

indole-3-acetyl-alanine

Cirrhosis

LC-TQ-MS
GC-SQ-MS

Human

SCFAs and

Hepatic encephalopathy

tryptophan

metabolites
SCFAs and

[128]

Propionic acid, 5-hydroxytryptamine

Prenatal depression

LC-TQ-MS
GC-SQO-MS
LC-TQ-MS

Serum
Feces

Human

5-hydroxytryptamine
Aromatic amino acids

[6]

Phenylacetylglutamine, p-cresol sul-

Parkinson's disease

Yes

Plasma

Human

fate, p-cresol glucuronide, indoxyl

sulfate

[111]

Indole-3-propionic acid, acetic acid,

propionic acid

Polycystic ovary syndrome

Yes

LC-TQ-MS

Plasma
Feces

Human

SCFAs and

indole-3-propionic

acid

(continued on next page)
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Table 2. (continued)

HTIOILYV MAIATY

Metabolites Model Sample Analytical Quantification ~ Disease Identified metabolites Ref.
type platform
Amino acids Human  Serum LC-TQ-MS Autism spectrum disorder Ornithine, valine [113]
Lipids Rat Plasma LC-TQ-MS Yes Intestinal ischemia-reperfusion Linoleic acid, 10-hydroxy-cis-12-octa- [129]
Mesenteric decenoic acid
lymph
TMAO, TMA, Human  Plasma LC-TQ-MS Yes Chronic kidney disease TMAO [112]
choline, carnitine,
g-butyrobetaine
Nicotinamide Human  Feces CE-TOF-MS Ulcerative Colitis Nicotinamide [130]
Untargeted analysis
Human  Feces GC-TOF-MS Necrotizing enterocolitis 14 unique VOCs [102]
Human  Feces GC-TOF-MS Obesity m-cymen-8-ol, 1,3,5-Undecatriene, p- [103]
Urine cresol, carvone, p-cresol, nonane
Mice Colonic LC-TOF-MS Colorectal cancer Taurodeoxycholic acid [131]
epithelium
Human  Peripheral LC-TOF-MS Obesity Indole-3-acetic acid [132]
blood
Mice Feces LC-TOF-MS Colorectal cancer Lysophosphatidic acid [133]
Mice Brain heart LC-TOF-MS Colorectal cancer Indole-3-lactic acid [134]
infusion
Human  Feces LC-Orbitrap-MS Postmenopausal women with Levulinic acid, N-Acetylneuraminic [135]
osteoporosis acid, L-pipecolic acid
Human  Serum LC-Orbitrap-MS Autoimmune overlap syndrome Pentadecanoic acid, aminoimidazole [115]
carboxamide ribonucleotide, L-
Tyrosine
Mice Feces LC-Orbitrap-MS Chronic apical periodontitis and  D-galactosamine, 16-hydroxyhex- [116]
NAFLD adecanoic acid, 3-methylindole
Human  Feces CE-TOF-MS Microbiota of newborns SCFAs, branched-chain fatty acids [117]
GC-TOF-MS environmental exposure
Human  Feces CE-TOF-MS Prostate cancer Lactate, butyrate, 2-hydrox- [118]
yisobutyrate, S-adenosylmethionine
Mouse Feces CE-TOF-MS Sepsis Valine, glycine, betaine, TMA, iso- [136]

valeric acid, butyric acid, propionic
acid

48

61—TF€920T SISKTVNY DN¥A ANV dOO4d 40 TVNINO|



JOURNAL OF FOOD AND DRUG ANALYSIS 2026;34:2—19 15

6. Conclusions

Gut microbiota—associated metabolites have
emerged as crucial mediators in health and disease,
underscoring their potential as diagnostic markers
and therapeutic targets. This review has provided
an overview of essential aspects in gut microbiota
metabolomics, ranging from sample collection and
preparation to instrumental and data analysis. Ad-
vances in metabolomics technologies and analytical
methods have enabled more comprehensive
profiling of microbiota-associated metabolites.
Ongoing progress in this field will deepen our un-
derstanding of host—microbiota interactions and
may facilitate the development of novel therapeutic
strategies and drug discovery.
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