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BACKGROUND: The administration of Bifidobacterium infantis M-63 during the early postnatal period enhances the abundance of
gut Bifidobacterium, but its potential effects are still unexplored. The present study aimed to evaluate the impact of B. infantis M-63
on immunity, inflammation, gut-derived metabolites, and gut microbiota composition-based enterotypes in healthy infants.
METHODS: Fecal samples were collected from 111 healthy infants randomly administered 1.0 × 109 CFU of B. infantis M-63 or
placebo daily from 7 d to 3 months of age. Gut microbial composition characterization using 16S rRNA sequencing and genus-level
enterotype clustering was performed. Fecal cytokine, metabolite, short-chain fatty acid, calprotectin, and secretory immunoglobulin
A (sIgA) levels were measured.
RESULTS: Administering Bifidobacterium infantis M-63 significantly increased gut Bifidobacterium, whereas Enterobacteriaceae
abundance and proinflammatory cytokine levels decreased. Six enterotypes were identified among the gut microbiota. In
Bifidobacterium-dominant enterotypes, there was a significant increase in acetic acid and tryptophan metabolite levels, and a slight
increase in sIgA levels. In contrast, levels of calprotectin and inflammatory cytokines were significantly reduced compared to those
in the non-Bifidobacterium enterotypes.
CONCLUSIONS: Bifidobacterium-dominant enterotypes, established in the gut after administration of B. infantis M-63, were strongly
associated with anti-inflammatory effects in healthy infants.

Pediatric Research; https://doi.org/10.1038/s41390-025-04263-y

IMPACT:

● This is the first study to demonstrate an anti-inflammatory effect in healthy full-term infants supplemented with Bifidobacterium
infantis M-63 alone.

● Bifidobacterium-dominant enterotypes were associated with reduced levels of inflammatory cytokines and calprotectin, and
increased production of beneficial tryptophan metabolites, such as Indole-3-lactic acid (ILA).

● This study provides evidence that supplementation with B. infantis M-63 in infants may significantly reduce inflammation
during the critical early postnatal period.

INTRODUCTION
The gut microbiota significantly influences infant health; early
childhood development is pivotal in establishing a robust and
diverse microbiome, with potentially long-term health implica-
tions.1,2 Various factors impact infant gut microbiota, including
delivery mode, antibiotic exposure, feeding type, host genetics,
and maternal health.3 Disturbances in the infant gut microbiota,
termed gut dysbiosis, have been linked to inflammatory
conditions, such as allergies or asthma,4,5 necrotizing enteroco-
litis,6 and celiac disease.7 Moreover, infant gut dysbiosis may
increase the risk of type 1 diabetes8 and obesity9 later in life.
Thus, the gut microbial composition is relevant to infant and
adult health.

Gut microbiota disruptions in early life are associated with an
immature immune system and can induce enterocolitis in
infants.10,11 Gut dysbiosis elevates calprotectin levels, an inflam-
matory marker in the gut.12,13 Chronic inflammation has also been
linked to the production of cytokines, which regulate host
responses to infection, inflammation, and trauma.14–16 Inflamma-
tory cytokines produced during inflammatory responses, such as
tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), and inter-
leukin (IL)-1β, disrupt the intestinal adhesion barrier and further
increase its permeability, which can exacerbate the inflammatory
process.17,18 Cytokine production and tight junction permeability
in the early postnatal period are associated with asthma and
Crohn’s disease development in adults.19,20 Therefore, maintaining
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an appropriate cytokine balance in infancy is also important for
adult health.
Bifidobacteria in the infant gut microbiota and breast milk

intake play important roles in the early postnatal period.2 In
particular, the mechanisms by which the gut microbiota affect
host physiology have received considerable attention. Short-chain
fatty acids (SCFAs), such as acetic acid, mediate this symbiotic
relationship.21 The aromatic hydrocarbon receptor (AhR), a ligand-
activated transcription factor widely expressed in cells, also acts as
an environmental sensor that integrates immune responses in
health and disease.22,23 Furthermore, the metabolites produced by
gut bacteria, particularly bifidobacteria, are associated with anti-
inflammatory activity. The tryptophan metabolites gut bacteria
produce protect gut barrier function and suppress inflammatory
responses. The loss of this tryptophan-converting ability leads to
exacerbated inflammation and reduced AhR activation capacity in
patients with inflammatory bowel disease.24,25 In addition,
aromatic lactic acids from Bifidobacterium species may affect
immune function in infants.26

Bifidobacterium infantis exhibits a remarkable adaptation to the
gut of breastfed infants, with a high capacity to utilize human milk
oligosaccharides (HMOs),27 which promote infant health and
overall development.28,29 This phenomenon may result from the
co-evolution of host and B. infantis via HMOs, which induce
intestinal colonization during infancy.30 This colonization nega-
tively correlates with Proteobacteria, which has adverse health
effects.31,32 In addition, the absence of B. infantis is strongly
associated with reduced vaccine responsiveness in infancy.33

Bifidobacterium infantis M-63 is a characteristic strain that prefers
high availability of HMOs34 and exhibits lysozyme resistance in
breast milk.35 It contributes to infant health, including regulating
defecation frequency,36 improving abdominal symptoms,37 and
reducing atopic dermatitis.38 However, its effects on inflammation
remain unclear.
The concept of enterotypes, in which the gut microbiota is

analyzed in clusters, has been recently proposed.39 Each
enterotype that can be classified even in early postnatal infants
represents a unique pattern of gut microbiota and is influenced by
factors such as diet, geographical distance, lifestyle, and environ-
ment.40,41 Enterotypes based on gut microbiota composition are
associated with SCFA profiles,42 and the maturation of microbiota
enterotypes in the early postnatal period affects future health.43

The developmental transition of the gut microbiota during the
first 2 years of life can be applied to health data.44 However,
changes in gut microbiota enterotypes and individual-specific
transitions during probiotic interventions remain under-explored.
In this study, we aimed to investigate the effects of B. infantis

M-63 on gut microbiota composition, fecal cytokines, and
metabolites in healthy-term infants. We further assessed the
anti-inflammatory effect of gut microbiota composition, particu-
larly the Bifidobacterium-dominant microbiota, on infant health.

METHODS
Study design and participants
The present study is a single-center, placebo-controlled, double-blinded
randomized trial, which is an additional analysis of a randomized clinical
trial designed to evaluate the effect of B. infantis M-63 on healthy-term
infants.36 Briefly, the study recruited healthy women who were to give
birth to a healthy, full-term baby between October 2019 and August 2021.
Eligible babies were healthy newborns born between 37 and 42 weeks.
Exclusion criteria for mothers were a diagnosis of serious liver, kidney,
cardiovascular, respiratory, endocrine, metabolic, or psychiatric disease, or
planned use of other probiotics. Infant exclusion criteria were multiple
birth, small for gestational age (SGA), large for gestational age (LGA),
significant medical complications, exposure to antibiotics, and if deemed
inappropriate by the investigator. Primary outcomes assessed relative
abundance of Bifidobacterium, predominant proportion, and whether there
was an increase in the number of copies in feces. Secondary outcomes

included effects on gastrointestinal tract tolerance, child health (e.g., crying
time, fever), fecal pH, SCFAs, sIgA, and calprotectin.
Healthy-term infants were randomized to receive either 1 billion colony-

forming units of B. infantis M-63 (B. infantis M-63 group) daily or sterilized
dextrin (placebo group) from ≤7 days to 3 months of age. Demographic
information was collected for each participant and their parents. In
addition, mothers kept daily records, including the number of times they
fed their infants breast milk and formula. The study was sufficiently
explained to the parents before enrollment, and written informed consent
was obtained from the parents of all study participants. The study was
conducted in accordance with the Declaration of Helsinki and approved by
the Research Ethics Committee of Matsumoto City Hospital on September
27, 2019. The study was registered in the UMIN Clinical Trials Registry
(UMIN000038351) in advance.

Fecal sample collection
Two types of infant fecal samples were collected from the infants’ diapers
by their parents using fecal collection tubes (Techno Suruga Laboratory
Co., Ltd., Shizuoka, Japan): the first type were fresh samples before intake
and at 1 month of age, and the second were those preserved with a
guanidine thiocyanate solution before intake, 1 week after intervention,
and at 1 month and 3 months of age. All the samples, collected at home,
were transferred to the hospital and stored in −20 °C freezers. After being
transported to the laboratory with dry ice, they were stored at −80 °C.
Fresh fecal samples were used for SCFA, cytokine, and metabolite analyses,
and fecal samples with preservative solution were used for 16S rRNA gene
sequencing.

Fecal DNA extraction and microbial, SCFA, and biomarker
analysis
DNA extraction and microbial analysis were performed as described
previously.36 The V3–V4 region of the bacterial 16S rRNA gene was
amplified and sequenced on an Illumina MiSeq instrument (Illumina,
San Diego, CA) for microbial analysis. Sequences aligned with
GRCh38 and phiX reads were subsequently eliminated. The remaining
sequences were analyzed using QIIME2 software version 2017.10.
DADA2 was used to eliminate potential chimeric sequences and trim
bases of the reads.45

Taxonomic classification was conducted using Greengenes 13.8 data,
and alpha diversity was calculated with the QIIME2 software. Principal
coordinate analysis (PCoA) and partitioning around medoid (PAM)
clustering were conducted using R (version 4.3.0; R Foundation for
Statistical Computing, Vienna, Austria). Enterotype clustering was
performed at the genus level.39 Jensen–Shannon distance (JSD) and
PAM clustering were applied for sample clustering, and the
Calinski–Harabasz index was used to determine optimal enterotype
clustering. Hierarchical clustering analysis was performed using the MeV
suite version 4.9 (https://sourceforge.net/projects/mev-tm4/files/mev-
tm4/MeV%204.9.0/), with distances calculated based on the Pearson
correlation of enterotype transition data. Fecal SCFAs (acetic acid,
propionic acid, and butyric acid) were determined using gas chromato-
graphy, whereas secretory immunoglobulin A (sIgA) and calprotectin
were measured using the corresponding enzyme-linked immunosorbent
assay kit as previously described.36

Fecal cytokine analysis via multiplexed immunoassays
IL-1β and IL-8 levels were assessed using U-PLEX Biomarker Group 1
(human) Assays (Meso Scale Discovery, Rockville, MD). IFN-γ, IL-6, and TNF-
α were measured with the S-PLEX Proinflammatory Panel 1 (human) Kit
(Meso Scale Discovery). Additionally, IL-5 and IL-22 were quantified using
the S-PLEX Human IL-5 and IL-22 Kits, respectively (Meso Scale Discovery),
according to the manufacturer’s instructions.46

Briefly, 50–100 mg of fecal samples per participant were diluted 10-
fold with a 100:1 mixed buffer of phosphate-buffered saline and
proteinase inhibitor (Nacalai Tesque, Kyoto, Japan). Next, samples were
agitated in a bead crusher (TAITEC, Saitama, Japan) with 5 mm stainless
steel beads (QIAGEN, Valencia, CA) for three cycles of 2 min each. After
centrifugation, the supernatant was collected, and each cytokine was
measured using the respective kit. The standard and samples were
assayed in duplicate using the Meso Scale Discovery (MSD) Quick Plex
instrument and analyzed using the MSD software. Cytokine values were
normalized to the fecal weight, and values below the detection limit
were defined as zero.
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Metabolite extraction
To each stool sample, 10–40mg, 200 μL of methanol solution was added.
The sample was crushed at 2000 rpm for 30 s with 300mg of zirconia
beads, followed by centrifugation at 10,000 × g at 4 °C for 10min, and the
supernatant was collected. The supernatant volume was filtered through a
Nanosep 3 Komega microconcentrator (Pall, Port Washington, NY) and
centrifuged at 9100 × g at 4 °C for 120min. The filtrate was collected and
treated with a centrifugal evaporator for 30–60min until dryness. All
pretreated samples were stored at −20 °C before measurement.

Quantification of fecal metabolite concentrations through LC-
MS/MS
Fecal metabolites were determined using liquid chromatography–tandem mass
spectrometry (LC-MS/MS) with a Vanquish high-performance liquid chromato-
graph coupled to TSQ-FORTIS (Thermo Fisher Scientific, Waltham, MA), as
previously described.47 The analysis included 19 B. infantisM-63 and 23 placebo
samples pre-ingestion, and 25 B. infantis M-63 and 16 placebo samples at
1month. Wemeasured indole-3-lactic acid (ILA), indole-3-aldehyde (IAld), indole-
3-acetic acid (IAA), indole-3-propionic acid, 4-hydroxyphenyl-lactic acid (HPLA), 3-
phenyl-lactic acid (PLA), tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe)
levels. A list of these compounds and their analytical conditions for selected
reaction monitoring analysis is shown in Table S1.
LC-MS/MS quantification was performed using an XBridge® C8 column

(4.6 × 150mm, 3.5 μm) (Waters Corporation, Milford, MA). The mobile
phases included water with 0.05% (v:v) formic acid (A) and methanol (B),
with a flow rate of 0.2 mL/min. The gradient elution profile was as follows:
(i) 2% B for 2 min, (ii) increase from 2% to 65% until 40min, (iii) increase
from 65% to 99% until 45 min, (iv) hold at 99% until 55 min, (vii) decrease
from 99% to 2% until 60 min, and (viii) hold at 2% until 75 min. All chemical
reagents used were of analytical grade.

Statistical analysis
Differences in microbiota between groups at the phylum and genus levels
were assessed using ALDEx248; q < 0.05 was considered statistically
significant. The Wilcoxon rank-sum test was used to compare the two
groups, whereas Fisher’s exact test was used to analyze the distribution of
infants within each enterotype or cluster. The Kruskal–Wallis test was used
to confirm the presence of groups with the same distribution of cytokine
levels, metabolites, and breastfeeding rate of infants in each enterotype,
and Dunn’s multiple comparison test with Bonferroni correction was
employed to identify differences within groups. Statistical analyses were
conducted using R software (version 4.3.0) and SPSS software (version 28.0;
IBM Corp., Armonk, NY); p < 0.05 was considered statistically significant.

RESULTS
Study flow and characteristics
An overview of the clinical trial design and the flow diagram for
this study is shown in Fig. S1. Of the 111 participants enrolled, 57

and 54 were randomized to the B. infantis M-63 and placebo
groups, respectively. One participant in each group was excluded
due to withdrawal of consent (before intervention) or low
compliance, leaving 56 and 53 participants in the B. infantis
M-63 and placebo groups, respectively. Detailed infant and
maternal background information and safety results are available
from a previous study.36 No significant differences in mode of
delivery, birth circumstances, and other factors were observed
between the groups, ensuring equal allocation to both groups. It
should be noted that the results of the primary outcome and the
secondary outcome have all been described in a previous paper.36

Composition and diversity of the gut microbiome
Taxonomic profiles of the gut microbiota among infants in both
groups are shown in Fig. 1. The relative abundances of bacterial
phyla and genera were compared between groups and over time
using stacked vertical bars (Fig. 1a, b). Genera that significantly
differed in relative abundance between groups included Bifido-
bacterium (1 week after intervention and at 1 month of age,
q < 0.05) and Enterobacteriaceae of an unknown genus (1 month
of age, q < 0.05). An increase in abundance of Bifidobacterium over
time was observed with B. infanits M-63 administration during the
intervention period, accompanied by a decrease in the abundance
of Enterobacteriaceae (Table S2). Results for bacterial phyla and
genera other than Bifidobacterium and Enterobacteriaceae are also
shown in Table S2.
We also calculated the alpha diversity of the bacterial

communities in both groups using several indices: Faith’s
phylogenetic diversity (faith_PD), Shannon, Chao1, and the
number of observed OTUs (observed_OTUs) (Table S3). The B.
infantis M-63 group exhibited significantly lower diversity than the
placebo group across all indices at 1 month of age (p < 0.05).

Comparison of fecal metabolite and cytokine levels
The analysis of fecal metabolites revealed a significant increase in
the amount of Phe in the B. infantis M-63 group (p < 0.05; Fig. 2a).
Post-intervention, the amount of PLA (p= 0.055) and Trp
(p= 0.085) tended to increase in the B. infantis M-63 group
compared to the placebo group. However, these changes did not
exhibit statistical significance. Additionally, no significant differ-
ences were observed between the two groups for tryptophan
metabolites, such as ILA and IAld, or tyrosine metabolites, such as
HPLA and PLA.
We further evaluated the inflammation status in the gut by

measuring fecal cytokine levels (Fig. 2b). IL-2, IL-6, and IL-10 were
excluded from the analysis due to their low detection rates
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(approximately 10%). The detection rate of measured cytokines
showed no difference between the two groups at both time
points (data not shown). However, the B. infantis M-63 group
exhibited significantly lower concentrations of the proinflamma-
tory cytokines IFN-γ and IL-1β than the placebo group (p < 0.05,
each). No significant difference was observed in the levels of other
cytokines at 1 month of age.

Analysis of enterotypes and breastfeeding rates
Fecal samples were collected from 109 individuals at four sampling
sites, and 433 samples were used, as DNA could not be extracted
from three fecal samples. Assessment of the evolution of the infant
gut microbiota during intervention using PCoA revealed six distinct
enterotypes (Fig. 3a, b). The composition of the gut microbiota of
each enterotype is summarized in Fig. 3c. Enterotypes 1 and 2 were
Bifidobacterium-dominant (ET-Bifi 1, ET-Bifi 2), whereas enterotype 3
had a balanced presence of Bifidobacterium and Bacteroides (ET-Bifi
and Bact), indicative of a healthy infant gut microbiota. However,
non-Bifidobacterium-dominant microbiota exhibited a significant
shift toward facultative anaerobic bacteria. Specifically, enterotype 4
was Enterobacteriaceae-dominant (ET-Ent), enterotype 5 comprised
Enterococcus and Clostridium (ET-Ent and Clo), and enterotype 6 was
Streptococcus-dominant (Et-St). Table S4 shows the distribution of
enterotypes between the two groups.
We further calculated breastfeeding rates for each enterotype

(Fig. 3d). ET-Bifi 1 (Average, 82.3%) and ET-Bifi 2 (Average, 74.6%)
had significantly higher breastfeeding rates than ET-Ent (Average,
52.7%) at all points (p < 0.05), with differences also observed
between ET-Bifi 1 (Average, 85.4%) and ET-Ent (Average, 48.5%) at
1 month of age (p < 0.05). No differences in breastfeeding rates
were observed between the two groups in each enterotype (data
not shown).

Fecal metabolite, cytokine, SCFA, and biomarker levels based
on microbial enterotypes
We examined metabolite production patterns based on enter-
otypes (Fig. 4a). ILA, which showed no significant differences
between groups, exhibited a predominant increase in ET-Bifi 1, ET-
Bif 2, and ET-Bifi and Bact compared to non-Bifidobacterium-
dominant enterotypes. This suggests a strong correlation between
Bifidobacterium abundance and ILA production. Similarly, IAld and
IAA levels increased significantly in Bifidobacterium-dominant
enterotypes. Other aromatic lactic acids, such as HPLA and PLA,
also demonstrated significantly higher levels in ET-Bifi 1, ET-Bif 2,
and ET-Bifi and Bact (p < 0.05). In contrast, no differences in Trp,
Tyr, and Phe levels were observed between the enterotypes.
We investigated potential variations in cytokine production

based on enterotypes (Fig. 4b). IFN-γ levels in ET-Bifi 1 were
significantly lower than those in ET-Ent and ET-Ent and Clo
(p < 0.05). Similarly, IL-1β production in ET-Bifi 1 was significantly
lower than in ET-Ent and Et-St (p < 0.05) and was lower than in ET-
Ent and Clo (p= 0.066). IL-5 was significantly higher in ET-Bifi 1
than in ET-Ent (p < 0.05), whereas TNF-α exhibited a trend toward
lower levels in ET-Bifi 1 than in ET-Ent (p= 0.055), although the
differences were not significant. Significant differences in IL-22
production were observed between ET-Bifi and Bact and ET-Ent
(p < 0.05). However, no difference in IL-8 production was observed
among enterotypes.
Bifidobacterium-dominant microbiota such as ET-Bifi 1 and ET-

Bifi and Bact (p < 0.05) mainly produced acetic acid and propionic
acid, whereas butyric acid was predominantly produced by ET-Ent
and Clo (p < 0.05) (Fig. 4c). Furthermore, sIgA production was
higher in ET-Bifi 1 than in ET-St (p= 0.064). In contrast,
calprotectin production was significantly higher in ET-St than in
the Bifidobacterium-dominant type (p < 0.05) (Fig. 4d).
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Dynamic analysis based on gut microbiota changes during the
first 3 months
We performed hierarchical clustering analysis according to
enterotypes to pattern and visualize the dynamics of the gut
microbiota in each participant. We then classified the participants
into six clusters (Fig. 5a). Significant differences were observed in
the distribution of the number of enterotype participants in
clusters I, II, III, and IVb (p < 0.05, as determined using Fisher’s exact
test) (Fig. 5b). In addition, cluster III showed a rapid increase in
Bifidobacterium abundance within the first week after intervention,
whereas clusters I and II, characteristic of the placebo group,
showed minimal or slow increases in Bifidobacterium abundance
(Fig. 5c). At 3 months of age, clusters III, IVa, and IVb, evolving into
ET-Bifi 1 or ET-Bifi 2, had a significantly higher proportion of B.
infantis M-63 (65.7%) than the other clusters (23.7%) (Fig. 5c).
Figure 5d shows the detailed microbial composition of each
cluster from pre-intervention to 3 months of age.
Cytokine levels were analyzed for each cluster, and representa-

tive cytokine results are shown in Fig. 5e. IL-1β production was
higher in clusters I and II, whereas IL-22 was higher in cluster III
than in other clusters, but no statistical differences were observed.
Acetic acid production was significantly higher in cluster III and
cluster IVb than in cluster I (p < 0.05) (Fig. 5f). Although not
statistically significant, sIgA levels were low, and calprotectin levels
were high in cluster IVc. In addition, maternal gestational weight
gain (GWG) tended to be lower than that of mothers of infants in
other clusters (Fig. 5f, g). Figure S2 shows the changes in
breastfeeding rate for each cluster over time.

DISCUSSION
The gut microbiota exerts physiological effects on the host,49

varying widely among individuals. Establishing balanced gut
microbiota in the early postnatal period is critical for healthy
development.2,50 In this study, we utilized fecal samples from a
previous probiotic intervention study in neonates36 to evaluate
the effect of B. infanits M-63 on fecal cytokine and metabolite

production. We further explored the relationship between gut
microbiota composition and fecal cytokine and metabolite
production based on enterotypes and characterized the Bifido-
bacterium-dominant gut microbiota. We observed decreased
inflammation-related biomarkers and increased metabolites with
anti-inflammatory properties within a Bifidobacterium-rich envir-
onment. These findings elucidate the relationship between the
gut microbiota and anti-inflammatory properties during the early
postnatal period.
Our research indicates that early postnatal intake of B. infantis

M-63 contributes to establishing a healthy gut environment by
significantly increasing the abundance of Bifidobacterium and
decreasing that of Enterobacteriaceae associated with various gut-
related diseases and dysbiosis (Table S2).51 B. infantis M-63 intake
led to a rapid increase in gut Bifidobacterium and a decrease in
alpha diversity. The lower diversity in the probiotic group is
associated with a rapid increase in Bifidobacterium abundance,
consistent with a previous observation that breastfed infants have
higher Bifidobacterium levels and thus lower diversity than
formula-fed infants.52 However, unlike previous studies involving
bifidobacteria in neonates,53 we did not observe an increase in
tryptophan metabolites (ILA, IAA, IAld) in our comparison of gut
metabolites. This difference is possibly due to the intervention
subjects being healthy-term infants, with a general tendency to
increase bifidobacteria naturally, and the limited sample size.
Therefore, it was necessary to focus on the gut microbiota
classification for further analysis.
Leveraging gut microbiota data from 433 samples collected

from both the placebo and probiotic groups, spanning the
neonatal period to 3 months of age, we conducted an enterotype
classification. This analysis showed that the gut microbiota could
be categorized into six types, significantly influenced by the
breastfeeding rate during the intervention period (Fig. 3). Previous
studies have characterized the gut microbial profile during the
first month of life by the abundance of Bifidobacteriaceae,
Enterobacteriaceae, and Staphylococcaceae.41 In contrast, the first
2 years of life exhibit a predominance of Bifidobacteriales,
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Enterobacterales, and Clostridiales.42 Our results are consistent
with these findings and accurately reflect the gut microbiota of
infants during the neonatal period and early infancy. Furthermore,
no previous studies using double-blind clinical trial data have
classified the infant gut microbiota into enterotypes and analyzed
gut cytokines and metabolites in detail. Our study is unique in that
it investigates the association between gut microbiota and the
production of cytokines and metabolites in neonates up to
3 months of age. The data covering a period during which infants
are exclusively breastfed or formula-fed provides valuable
insights into how enterotypes based on gut microbiota are
associated with cytokine and metabolite production and their
impact on the host.
Our enterotype analysis demonstrates that the abundance of

Bifidoabcgerium in the gut induces the production of tryptophan
metabolites (ILA, IAld, IAA, HPLA, and PLA). These tryptophan
metabolites contribute to improving intestinal barrier function
and immune response, as well as immunomodulation by

maintaining the intestinal barrier and fighting bacterial infec-
tions.26,54,55 SCFA, which increases in Bifidobacterium-dominant
enterotypes, is closely associated with delaying the progression of
various diseases, including those of the immune system, where it
exhibits allergy suppression and anti-inflammatory properties.56,57

Furthermore, Bifidobacterium-dominant gut microbiota is asso-
ciated with increased sIgA levels and decreased fecal calprotectin
levels (Fig. 4d), which may exert anti-inflammatory and anti-
infective effects.58 Although this study shows an association
between enterotypes and biological indicators, the limitations of
enterotype bias are unavoidable. This is because the participants
were full-term infants, and by 3 months of age, even infants in the
placebo group showed a spontaneous increase in Bifidobacterium.
This may cause a bias in the number of enterotypes, resulting in
fewer non-Bifidobacterium-dominant enterotypes. Our analysis of
enterotypes provides the characteristics of the gut microbiota,
particularly the Bifidobacterium dominance, in relation to specific
bacterial metabolites.
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Furthermore, focusing on the differences in the formation
process of gut microbiota, we analyzed the impact of the early
formation of a Bifidobacterium-dominated gut microbiota by
clustering the process of gut microbiota change. Comparison of
gut microbiota migration patterns between the B. infantis M-63
and placebo groups revealed that by 3 months, they had settled
on the two main enterotypes, ET-Bifi 2 or ET-Bifi and Bact,
indicating an important role for Bifidobacterium and Bacteroides in
the early gut.44 No statistically significant differences were found
in the metabolites and cytokine production; only IL-22 was
observed more frequently in cluster III, suggesting that ILA from
bifidobacteria may promote IL-22 transcription via the AhR.55

Additionally, cluster analysis showed that GWG was associated
with the infant gut microbiota development pattern. Adequate
GWG is important for maternal health and normal fetal develop-
ment, while inadequate GWG is associated with an increased risk
of low birth weight, preterm birth, and cesarean section.59 Infants
born to mothers with insufficient GWG showed little increase in
Bifidobacterium, lower fecal sIgA levels, and elevated calprotectin
production (Fig. 5c, d, g). By tracing the transition of the gut
microbiota in the early postnatal period, it was possible to identify
the characteristics of each group, the metabolites that change
with the transition, and the associated factors.
The transition of the gut microbiota in the early postnatal

period is influenced not only by probiotic interventions but also
by the breastfeeding rate.
The breastfeeding rate was lower in B. infantis M-63 groups in

clusters II and IVc than in III, IVa, and IVb (Fig. S2). Importantly,
Bifidobacterium infantis is genetically characterized by its ability to
consume HMOs and use them efficiently for growth.60,61 The slow

increase in Bifidobacterium abundance in some infants in the B.
infantis M-63 group may be due to low breastfeeding rates and
lack of HMO use. In other words, different breastfeeding rates also
contribute to the transitions in each cluster. These observations
suggest that breastfeeding, together with the intake of bifido-
bacteria as probiotics, is beneficial for the early establishment of a
Bifidobacterium-dominant gut microbiota, as the formation of the
gut microbiota varies greatly between individuals.
This study has some limitations. The number of non-Bifidobac-

terium-dominant enterotypes was small because the study was
conducted in healthy-term infants. In addition, observing changes
in the gut microbiota in the B. infantis M-63 group over a longer
period, such as one or 2 years, may provide more insight into its
effects and the relationship between altered biomarkers and
infant health. Furthermore, the establishment of the gut micro-
biota during infancy is influenced not only by bifidobacterial
interventions but also by breast milk. However, we did not collect
breast milk samples, so the effect of breast milk HMO components
on the infant gut microbiota could not be evaluated. In the future,
large, multi-center clinical trials may help to better understand the
influence of B. infantis M-63 on gut microbiota, biomarkers, and
infant health.
In conclusion, our findings demonstrate that gut microbiota

enterotypes in neonates and early infancy are strongly associated
with cytokine and metabolite production. Specifically, a Bifido-
bacterium-dominant microbiota resulted in a decreased level of
inflammatory cytokines and fecal calprotectin, along with an
increase in the production of beneficial metabolites that alleviate
local and systemic inflammation, such as ILA. B. infantis
M-63 maintains a healthy gut environment by promoting
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Bifidobacterium abundance and reducing inflammatory Entero-
bacteriaceae species. Thus, supplementation with Bifidobacterium
in the early postnatal period could establish a healthy gut
microbiota during crucial immune development, potentially
providing long-term health benefits to infants.

DATA AVAILABILITY
Data sets generated and analyzed during the current study are available from the
corresponding author upon reasonable request.

REFERENCES
1. Yang, I. et al. The infant microbiome: implications for infant health and neuro-

cognitive development. Nurs. Res. 65, 76 (2016).
2. Milani, C. et al. The first microbial colonizers of the human gut: composition,

activities, and health implications of the infant gut microbiota. Microbiol. Mol. Biol.
Rev. 81, https://doi.org/10.1128/MMBR.00036-17 (2017).

3. Penders, J. et al. Factors influencing the composition of the intestinal microbiota
in early infancy. Pediatrics 118, 511–521 (2006).

4. Simonyte Sjödin, K., Vidman, L., Rydén, P. & West, C. E. Emerging evidence of the
role of gut microbiota in the development of allergic diseases. Curr. Opin. Allergy
Clin. Immunol. 16, 390–395 (2016).

5. Arrieta, M. C. et al. Early infancy microbial and metabolic alterations affect risk
of childhood asthma. Sci. Transl. Med. 7, https://doi.org/10.1126/
SCITRANSLMED.AAB2271 (2015).

6. Call, L. et al. Metabolomic signatures distinguish the impact of formula carbo-
hydrates on disease outcome in a preterm piglet model of NEC. Microbiome. 6,
https://doi.org/10.1186/S40168-018-0498-0 (2018).

7. Valitutti, F., Cucchiara, S. & Fasano, A. Celiac disease and the microbiome. Nutri-
ents. 11, https://doi.org/10.3390/NU11102403 (2019).

8. Kostic, A. D. et al. The dynamics of the human infant gut microbiome in devel-
opment and in progression toward type 1 diabetes. Cell Host Microbe 17,
260–273, https://doi.org/10.1016/J.CHOM.2015.01.001 (2015).

9. Scheepers, L. E. J. M. et al. The intestinal microbiota composition and weight
development in children: the KOALA birth cohort study. Int. J. Obes. (Lond.) 39,
16–25, https://doi.org/10.1038/IJO.2014.178 (2015).

10. Olin, A. et al. Stereotypic immune system development in newborn children. Cell
174, 1277–1292.e14, https://doi.org/10.1016/J.CELL.2018.06.045 (2018).

11. Arrieta, M. C., Stiemsma, L. T., Amenyogbe, N., Brown, E., Finlay, B. The intestinal
microbiome in early life: health and disease. Front Immunol. 5, https://doi.org/
10.3389/FIMMU.2014.00427 (2014)

12. Ho, T. T. B. et al. Enteric dysbiosis and fecal calprotectin expression in premature
infants. Pediatr. Res. 85, 361–368 (2019).

13. Rhoads J. M. et al. Altered fecal microflora and increased fecal calprotectin in
infants with colic. J. Pediatr. 155, https://doi.org/10.1016/J.JPEDS.2009.05.012
(2009).

14. Henrick, B. M. et al. Colonization by B. infantis EVC001 modulates enteric
inflammation in exclusively breastfed infants. Pediatr. Res. 86, 749–757 (2019).

15. Nasef, N. A., Mehta, S. & Ferguson, L. R. Susceptibility to chronic inflammation: an
update. Arch. Toxicol. 91, 1131–1141 (2017).

16. Kumari, S. et al. The impact of cytokines in neuroinflammation-mediated stroke.
Cytokine Growth Factor Rev. 78, 105–119 (2024).

17. Al-Sadi, R., Boivin, M. & Ma, T. Mechanism of cytokine modulation of epithelial
tight junction barrier. Front Biosci. 14, 2765 (2009).

18. Shen, L., Turner, J. R. Role of epithelial cells in initiation and propagation of intestinal
inflammation. Eliminating the static: tight junction dynamics exposed. Am. J. Physiol.
Gastrointest Liver Physiol. 290, https://doi.org/10.1152/AJPGI.00439.2005 (2006).

19. Zhang, Y. et al. Variations in early gut microbiome are associated with childhood
eczema. FEMS Microbiol. Lett. 366, https://doi.org/10.1093/FEMSLE/FNZ020
(2019).

20. Söderholm, J. D. et al. Augmented increase in tight junction permeability by
luminal stimuli in the non-inflamed ileum of Crohn’s disease. Gut 50, 307–313
(2002).

21. Morrison, D. J. & Preston, T. Formation of short chain fatty acids by the gut
microbiota and their impact on human metabolism. Gut Microbes 7, 189–200
(2016).

22. Rothhammer, V. & Quintana, F. J. The aryl hydrocarbon receptor: an environ-
mental sensor integrating immune responses in health and disease. Nat. Rev.
Immunol. 19, 184–197 (2019).

23. Sun, M., Ma, N., He, T., Johnston, L. J. & Ma, X. Tryptophan (Trp) modulates gut
homeostasis via aryl hydrocarbon receptor (AhR). Crit. Rev. Food Sci. Nutr. 60,
1760–1768 (2020).

24. Lamas, B. et al. CARD9 impacts colitis by altering gut microbiota metabolism of
tryptophan into aryl hydrocarbon receptor ligands. Nat. Med.22, 598–605 (2016).

25. Scott, S. A., Fu, J. & Chang, P. V. Microbial tryptophan metabolites regulate gut
barrier function via the aryl hydrocarbon receptor. Proc. Natl. Acad. Sci. USA 117,
19376–19387 (2020).

26. Laursen, M. F. et al. Bifidobacterium species associated with breastfeeding pro-
duce aromatic lactic acids in the infant gut. Nat. Microbiol. 6, 1367–1382 (2021).

27. Bode, L. The functional biology of human milk oligosaccharides. Early Hum. Dev.
91, 619–622 (2015).

28. Chichlowski, M., Shah, N., Wampler, J. L., Wu, S. S., Vanderhoof, J. A. Bifido-
bacterium longum subspecies infantis (B. infantis) in pediatric nutrition:
current state of knowledge. Nutrients 12, https://doi.org/10.3390/NU12061581
(2020)

29. Gensollen, T., Iyer, S. S., Kasper, D. L. & Blumberg, R. S. How colonization by
microbiota in early life shapes the immune system. Science 352, 539–544 (2016).

30. Underwood, M. A., German, J. B., Lebrilla, C. B. & Mills, D. A. Bifidobacterium
longum subspecies infantis: champion colonizer of the infant gut. Pediatr. Res. 77,
229–235 (2015).

31. Frese, S. A. et al. Persistence of Supplemented Bifidobacterium longum subsp.
infantis EVC001 in Breastfed Infants. mSphere 2, https://doi.org/10.1128/
MSPHERE.00501-17 (2017)

32. Litvak, Y., Byndloss, M. X., Tsolis, R. M. & Bäumler, A. J. Dysbiotic Proteobacteria
expansion: a microbial signature of epithelial dysfunction. Curr. Opin. Microbiol.
39, 1–6 (2017).

33. Huda M. N. et al. Bifidobacterium abundance in early infancy and vaccine
response at 2 years of age. Pediatrics 143, https://doi.org/10.1542/PEDS.2018-
1489 (2019).

34. Thongaram, T., Hoeflinger, J. L., Chow, J. M. & Miller, M. J. Human milk oligo-
saccharide consumption by probiotic and human-associated bifidobacteria and
lactobacilli. J. Dairy Sci. 100, 7825–7833 (2017).

35. Minami, J., Odamaki, T., Hashikura, N., Abe, F. & Xiao, J. Z. Lysozyme in breast milk
is a selection factor for bifidobacterial colonisation in the infant intestine. Benef.
Microbes 7, 53–60 (2016).

36. Hiraku, A. et al. Early probiotic supplementation of healthy term infants with
Bifidobacterium longum subsp. infantis M-63 is safe and leads to the development
of Bifidobacterium-predominant gut microbiota: a double-blind, placebo-
controlled trial. Nutrients 15, 1402 (2023).

37. Dupont, C. et al. α-Lactalbumin-enriched and probiotic-supplemented infant
formula in infants with colic: growth and gastrointestinal tolerance. Eur. J. Clin.
Nutr. 64, 765–767.

38. Rozé, J. C. et al. An α-lactalbumin-enriched and symbiotic-supplemented v. a
standard infant formula: a multicentre, double-blind, randomised trial. Br. J. Nutr.
107, 1616–1622 (2012).

39. Arumugam, M. et al. Enterotypes of the human gut microbiome. Nature 473,
174–180 (2011).

40. Lu, J. et al. Chinese gut microbiota and its associations with staple food type,
ethnicity, and urbanization. NPJ Biofilms Microbiomes 7, https://doi.org/10.1038/
S41522-021-00245-0 (2021)

41. Matsuki, T. et al. A key genetic factor for fucosyllactose utilization affects infant
gut microbiota development. Nat. Commun. 7, 11939 (2016).

42. Tsukuda, N. et al. Key bacterial taxa and metabolic pathways affecting gut short-
chain fatty acid profiles in early life. ISME J. 15, 2574–2590 (2021).

43. Beller, L. et al. Successional stages in infant gut microbiota maturation. MBio 12,
https://doi.org/10.1128/MBIO.01857-21 (2021).

44. Hickman, B. et al. Gut microbiota wellbeing index predicts overall health in a
cohort of 1000 infants. Nat. Commun.15, 1–15, https://doi.org/10.1038/s41467-
024-52561-6 (2024).

45. Callahan, B. J. et al. DADA2: high-resolution sample inference from Illumina
amplicon data. Nat. Methods 13, 581–583 (2016).

46. Houser, M. C. et al. Stool immune profiles evince gastrointestinal inflammation in
Parkinson’s disease. Mov. Disord. 33, 793–804 (2018).

47. Sen, A. et al. Comprehensive analysis of metabolites produced by co-cultivation
of Bifidobacterium breve MCC1274 with human iPS-derived intestinal epithelial
cells. Front Microbiol. 14, 1155438 (2023).

48. Fernandes, A. D. et al. Unifying the analysis of high-throughput sequencing
datasets: characterizing RNA-seq, 16S rRNA gene sequencing and selective
growth experiments by compositional data analysis. Microbiome 2, 15 (2014).

49. Marchesi, J. R. et al. The gut microbiota and host health: a new clinical frontier.
Gut 65, 330–339 (2016).

50. Magalhães, M. I. et al. The link between obesity and the gut microbiota and
immune system in early-life. Crit. Rev. Microbiol. Published online. https://doi.org/
10.1080/1040841X.2024.2342427 (2024).

51. Zeng, M. Y., Inohara, N. & Nuñez, G. Mechanisms of inflammation-driven bacterial
dysbiosis in the gut. Mucosal Immunol. 10, 18–26 (2017).

C. Xu et al.

8

Pediatric Research

https://doi.org/10.1128/MMBR.00036-17
https://doi.org/10.1126/SCITRANSLMED.AAB2271
https://doi.org/10.1126/SCITRANSLMED.AAB2271
https://doi.org/10.1186/S40168-018-0498-0
https://doi.org/10.3390/NU11102403
https://doi.org/10.1016/J.CHOM.2015.01.001
https://doi.org/10.1038/IJO.2014.178
https://doi.org/10.1016/J.CELL.2018.06.045
https://doi.org/10.3389/FIMMU.2014.00427
https://doi.org/10.3389/FIMMU.2014.00427
https://doi.org/10.1016/J.JPEDS.2009.05.012
https://doi.org/10.1152/AJPGI.00439.2005
https://doi.org/10.1093/FEMSLE/FNZ020
https://doi.org/10.3390/NU12061581
https://doi.org/10.1128/MSPHERE.00501-17
https://doi.org/10.1128/MSPHERE.00501-17
https://doi.org/10.1542/PEDS.2018-1489
https://doi.org/10.1542/PEDS.2018-1489
https://doi.org/10.1038/S41522-021-00245-0
https://doi.org/10.1038/S41522-021-00245-0
https://doi.org/10.1128/MBIO.01857-21
https://doi.org/10.1038/s41467-024-52561-6
https://doi.org/10.1038/s41467-024-52561-6
https://doi.org/10.1080/1040841X.2024.2342427
https://doi.org/10.1080/1040841X.2024.2342427


52. Davis, E. C., Dinsmoor, A. M., Wang, M. & Donovan, S. M. Microbiome composition
in pediatric populations from birth to adolescence: impact of diet and prebiotic
and probiotic interventions. Dig. Dis. Sci. 65, 706 (2020).

53. Henrick, B. M. et al. Bifidobacteria-mediated immune system imprinting early in
life. Cell 184, 3884–3898.e11 (2021).

54. Meng, D. et al. Indole-3-lactic acid, a metabolite of tryptophan, secreted by
Bifidobacterium longum subspecies infantis is anti-inflammatory in the immature
intestine. Pediatr. Res. 88, 209–217 (2020).

55. Zelante, T. et al. Tryptophan catabolites from microbiota engage aryl hydro-
carbon receptor and balance mucosal reactivity via interleukin-22. Immunity 39,
372–385 (2013).

56. Ratajczak, W. et al. Immunomodulatory potential of gut microbiome-derived
short-chain fatty acids (SCFAs). Acta Biochim. Pol. 66, 1–12 (2019).

57. Mann, E. R., Lam, Y. K. & Uhlig, H. H. Short-chain fatty acids: linking diet, the
microbiome and immunity. Nat. Rev. Immunol. 24, 577–595 (2024).

58. Scheurer, S., Junker, A. C., He, C., Schülke, S. & Toda, M. The Role of IgA in the
Manifestation and Prevention of Allergic Immune Responses. Curr. Allergy Asthma
Rep. 23, 589–600 (2023).

59. Dalfra’, M. G., Burlina, S. & Lapolla, A. Weight gain during pregnancy: a narrative
review on the recent evidences. Diabetes Res. Clin. Pract. 188, 109913 (2022).

60. Sakanaka M. et al. Varied pathways of infant gut-associated Bifidobacterium to
assimilate human milk oligosaccharides: prevalence of the gene set and its
correlation with bifidobacteria-rich microbiota formation. Nutrients 12, https://
doi.org/10.3390/NU12010071 (2019).

61. Asakuma, S. et al. Physiology of consumption of human milk oligosaccharides by
infant gut-associated bifidobacteria. J. Biol. Chem. 286, 34583–34592 (2011).

ACKNOWLEDGEMENTS
The authors would like to thank the newborns and their parents for participating in
the clinical study and the doctors and staff of Matsumoto City Hospital. We would
also like to thank Takuma Sakurai, PhD, of Morinaga Milk Industry, Co., Ltd., for his
assistance in obtaining the metabolite data, as well as Jin-Zhong Xiao, PhD, of
Morinaga Milk Industry, Co., Ltd., for providing valuable insights during data analysis
in this study.

AUTHOR CONTRIBUTIONS
Chendong Xu, Akari Hiraku, Satoshi Arai, Noriyuki Iwabuchi, and Miyuki Tanaka:
methodology, conceptualization. Chendong Xu, Akari Hiraku, Setsuko Nakata, Satoshi
Arai, and Noriyuki Iwabuchi: investigation. Chendong Xu, Akari Hiraku, and Satoshi
Arai: data curation. Chendong Xu and Toshitaka Odamaki: formal analysis. Chendong
Xu: writing–original draft. Toshitaka Odamaki, Satoshi Arai, and Noriyuki Iwabuchi:
writing–review & editing. Chendong Xu: visualization. Miyuki Tanaka, Takahisa Tsuno,
and Masahiko Nakamura: supervision. All authors discussed the results, commented
on the manuscript, and approved the final version of the manuscript.

FUNDING
All phases of this study were funded by Morinaga Milk Industry Co., Ltd, Japan.

COMPETING INTERESTS
Chendong Xu, Toshitaka Odamaki, Akari Hiraku, Satoshi Arai, Noriyuki Iwabuchi, and
Miyuki Tanaka are employed by Morinaga Milk Industry Co., Ltd. The other authors
have no potential conflicts of interest relevant to this article to disclose.

CONSENT TO PARTICIPATE
All participants provided their consent to participate in this study. The study was
approved by the Research Ethics Committee of Matsumoto City Hospital on
September 27, 2019. This clinical trial was registered at www.umin.ac.jp under
accession number UMIN000038351.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41390-025-04263-y.

Correspondence and requests for materials should be addressed to Chendong Xu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

C. Xu et al.

9

Pediatric Research

https://doi.org/10.3390/NU12010071
https://doi.org/10.3390/NU12010071
http://www.umin.ac.jp
https://doi.org/10.1038/s41390-025-04263-y
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Anti-inflammatory effects of Bifidobacterium infantis M-63 during the early postnatal period in term infants
	Introduction
	Methods
	Study design and participants
	Fecal sample collection
	Fecal DNA extraction and microbial, SCFA, and biomarker analysis
	Fecal cytokine analysis via multiplexed immunoassays
	Metabolite extraction
	Quantification of fecal metabolite concentrations through LC-MS/MS
	Statistical analysis

	Results
	Study flow and characteristics
	Composition and diversity of the gut microbiome
	Comparison of fecal metabolite and cytokine levels
	Analysis of enterotypes and breastfeeding rates
	Fecal metabolite, cytokine, SCFA, and biomarker levels based on microbial enterotypes
	Dynamic analysis based on gut microbiota changes during the first 3 months

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Consent to participate
	ADDITIONAL INFORMATION




