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Abstract

The development of the gut microbiome in infancy is a vulnerable process that may be
perturbed by antibiotics or supported by probiotics. While effects of these “biotics” have been
well-studied through DNA sequencing, it remains unclear how the resulting compositional
changes affect the microbiome metabolic functions. Additionally, limits in method

standardization require careful quality assessment of studies reporting fecal metabolome.

We conducted a systematic search in Embase and MEDLINE for studies describing fecal
metabolites from term and near-term infants, together with anti-, pre-, or probiotic
intervention. The search identified 680 articles, of which 60 were assessed for eligibility and
21 included. We first developed operational checklists for transparent and reproducible
reporting and evaluated the quality of metabolomic methodologies. This analysis supported

our aim to summarise changes in the fecal metabolome induced by biotic interventions.

Despite a varying quality of metabolomic methodology, we identified similarities in the fecal
metabolome profiles in response to specific biotic interventions. Among the most frequently
observed metabolites, which were consistently reported to be altered after biotic interventions,
were bile acids, aromatic amino acids, and short-chain fatty acids. We conclude with a
discussion on appropriate experimental design, controls, and metabolomics reporting to guide

future research permitting meta-analyses.



Introduction

Starting at birth, infants are gradually colonized by microbes in a process that significantly
modulates their physiological development (Cryan et al., 2020; Dominguez-Bello et al., 2019;
Gensollen et al., 2016). Currently, there is a good understanding of how different perinatal
factors affect gut colonization by bacterial taxa, including the effects of the birth mode,
gestational age, probiotic and antibiotic use, and feeding type (Esaiassen et al., 2017; Fjalstad
et al., 2018; Grech et al., 2021; He et al., 2024; Princisval et al., 2021; Rutayisire et al., 2016).
In particular, antibiotic treatment has been associated with reduced gut bacterial diversity, a
lower abundance of protective commensal anaerobic bacteria, and an increased susceptibility
to colonization by antibiotic-resistant opportunistic pathogens (Dierikx et al., 2020). In
contrast, the administration of pre- and probiotics may increase the population of beneficial
bacteria, support colonization resistance against taxa with pathogenic potential, enhance
immune responses, and strengthen the epithelial cell barrier (Naspolini et al., 2024; Wang et

al., 2021; Zimmermann et al., 2019).

Any “biotic” administration leading to an altered gut microbiome will subsequently affect
multiple interconnected physiological systems. This effect is facilitated by microbial
metabolites that can enter the blood circulation and, together with other small molecules, act
as signals to the host physiology (Wikoff et al., 2009). Such systemic effects of an altered gut
microbiome are documented in animal models (Antunes et al., 2011; Brown et al., 2023), and
their consequences indicated in epidemiological studies (Aversa et al., 2020; Hoskinson et al.,
2023). Still, the evidence on the microbiome functional output, i.e., the production of
metabolites with the potential to modulate human physiology, is scattered and has not been

systematically explored in depth.

Numerous studies have linked the metabolic activity of the gut microbiome to immune system
maturation (Donald & Finlay, 2023; Henrick et al., 2021; Hoskinson et al., 2023; Smith et al.,
2013), neurodevelopment (Ahrens et al., 2024), epithelial cell homeostasis (Alam & Neish,
2018), and resistance against pathogens (Caballero et al., 2017; Fukuda et al., 2011). The
most studied class of microbial metabolites involved in these processes are short-chain fatty
acids (SCFA), with a recent systematic review suggesting that early-life SCFA have a
protective effect against allergic diseases in childhood (Sasaki et al., 2024). Further,
microbially produced aromatic lactic acids have been proposed to impact the immune

function in early life (Laursen et al., 2021), and deconjugated bile acids implicated in type 1



diabetes development (Lamichhane et al., 2022). Other microbial metabolites, such as amines,
pyruvate, amino acids, fatty acids, and intermediates of the citric acid cycle, also have the
potential to modulate host physiology during early life (Roager et al., 2023). However, the
roles of these small microbial molecules are difficult to characterize because human cells

produce the same or similar metabolites.

Given the essential role of the gut microbiome in human physiology development,
understanding its metabolic traits is key for strategies targeting its biological functions.
However, the vast number, dynamic range, and chemical diversity make metabolites within a
biological sample, such as stool, challenging to analyze and annotate. Consequently, one
analytical method alone cannot give a comprehensive picture of the metabolome. Multiple
analytical techniques are commonly employed, each with its own advantages and limitations
(Danzi et al., 2023; Joshi et al., 2023; Lu et al., 2017). There are two main approaches in
metabolome research: targeted- and untargeted metabolomics. In targeted metabolomics, a
selection of known metabolites is analyzed using highly pure authentic standards with known
concentrations and analogous isotopically labeled internal standards. This approach enables
excellent accuracy, precision, and sensitivity, offering absolute quantification of metabolites
(Patti et al., 2012). In contrast, untargeted methods do not depend on analytical standards. but
employ advanced computational tools and databases. Due to the limited use of standards in
untargeted metabolomics, the implementation of robust quality control (QC) and quality
assurance (QA) measures is essential to ensure reliable metabolite identification. These
measures include, for example, the use of pooled samples, monitoring of the instrument

performance, and other QA to ensure data quality and reproducibility (Alseekh et al., 2021).

Following the PRISMA guidelines (Page et al., 2021), we conducted a systematic review of
studies that investigated fecal metabolome of term- and near-term infants and reported anti-,
pre-, or probiotic intervention. We first assessed the reporting of metabolomic methodology
with an emphasis on QA and QC by generating a checklist of reporting requirements. This
quality check supported our objective to summarise reported changes in the fecal metabolome
induced by different biotic interventions. Lastly, we aimed to determine to what degree fecal

metabolite profiles can provide insights into the gut microbiome functions.



Materials and methods

Search strategy and criteria for study selection

Studies were selected through a systematic search conducted in two comprehensive medical
research databases, MEDLINE and Embase, via the Ovid Medical Research Platform up until
June 28, 2024. Our search strategy considered that MEDLINE and Embase are the two largest
biomedical research databases in the world that complement each other (Bramer et al., 2017).
The search terms used as index terms or free-text words are shown in Figure S1. References
from included studies matching the inclusion criteria but not found with the search strategy
were also included. Studies were considered eligible for inclusion if they met the following
criteria: randomized or observational trials of infants born after 35 weeks gestation and
reporting interventions affecting the gut microbiome (e.g., anti-, pre-, or probiotic
administration) during the first year of life. Additionally, only studies reporting measurements
of fecal metabolites, without discrimination of the metabolomics analysis platform, were
included. We excluded studies of infants born before 35 weeks of gestation, written in
languages other than English, studies that investigated only the effects of prenatal factors,
case reports, case series, and animal and in vitro studies. Google Scholar was used for forward

citation searching to check for relevant papers that cited the included studies.

Screening, data extraction, and management

The software Covidence (Veritas Health Innovation, Melbourne, Australia,
www.covidence.org) was used in the screening and sorting process. Search results were
independently screened by two reviewers, each of whom assessed eligible full-text papers. In
case of disagreement, a third researcher decided whether an article should be included or not.
The following data was extracted: year of study, country, study design, characteristics of the
study population, number of participants, delivery mode, feeding strategies, timing and type
of anti-, pre-, or probiotic administration, metabolomics approach, metabolomic quality
controls, which metabolites were detected, DNA sequencing approach, and which bacterial
species were detected. The systematic review has been registered in the International

Prospective Register of Systematic Reviews, PROSPERO, with the ID CRD42023459042.



Assessment of metabolomics methodology reporting

The lack of transparent reporting limits the interpretation of results derived from
metabolomics experiments. We, therefore, also evaluated metabolomics methodology
reporting. As a basis, we took previously developed guidelines and recommendations
(Alseekh et al., 2021; Kirwan et al., 2022) and transformed these into a checklist structure
inspired by the Joanna Briggs Institute critical appraisal tools (Munn et al., 2020). We created
five checklists covering minimum reporting practices in metabolomics for QA and QC, with
an emphasis on transparency and reproducibility. We assessed the following: General
reporting common for all metabolomics platforms (Table S1), reporting of targeted
metabolomic analysis (Table S2), reporting of QCs used in untargeted metabolomics (Table
S3), reporting of bioinformatics tools used in untargeted metabolomic data analyses (Table
S4), and reporting of nuclear magnetic resonance (NMR) analysis (Table S5). Two authors
independently assessed the studies and filled in the checklists. Any discrepancies in their
assessments were resolved through discussion. How well a study scored on the different
aspects of the reporting was based on the alignment with reporting requirements (Alseekh et
al., 2021; Kirwan et al., 2022), using the percentages of positive answers in our checklists. A
score above 80% was defined as excellent reporting, between 50-70% as good reporting, and

below 50% as poor reporting (Table S6).



Results

The literature search resulted in 680 articles after the removal of duplicates (Embase 551,
MEDLINE 129). Sixty studies remained after title and abstract screening. After checking the
full text of these studies for eligibility, we included 21 publications that met the inclusion
criteria (Figure 1). Fourteen of the publications were published after 2020 (Figure S2), and
only one was published before 2015. The total number of infants included across all studies
was 3025, varying from 12 to 575 participants. However, for several studies, only a subset of
all collected stool samples was used for metabolomic analyses. Fifteen studies were

conducted in Europe, two in North America, three in Asia, and one in Oceania.

The quality of metabolomics methodology reporting varies considerably among studies

Before investigating fecal metabolome changes in response to microbiome-modifying
interventions, we wanted to ascertain the credibility of reported metabolomics experiments.
To that end, we generated checklists that covered shared and specific requirements for
different metabolomics methods (Figure 2). First, we evaluated the general reporting of
metabolomics experiments, including descriptions of sample pre-processing steps,
chromatographic conditions, instrument platforms, biomass normalization, and the
accessibility of metabolomics raw data (Figure 3A). Out of 21 studies, only one study
successfully reported all details necessary for a reproducible metabolomic experiment and
also had the raw metabolomic data files accessible, thus fully complying with the minimal
reporting requirements we have set. Still, the reporting of seven studies was at an excellent
level, only missing the availability of raw metabolomics files or not reporting on biomass

normalization (Table S1).

Next, we focused on the reporting of targeted metabolomics experiments, including
descriptions of method validation for feces according to the guidelines for bioanalytical
method validation (ICH M10), the use of internal standards, and the use of authentic internal
standards for all targeted compounds (Figure 3B). Twelve studies employed targeted
metabolomics analysis, but only one paper reported that the targeted analysis was based on a
validated method. Three studies did not report using internal standards (i.e., spiked-in
standards of known concentrations, most commonly either '*C or D-labeled), and none of the

studies described authentic internal standards for all targeted metabolites (Table S2).



In reporting of untargeted analysis, we focused on four types of QCs that are commonly
employed for monitoring instrumentation performance and other issues that can arise during
or between runs (Figure 3C): system suitability samples or instrument calibration mixtures,
blanks, internal standards (typically authentic isotopically labeled analogous of a subset of, or
all metabolites of interest), and pooled aliquots of the targeted samples hereafter referred to as
pooled QCs. Pooled QCs can have a wide array of applications but are most commonly used
as sample matrix-matched reference material for assessing intra- and inter-batch variation.
Additionally, we included chromatographic system conditioning, as this is important for
obtaining stable retention times and ionization (Zhou & Yin, 2016). Overall, we graded the
reporting of QCs in untargeted metabolomics as excellent in one study, good in four, and poor
in four studies (Table S3). Further, from the nine studies that employed untargeted metabolic
profiling, three studies fully met all the listed reporting requirements for reporting untargeted
metabolomic data analyses (Figure 3D). At the same time, six had good reporting, and one

study failed to describe the methodology details (Table S4).

Finally, for studies that analyzed metabolites using NMR, we required the descriptions of
suitability tests, quality controls, blanks, the chemical shift reference compound, and the peak
processing (Figure 3E). None of the four studies reported system suitability checks, and three
studies partly described the use of quality controls or blanks. On the other hand, all the studies
clearly described the sample solvent and post-acquisition processing steps (Table S5). Taken
together, among the 21 evaluated studies, only one had an overall score of more than 80% for
complying with the reporting requirements, and we therefore graded its reporting as excellent
(Figure 3F). Eleven studies were graded as good, and nine studies failed to report their
metabolomics methodology sufficiently (Table S6). Keeping this evaluation in mind, we

moved on to summarise the findings on the infant fecal metabolome.

Studies describing the effects of antibiotic use on the infant fecal metabolome

In our search, we identified seven studies that presented their findings on fecal metabolome in
relation to antibiotic use and did not have an intervention with other biotics (Table S7). We
noted that three studies reported the exact dosing and type of antibiotics (Frayman et al.,
2024; Li et al., 2022; Strasser et al., 2020), and all studies used DNA sequencing for

microbiota profiling except for one (Loniewska et al., 2023).

Two studies had antibiotic prophylaxis as the primary intervention. Li et al. (2022) used

untargeted metabolomics (LC-MS) to compare the fecal metabolome in the first week of life



of antibiotic-treated infants from parturient women with and without intrauterine infection and
antibiotic-untreated neonates born to healthy parturients. N-formyl-L-methionine was the
most discriminant metabolite between the intrauterine infection group and the control group.
Further, metabolites connected to primary and secondary bile acid biosynthesis, bile secretion,
arginine biosynthesis, and cholesterol metabolism pathways were altered in the intrauterine
infection group as compared to the control group. On the other hand, Strasser et al. (2020)
used targeted gas chromatography (GC)-MS-based metabolomics to study how low-dose
antibiotic prophylaxis affected levels of SCFA in infants with urogenital tract malformations.
The authors did not detect any differences in SCFA profiles during the first 70 days after
starting the antibiotic treatment between infants treated with a second-generation
cephalosporin long-term prophylaxis (n=7) and those not receiving the prophylaxis (n=5).
However, one limitation of the study was the low number of patients. In addition, although
the infant population was homogenous (vaginally and term-born, breastfed, no previous
antibiotic exposure, and with urogenital malformation), the ages of the participants upon
enrolment varied between 21 and 289 days of life, further complicating the interpretation of

the results.

Five studies emphasized that antibiotic use was essential to consider when addressing their
research objectives. However, in two studies investigating the fecal metabolome in infants
with cystic fibrosis (Eng et al., 2021; Frayman et al., 2024), the study designs did not allow to
examine the relationship between fecal metabolites and antibiotic use, which was reported for
77% of the infants with CF by (Frayman et al., 2024). Three other studies focused on different
features of gut microbiome development during early life. Lowienska et al. (2023), Wu et al.
(2023), and Martin et al. (2016) used targeted metabolomics for analyses of SCFA or fecal
organic acids by GC-flame ionization detector (FID) (Loniewska et al., 2023), GC-MS (Wu et
al., 2023), or high-performance liquid chromatography (HPLC) (Martin et al., 2016). Both
Martin et al. (2016) Wu et al. (2023) aimed to determine how delivery mode and feeding
pattern influence the variation of fecal microbial metabolites. Although antibiotic use was
reported for a portion of infants in both studies, the authors did not make any direct
conclusion on whether antibiotics had any effect on fecal metabolites. Focusing on antibiotics,
Loniewska et al. (2023) showed that the use of antibiotics in children had no impact on how
SCFA concentrations changed over time. However, this association was derived statistically
by using information on antibiotic use obtained from interviews. In this way, the authors

could investigate the long-term effect of antibiotic use but did not cover its potential short-



term effects. On the other hand, they reported higher concentrations of acetate, propionate,
and total SCFAs in the meconium of infants born to mothers who had taken antibiotics during

pregnancy.

Studies describing the effect of prebiotic, postbiotics, or food supplements on the infant

fecal metabolome

Five studies described interventions with prebiotics (Table S8), either alone or in combination
with postbiotics, the latter defined as bioactive compounds produced by food-grade
microorganisms. The prebiotic was a mixture of short-chain galactooligosaccharides (scGOS)
and long-chain fructooligosaccharides (IcFOS), administered with whey- or cow’s milk-based
formula. Two studies (Béghin et al., 2021; Rodriguez-Herrera et al., 2022) used a postbiotic
mixture (FERM) derived from the fermentation process of Bifidobacterium breve strain C50
and Streptococcus thermophilus strain 065, which, among others, results in the production of
3’-galactosyllactose, an oligosaccharide found in human milk. Beghin ez a/. (2021) used
targeted metabolomics (GC-FID) to determine SCFA levels in stool samples of term infants
who were fed four types of infant formulas. However, due to the limited sensitivity of the
method used, the authors could not compare the actual SCFA levels and instead performed

presence-absence analysis of a small number of samples, preventing any statistical analysis.

Rodriguez-Herrera et al. (2022) also compare the fecal metabolome of infants receiving cow’s
milk-based formula with the prebiotic/postbiotic mix (FERM/scGOS/IcFOS) and a control
infant formula by using a combination of targeted (GC-MS) and untargeted (LC-MS)
metabolomics. The results from LC-MS indicated significant differences between metabolite
abundances of breastfed and formula-fed infants at baseline, which disappeared at 17 weeks
of life. The targeted GC-MS analysis suggested higher levels of acetate and L-lactate and
lower levels of propionate, D-lactate, butyrate, and valerate in the intervention group
compared with the control formula group at week 17. Similarly, Wopereis et al. (2017)
applied targeted metabolomics (GC-FID) on stool samples of infants receiving whey-based
formula with prebiotics (scGOS, IcFOS, and pectin-derived acidic oligosaccharides), standard
cow’s milk formula, or breastmilk. The infants fed a formula containing prebiotics appeared
to have higher levels of lactate and lower levels of propionate, butyrate, and branched-chain

fatty acids at 26 weeks of life.

Two studies investigated fecal metabolome in infants receiving food supplements (Table S8)

(Francavilla et al., 2012; Zhao et al., 2023). Zhao et al. (2023) used targeted NMR analysis to



evaluate stool samples from 3-month-old infants and reported positive associations between
vitamin D supplementation and increased levels of acetate and 1,2-propanediol. Another study
by Francavilla ef al. (2012) used targeted (GC-MS) and untargeted (NMR) metabolomics to
determine the fecal metabolome of infants with cow’s milk allergy receiving an extensively
hydrolyzed whey-based formula with no lactose for two months, followed by an identical
lactose-containing formula for an additional two months. The lactose supplementation
appeared to lead to higher levels of SCFA (particularly acetate and butyrate), lactate, and

certain amino acids after the intervention period.

Studies describing the effect of probiotics or synbiotics on the infant fecal metabolome

In the last result chapter, we focus on nine studies that used probiotics as the main
intervention (Table S9). Four studies used a single strain as the probiotic, with two having
only the probiotic strain (Henrick et al., 2021; Li et al., 2023), while another two used a
synbiotic combination of a probiotic strain and prebiotic oligosaccharides (Lagkouvardos et
al., 2023; Sjodin et al., 2023). Three studies included various species of Bifidobacterium
(Bazanella et al., 2017; Heppner et al., 2024; Sillner et al., 2021), one combined two
Bifidobacterium species with Lactococcus lactis (Kim et al., 2015), and one used three
species of Bifidobacterium together with four species of Lactobacillus and Streptococcus

thermophilus (Baldassarre et al., 2018).

Henrick et al. (2021) investigated the fecal metabolome of exclusively breastfed term infants
supplemented, or not, with Bifidobacteium infantis strain EVC001 optimized for human milk
oligosaccharide utilization. Samples from the control (n=20) and probiotic (n=20) groups
sampled at 21 days postnatal were analysed using a combination of GC- and LC-MS
untargeted metabolomics. The authors identified 564 biochemical features that were
significantly different between the intervention and control groups. Specifically, tryptophan
metabolism was enriched, with indole-3-lactic acid as one of the metabolites altered in the

EVCO001-supplemented group.

Sjodin et al. (2023) used a combination of targeted (GC-MS) and untargeted (LC-MS)
metabolomics to investigate fecal metabolome of term infants who were weaned from breast
milk and randomized to receive a prebiotic formula (FOS/GOS) or the same prebiotic formula
with Lactobacillus paracasei ssp. paracasei strain F19 (synbiotic) from 1 to 6 months of age.
Similar to Henrick et al. (2021), this study reported higher production of aromatic amino acid

metabolites in the synbiotic group, particularly the antimicrobial metabolite 3-phenyl lactic



acid, although samples were analyzed at a later time points than in the study by Henrick
(2021). They also reported alterations in pectin metabolism where galacturonic acid levels
were increased in the synbiotic group. Metabolite profiles at 12 months showed age-related

differences but no significant impact of the interventions.

A study by Li et al. (2023) decribed untargeted LC-MS-based metabolomics to compare the
fecal metabolome of 40 late-preterm infants treated or not with probiotic Clostridium
butyricum strain MIY ARI 588. All the late preterm infants had mandatory antibiotic treatment
lasting an average of 12 days, followed by probiotic administration in half of them (n=20).
The authors showed a clear separation of fecal metabolite profiles between the two infant
groups, with an increase in metabolites involved in vitamin digestion and absorption, and the
metabolism of glycerolipids, lysin, and biotin significantly increased in the probiotic-treated
group. However, the authors did not report on any effects of antibiotics on the fecal

metabolome, nor did they have aged-matched sampling between the groups.

Lagkouvardos et al. (2022) employed targeted metabolomics (GC-FID) to analyze stool
samples from a randomized, controlled intervention study of infants receiving or not a
synbiotic intervention formula with Limosilactobacillus fermentum CECT5716 and GOS. The
authors reported higher acetate and lower butyrate in the synbiotic group at four months of
age. They further state that the fecal microbiomes of the synbiotic group resembled breastfed

infants more closely than controls.

Sillner et al. (2021) conducted a randomized, placebo-controlled trial to investigate the impact
of a probiotic mix (B. bifidum, B. breve, B. longum ssp. infantis, B. longum) in formula
compared to control formula and breast milk within the first year of life. By using untargeted
metabolomics (LC-MS), they found minimal metabolic response, with 1% of the difference
between the groups attributed to the intervention. Although they did not see significant
differences between probiotic supplementation and control formula, they found alterations of
several bile acids in response to formula feeding, including lower intensities of
glychochenodeoxycholic acid and glycocholic acid (conjugated bile acids) in the intervention
group at 1 and 3 months, which the authors hypothesize to be a sign of probiotic activity. The
metabolites 4-hydroxyphenyl lactic and indoleacetic acid showed no significant differences
but were higher in the probiotic group at 3 and 5 months, which resembled exclusively

breastfed controls. These differences almost disappeared after weaning.

Heppner et al. (2024) used untargeted metabolomics (LC-MS) to compare fecal metabolome

across feeding modes. The authors studied five infant groups, including four receiving



formula (with a combination of B. breve and B. longum ssp. infantis probiotic strains, a
prebiotic GOS mixture, a synbiotic mixture of GOS and the probiotic strains, or a placebo)
and breastmilk. At 3 months, the infants showed apparent differences in fecal metabolite
profiles between formula-fed and breastfed infant groups, with the latter having higher levels
of sugar metabolites. In contrast, infants fed formula containing pre-, pro, or synbiotic had
higher levels of indoles, such as indolelactic acid. Although they reported differences between
breastfed and formula-fed infants, no clear differences were observed in the formula groups

where the infants were fed with either pre-, pro-, or synbiotics.

In another randomized controlled trial, Bazanella et al. (2017) investigated the effects of a
probiotic mixture (B. bifidum, B. breve, B. longum ssp. infantis, B. longum) added to infant
formula by a combination of untargeted and targeted metabolomics (LC-MS). At 1 month, the
metabolic profile in response to the probiotic supplementation was significantly different from
the control formula, but not at later time points. Although the authors analyzed SCFA, no

significant differences were detected between the probiotic and control formula groups.

Kim et al. (2015) performed untargeted NMR to analyze the fecal metabolome of infants with
a family history of allergy who received probiotic supplementation (B. bifidum W23, B.
animalis subsp. lactis W52, and Lactococcus lactis W58) during the first 12 months of life.
The authors observed higher levels of lactate and SCFAs (butyrate, propionate, acetate) and
lower lactose and succinate in the probiotic group at three months of age. Finally, Baldassarre
et al. (2018) investigated whether a multistrain probiotic mixture in breastfed infants can
modulate colic symptoms. Using untargeted NMR, the authors reported minor differences
where metabolites such as acetate, alanine, hydroxy isovalerate, and oxo isocaproate involved
in amino acid metabolism were increased in the placebo group, whereas propylene glycol was

higher in the probiotic group after 21 days of intervention (age 51-111 days).



Discussion

In this systematic review, we evaluated the methodological quality of studies reporting the
infant fecal metabolome in response to interventions that modify the gut microbiome, and the
biological significance of reported findings. Typically, microbiome research links microbial
taxa profiling by DNA sequencing to other omics technologies, with the taxonomic
composition serving as the foundation for predicting association and causation. Given that
metabolite levels can change due to changes in microbial composition, we have hypothesized
that metabolites will provide essential biological insights into alterations caused by different
biotic interventions, even in the absence of detectable changes in microbial composition.
Twenty-one studies met the inclusion criteria, most of which were published after 2020,

reflecting a growing interest in this field of research (Figure S2).

Seven studies received excellent scores for general reporting (Table S1), which included
details on sample preparation, instrumentation, biomass normalization, and raw data
accessibility. A common shortcoming was the failure to describe metabolite quenching, a
crucial step achieved by using organic solvent-based solutions during fecal sample collection
(Lu et al., 2017). This is important, as certain metabolites, such as SCFAs, can change
significantly within hours, even at 4°C (Liebisch et al., 2019). In general, some metabolites
can have turnover times of a few seconds, highlighting that quenching is essential to preserve
the metabolic fingerprint of a sample (Lu et al., 2017). Several of the studies analyzed fecal
samples that were transported to freezers without reporting prior quenching, potentially
allowing enzymatic activities to persist and alter metabolite levels. Further, biomass
normalization techniques in fecal metabolomics lack standardization, and we found their
transparent reporting in only 12 studies, compromising the comparability of reported results

across studies.

More than half of the included studies used MS-based metabolomics. In general, variations in
stool sample processing might lead to differences in the final metabolite extracts injected into
the instruments. More specifically, for MS-based targeted metabolomics, inclusion of
authentic internal standards for all targeted compounds is crucial for reliable identification
and quantification. Surprisingly, none of the 11 studies using targeted measurements
employed authentic internal standards for all targeted compounds, raising concerns about the

accuracy of metabolite quantification in these analyses (Table S2).



On the other hand, pooled QCs have become standard in untargeted metabolomics methods
and were used in all the untargeted studies we inspected (Table S3). However, pooled QCs
can serve multiple purposes, such as batch normalization, drift correction, and system
conditioning (Kirwan et al., 2022). Unfortunately, most studies failed to report these details,
potentially hindering reproducibility. Of the nine studies conducting untargeted analysis, five
reported using internal standards, enhancing the reliability of untargeted analysis by allowing
correction for instrumental drift and monitoring metabolite retention times and potential
signal drift (Gertsman & Barshop, 2018). Finally, annotation of putative metabolites in
untargeted analysis remains a significant challenge (Alseekh et al., 2021). Because of that,
reporting annotation levels and the number of unknown features, which may represent false
positives, provides an additional confidence level in the presented results. In cases where
annotation levels are not provided, we emphasize the importance of making raw data

accessible, allowing others to re-analyze and verify the integrity of the results.

By assessing the quality of metabolomics methodology reporting, we wanted to stress the
necessity of appropriate experimental and technical controls when comparing metabolite
levels between diseased and healthy states or an intervention product and a placebo. Besides
different perinatal factors, such as gestational age, feeding type, and medication use, which
are known to affect the gut microbiome and, consequently, the fecal metabolome, differences
in collection, transport, and storage of samples, together with inconsistent methodology, can
introduce unwanted variability. We found missing descriptions and low reporting quality for
nine studies (reporting score below 50%, Table S6). In several cases, these studies did not
report any significant results. Specifically, Wu et al. 2022, Strasser et al. 2020, Bazanella et
al. 2017, and Eng et al. 2021 did not identify any significant impact of biotic interventions on
the fecal metabolite profiles (Table 1). Because of the limitations in methodology reporting,
rendering a low confidence in the reproducibility of the results, we highlight in the discussion
the 12 studies with a reporting score greater than 50%. Our checklists (Table S1-S6) provide
an operational structure for evaluating the quality of metabolomic experiments as well as

guidelines for future studies.

Among seven studies examining the effects of antibiotics on the fecal metabolome, one
included healthy, term infant cohorts, while the others involved infants with CF, urogenital
tract malformations, or late preterm births. Fecal metabolites serve as a proxy for metabolic
activity of gut microbes but do not necessarily account for variations in metabolite absorption,

bowel movement frequency, or other physiological phenomena that might be different



between disease and healthy states, and which may thus also influence levels of microbial
metabolites. For example, given that CF patients have a higher incidence of constipation
compared to healthy individuals (Stefano et al., 2022) and that prolonged fecal transit time
has been associated with changes in fecal metabolite pools (Roager et al., 2016), the tracked
metabolite alterations over time in CF infants can be due to the pathophysiology of the
disease. In the two studies with CF cohorts, none of them had healthy controls in their

metabolomic analysis, preventing comparison with a general population.

S-sulfo-cysteine and N-formyl-methionine were significantly increased after antibiotic
treatment in predictive models (Eng et al., 2021) and measured in the study by Li ef al.
(2022). Although these metabolites belong to different pathways, both are involved in sulfur
metabolism, which has been linked to inflammatory bowel disease (IBD) in children
(Kushkevych et al., 2020). Kronman et al. (2012) conducted a retrospective cohort study and
found associations between antibiotic exposure and IBD development (Kronman et al., 2012).
Future research targeting sulfate metabolism might elucidate potential links with disease
progression. In summary, the studies by Li et al. (2022) and Lowienska et al. (2022) have
provided the most relevant, although yet incomplete, information on how antibiotic use might
affect the levels of fecal metabolites during early life and thus alter the metabolic function of
the gut microbiome. Notably, both studies had a relatively good level of reporting their

metabolomics methodology, further augmenting the confidence in their findings.

Two studies investigating the effects of postbiotics were included in this review. Both ranked
poorly in metabolomic reporting, raising questions about the results’ reliability. On the other
hand, only one out of nine studies describing probiotic use received a poor rating.
Interestingly, several studies observed elevated levels of metabolites linked to aromatic amino
acid metabolism following probiotic or synbiotic intervention (Henrick et al., 2021; Heppner
et al., 2024; Sillner et al., 2021). Meanwhile, Frayman et al. (2024), whose study had
excellent metabolomic reporting, observed lower levels of indoleacetate correlating with
higher carriage of Pseudomonas in their CF cohort. Commensal bacteria are known to
metabolize aromatic amino acids through pathways related to immune modulation and brain
health via neurotransmitter production (Chen et al., 2021; Roager et al., 2023). For example,
Lactobacillus species are key in converting tryptophan into indoles, which have also been
shown to strengthen the epithelial barrier and reduce inflammation (Bansal et al., 2010).
Comparably, Henrick et al. (2021) demonstrated that indole-3-lactic acid has an anti-

inflammatory effect, regulating T-cell formation in vitro.



Among the probiotic-focused studies, several reported an increase in SCFA after the probiotic
intervention (Francavilla et al., 2012; Kim et al., 2015), although the findings were
inconsistent. Notably, butyrate, propionate, and lactate were commonly reported across the
studies. Most showed no effect or reduced levels of butyrate and propionate following various
interventions, while lactate was elevated in several studies following pre- or probiotic
administration. In a study by Tsukuda et al. (2021), Bifidobacteria in early life were
correlated with higher formate and lactate levels, whereas butyrate and propionate were more
elevated later in infancy, especially after weaning (Tsukuda et al., 2021). This pattern was
also observed in one of the studies (Zhao et al., 2023), where 1,2-propanediol was negatively
correlated with butyrate and propionate. There are four main pathways for butyrate
production: the acetyl-CoA, glutarate, 4-aminobutyrate, and the lysine pathway, which
converge at a step where crotonyl-CoA is converted to butyryl-CoA (Vital et al., 2014). Low
butyrate in early life may be associated with the inability of Bifidobacterium spp., the
dominant colonizers in breastfed infants, to produce butyrate. Thus, butyrate production relies
on cross-feeding interactions with other bacterial species, particularly members from the
Bacillota phylum. This phylum includes bacteria that possess butyryl-CoA CoA-transferases
or butyrate kinase, which are essential for the last step of butyrate synthesis. One notable
example is Eubacterium hallii, which has been demonstrated to produce butyrate from 1,2-
propanediol, acetate, and lactate (Riviere et al., 2016; Schwab et al., 2017; Vital et al., 2014).
Hence, elevated 1,2-propanediol levels, along with its inverse correlation with butyrate, may
indicate a lack of cross-feeding between Bifidobacterium spp. and other commensals, such as

E. hallii (Bunesova et al., 2018), and absence or domination of certain gut bacterial species.

Two studies provided the most comprehensive insight into bile acid metabolism. Li et al.
(2022) focused on antibiotics as the intervention, while Sillner ez al. (2021) investigated the
effects of Bifidbacterium-based probiotics. The dynamics of bile acid metabolism are
complex; however, we speculate that the detection of specific bile acids could predict the
presence of gut bacterial taxa due to enzymatic requirements for bile acid transformation.
Primary bile acids are produced in the liver, where they are conjugated and stored in the
gallbladder before being released into the intestine (Chiang, 2013). Two key enzymes
modulate bile acid transformation: bile salt hydrolases (BSH), responsible for deconjugation,
and o-7-dehydroxylase, which converts primary bile acids to their secondary forms. In early
life, the gut is typically dominated by Bifidobacterium species exhibiting BSH activity

(Turroni et al., 2012), which has been linked to the regulation of inflammation and prevention



of metabolic disorders (Bourgin et al., 2021). However, neither Lactobacillus nor
Bifidobacterium possesses a-7-dehydroxylase, an enzyme present in species like Clostridium,
which expands after weaning (Chiang & Ferrell, 2020; Takahashi & Morotomi, 1994). In a
cohort of healthy, term infants, Xiong et al. (2021) found that primary bile acids increased
steadily after birth (Xiong et al., 2021). In contrast, secondary bile acids only began to rise
around six months of age, coinciding with weaning and subsequent alterations in the gut
microbiome (Pantazi et al., 2023). Li et al. (2022) detected elevated levels of conjugated bile
acids (such as taurocholate and glycochenodeoxycholate) and some secondary bile acids after
antibiotic treatment, which could suggest heightened o-7-dehydrogenase activity and a greater
prevalence of Clostridum species. Additionally, higher levels of conjugated bile acids indicate
lower BSH activity, suggesting reduced Bifidobacterium and Lactobacillus populations.
Sillner ef al. (2021) found lower levels of the conjugated bile acids glycocholate and
glycochenodeoxycholate in the probiotic group, which could indicate increased BSH activity
in the gut of infants receiving probiotics. Taken together, reduced levels of conjugated bile
acids may signal probiotic activity, whereas elevated levels of secondary and conjugated bile
acids in early life may reflect diminished Bifidobacterium levels and increased Clostridium

metabolism.

In conclusion, among the 21 studies included in this systematic review, nine were rated as
poor, 11 as good, and only one achieved an excellent score for metabolomic reporting (Table
1). This comparative QA analysis highlights that there remains substantial work in terms of
standardization and adherence to best practices with regard to reporting fecal metabolite
profiling. As a result, many of the findings reported by studies that we graded as poor on the
reporting cannot be trusted entirely, and any comparative analysis remains a challenge. We
stress that future research employing metabolomics of fecal samples should adhere to the QA
and QC recommendations proposed by us and others (Alseekh et al., 2021; Kirwan et al.,

2022; Lu et al., 2017) as a minimum reporting practice.

Despite these limitations, some consistent biological patterns emerged across the studies. By
focusing on the results from the studies with a score above 50 %, we found more consistency
in the reported metabolic outcome (Figure 4). The fecal metabolome was notably impacted
by anti-, pre-, and probiotics, and in particular, alterations of metabolites belonging to the
pathways of secondary and conjugated bile acids and general amino acid metabolism were
evident after antibiotic intervention. Pre- and probiotic intervention had overlapping effects,

possibly driven by increased abundance and subsequent metabolism of the probiotic bacteria,



with evident changes in aromatic amino acids, central carbon metabolism (including SCFA),
and conjugated bile acids. The dynamics of these metabolite classes, as exemplified above for
bile acids, could serve as predictors of the presence or even abundance of specific microbial

genera in the gut microbiome during early life.



Acknowledgments

Funding/Support: This study was possible thanks to funding provided by a Centre for New
Antibacterial Strategies (CANS) through the Tromse Research Foundation via a starting grant
awarded to VKP.

Authors contribution: VKP conceived the study and secured the funding. RSH and GHB
performed the literature search, and RSH, GHB, and VKP systematically screened studies and
applied inclusion and exclusion criteria established by all authors. GHB established the
checklists and, together with VKP, performed the comparative QA analysis. RSH and GHB
drafted the manuscript. VKP supervised manuscript preparation. All authors provided critical

feedback on the manuscript and approved the final version for submission.

Conflict of interest and disclosures: The authors have no conflict of interest to disclose

regarding this article.



References

Ahrens, A. P., Hyotyldinen, T., Petrone, J. R., Igelstrom, K., George, C. D., Garrett, T. J.,
Oresic, M., Triplett, E. W., & Ludvigsson, J. (2024). Infant microbes and metabolites
point to childhood neurodevelopmental disorders. Cell, 187(8), 1853-1873.e1815.
https://doi.org/10.1016/j.cell.2024.02.035

Alam, A., & Neish, A. (2018). Role of gut microbiota in intestinal wound healing and barrier
function. Tissue Barriers, 6(3), 1539595.
https://doi.org/10.1080/21688370.2018.1539595

Alseekh, S., Aharoni, A., Brotman, Y., Contrepois, K., D’Auria, J., Ewald, J., C. Ewald, J.,
Fraser, P. D., Giavalisco, P., Hall, R. D., Heinemann, M., Link, H., Luo, J., Neumann,
S., Nielsen, J., Perez de Souza, L., Saito, K., Sauer, U., Schroeder, F. C.,...Fernie, A.
R. (2021). Mass spectrometry-based metabolomics: a guide for annotation,
quantification and best reporting practices. Nature Methods, 18(7), 747-756.
https://doi.org/10.1038/s41592-021-01197-1

Antunes, L. C., Han, J., Ferreira, R. B., Loli¢, P., Borchers, C. H., & Finlay, B. B. (2011).
Effect of antibiotic treatment on the intestinal metabolome. Antimicrob Agents
Chemother, 55(4), 1494-1503. https://doi.org/10.1128/aac.01664-10

Aversa, Z., Atkinson, E. J., Schafer, M. J., Theiler, R. N., Rocca, W. A., Blaser, M. J., &
LeBrasseur, N. K. (2020). Association of Infant Antibiotic Exposure With Childhood
Health Outcomes. Mayo Clinic Proceedings.
http://www.sciencedirect.com/science/article/pii/S0025619620307850

Baldassarre, M. E., Di Mauro, A., Tafuri, S., Rizzo, V., Gallone, M. S., Mastromarino, P.,
Capobianco, D., Laghi, L., Zhu, C., Capozza, M., & Laforgia, N. (2018). Effectiveness
and Safety of a Probiotic-Mixture for the Treatment of Infantile Colic: A Double-
Blind, Randomized, Placebo-Controlled Clinical Trial with Fecal Real-Time PCR and
NMR-Based Metabolomics Analysis. Nutrients, 10(2).

Bansal, T., Alaniz, R. C., Wood, T. K., & Jayaraman, A. (2010). The bacterial signal indole
increases epithelial-cell tight-junction resistance and attenuates indicators of
inflammation. Proc Natl Acad Sci U S A, 107(1), 228-233.
https://doi.org/10.1073/pnas.0906112107

Bazanella, M., Maier, T. V., Clavel, T., Lagkouvardos, 1., Lucio, M., Maldonado-Gomez, M.
X., Autran, C., Walter, J., Bode, L., Schmitt-Kopplin, P., & Haller, D. (2017).
Randomized controlled trial on the impact of early-life intervention with
bifidobacteria on the healthy infant fecal microbiota and metabolomet§1. The
American Journal of Clinical Nutrition, 106(5), 1274-1286.
https://doi.org/https://doi.org/10.3945/ajcn.117.157529

Béghin, L., Tims, S., Roelofs, M., Rougé, C., Oozeer, R., Rakza, T., Chirico, G., Roeselers,
G., Knol, J., Roz¢, J. C., & Turck, D. (2021). Fermented infant formula (with
Bifidobacterium breve C50 and Streptococcus thermophilus O65) with prebiotic
oligosaccharides is safe and modulates the gut microbiota towards a microbiota closer
to that of breastfed infants. Clin Nutr, 40(3), 778-787.
https://doi.org/10.1016/].cInu.2020.07.024

Bourgin, M., Kriaa, A., Mkaouar, H., Mariaule, V., Jablaoui, A., Maguin, E., & Rhimi, M.
(2021). Bile Salt Hydrolases: At the Crossroads of Microbiota and Human Health.
Microorganisms, 9(6). https://doi.org/10.3390/microorganisms9061122

Bramer, W. M., Rethlefsen, M. L., Kleijnen, J., & Franco, O. H. (2017). Optimal database
combinations for literature searches in systematic reviews: a prospective exploratory
study. Syst Rev, 6(1), 245. https://doi.org/10.1186/s13643-017-0644-y



https://doi.org/10.1016/j.cell.2024.02.035
https://doi.org/10.1080/21688370.2018.1539595
https://doi.org/10.1038/s41592-021-01197-1
https://doi.org/10.1128/aac.01664-10
http://www.sciencedirect.com/science/article/pii/S0025619620307850
https://doi.org/10.1073/pnas.0906112107
https://doi.org/https:/doi.org/10.3945/ajcn.117.157529
https://doi.org/10.1016/j.clnu.2020.07.024
https://doi.org/10.3390/microorganisms9061122
https://doi.org/10.1186/s13643-017-0644-y

Brown, K., Thomson, C. A., Wacker, S., Drikic, M., Groves, R., Fan, V., Lewis, I. A., &
McCoy, K. D. (2023). Microbiota alters the metabolome in an age- and sex- dependent
manner in mice. Nat Commun, 14(1), 1348. https://doi.org/10.1038/s41467-023-
37055-1

Bunesova, V., Lacroix, C., & Schwab, C. (2018). Mucin Cross-Feeding of Infant
Bifidobacteria and Eubacterium hallii. Microbial Ecology, 75(1), 228-238.
https://doi.org/10.1007/s00248-017-1037-4

Caballero, S., Kim, S., Carter, R. A., Leiner, I. M., Susac, B., Miller, L., Kim, G. J., Ling, L.,
& Pamer, E. G. (2017). Cooperating Commensals Restore Colonization Resistance to
Vancomycin-Resistant Enterococcus faecium. Cell host & microbe, 21(5), 592-
602.e594. https://doi.org/10.1016/j.chom.2017.04.002

Chen, Y., Xu, J., & Chen, Y. (2021). Regulation of Neurotransmitters by the Gut Microbiota
and Effects on Cognition in Neurological Disorders. Nutrients, 13(6).
https://doi.org/10.3390/nu13062099

Chiang, J. Y. (2013). Bile acid metabolism and signaling. Compr Physiol, 3(3), 1191-1212.
https://doi.org/10.1002/cphy.c120023

Chiang, J. Y. L., & Ferrell, J. M. (2020). Up to date on cholesterol 7 alpha-hydroxylase
(CYP7A1) in bile acid synthesis. Liver Res, 4(2), 47-63.
https://doi.org/10.1016/].livres.2020.05.001

Cryan, J. F., O'Riordan, K. J., Sandhu, K., Peterson, V., & Dinan, T. G. (2020). The gut
microbiome in neurological disorders. Lancet Neurol, 19(2), 179-194.
https://doi.org/10.1016/s1474-4422(19)30356-4

Danzi, F., Pacchiana, R., Mafficini, A., Scupoli, M. T., Scarpa, A., Donadelli, M., & Fiore, A.
(2023). To metabolomics and beyond: a technological portfolio to investigate cancer
metabolism. Signal Transduction and Targeted Therapy, 8(1), 137.
https://doi.org/10.1038/s41392-023-01380-0

Dierikx, T. H., Visser, D. H., Benninga, M. A., van Kaam, A. H. L. C., de Boer, N. K. H., de
Vries, R., van Limbergen, J., & de Meij, T. G. J. (2020). The influence of prenatal and
intrapartum antibiotics on intestinal microbiota colonisation in infants: A systematic
review. J Infect, 81(2), 190-204. https://doi.org/10.1016/].jinf.2020.05.002

Dominguez-Bello, M. G., Godoy-Vitorino, F., Knight, R., & Blaser, M. J. (2019). Role of the
microbiome in human development. Gut, 68(6), 1108. https://doi.org/10.1136/gutjnl-
2018-317503

Donald, K., & Finlay, B. B. (2023). Early-life interactions between the microbiota and
immune system: impact on immune system development and atopic disease. Nature
Reviews Immunology, 23(11), 735-748. https://doi.org/10.1038/s41577-023-00874-w

Eng, A., Hayden, H. S., Pope, C. E., Brittnacher, M. J., Vo, A. T., Weiss, E. J., Hager, K. R.,
Leung, D. H., Heltshe, S. L., Raftery, D., Miller, S. 1., Hoffman, L. R., & Borenstein,
E. (2021). Infants with cystic fibrosis have altered fecal functional capacities with
potential clinical and metabolic consequences. BMC Microbiology, 21(1), 247.
https://doi.org/10.1186/s12866-021-02305-z

Esaiassen, E., Fjalstad, J. W., Juvet, L. K., van den Anker, J. N., & Klingenberg, C. (2017).
Antibiotic exposure in neonates and early adverse outcomes: a systematic review and
meta-analysis. J Antimicrob Chemother, 72(7), 1858-1870.
https://doi.org/10.1093/jac/dkx088

Fjalstad, J. W., Esaiassen, E., Juvet, L. K., van den Anker, J. N., & Klingenberg, C. (2018).
Antibiotic therapy in neonates and impact on gut microbiota and antibiotic resistance
development: a systematic review. J Antimicrob Chemother, 73(3), 569-580.
https://doi.org/10.1093/jac/dkx426



https://doi.org/10.1038/s41467-023-37055-1
https://doi.org/10.1038/s41467-023-37055-1
https://doi.org/10.1007/s00248-017-1037-4
https://doi.org/10.1016/j.chom.2017.04.002
https://doi.org/10.3390/nu13062099
https://doi.org/10.1002/cphy.c120023
https://doi.org/10.1016/j.livres.2020.05.001
https://doi.org/10.1016/s1474-4422(19)30356-4
https://doi.org/10.1038/s41392-023-01380-0
https://doi.org/10.1016/j.jinf.2020.05.002
https://doi.org/10.1136/gutjnl-2018-317503
https://doi.org/10.1136/gutjnl-2018-317503
https://doi.org/10.1038/s41577-023-00874-w
https://doi.org/10.1186/s12866-021-02305-z
https://doi.org/10.1093/jac/dkx088
https://doi.org/10.1093/jac/dkx426

Francavilla, R., Calasso, M., Calace, L., Siragusa, S., Ndagijimana, M., Vernocchi, P.,
Brunetti, L., Mancino, G., Tedeschi, G., Guerzoni, E., Indrio, F., Laghi, L., Miniello,
V. L., Gobbetti, M., & De Angelis, M. (2012). Effect of lactose on gut microbiota and
metabolome of infants with cow's milk allergy. Pediatr Allergy Immunol, 23(5), 420-
427. https://doi.org/10.1111/1.1399-3038.2012.01286.x

Frayman, K. B., Macowan, M., Caparros-Martin, J., Ranganathan, S. C., & Marsland, B. J.
(2024). The longitudinal microbial and metabolic landscape of infant cystic fibrosis:
the gut-lung axis. Eur Respir J, 63(5). https://doi.org/10.1183/13993003.02290-2023

Fukuda, S., Toh, H., Hase, K., Oshima, K., Nakanishi, Y., Yoshimura, K., Tobe, T., Clarke, J.
M., Topping, D. L., Suzuki, T., Taylor, T. D., Itoh, K., Kikuchi, J., Morita, H., Hattori,
M., & Ohno, H. (2011). Bifidobacteria can protect from enteropathogenic infection
through production of acetate. Nature, 469(7331), 543-547.
https://doi.org/10.1038/nature09646

Gensollen, T, Iyer, S. S., Kasper, D. L., & Blumberg, R. S. (2016). How colonization by
microbiota in early life shapes the immune system. Science, 352(6285), 539-544.
https://doi.org/doi:10.1126/science.aad9378

Gertsman, 1., & Barshop, B. A. (2018). Promises and pitfalls of untargeted metabolomics. J
Inherit Metab Dis, 41(3), 355-366. https://doi.org/10.1007/s10545-017-0130-7

Grech, A., Collins, C. E., Holmes, A., Lal, R., Duncanson, K., Taylor, R., & Gordon, A.
(2021). Maternal exposures and the infant gut microbiome: a systematic review with
meta-analysis. Gut Microbes, 13(1), 1-30.
https://doi.org/10.1080/19490976.2021.1897210

He, P., Yu, L., Tian, F., Chen, W., Zhang, H., & Zhai, Q. (2024). Effects of Probiotics on
Preterm Infant Gut Microbiota Across Populations: A Systematic Review and Meta-
Analysis. Advances in Nutrition, 15(6), 100233.
https://doi.org/https://doi.org/10.1016/j.advnut.2024.100233

Henrick, B. M., Rodriguez, L., Lakshmikanth, T., Pou, C., Henckel, E., Arzoomand, A., Olin,
A., Wang, J., Mikes, J., Tan, Z., Chen, Y., Ehrlich, A. M., Bernhardsson, A. K.,
Mugabo, C. H., Ambrosiani, Y., Gustafsson, A., Chew, S., Brown, H. K., Prambs,
J.,...Brodin, P. (2021). Bifidobacteria-mediated immune system imprinting early in
life. Cell, 184(15), 3884-3898.¢3811.
https://doi.org/https://doi.org/10.1016/j.cell.2021.05.030

Heppner, N., Reitmeier, S., Heddes, M., Merino, M. V., Schwartz, L., Dietrich, A., List, M.,
Gigl, M., Meng, C., van der Veen, D. R., Schirmer, M., Kleigrewe, K., Omer, H.,
Kiessling, S., & Haller, D. (2024). Diurnal rhythmicity of infant fecal microbiota and
metabolites: A randomized controlled interventional trial with infant formula. Cell
host & microbe, 32(4), 573-587.e575. https://doi.org/10.1016/j.chom.2024.02.015

Hoskinson, C., Dai, D. L. Y., Del Bel, K. L., Becker, A. B., Moraes, T. J., Mandhane, P. J.,
Finlay, B. B., Simons, E., Kozyrskyj, A. L., Azad, M. B., Subbarao, P., Petersen, C.,
& Turvey, S. E. (2023). Delayed gut microbiota maturation in the first year of life is a
hallmark of pediatric allergic disease. Nature Communications, 14(1), 4785.
https://doi.org/10.1038/s41467-023-40336-4

ICH M10. Bioanalytical Method Validation and Study Sample Analysis (24 May 2022),
EMA/CHMP/ICH/660315/2022.

Joshi, A. D., Rahnavard, A., Kachroo, P., Mendez, K. M., Lawrence, W., Julian-Serrano, S.,
Hua, X., Fuller, H., Sinnott-Armstrong, N., Tabung, F. K., Shutta, K. H., Raffield, L.
M., & Darst, B. F. (2023). An epidemiological introduction to human metabolomic
investigations. Trends in Endocrinology & Metabolism, 34(9), 505-525.
https://doi.org/https://doi.org/10.1016/j.tem.2023.06.006



https://doi.org/10.1111/j.1399-3038.2012.01286.x
https://doi.org/10.1183/13993003.02290-2023
https://doi.org/10.1038/nature09646
https://doi.org/doi:10.1126/science.aad9378
https://doi.org/10.1007/s10545-017-0130-7
https://doi.org/10.1080/19490976.2021.1897210
https://doi.org/https:/doi.org/10.1016/j.advnut.2024.100233
https://doi.org/https:/doi.org/10.1016/j.cell.2021.05.030
https://doi.org/10.1016/j.chom.2024.02.015
https://doi.org/10.1038/s41467-023-40336-4
https://doi.org/https:/doi.org/10.1016/j.tem.2023.06.006

Kim, H. K., Rutten, N. B., Besseling-van der Vaart, 1., Niers, L. E., Choi, Y. H., Rijkers, G.
T., & van Hemert, S. (2015). Probiotic supplementation influences faecal short chain
fatty acids in infants at high risk for eczema. Benef Microbes, 6(6), 783-790.
https://doi.org/10.3920/bm2015.0056

Kirwan, J. A., Gika, H., Beger, R. D., Bearden, D., Dunn, W. B., Goodacre, R., Theodoridis,
G., Witting, M., Yu, L. R., & Wilson, 1. D. (2022). Quality assurance and quality
control reporting in untargeted metabolic phenotyping: mQACC recommendations for
analytical quality management. Metabolomics, 18(9), 70.
https://doi.org/10.1007/s11306-022-01926-3

Kronman, M. P., Zaoutis, T. E., Haynes, K., Feng, R., & Coffin, S. E. (2012). Antibiotic
exposure and IBD development among children: a population-based cohort study.
Pediatrics, 130(4), €794-803. https://doi.org/10.1542/peds.2011-3886

Kushkevych, 1., Cejnar, J., Treml, J., Dordevi¢, D., Kollar, P., & Vitézova, M. (2020). Recent
Advances in Metabolic Pathways of Sulfate Reduction in Intestinal Bacteria. Cells,
9(3). https://doi.org/10.3390/cells9030698

Lagkouvardos, L., Intze, E., Schaubeck, M., Rooney, J. P. K., Hecht, C., Piloquet, H., &
Clavel, T. (2023). Early life gut microbiota profiles linked to synbiotic formula
effects: a randomized clinical trial in European infants. The American Journal of
Clinical Nutrition, 117(2), 326-339.
https://doi.org/https://doi.org/10.1016/j.ajenut.2022.11.012

Lamichhane, S., Sen, P., Dickens, A. M., Alves, M. A., Hirkonen, T., Honkanen, J., Vatanen,
T., Xavier, R. J., Hyotyldinen, T., Knip, M., & Oresi¢, M. (2022). Dysregulation of
secondary bile acid metabolism precedes islet autoimmunity and type 1 diabetes. Cell
Rep Med, 3(10), 100762. https://doi.org/10.1016/j.xcrm.2022.100762

Laursen, M. F., Sakanaka, M., von Burg, N., Morbe, U., Andersen, D., Moll, J. M., Pekmez,
C. T., Rivollier, A., Michaelsen, K. F., Mglgaard, C., Lind, M. V., Dragsted, L. O.,
Katayama, T., Frandsen, H. L., Vinggaard, A. M., Bahl, M. L., Brix, S., Agace, W.,
Licht, T. R., & Roager, H. M. (2021). Bifidobacterium species associated with
breastfeeding produce aromatic lactic acids in the infant gut. Nature Microbiology,
6(11), 1367-1382. https://doi.org/10.1038/s41564-021-00970-4

Li, H., Fu, L., Chen, X., Xu, H., Jing, Q., Yang, C., Wan, Z., & Chen, Y. (2022). Gut
Microbiota and Metabolome Description of Antibiotic-Treated Neonates From
Parturients With Intrauterine Infection. Front Cell Infect Microbiol, 12, 817832.
https://doi.org/10.3389/fcimb.2022.817832

Li, H., Ma, X., Li, Y., Liu, Q., Tian, Q., Yang, X., Zhou, Z., Ren, J., Sun, B., Feng, X.,
Zhang, H., Yin, X., Li, H., & Ding, X. (2023). The metagenomic and metabolomic
profile of the gut microbes in Chinese full-term and late preterm infants treated with
Clostridium butyricum. Scientific Reports, 13(1), 18775.
https://doi.org/10.1038/s41598-023-45586-2

Liebisch, G., Ecker, J., Roth, S., Schweizer, S., Ottl, V., Schott, H. F., Yoon, H., Haller, D.,
Holler, E., Burkhardt, R., & Matysik, S. (2019). Quantification of Fecal Short Chain
Fatty Acids by Liquid Chromatography Tandem Mass Spectrometry-Investigation of
Pre-Analytic Stability. Biomolecules, 9(4). https://doi.org/10.3390/biom9040121

Loniewska, B., Fraszczyk-Tousty, M., Tousty, P., Skonieczna-Zydecka, K., Maciejewska-
Markiewicz, D., & Loniewski, 1. (2023). Analysis of Fecal Short-Chain Fatty Acids
(SCFAs) in Healthy Children during the First Two Years of Life: An Observational
Prospective Cohort Study. Nutrients, 15(2).

Lu, W., Su, X., Klein, M. S., Lewis, 1. A., Fiehn, O., & Rabinowitz, J. D. (2017). Metabolite
Measurement: Pitfalls to Avoid and Practices to Follow. Annu Rev Biochem, 86, 277-
304. https://doi.org/10.1146/annurev-biochem-061516-044952



https://doi.org/10.3920/bm2015.0056
https://doi.org/10.1007/s11306-022-01926-3
https://doi.org/10.1542/peds.2011-3886
https://doi.org/10.3390/cells9030698
https://doi.org/https:/doi.org/10.1016/j.ajcnut.2022.11.012
https://doi.org/10.1016/j.xcrm.2022.100762
https://doi.org/10.1038/s41564-021-00970-4
https://doi.org/10.3389/fcimb.2022.817832
https://doi.org/10.1038/s41598-023-45586-2
https://doi.org/10.3390/biom9040121
https://doi.org/10.1146/annurev-biochem-061516-044952

Martin, R., Makino, H., Cetinyurek Yavuz, A., Ben-Amor, K., Roelofs, M., Ishikawa, E.,
Kubota, H., Swinkels, S., Sakai, T., Oishi, K., Kushiro, A., & Knol, J. (2016). Early-
Life Events, Including Mode of Delivery and Type of Feeding, Siblings and Gender,
Shape the Developing Gut Microbiota. PLOS ONE, 11(6), e0158498.
https://doi.org/10.1371/journal.pone.0158498

Munn, Z., Barker, T. H., Moola, S., Tufanaru, C., Stern, C., McArthur, A., Stephenson, M., &
Aromataris, E. (2020). Methodological quality of case series studies: an introduction
to the JBI critical appraisal tool. JBI Evid Synth, 18(10), 2127-2133.
https://doi.org/10.11124/jbisrir-d-19-00099

Naspolini, N. F., Schiiroff, P. A., Figueiredo, M. J., Sbardellotto, G. E., Ferreira, F. R., Fatori,
D., Polanczyk, G. V., Campos, A. C., & Taddei, C. R. (2024). The Gut Microbiome in
the First One Thousand Days of Neurodevelopment: A Systematic Review from the
Microbiome Perspective. Microorganisms, 12(3), 424. https://www.mdpi.com/2076-
2607/12/3/424

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, 1., Hoffmann, T. C., Mulrow, C. D.,
Shamseer, L., Tetzlaff, J. M., Akl, E. A., Brennan, S. E., Chou, R., Glanville, J.,
Grimshaw, J. M., Hrobjartsson, A., Lalu, M. M., Li, T., Loder, E. W., Mayo-Wilson,
E., McDonald, S.,...Moher, D. (2021). The PRISMA 2020 statement: an updated
guideline for reporting systematic reviews. BMJ, 372, n71.
https://doi.org/10.1136/bmj.n71

Pantazi, A. C., Balasa, A. L., Mihai, C. M., Chisnoiu, T., Lupu, V. V., Kassim, M. A. K.,
Mihai, L., Frecus, C. E., Chirila, S. L., Lupu, A., Andrusca, A., Ionescu, C., Cuzic, V.,
& Cambrea, S. C. (2023). Development of Gut Microbiota in the First 1000 Days after
Birth and Potential Interventions. Nutrients, 15(16).
https://doi.org/10.3390/nul5163647

Patti, G. J., Yanes, O., & Siuzdak, G. (2012). Metabolomics: the apogee of the omics trilogy.
Nature Reviews Molecular Cell Biology, 13(4), 263-269.
https://doi.org/10.1038/nrm3314

Princisval, L., Rebelo, F., Williams, B. L., Coimbra, A. C., Crovesy, L., Ferreira, A. L., &
Kac, G. (2021). Association Between the Mode of Delivery and Infant Gut Microbiota
Composition Up to 6 Months of Age: A Systematic Literature Review Considering the
Role of Breastfeeding. Nutrition Reviews, 80(1), 113-127.
https://doi.org/10.1093/nutrit/nuab008

Riviere, A., Selak, M., Lantin, D., Leroy, F., & De Vuyst, L. (2016). Bifidobacteria and
Butyrate-Producing Colon Bacteria: Importance and Strategies for Their Stimulation
in the Human Gut. Front Microbiol, 7, 979. https://doi.org/10.3389/fmicb.2016.00979

Roager, H. M., Hansen, L. B. S., Bahl, M. L., Frandsen, H. L., Carvalho, V., Gebel, R. J.,
Dalgaard, M. D., Plichta, D. R., Sparholt, M. H., Vestergaard, H., Hansen, T.,
Sicheritz-Pontén, T., Nielsen, H. B., Pedersen, O., Lauritzen, L., Kristensen, M.,
Gupta, R., & Licht, T. R. (2016). Colonic transit time is related to bacterial
metabolism and mucosal turnover in the gut. Nature Microbiology, 1(9), 16093.
https://doi.org/10.1038/nmicrobiol.2016.93

Roager, H. M., Stanton, C., & Hall, L. J. (2023). Microbial metabolites as modulators of the
infant gut microbiome and host-microbial interactions in early life. Gut Microbes,
15(1), 2192151. https://doi.org/10.1080/19490976.2023.2192151

Rodriguez-Herrera, A., Tims, S., Polman, J., Porcel Rubio, R., Muiioz Hoyos, A., Agosti, M.,
Lista, G., Corvaglia, L. T., Knol, J., Roeselers, G., & Pérez Navero, J. L. (2022).
Early-life fecal microbiome and metabolome dynamics in response to an intervention
with infant formula containing specific prebiotics and postbiotics. American Journal



https://doi.org/10.1371/journal.pone.0158498
https://doi.org/10.11124/jbisrir-d-19-00099
https://www.mdpi.com/2076-2607/12/3/424
https://www.mdpi.com/2076-2607/12/3/424
https://doi.org/10.1136/bmj.n71
https://doi.org/10.3390/nu15163647
https://doi.org/10.1038/nrm3314
https://doi.org/10.1093/nutrit/nuab008
https://doi.org/10.3389/fmicb.2016.00979
https://doi.org/10.1038/nmicrobiol.2016.93
https://doi.org/10.1080/19490976.2023.2192151

of Physiology-Gastrointestinal and Liver Physiology, 322(6), G571-G582.
https://doi.org/10.1152/ajpgi.00079.2021

Rutayisire, E., Huang, K., Liu, Y., & Tao, F. (2016). The mode of delivery affects the
diversity and colonization pattern of the gut microbiota during the first year of infants'
life: a systematic review. BMC Gastroenterology, 16(1), 86.
https://doi.org/10.1186/s12876-016-0498-0

Sasaki, M., Suaini, N. H. A., Afghani, J., Heye, K. N., O'Mahony, L., Venter, C., Lauener, R.,
Frei, R., & Roduit, C. (2024). Systematic review of the association between short-
chain fatty acids and allergic diseases. Allergy, 79(7), 1789-1811.
https://doi.org/https://doi.org/10.1111/all.16065

Schwab, C., Ruscheweyh, H. J., Bunesova, V., Pham, V. T., Beerenwinkel, N., & Lacroix, C.
(2017). Trophic Interactions of Infant Bifidobacteria and Eubacterium hallii during L-
Fucose and Fucosyllactose Degradation. Front Microbiol, 8, 95.
https://doi.org/10.3389/fmicb.2017.00095

Sillner, N., Walker, A., Lucio, M., Maier, T. V., Bazanella, M., Rychlik, M., Haller, D., &
Schmitt-Kopplin, P. (2021). Longitudinal Profiles of Dietary and Microbial
Metabolites in Formula- and Breastfed Infants. Front Mol Biosci, 8, 660456.
https://doi.org/10.3389/fmolb.2021.660456

Sjodin, K. S., Sjodin, A., Ruszczynski, M., Kristensen, M. B., Hernell, O., Szajewska, H., &
West, C. E. (2023). Targeting the gut-lung axis by synbiotic feeding to infants in a
randomized controlled trial. BMC Biology, 21(1), 38. https://doi.org/10.1186/s12915-
023-01531-3

Smith, P. M., Howitt, M. R., Panikov, N., Michaud, M., Gallini, C. A., Bohlooly, Y. M.,
Glickman, J. N., & Garrett, W. S. (2013). The microbial metabolites, short-chain fatty
acids, regulate colonic Treg cell homeostasis. Science, 341(6145), 569-573.
https://doi.org/10.1126/science.1241165

Stefano, M. A., Sandy, N. S., Zagoya, C., Duckstein, F., Ribeiro, A. F., Mainz, J. G., &
Lomazi, E. A. (2022). Diagnosing constipation in patients with cystic fibrosis
applying ESPGHAN criteria. Journal of Cystic Fibrosis, 21(3), 497-501.
https://doi.org/10.1016/].jcf.2021.08.021

Strasser, C., Spindelboeck, W., Kashofer, K., Oswald, J., & Haid, B. (2020). Low-dose
antibiotic prophylaxis has no significant impact on the stability of the intestinal
microbiome in children with urogenital tract malformations under 1 year of age.
Journal of Pediatric Urology, 16(4), 456.e451-456.e457.
https://doi.org/https://doi.org/10.1016/j.jpurol.2020.05.165

Takahashi, T., & Morotomi, M. (1994). Absence of cholic acid 7 alpha-dehydroxylase
activity in the strains of Lactobacillus and Bifidobacterium. J Dairy Sci, 77(11), 3275-
3286. https://doi.org/10.3168/jds.S0022-0302(94)77268-4

Tsukuda, N., Yahagi, K., Hara, T., Watanabe, Y., Matsumoto, H., Mori, H., Higashi, K.,
Tsuji, H., Matsumoto, S., Kurokawa, K., & Matsuki, T. (2021). Key bacterial taxa and
metabolic pathways affecting gut short-chain fatty acid profiles in early life. The ISME
Journal, 15(9), 2574-2590. https://doi.org/10.1038/s41396-021-00937-7

Turroni, F., Peano, C., Pass, D. A., Foroni, E., Severgnini, M., Claesson, M. J., Kerr, C.,
Hourihane, J., Murray, D., Fuligni, F., Gueimonde, M., Margolles, A., De Bellis, G.,
O'Toole, P. W., van Sinderen, D., Marchesi, J. R., & Ventura, M. (2012). Diversity of
bifidobacteria within the infant gut microbiota. PLOS ONE, 7(5), €36957.
https://doi.org/10.1371/journal.pone.0036957

Vital, M., Howe, A. C., & Tiedje, J. M. (2014). Revealing the bacterial butyrate synthesis
pathways by analyzing (meta)genomic data. mBio, 5(2), €00889.
https://doi.org/10.1128/mBi0.00889-14



https://doi.org/10.1152/ajpgi.00079.2021
https://doi.org/10.1186/s12876-016-0498-0
https://doi.org/https:/doi.org/10.1111/all.16065
https://doi.org/10.3389/fmicb.2017.00095
https://doi.org/10.3389/fmolb.2021.660456
https://doi.org/10.1186/s12915-023-01531-3
https://doi.org/10.1186/s12915-023-01531-3
https://doi.org/10.1126/science.1241165
https://doi.org/10.1016/j.jcf.2021.08.021
https://doi.org/https:/doi.org/10.1016/j.jpurol.2020.05.165
https://doi.org/10.3168/jds.S0022-0302(94)77268-4
https://doi.org/10.1038/s41396-021-00937-7
https://doi.org/10.1371/journal.pone.0036957
https://doi.org/10.1128/mBio.00889-14

Wang, X., Zhang, P., & Zhang, X. (2021). Probiotics Regulate Gut Microbiota: An Effective
Method to Improve Immunity. Molecules (Basel, Switzerland), 26(19), 6076.
https://doi.org/10.3390/molecules26196076

Wikoff, W. R., Anfora, A. T., Liu, J., Schultz, P. G., Lesley, S. A., Peters, E. C., & Siuzdak,
G. (2009). Metabolomics analysis reveals large effects of gut microflora on
mammalian blood metabolites. Proc Natl Acad Sci U S A, 106(10), 3698-3703.
https://doi.org/10.1073/pnas.0812874106

Wu, S., Ren, L., Li, J., Shen, X., Zhou, Q., Miao, Z., Jia, W., He, F., & Cheng, R. (2023).
Breastfeeding might partially contribute to gut microbiota construction and
stabilization of propionate metabolism in cesarean-section infants. European Journal
of Nutrition, 62(2), 615-631. https://doi.org/10.1007/s00394-022-03020-9

Xiong, J. J., Hu, H. W, Xu, C. Z., Yin, J. W., Liu, M., Zhang, L. Z., Duan, Y., & Huang, Y.
K. (2021). Developmental Patterns of Fecal Bile Acids in Healthy Neonates and
Children. Med Sci Monit, 27, €928214. https://doi.org/10.12659/msm.928214

Zhao, X., Bridgman, S. L., Drall, K. M., Tun, H. M., Mandhane, P. J., Moraes, T. J., Simons,
E., Turvey, S. E., Subbarao, P., Scott, J. A., & Kozyrskyj, A. L. (2023). Infant Vitamin
D Supplements, Fecal Microbiota and Their Metabolites at 3 Months of Age in the
CHILD Study Cohort. Biomolecules, 13(2).

Zhou, J., & Yin, Y. (2016). Strategies for large-scale targeted metabolomics quantification by
liquid chromatography-mass spectrometry [10.1039/C6ANO01753C]. Analyst, 141(23),
6362-6373. https://doi.org/10.1039/C6ANO1753C

Zimmermann, P., Messina, N., Mohn, W. W., Finlay, B. B., & Curtis, N. (2019). Association
between the intestinal microbiota and allergic sensitization, eczema, and asthma:

A systematic review. Journal of Allergy and Clinical Immunology, 143(2), 467-485.
https://doi.org/https://doi.org/10.1016/j.jaci.2018.09.025



https://doi.org/10.3390/molecules26196076
https://doi.org/10.1073/pnas.0812874106
https://doi.org/10.1007/s00394-022-03020-9
https://doi.org/10.12659/msm.928214
https://doi.org/10.1039/C6AN01753C
https://doi.org/https:/doi.org/10.1016/j.jaci.2018.09.025

Step 1

Records identified from Duplicate records removed
Embase (n=591) before screening:

Records identified from (n=139)

MEDLINE (n=228)

[ Identificationi ]

Step 2
)
Records screened for eligibility
on the basis of title and »| Records excluded (n=620)
abstracts (n=680)
o
=
5 Y
o
) Step 3
0 Reports assessed for eligibility
on the basis of the full text
(n=60) »| Reports excluded (n=39)
e’/

Studies included (n=21)

Figure 1: Study selection process using the PRISMA 2020 flow diagram
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and NMR-based metabolomics methodology.
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based metabolomics, E) for NMR based metabolomics, and F) the total score for each study.

A score > 80% is labelled green, 50-80% yellow and <50% red.

Zhao et al. 2023
SCFA
Prebiotics
Francavilla et al. 2012
Lagkouvardos et al. 2022 Organic acids 1 i
Interventions
Heppner et al. 2024
. Prebiotics
Sugars
Kim et al. 2015 . Probiotics
Probiotics
Amino acids metabolism | Antibiotics
Baldassarre et al. 2018
Henrick et al. 2021 Aromatic amino acids 1
Sillner et al. 2021
Conjugated bile acids |
Secondary bile acids 1
Li et al. 2022 Antibiotics Conjugated bile acids t
Amino acid metabolism 1

Figure 4: The relationship between studies with a clear intervention outcome and a reporting

score above 50%, their corresponding interventions and the reported metabolomic outcome.

SCFA — short-chain fatty acids.



Table 1: Biological effects of antibiotic, probiotic or prebiotic interventions on bacterial and metabolic abundance.
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