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Editorial on the Research Topic

New and advancedmechanistic insights into the influences of the infant

gut microbiota on human health and disease

1 Introduction

The human gut microbiota plays a crucial role in both health and disease. These

microbes provide essential nutrients to the host, offer colonization resistance against

pathogens, and regulate the immune system functions. In early life, the gut microbiota

undergoes significant changes influenced by environmental factors and immune system

maturation, potentially influencing health throughout an individual’s lifetime. Although

bacterial colonization may begin in utero, the initial weeks postpartum represent a critical

period for the establishment of the gut microbes. The infant gut microbiota exerts a

lasting impact on subsequent health. Early perturbations in the gut microbiome can result

in long-term health consequences, increasing the risk of acquiring chronic metabolic

disorders such as diabetes and obesity (Lv et al., 2022). Recent studies have found that

the microbiome of the preterm infant presents simple microbial communities and exposed

to a consistent diet under controlled conditions. Due to physiological immaturity of the

gut environment, the development of the gut microbial community in premature infants

may be disrupted which may adversely affect the growth and health of premature infants.

Premature infants are also more likely to develop bronchopulmonary dysplasia (BPD),

necrotizing enterocolitis (NEC) and late-onset sepsis (LOS), which may be related to shifts

in the composition of the gut microbiome (Tirone et al., 2019).

This Research Topic includes 22 articles highlighting the enduring effects of the infant

gut microbiota, examining its relationship with gastrointestinal, respiratory, allergic, and

even neurological disorders, along with factors influencing microbiota colonization.
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2 Gastrointestinal disorders

The first 1,000 days after birth are critical to the development

of gut microbiome. During this period, the gut microbiota of

premature infants shows reduced diversity and delayed maturation

as compared to the term infants. This delayed in maturity

makes preterm vulnerable to several diseases such as NEC, a

inflammatory severe gastrointestinal disease in preterm infants.

Studies suggest that NEC development may be linked to the

overgrowth of specific pathogenic microbes or a deficiency in

protective microbiota. Further studies are needed to elucidate the

causal relationship between the gut microbiome and NEC and

to develop targeted prevention and treatment strategies based

on these findings. The role of human breast milk microbiota

in shaping the gut microbiome of preterm infants may offer

useful insights (Zeng et al.). Therefore, finding new biomarkers

in the gut microbiota is crucial for early prediction of NEC.

A cohort study of preterm infants identified increased levels of

Streptococcus salivarius and Rothia mucilaginosa in NEC subjects,

while reduced abundance of Bifidobacterium animalis subsp. lactis

and lower levels of short chain fatty acids (SCFA), acetate,

propionate, and butyrate, suggesting their potential application

as NEC biomarkers (Liu X.-C. et al.). Some researchers have

attempted to use Bifidobacterium longum BAA-2573 to intervene

in colitis and have found beneficial effects linked to an increase

in SCFA (Lin et al.). Lactobacillus paracasei BNCC345679 can also

reduce colitis symptoms by restoring the diversity of the intestinal

microbiota, especially increasing the abundance of beneficial

bacteria such as Lactobacillus sp and Akkermansia sp (Ahmad

et al.). In addition to NEC, ulcerative colitis (UC) may also benefit

frommicrobiota modulation. UC is a global public health problem,

with a rising incidence, especially among children. Dysbiosis of the

gut microbiota is considered the main cause of chronic intestinal

inflammation. So probiotics have emerged as adjunctive therapy for

UC in recent years, aiding in microbiota restructuring, enhancing

intestinal barriers, regulating immune responses and reducing

inflammation. However, its safety and clinical application still need

further research (Huang et al.). In recent years, the gut-brain

axis has played an increasingly important role in the treatment

of nervous system diseases. Epilepsy is a chronic nervous system

disease. Clinical studies in infants with epilepsy accompanied by

diarrhea have found that Bifidobacterium may be downregulated,

suggesting it could serve as a potential intestinal flora marker

and aid in developing new diagnostic and treatment strategies

for epilepsy (Liu T. et al.). In addition, some researchers verified

the association between intestinal flora and Hirschsprung disease

(HSCR) through a public database using a two-sample Mendelian

randomization method (MR). Two-sample MR is used to assess

the causal relationship between exposure and outcome. Forward

MR analyzes the impact of exposure on the outcome, while reverse

MR examines the influence of the outcome on the exposure. In the

forward MR analysis, Eggerthella was found to be associated with

an increased risk of HSCR, while Peptococcus, Ruminococcus and

Praprevotella were associated with a reduced risk of HSCR. Reverse

MR analysis showed that HSCR is the risk factor for Eggerthella,

which could provide a new strategy for HSCR treatment (Liu

et al.). In addition to the above clinical and preclinical studies, the

Research Topic also emphasizes the importance of some clinical

techniques, such as the high sensitivity and specificity of abdominal

ultrasound in diagnosing NEC perforations, which helps to detect

severely ischemic or necrotic intestinal segments earlier, thereby

possibly reducing themorbidity andmortality of NEC (Chen et al.).

3 Respiratory diseases

BPD is a severe chronic lung disease common in premature

infants. Clinical studies have shown that children with BPD

have lower intestinal microbial diversity than healthy individuals,

and there are significant differences in the intestinal microbiota

structure between the two groups. Children with BPD have

a higher relative abundance of Proteobacteria, while Firmicutes

have a lower relative abundance (Zhang et al.). Therefore, gut

microbial modulations of patients with BPD is also a new strategy

for the treatment of BPD. There is a significant correlation

between intestinal microorganisms in children and allergic rhinitis

(AR), and changes in intestinal microorganisms are significantly

correlated with clinical symptoms in children with AR, such as

nasal symptom scores, eosinophil count, total immunoglobulin

E level, etc. This indicates that the enteropulmonary axis is

expected to become a new strategy for the treatment of AR

(Zhang et al.). The gut-lung axis is an important mechanism

affecting gut and lung immunity, but few studies have examined

the correlation between gut and pharyngeal microbial communities

in early newborns. Clinical studies have shown that the initial

colonization of microbiota is closely related to the ecological

niche environment in the intestine and oropharynx, with their

core microbiota being closely correlated. However, the intestinal

microbiota was more predictive than the oropharyngeal microbiota

in transcription, metabolism, cell motility, cellular processes and

signaling, and organismal system function in the KEGG pathway

(Wang et al.). In addition to the gut-brain axis and the gut-

lung axis, a study mentioned the gut-spinal axis for the first

time, emphasizing that the intestinal microbiota affects the host’s

metabolic, immune and endocrine environment through complex

mechanisms, and has a close interaction with spinal degenerative

diseases (SDD). SDD can be treated by regulating the intestinal

microbiota (Morimoto et al.). The Research Topic also includes

research on oral microorganisms in infants and young children,

such as the dynamic changes of oral flora in newborns. The oral

microbiome, associated with both oral disease and systemic disease,

is in dynamic status throughout the life, andmany factors including

maternal microbiomes could impact the oral microbiome. While

fewer studies have been conducted to study the characteristics

of the oral microbiome in neonates and the associated maternal

factors. The oral microbiota of newborns changes significantly

within the first 4 days of birth. Under normal conditions many

bacteria that found in vagina, skin and environment, disappear

in the mouth over time. Meanwhile, Staphylococcus epidermidis

RP62A phage SP-beta, predominate bacterium in maternal skin

microbiome and Streptococcus unclassified, important bacterium

in vaginal microbiome, increased in neonatal oral microbiome

over the time, and the composition of the oral microbiome in the

neonates was more similar to that of the milk microbiome in their
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mothers. Moreover, we found that the changes in the predominant

bacteria in the neonates were in line with those in the neonates

exposed to the environment. This study have helped subsequent

researchers better understand the role of the maternal environment

in the maturation of the neonatal oral microbiota and may have an

impact on future oral health and disease prevention strategies (Guo

et al.).

4 Factors a�ecting the intestinal
microbiota

Infants ’intestinal microbiota is mainly colonized after birth.

With age, microbial diversity increases and stabilizes at the

age of 3–5 years, representing adult like microbiota. Prenatal

factors, including the mother’s diet during pregnancy, antibiotic

use, delivery method, and gestational age, can affect the infant’s

intestinal microbial colonization. These factors may affect the

infant’s intestinal microbial colonization by affecting the mother’s

intestinal microbiota. For example, the gut microbial colonization

of preterm infants remain highly at the different time points after

birth, Exiguobacterium, Acinetobacter, and Citrobacter showed

reduced abundance with the advancement of age, while the

bacterial groups of Enterococcus (Klebsiella and Escherichia coli)

gradually increased and became the major portion of the gut

microbiota during the development of gut microbiome in preterm

infants at the age of 42 days. This offers a new perspective on

targeting specific bacteria at different postnatal time points for the

treatment of premature infants (Khan et al.). Postpartum feeding

methods, such as breastfeeding or formula feeding, antibiotic

use in infants and young children, and environmental factors,

socioeconomic conditions and dietary patterns can also affect

the early gut microbial colonization (Suárez-Martínez et al.).

For example, long-chain fatty acids in breast milk are highly

correlated with edible oils in the mother’s diet and may further

affect the abundance of specific microorganisms in the intestines

of infants, such as regulating the abundance of Lactobacillus

rhamnosus, Lactobacillus fermentum, and Lactobacillus paracasei

in the intestines of infants. Therefore, special attention should be

paid to dietary habits during pregnancy and lactation (Xi et al.).

Studies have found that supplementation of probiotics can increase

the relative abundance of Enterococcus and Enterobacter and reduce

the relative abundance of Escherichia and Clostridium in premature

infants, providing new ideas and strategies for the prevention and

treatment of neonatal related diseases including NEC and LOS

(Yang et al.).

Existing research on gut microbiota has some limitations, such

as small sample size, limited longitudinal research on the long-term

health impact of infants’ intestinal microbiota. As a result, in-depth

insights into these long term effects may be insufficient, and long-

term follow-up studies are needed to explore the impact on health

in adulthood. This includes examining how intestinal microbiota

colonization in infants and young children may influence the risk

of common chronic diseases later in life. Greater attention should

be given to these areas in future research.

Author contributions

RW: Writing – original draft. RY: Writing – review & editing.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Lv, H., Zhang, L., Han, Y., Wu, L., and Wang, B. (2022). The development
of early life microbiota in human health and disease. Engineering 12, 101–114.
doi: 10.1016/j.eng.2020.12.014

Tirone, C., Pezza, L., Paladini, A., Tana, M., Aurilia, C., Lio, A., et al. (2019). Gut
and lung microbiota in preterm infants: immunological modulation and implication
in neonatal outcomes. Front. Immunol. 10:2910. doi: 10.3389/fimmu.2019.02910

Frontiers inMicrobiology 03 frontiersin.org8

https://doi.org/10.3389/fmicb.2024.1507950
https://doi.org/10.3389/fmicb.2022.1052525
https://doi.org/10.3389/fmicb.2023.1078426
https://doi.org/10.3389/fmicb.2023.1236254
https://doi.org/10.3389/fmicb.2022.1004175
https://doi.org/10.3389/fmicb.2024.1339422
https://doi.org/10.1016/j.eng.2020.12.014
https://doi.org/10.3389/fimmu.2019.02910
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


fmicb-13-804887 March 15, 2022 Time: 18:14 # 1

ORIGINAL RESEARCH
published: 21 March 2022

doi: 10.3389/fmicb.2022.804887

Edited by:
Merih Cetinkaya,

University of Health Sciences, Turkey

Reviewed by:
Mindy Engevik,

Medical University of South Carolina,
United States

Hilal Özkan,
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Background: Bronchopulmonary dysplasia (BPD) is a devastating form of chronic lung
disease that develops in preterm infants. BPD is speculated to arise from abnormal
inflammatory responses, which is related to the composition of commensal microbiota,
leading us to hypothesize that BPD susceptibility could be influenced by gut microbiota
through inflammatory responses. This study is aimed to detect cytokines and the
differences in fecal gut microbial composition in the BPD patients.

Methods: Between June 2018 and June 2020, preterm infants born at gestational age
≤30 weeks were recruited. The clinical data of infant characteristics were collected. On
days 3–7 and 14–28 after birth, fresh stool samples and serum were collected. The
gut microbiota composition between the BPD group and controls was detected by 16S
rRNA sequencing. On days 3–7 and days 14–28, ten cytokines including IL-1β, IL-2,
IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, IFN-γ, and TNF-α were detected in the serum.

Results: This study enrolled 38 preterm infants; the number of preterm infants in
the BPD group and control group was, respectively, 18 and 20. The gestational age
(27.4 ± 1.5 weeks vs. 29.5 ± 0.9 weeks, p = 0.000) and birth weight (971 ± 240 g vs.
1262 ± 335 g, p = 0.000) of the BPD group were lower than those of the control group.
The present study found that the BPD group had high levels of IL-1β, IL-4, IL-6, IL-8,
and TNF-α, whereas IL-10 was decreased. The Shannon diversity index of the BPD
group was lower. The relative abundances of Proteobacteria in BPD group increased
significantly from days 3–7 to days 14–28, while the Firmicutes was decreased. On
days 14–28, the relative abundances of Proteobacteria in BPD group were significantly
higher than those in the control group, while the Firmicutes was lower.

Conclusion: Bronchopulmonary dysplasia could be influenced by gut microbiota
through inflammatory responses. More studies are needed to explore the imbalance of
cytokines and microbiome in BPD infants and whether it could be reversed by probiotics.
This study provided a novel perspective for treating BPD.

Keywords: bronchopulmonary dysplasia, cytokines, gut microbiome, preterm infants, inflammation

Abbreviations: BPD, bronchopulmonary dysplasia; MV, duration of mechanical ventilation; NICU, neonatal intensive care
unit; NRDS, neonatal respiratory distress syndrome; PDA, patent ductus arteriosus; PROM, premature rupture of membrane;
VLBW, very low birth weight.
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INTRODUCTION

Infants born preterm are at high risk for developing
bronchopulmonary dysplasia (BPD), a chronic lung disease
of prematurity. The adverse effects of early exposure of the
lung to the extrauterine environment result in BPD, as well
as the need for mechanical ventilation and oxygen delivery
(Bancalari et al., 2003). Normal lung development can be
disrupted by these stimuli. Thus, further research of risk factors
and mechanisms that promote inflammation and impair lung
development after preterm birth is critical to instituting better
management strategies.

The pathogenesis of BPD is recognized to be multifactorial,
and both pre- and post-natal conditions have potential impacts
on its development. Prior studies indicate that the gut microbiota
significantly influences the immune development of infants. Our
previous research found that the cytokines of IL-4, IL-6, IL-8,
and TNF-α increased and were considered as high-risk factors
for BPD (Zhang et al., 2021). Our next research plan is to study
whether BPD is related to gut microbiota.

Previous evidence suggests that the gut microbiota plays
a key role in the immune development of newborns (Milani
et al., 2017). Ecological shifts in the gut microbiome, domination
by potentially pathogenic bacteria, and reduction in microbial
diversity are associated with augmented inflammatory responses
and immune system disorders, which, in turn, modulate lung
development (Budden et al., 2017). The gut microbiota in
very low birth-weight (VLBW; born weighing < 1,500 g)
preterm infants is different from that of healthy term-born
infants (Warner et al., 2016), and prolonged antibiotic use in
VLBW preterm infants can increase the risk of developing
BPD (Cantey et al., 2017). The current study indicates that
immune homeostasis can be maintained by normal intestinal
and lung commensal microbiota, and the disruption of them
may lead to abnormal inflammation and participate in the
pathogenesis of BPD (Pammi et al., 2019), leading us to
hypothesize that BPD could be influenced by gut microbiota
through inflammatory responses.

Therefore, this study focused on premature infants to detect
the differences in gut microbiota and cytokines in the early life
of BPD patients.

MATERIALS AND METHODS

We conducted a prospective study, which was approved by
the Ethics Institutional Review Board of Peking Union Medical
College Hospital (PUMCH). The parents of each infant signed
informed consent who were agreeable to the use of feces and
residual serum from routine testing for detection.

Study Population
Inclusion criteria: (1) preterm infants born at gestational age
≤30 weeks from June 2018 to June 2020; (2) preterm infants
admitted to the NICU at PUMCH within 3 days after birth; (3)
the parents agreed to participate in the study and signed the
informed consent.

Exclusion criteria: (1) infants had severe infection, shock,
inherited metabolic diseases, or congenital malformations; (2)
infants who died or were transported to other hospitals.

The diagnosis of BPD was as follows: 36 weeks post-
menstrual age or discharge to home, whichever came first,
while treatment with oxygen >21% for at least 28 days plus, as
defined by the National Institutes of Child Health, the Human
Development/National Heart, Lung, and Blood Institute, and the
Office of Rare Diseases (Jobe and Bancalari, 2001). The infants
with BPD were assigned to the BPD group, while the control
group comprised infants without BPD.

Data Collection
The basic maternal characteristics were collected, including
premature rupture of membrane (PROM), antenatal steroids, and
delivery mode, among others. The basic infant characteristics
were collected, including gestational age, birth weight, neonatal
respiratory distress syndrome (NRDS), Apgar score, duration
of mechanical ventilation (in days) (MV), and patent ductus
arteriosus (PDA). Clinical data were prospectively collected by
one researcher and verified by another.

Inflammation Biomarkers
The parents or legal guardians of eligible infants were contacted
as soon as possible after birth (usually < 72 h). To limit
invasiveness, this study only analyzed the residual serum that
was routinely tested weekly in the hospital laboratory. Serum
cytokines were measured 3–7 days and 14–28 days after birth.
Our study detected ten cytokines, including IL-1β, IL-2, IL-4,
IL-6, IL-8, IL-10, IL-12p70, IL-13, IFN-γ, and TNF-α .

Our laboratory had adopted strict experimental procedures
to minimize protein degradation. The blood collected in BD
Microtainers (Becton Dickinson, Mississauga, ON, Canada) was
spun within 1 h to remove cell fraction, and the remaining serum
was immediately stored at -80◦C. Serum was collected, MSD
technology was used, and U-PLEX Biomarker Group 1 (Human)
Multiplex Assay (K15049D) was used to detect cytokine protein
levels. MESO QuickPlex sq120 machine and MSD Discovery
Workbench version 4.0.12 were used, respectively, for detection
and data analysis.

Sample Preparation and Sequencing
Each subject collected fresh stool samples 3–7 days and 14–
28 days after birth. No antibiotics were used before sample
collection for 3 days.

Extraction of Genome DNA
The CTAB method was used to extract the total genomic DNA
of the sample. Agarose gel (1%) was used to monitor DNA
concentration and purity. According to the DNA concentration,
1 ng/µl was diluted with sterile water.

Amplicon Generation
16S rRNA genes of distinct regions 16S V4 were amplified used
specific primers 515F (5′ GTGCCAGCMGCCGCGGTAA 3′) and
806R (5′ GGACTACHVGGGTWTCTAAT 3′) with the barcode.
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All PCR reactions were carried out in a 30-µl reaction,
15 µl Phusion High-Fidelity PCR Master Mix (New England
Biolabs, Ipswich, MA, United States), 0.2 µM forward and reverse
primers, and about 10 ng template DNA. Thermal cycle: initial
denaturation at 98◦C for 1 min, denaturation at 98◦C for 10 s,
annealing at 50◦C for 30 s, and extension at 72◦C for 30 s, totaling
30 cycles. Finally, the temperature was kept at 72◦C for 5 min.

PCR Product Mixing and Purification
An equal volume of 1× loading buffer (containing SYB green)
was mixed with the PCR product, and electrophoresis detection
was performed on a 2% agarose gel. The PCR products were
mixed in an equal density ratio. The mixed PCR products were
purified with GeneJET Gel Extraction Kit (Thermo Scientific,
Vilnius, Lithuania).

Library Preparation and Sequencing
According to the manufacturer’s recommendations, the Ion
Plus Fragment Library Kit 48 rxns (Thermo Scientific, Vilnius,
Lithuania) was used to generate sequencing libraries. Qubit@2.0
Fluorometer (Thermo Scientific, Vilnius, Lithuania) was used
to evaluate the quality of the library. Finally, the library was
sequenced on the Ion S5 XL platform, and 400 bp/600 bp single-
ended reads were generated.

Data Analysis
Single-End Reads Quality Control
(1) Data split. Single-ended reading was based on the unique
barcode of the sample and is truncated by cutting the barcode and
primer sequence. (2) Data filtering. According to the Cutadapt
(V1.9.11) quality control process, the original reads were quality
filtered under specific filtering conditions to obtain high-quality
clean reads. (3) Chimera removal. The reads were compared
with the reference database (Silva database2) using UCHIME
algorithm (UCHIME Algorithm3) to detect chimera sequences,
and then the chimera sequences were removed. Then the Clean
Reads finally obtained.

Operational Taxonomic Unit Cluster and Species Annotation
(1) Operational taxonomic unit (out) production. Sequences
analysis were performed by Uparse software (Uparse v7.0.10014).
Sequences with ≥97% similarity were assigned to the same
OTUs. Representative sequence for each OTU was screened
for further annotation. (2) Species annotation. For each
representative sequence, the Silva Database (see text footnote
2) was used based on Mothur algorithm to annotate taxonomic
information. (3) Phylogenetic relationship construction. To study
the phylogenetic relationship between different OTUs and the
differences in dominant species in different samples (groups),
MUSCLE software (version 3.8.315) was used for multiple
sequence alignment. (4) Data normalization. The abundance
information of OTUs was normalized using the serial number

1http://cutadapt.readthedocs.io/en/stable/
2https://www.arb-silva.de/
3http://www.drive5.com/usearch/manual/uchime_algo.html
4http://drive5.com/uparse/
5http://www.drive5.com/muscle/

TABLE 1 | The basic infant characteristics between the BPD and control groups.

BPD group
(n = 18)

Control group
(n = 20)

P-value

Male gender n (%) 11 (61%) 10 (50%) 0.492

Birth weight (grams) X̄± S 971 ± 240 1262 ± 335 0.000

Gestational age (weeks) X̄± S 27.4 ± 1.5 29.5 ± 0.9 0.000

Apgar 1 min X̄± S 7.8 ± 2.1 8.4 ± 1.6 0.296

Apgar 5 min X̄± S 8.8 ± 1.3 9.5 ± 0.8 0.060

Apgar 10 min X̄± S 9.1 ± 0.8 9.7 ± 0.6 0.469

NRDS n (%) 18 (100%) 17 (85%) 0.087

Patent ductus arteriosus (PDA) n (%) 15 (83.3%) 9 (45%) 0.014

Late-onset neonatal sepsis n (%) 7 (38%) 8 (40%) 0.735

Duration of mechanical ventilation
(days) X̄± S

32.5 ± 17.0 12.9 ± 7.6 0.000

Duration of invasive ventilation (days)
X̄± S

6.1 ± 5.0 0.4 ± 0.9 0.000

Intravenous hormone n (%) 9 (50%) 1 (5%) 0.002

Length of hospital stay (days) X̄± S 61.2 ± 16.9 42.2 ± 10.5 0.000

Corrected gestational age at
discharge X̄± S

36.3 ± 1.5 35.1 ± 1.0 0.000

Duration of parenteral nutrition: X̄± S
(days)

42.1 ± 12.1 25.6 ± 10.2 0.000

N represents the number of patients.

TABLE 2 | The basic maternal characteristics between BPD and control groups.

BPD group
(n = 18)

Control group
(n = 20)

P-value

Maternal age (years) X̄± S 33.7 ± 6.8 34.0 ± 4.9 0.056

Cesarean section n (%) 14 (77.8%) 17 (85%) 0.142

Antenatal steroids n (%) 12 (66.7%) 13 (65%) 0.132

Premature rupture of
membranes (PROM) n (%)

6 (33%) 11 (55%) 0.180

Maternal antibiotic
treatment n (%)

6 (33%) 5 (25%) 0.572

N represents the number of patients.

standard corresponding to the sample with the least sequence.
Subsequent alpha diversity analysis was based on this output
normalized data.

Alpha Diversity
Alpha diversity is applied in analyzing complexity of species
diversity for a sample through Shannon index. It was calculated
with QIIME (version 1.7.0) and displayed with R software
(version 2.15.3).

Statistics
SPSS version 25.0 was used for statistical analysis.
Normally distributed quantitative data were expressed with
mean ± standard error (X̄ ± S). The two groups of data were
compared by t-test. Quantitative data that did not conform
to the normal distribution were described by the median
and interquartile range [M (P25–P75)], and comparison
between groups was tested using the rank sum test. A two-
way ANOVA was used for comparing the composition of the
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TABLE 3 | The cytokines of the patients.

BPD group (n = 18) Non-BPD group (n = 20) P-value

CYTOKINES (pg/ml) M (P25–P75) Days 3–7

IFN-γ 9.0 (6.8− 18.0) 8.8 (6.8− 15.2) 0.860

IL-10 2.5 (2.1− 3.1) 3.0 (2.1− 7.3) 0.081

IL-12p70 1.2 (1.0− 1.4) 1.05 (0.9− 1.2) 0.232

IL-13 6.1 (4.6− 8.9) 7.8 (6.2− 9.7) 0.095

IL-1β 1.5 (1.1− 1.9) 1.9 (1.1− 2.0) 0.233

IL-2 2.1 (1.7− 2.4) 1.9 (1.5− 2.1) 0.206

IL-4 0.4 (0.2− 0.5) 0.3 (0.1− 0.5) 0.300

IL-6 6.2 (5.8− 6.9) 5.3 (5.1− 6.8) 0.193

IL-8 175 (157− 181) 157 (146− 166) 0.067

TNF-α 0.6 (0.4− 0.9) 0.5 (0.2− 0.6) 0.128

CYTOKINES (pg/ml) M (P25–P75) Days 14–28

IFN-γ 9.5 (6.9− 18) 12.5 (7.2− 16.2) 0.907

IL-10 2.3 (2.1− 2.9) 2.9 (2.1− 7.3) 0.038

IL-12p70 0.7 (0.4− 1.1) 0.9 (0.7− 1.1) 0.240

IL-13 8.1 (7.9− 9.3) 9.0 (7.9− 10.8) 0.437

IL-1β 2.9 (2.1− 3.4) 2.0 (1.5− 2.4) 0.001

IL-2 2.0 (1.8− 2.6) 1.8 (1.3− 2.1) 0.089

IL-4 0.9 (0.3− 1.2) 0.3 (0.2− 0.5) 0.001

IL-6 8.7 (7.9− 9.8) 5.5 (4.6− 6.0) 0.000

IL-8 482 (436− 547) 267 (235− 295) 0.000

TNF-α 1.1 (0.8− 1.5) 0.6 (0.4− 1.0) 0.001

overall microbiome between different groups. Non-parametric
Mann–Whitney U-tests were used to analyze continuous data.
The qualitative data were described by frequency and rate.
Pearson’s χ2 test or Fisher’s exact test was conducted. Logistic
regression was used to analyze the independent risk factors of
BPD. A p-value < 0.05 was considered statistically significant.

RESULTS

Baseline Data
From June 2018 to June 2020, forty-two cases of premature
infants with gestational age≤30 weeks were born in our hospital.
Four cases of premature infants were excluded due to insufficient
detection of residual serum cytokines. A total of 38 premature
infants were included in this study; the number of preterm infants
in the BPD group and control group was, respectively, 18 and 20.
There were no premature infants with small gestational age. The
start time of enteral feeding was within 12 h after birth. Because
there was a breastmilk bank in our hospital, all premature infants
were breastmilk feeding.

The gestational age of the BPD group (27.4 ± 1.5 weeks)
was lower than that in the control group (29.5 ± 0.9 weeks)
(p = 0.000). The birth weight of the BPD group (971± 240 g) was
lower than that in the control group (1,262 ± 335 g) (p = 0.000).
It could be seen from Tables 1, 2 that the incidence of PDA in
the BPD group was higher; the mechanical ventilation time and
hospital stay of the BPD group were significantly higher than
those of the control group.

Logistic regression analysis was conducted in this study.
Gestational age, birth weight, and PDA were used as independent

FIGURE 1 | The mean relative abundances of major microbiome (Top 10) of
both groups at the phylum level on days 3–7 and 14–28.

variables. The data indicated that gestational age < 28 weeks
(OR = 5.528, p = 0.000) and birth weight < 1,000 g (OR = 3.416,
p = 0.037) were high-risk factors for BPD.

Inflammatory Cytokine
A total of 760 times of cytokines were evaluated from 76 blood
samples. The 10 cytokines that were detected include IL-1β, IL-
2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, IFN-γ, and TNF-α
(see Table 3). On days 1–7, there were no significant differences
between the BPD and control groups. On days 14–28, IL-1β, IL-
4, IL-6, IL-8, and TNF-α were significantly increased in the BPD
group, whereas IL-10 was decreased (Table 3).

The Microbiome Diversity of Shannon
Index Between Infants With and Without
Bronchopulmonary Dysplasia
The microbiome diversity of Shannon index on days 3–7 was
lower in the BPD groups [M (P25–P75), 3.41 (3.14–3.87)]
compared with the control groups [4.38 (4.25–4.68), p = 0.00].
The Shannon index on days 14–28 was lower in the BPD groups
[3.71 (3.34–3.83)] compared with the control groups [4.58 (4.35–
5.11), p = 0.00].

Evolution of the Microbiome Differs
Between Infants With and Without
Bronchopulmonary Dysplasia
Figure 1 presents the mean relative abundances of major
microbiome (Top 10) of both groups at the phylum level on days
3–7 and 14–28. Four phyla (Proteobacteria, Firmicutes,
Bacteroidetes, and Actinobacteria) dominated the fecal
microbiota in both groups on days 3–7 and 14–28.

A two-way ANOVA was used for comparing the composition
of the overall microbiome between different groups. It found
that these two couples had statistical difference: days 3–7 BPD
group vs. days 14–28 BPD group (p = 0.03); days 14–28 BPD
group vs. days 14–28 control group (p < 0.001). The phylum-level
differences in microbiome between both groups were analyzed by
t-test. The relative abundances of Proteobacteria of BPD group
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FIGURE 2 | The mean relative abundances of major microbiome (Top 10) of both groups at the genus level.

FIGURE 3 | The mean relative abundances of major microbiome (Top 10) of every infant at the phylum level. BPD.A: The infants with BPD on days 3–7. BPD.B: The
infants with BPD on days 14–28. Control A: The infants without BPD on days 3–7. Control B: The infants without BPD on days 14–28.

increased significantly from days 3–7 to days 14–28 (53.9 vs.
80.1%, p = 0.032). On the contrary, the relative abundances of
Proteobacteria of control group decreased from days 3–7 to days
14–28, but not significantly (72.9 vs. 47.7%, p > 0.05). The relative
abundances of Firmicutes of BPD group decreased significantly
from days 3–7 to days 14–28 (45 vs. 16.7%, p = 0.021). On the
contrary, the relative abundances of Firmicutes of control group
increased from days 3–7 to days 14–28, but not significantly (23.4
vs. 41.2%, p > 0.05).

On days 3–7, no significant difference in microbiome was
found between BPD group and control group. On days 14–28,
the relative abundances of Proteobacteria of BPD group were
significantly higher than those in the control group (80.1 vs.
47.7%, p = 0.001), and the relative abundances of Firmicutes of
BPD group were significantly lower than those in the control
group (16.7 vs. 41.2%, p = 0.016).

Figure 2 presents the mean relative abundances of major
microbiome (Top 10) of both groups at the genus level. The
differences in microbiome at genus level between groups were

analyzed by t-test. The relative abundances of Enterococcus on
days 14–28 BPD group and control group were, respectively, 41.1
and 52.4%. The difference was statistically significant (p = 0.049).
Our study found that the relative abundance in BPD group on
days 14–28 of Enterococcus was lower.

Figure 3 presents the mean relative abundances of major
microbiome (Top 10) of every infant at the phylum level.

DISCUSSION

Over 50 years after its first description, BPD remains a
devastating pulmonary complication in preterm infants
(Northway et al., 1967). It was thought to involve ventilator-
and oxygen-induced damage to an immature lung that results
in an inflammatory response and ending in aberrant lung
development with dysregulated angiogenesis and alveolarization
(Lal and Ambalavanan, 2017). Significant morbidity and
mortality were associated with this most common chronic lung
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disease. Past studies and our previous research had clearly shown
that the inflammatory response and the elaboration of cytokines
were associated with the development of BPD (Savani, 2018).
A large body of evidence now suggested that the gut microbiota
could influence immunity and inflammation systemically,
including in the lung (Budden et al., 2017).

However, it was currently unclear whether the intestinal flora
affects the susceptibility to BPD. To study whether changes in
the intestinal flora are related to BPD, we used 16S rRNA gene
sequencing to analyze the composition of the flora collected from
38 premature infants born at <30 weeks’ gestation. This article
detected the change of cytokines and gut microbiome in preterm
infants for BPD.

Gestational age and birth weight were one of the most
important factors affecting the development of BPD (Capasso
et al., 2019). In our study, the gestational age and birth weight of
the BPD group were lower than those of the control group, while
the incidence rate of PDA was higher in the BPD group. PDA
could extend the time of mechanical ventilation after birth. Severe
left-to-right shunt could cause lung congestion and edema, thus
aggravating pulmonary vascular damage and lung inflammation
(Clyman et al., 2021).

Bronchopulmonary dysplasia was related to the imbalance of
pro-inflammatory factors in the body. A large number of pro-
inflammatory factors were released, aggravating the damage to
immature lungs and causing BPD. Our study found that the
cytokines IL-1β, IL-4, IL-6, IL-8, and TNF-α were increased in
the BPD group on days 14–28 significantly, whereas IL-10 was
decreased. In the previous study, IL-1β, IL-6, TNF-α, and IL-10
cytokine levels were altered in the amniotic fluid (Yoon et al.,
1997), cord blood (Rocha et al., 2012), and tracheal aspirate
samples (Yilmaz et al., 2017) in BPD infants (Szpecht et al., 2017).
Therefore, we speculated that these cytokines may be related to
the lung injury of BPD infants. Cytokines changed dynamically
at different time points. These cytokines were about the same in
the early stage, but had obvious changes in the late stage.

Our study found that the duration of mechanical ventilation
was significantly higher in the BPD group. Mechanical ventilation
initiated an influx of neutrophils and macrophages into the
alveoli (Bhandari, 2014). These cells produced cytokines, which
could disrupt lung development and increase the risk of
BPD (Koksal et al., 2012). Infants with BPD had persistently
elevated pro-inflammatory cytokines (IL-1β, IL-6, and IL-8) in
their tracheal inhalation and blood. In preterm lambs, 2 h of
mechanical ventilation could initiate inflammation within the
lungs resulting in similar upregulation of IL-1β, IL-6, and IL-
8, the same biomarkers as infants that were ventilated (Kothe
et al., 2019). Prolonged ventilation (3–4 weeks) in preterm lambs
increased the infiltration of neutrophils and macrophages into the
lungs, resulting in non-uniform inflation patterns and abnormal
pulmonary vascular development, similar to that observed in
infants who died from BPD (Papagianis et al., 2019).

Growing evidence supported the “gut–lung axis” theory,
which suggested a potential connection between gut microbiota
and lung homeostasis (Warner and Hamvas, 2015). Our study
found that there was a significant difference in the Shannon
diversity index of the gut microbial community between

FIGURE 4 | The microbiome diversity of Shannon index between BPD group
and Control group on days 3–7. Shannon index [M (P25–P75): 3.41
(3.14–3.87) vs. 4.38 (4.25–4.68), P = 0.00].

FIGURE 5 | The microbiome diversity of Shannon index between BPD group
and Control group on days 14–28. Shannon index [M (P25–P75): 3.71
(3.34–3.83) vs. 4.58 (4.35–5.11), P = 0.00].

infants with and without BPD. The high value of Shannon
index was usually the result of a species-rich and relatively
evenly distributed community, while the low value of Shannon
index usually reflected the low species abundance of the
community, which might be dominated by a few dominant
groups. Figures 4, 5 showed a difference in Shannon diversity
index between the two groups. Shannon index showed that
the microbial community diversity and the number of species
in infants with BPD decreased significantly. This difference
in diversity represented an apparent quantitative difference in
infants, which may be a prediction of the development of BPD,
and may actually be related to the mechanism.

Preterm infants, especially VLBW infants, were at a
disadvantage in the development of a healthy microbiome.
Facts have proved that the gut microbiota of premature babies
reduces the diversity of microorganisms and increases the
colonization of pathogenic microorganisms. In addition, the
stability of the gut microbiome of preterm infants is lower than
that of the term counterparts.
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Previous studies had shown that Actinobacteria,
Proteobacteria, Bacteroidetes, and Firmicutes were the four
major phyla of the intestinal tract of premature infants (Gritz
and Bhandari, 2015). According to our analysis of intestinal flora,
these four phyla were also the dominant flora of our patients’
intestinal tract. We noted that the BPD group on days 14–28
had more Proteobacteria and less Firmicutes, and the differences
were statistically significant. In contrast, infants who did not
develop BPD continued to have a relatively stable and resilient
microbiota, while the dominant species remained unchanged. In
the control group, the diversity of microbes and the number of
species were still high. As pointed out in other studies, the results
of the study showed that the diversity of microbes is related to
health status (Lohmann et al., 2014).

In the comparative study of the microbiota between the
disease group and the healthy group, it was common to increase
the abundance of Proteobacteria in the disease group (Rizzatti
et al., 2017). It had also been suggested that the high abundance
of Proteobacteria represents the microbial characteristics of
dysbiosis and reflects the unstable structure of the intestinal
microbial community (Shin et al., 2015). It seemed that the gut
microbiome changed early in the course may be associated with
BPD development.

The ecological changes of the microbiota were related to
the increase of inflammation in other human systems. Specific
patterns in the acquisition and composition of the microbiome
and the altered epithelial barrier function in the intestinal tract of
adults and premature infants were associated with inflammation
(Dimmitt et al., 2010). However, because the immune system of
premature infants was still in the mature stage, simple bacterial
colonization might be sufficient to drive the inflammatory
response, disrupt lung development, and lead to BPD. On the
other hand, there might exist potential probiotics that were
important for maintaining physiological homeostasis of lung.
Our data exhibited potential for clinical application.

We hypothesize that the microbiome could influence BPD
through cytokines; thus, it was speculated that the probiotics
could alleviate BPD by recovering microbial composition. In
an in vitro study, treatment with probiotics Bifidobacterium
and Lactobacillus significantly inhibited the population of
Proteobacteria, and increased the populations of Bacteroidetes
and Actinobacteria. Furthermore, the probiotics inhibited
expression of IL-4 in the mice but inhibited Th2 cell activation.
They could also increase Treg cell differentiation such as IL-10
expression. Moreover, these also suppressed TNF-α expression
in activated macrophages (Li et al., 2019). In another study, the
combined probiotic (containing L. plantarum 20%, B. longum
40%, and B. bifidum 40%) treatment could strongly increase
the abundance of Firmicutes, whereas that of Proteobacteria
was significantly reduced in preterm infants, while it was
accompanied by a decrease of IL-6 (Kim et al., 2019). Thus,
we hypothesize that the microbiome could influence BPD
by cytokines. Compared with the changes in cytokines and
microbiome of BPD group in the present study, probiotics could
induce completely opposite changes. We could suppose that the
imbalance of cytokines and microbiome in BPD infants could be
reversed by probiotics.

Our study had several limitations. Since the intestinal flora
in this life stage was unstable, we paid attention to a modest
number of infants (n = 38) and many repeated samples to
assess whether the changes in the intestinal flora were related to
BPD. The sample size limited our statistical power, and further
studies with larger sample sizes now needed to confirm our
findings. Due to our relatively limited sample size, we did not
evaluate the relationship between microbiota and BPD subtypes.
In addition, all infants were recruited from the neonatal intensive
care unit of the same hospital, which might be a source of
some common microorganisms. Reproducing our findings in a
larger multicenter study was the key to the next step. Finally,
we hypothesize that the microbiome could influence BPD by
cytokines, and more studies are needed to verify this viewpoint.

CONCLUSION

Bronchopulmonary dysplasia was a disease resulting from a
combination of multiple factors. The gestational age and birth
weight of the BPD group were lower than those of the control
group. The present study found that the BPD group had high
levels of IL-1β, IL-4, IL-6, IL-8, and TNF-α, whereas IL-10
was decreased. The Shannon diversity index of BPD group
was lower. The relative abundances of Proteobacteria in BPD
group increased significantly from days 3–7 to days 14–28,
while Firmicutes was decreased. On days 14–28, the relative
abundances of Proteobacteria in BPD group were significantly
higher than those of the control group, while the Firmicutes
was lower. More studies are needed to explore the imbalance of
cytokines and microbiome in BPD infants and whether it could
be reversed by probiotics. This study provided a novel perspective
for treating BPD.
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To compare the gut microbiota of healthy infants based on specific interactions of delivery

modes and feeding types, we recruited 62 healthy babies who were followed up for

2 years from our previous cohort study of 91 infants (the rest were lost to follow-up).

They were exclusively fed breast milk or specific formulas for more than 4 months after

birth. The fecal bacterial composition was tested at 40 days, 3 months, and 6 months of

age. Solid foods were introduced from 4 to 6 months of age and thus did not affect the

microbiota before 4 months of age. According to the different delivery modes (i.e., vaginal

delivery, VD, or cesarean section delivery, CS) and feeding types (i.e., breast-fed, br, or

formula-fed, fo), the infants were assigned to four different groups, namely, the VD-br, VD-

fo, CS-br, and CS-fo groups. We found that at 40 days of age, the α diversity (reported as

the Shannon index) was lower in the br infants than in the fo infants. At 3 months of age,

the α diversity was significantly lower in the CS-br group, although significant differences

were not observed after solid food introduction. Bifidobacterium represented the most

predominant genus in all groups at all time points, followed by Enterobacteriaceae. At 40

days of age, the abundance of Bifidobacteriumwas much higher in the CS-br group than

in the CS-fo group but did not differ between the VD-br and VD-fo groups. The differences

in Bifidobacterium disappeared at 3 and 6 months of age among the different groups. At

40 days of age, the abundance of Streptococcus and Enterococcus was much lower in

the br infants than in the CS-fo group. At 3 months of age, Enterococcuswas significantly

lower in the CS-br group than in the fo infants, although for infants delivered by VD, the

difference between feeding types was not significant. The specific interaction of delivery

modes and feeding types has a large impact on the infants’ gut microbiota. Breastfeeding

and VD may decrease the potential adverse effects of formula feeding or CS delivery on

gut microbiota, thus leading to a more stable and beneficial gut environment for infants.

Keywords: gut microbiota, vaginal delivery, cesarean section delivery, breastfeeding, formula, infants
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INTRODUCTION

The human fetus is thought to develop within a bacteria-free
environment (Dominguez-Bello et al., 2010). After birth, the
infant gut is rapidly colonized through a complex process that
depends on multiple overlapping factors, including the mode of
delivery and type of feeding (Pannaraj et al., 2017). The first
year of life is vital to the development and establishment of gut
microbiota (Levin et al., 2016; Laursen et al., 2017), which is
of low diversity at birth but evolves into a more complex and
adult-like composition by 1–2 years of age (Stewart et al., 2018).

The development of gut microbiota in early life influences
later health (Derrien et al., 2019), with this microbiota
affecting immune system maturation and nutrient absorption
and preventing pathogen colonization. Many studies have
shown an association between human gut microbiota and
chronic noninfectious diseases, including obesity, atopic diseases,
and chronic inflammatory diseases. Moreover, a window of
opportunity occurs for the regulation of the gut microbiota in
early life to promote long-term health (Liu et al., 2016).

The neonate is exposed to a wide array of microbiota upon
delivery, and the mode of delivery strongly affects the gut
microbiota in neonates. Compared with vaginally delivered
infants, the gut microbiota of infants delivered by cesarean
section (CS) is significantly less similar to the microbiota
of their mothers (Bäckhed et al., 2015). Vaginally delivered
infants acquire bacterial communities that resemble the vaginal
microbiota of their mothers, and CS-delivered infants harbor
bacterial communities similar to those found on the skin surface
(Dominguez-Bello et al., 2010).

Human breast milk has superior effects on the infants’ health
compared with formula, such as protecting the barrier integrity
and mucosal defenses of the intestinal tract (Stewart et al.,
2018), as well as influencing health-promoting microorganisms
by immunoactive factors, such as polymeric IgA (pIgA),
antibacterial peptides, and components of the innate immune
response (Walker and Iyengar, 2015). While the gradient
composition of commercial formulas is increasingly close to
that of breast milk, the gut microbiota of breast-fed (br) and
formula-fed (fo) babies remain distinct (Baumann-Dudenhoeffer
et al., 2018). Studies of gut microbiota in babies exclusively fed
breast milk or formula are rare and mostly on a small scale. Our
previous study of exclusively br or fo infants presented a more
accurate gut microbiota than other research articles (Ma et al.,
2020) in which babies were partially br or fo.

Different interactions observed with different feeding types
and delivery modes have varying impacts on infant gut
microbiota; however, few studies have mentioned these effects.
To gain a better understanding of how the specific interaction
of feeding patterns and delivery modes affects the gut microbial
composition, we conducted a reanalysis to detect the gut
microbiota in babies who were exclusively fed human milk or
a certain kind of formula for more than 4 months after birth
and followed up for 2 years and reported to be healthy without
severe infectious or allergic diseases. Moreover, solid foods were
introduced from 4 to 6 months of age and thus did not affect the
microbiota before 4 months of age, which ruled out the impact

of solid foods on microbiota in our study. These babies were
enrolled in the North China Regional Union of Neonatologist
Research Registry for healthy infants with different feeding types.

PATIENTS AND METHODS

We conducted a prospective study detecting gut microbiota in
babies with different delivery modes and feeding types of either
human milk or formulas exclusively for more than 4 months
after birth.

Study Population
Inclusion criteria were the following: (1) Healthy, full-term,
newborn babies who were followed up for 2 years after
birth. (2) Birth weight was ≥ 2.5 kg. (3) Babies were born
between December 2016 and December 2017 in Peking Union
Medical College Hospital, Inner Mongolia People’s Hospital, The
Affiliated Hospital of Inner Mongolia Medical University, and
Inner Mongolia Maternal and Child Health Hospital.

Group assignment. According to different deliverymodes (i.e.,
VD or CS) and whether they were exclusively br or fo for more
than 4 months after birth, they were assigned to four different
groups as VD-br, VD-fo, CS-br, and CS-fo groups. Babies in
the breastfeeding group were fed breast milk exclusively for
more than 4 months after birth. They were recruited in their
regular follow-up for 40 days of age if they were fed breast
milk exclusively at that time. Fo babies were fed with formula
due to mother’s disease or medicine, and other objective reasons
were potential subjects of our study. They were recruited before
or right after birth. Parents chose formula A (containing α

lactalbumin and β casein) or B (containing α lactalbumin, β

casein, as well as 1, 3-olein-2-palmitin) voluntarily after they
signed informed consent. Both formulas were market products
with no reported adverse events.

Exclusion criteria were the following: (1) gestational age <

37 weeks; (2) birth weight was <2.5 kg; (3) babies suffered from
a serious disease, such as heart failure, metabolic diseases, and
congenital intestinal malformations; (4) babies from the br group
could not be fed breast milk exclusively for 4 months for any
reason; (5) babies from formula A and B fed groups changed
formula before 4 months for any reason; (6) babies who were
not followed up for 2 years after birth or had severe or chronic
diseases during follow-up.

Study Design
All infants were evaluated for 40 days, 3 months, and 6 months
of age. Clinical data and fecal samples were collected at each
time point. Similar solid foods, such as infant cereals, purees, and
smashed fleshes, were introduced to infants aged 4–6 months.
The type and supplement order of solid foods were following the
feeding guide for babies by the Chinese Nutrition Society in 2015.

Clinical data. Clinical data were collected, including mothers’
conditions, such as combined diseases, antibiotics usage, age,
height, weight, and weight gain during pregnancy; and babies’
conditions, including mode of delivery, gestational age, gender,
weight, length, head circumference, antibiotics usage, household
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siblings, pets, district, vitamin D supplementation, defecating
frequency, stool property, and infections.

Sample Collection
Fecal samples were collected from all infants at 40 days, 3months,
and 6 months from birth. All the samples were kept in a sterile
container, immediately stored in a refrigerator at−70◦C, and sent
to Beijing for testing collectively.

DNA Extraction and Sequencing
Extraction of genome DNA: Total genome DNA from samples
was extracted using the CTAB/SDS method. DNA concentration
and purity were monitored on 1% agarose gels. According
to the concentration, DNA was diluted to 1 ng/µl using
sterile water. (2) Amplicon generation: 16S ribosomal RNA
(rRNA) genes of the V4 region were amplified using a specific
primer (515F-806R) with the barcode. All PCR reactions were
carried out with Phusion High-Fidelity PCR Master Mix (NEW
ENGLAND BIOLABS). (3) PCR products quantification and
qualification: The same volume of 1× loading buffer (contained
SYB green) was mixed with PCR products, and electrophoresis
was carried out on 2% agarose gel for detection. Samples
with the bright main strip between 400 and 450 bp were
chosen for further experiments. (4) PCR products mixing and
purification: PCR products were mixed in equidensity ratios.
The Qiagen Gel Extraction Kit (QIAGEN, GERMANY) was used
to purify ten mixture PCR products. (5) Library preparation
and sequencing: Sequencing libraries were generated using the
TruSeq DNA PCR-Free Sample Preparation Kit (ILLUMINA,
USA) following manufacturer’s recommendations, and index
codes were added. The library quality was assessed using the
Qubit 2.0 Fluorometer (THERMO SCIENTIFIC) and Agilent
Bioanalyzer 2100 system. At last, the library was sequenced using
an Illumina MiSeq platform.

16S rRNA gene sequence analysis: Paired-end reads were
assigned to samples based on their unique barcode and truncated
by cutting off the barcode and primer sequence. Quality filtering
on the raw tags was performed under specific filtering conditions
to obtain the high-quality clean tags (Bokulich et al., 2013)
according to the QIIME (version 1.7.0, https://qiime.org/index.
html) (Caporaso et al., 2010) quality-controlled process. A total
of 20,383,186 reads (median 84,737 reads per sample) were
obtained from 16S rRNA gene sequencing. The sequence analysis
was performed using the Uparse software version 7.0.1001
(Edgar, 2013). Sequences with ≥ 97% similarity were assigned
to the same OTUs. A representative sequence for each OTU
was screened for further annotation. For each representative
sequence, the SILVA Database (DeSantis et al., 2006) was used
based on the RDP classifier version 2.2 (Wang et al., 2007)
algorithm to annotate taxonomic information. We compared
differences in α diversity using Faith’s phylogenetic diversity.
The β diversity was evaluated using the principal coordinate
analysis (PCoA) and PERMANOVA statistics on unweighted and
weighted UniFrac distances.

Statistical Analysis
All statistical analyses were performed using IBM SPSS
version 20.0 (IBM CO., ARMONK, NY, USA). Categorical
variables were presented as proportions (percentages), and
continuous variables were presented as (means ± standard
deviation) or median (interquartile range). Normally distributed
variables were statistically tested by a two-tailed t-test for
two independent groups or a one-way analysis of variance
(ANOVA) for multiple independent groups. Nonnormal
distributed variables were tested using the Kruskal-Wallis test.
Intergroup differences were evaluated using the χ2 test for
categorical variables. Correlation analyses were performed using
the Kendall test for categorical variables and the Spearman
test for continuous variables. A standard P ≤ 0.05 was
considered significant.

RESULTS

Basic Characteristics
Among 64 infants who were followed up at 17–33 months of
age, two patients dropped. Finally, 10 babies were included
in the br and VD groups (VD-br group: four males and six
females), 17 babies were included in the fo and VD groups
(VD-fo group: 10 males and seven females), eight babies were
included in the br and CS groups (CS-br group: four males
and four females), and 27 babies were included in the fo and
CS groups (CS-fo group: 15 males and 12 female). In total,
59 stool samples at 40 days of age (40 days), 60 samples
at 3 months of age, and 53 samples at 6 months of age
were collected.

A total of 62 infants were enrolled (i.e., 33 males; 29 female;
male/female = 1.14), with a mean gestational age of 39w 1 d ±

1w 1 d (w: week; d: day; range: 37–42 weeks), birth weight of
3,268± 393 g (2,500–4,400 g), 25th and 75th percentile (P25/P75)
birth lengths of 49.0/50.8 cm (45.0–55.0 cm), and birth head
circumference of 33.0/34.0 cm (32.0–35.0 cm).

Some babies were exposed to antibiotic therapy, including
one baby (with maternal postnatal oral cephalosporin
administration) in the VD-br group, two babies (one baby
with maternal postnatal antibiotics and one with infantile
antibiotics administration) in the VD-fo group, and 10
babies (two babies with maternal prenatal antibiotics, three
babies with maternal postnatal antibiotics, four babies
with infantile antibiotics, and one baby with both maternal
postnatal antibiotics and infantile antibiotics administration)
in the CS-fo group. Oral vitamin D was supplied to all
babies except for three babies in the VD-fo group and six
babies in the CS-fo group. These babies were fed breast
milk or specific formulas from birth to 6 months of age
without any other probiotics or prebiotics. Some babies had
eczema, food allergies, and infections of the respiratory or
intestinal system. However, none of them suffered from other
chronic diseases or severe infections or were hospitalized
during follow-up.

The basic characteristics showed no significant differences
among the four groups (Table 1).
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TABLE 1 | Basic characteristics.

Group VD-br VD-fo CS-br CS-fo p value

Total number (n) 10 17 8 27 —

Male/female 4/6 10/7 4/4 15/12 0.832b

Usage of antibiotics(yes/no) 1/9 2/15 0/8 10/17 0.064b

Gestational age (w: week. d: day) 39w 4 d ± 6 d 39w 3 d ± 6 d 38w 6 d ± 1w 38w 5 d ± 1w 3 d 0.185c

Birth weight (g) 3,233 ± 343 3,241 ± 344 3,320 ± 435 3,285 ± 445 0.959c

Birth length(cm) 50.0 ± 1.4 49.8 ± 1.9 45.0 50.0/51.5a 0.335c

Head circumference (cm) 32.5/34.0a 33.6 ± 1.1 — 33.7 ± 0.5 0.775c

Weight (g) in 40 d 4,650/4,963a 4,655 ± 511 4,500/4,700a 4,698 ± 67 0.752c

Length (cm) in 40 d 55.6 ± 1.3 55.8 ± 1.6 53.5/55.0a 54.5/56.4a 0.196c

Head circumference (cm) in 40 d 36.4/38.1a 37.2/38.3a 36.5/38.5a 37.0/38.6a 0.964c

Weight (g) in 3m 6,250/6950a 6,604 ± 584 5,800/6,400a 6,200/7,000a 0.217c

Length (cm) in 3m 60.0/63.0a 61.3/62.9a 57.0/62.0a 60.0/63.7a 0.174c

Head circumference (cm) in 3m 39.8/41.1a 39.8/41.1a 38.5/40.0a 40.0/42.0a 0.112c

Weight (g) in 6m 8,400 ± 860 8,055/8850a 8,294 ± 1,026 7,900/8,700a 0.928c

Length (cm) in 6m 65.5/68.8a 66.5/70.0a 65.0/68.0a 459.5 ± 2.7 0.560c

Head circumference (cm) in 6m 41.1/44.3a 43.0/45.0a 41.0/43.0a 43.0/44.4a 0.091c

Eczema or food allergies before 2 years old (yes/no) 8/2 9/8 3/5 15/12 0.330b

Times of respiratory or intestinal infections before 2 years old 3/5 5 ± 3 4 ± 3 4 ± 2 0.987c

a. The values of the 25th and 75th percentile (P25/P75). b. Intergroup differences were evaluated using the χ2 test for categorical variables. c. Variables were statistically tested using

the Kruskal-Wallis test.

α Diversity
α diversity (within-sample diversity) measurements using
Shannon index values indicated the gut microbiota diversity
(Figure 1).

From 40 days to 6 months of age, the α diversity (reported as
the Shannon index) indicated that the bacterial communities did
not change significantly in the VD-br, VD-fo, and CS-br groups
but decreased significantly at 3 months and 6 months of age in
the CS-fo group (40 days vs. 3 months: Shannon index 3.48 ±

0.45 vs. 3.01± 0.58, p= 0.0005; 40 days vs. 6 months: 3.48± 0.45
vs. 2.94± 0.54, p= 0.0005; according to the Wilcoxon test).

At 40 days of age, the Shannon index showed a lower count
in the br infants than in the fo infants, regardless of the delivery
mode (VD-br vs. VD-fo: Shannon index = 2.91 ± 0.65 vs. 3.42
± 0.57, p = 0.05; VD-br vs. CS-fo: 2.91 ± 0.65 vs. 3.48 ± 0.45,
p = 0.006; CS-br vs. VD-fo: 2.65 ± 0.30 vs. 3.42 ± 0.57, p =

0.003; CS-br vs. CS-fo: 2.65 ± 0.30 vs. 3.48 ± 0.45, p = 6.7E-
05; according to a two-tailed t-test). At 3 months of age, the α

diversity was significantly lower in the CS-br group than in the
other three groups (CS-br vs. VD-br, VD-fo, and CS-fo: 2.12 ±

0.54 vs. 2.98 ± 0.54, 3.13 ± 0.43, and 3.01 ± 0.58, respectively,
p = 0.005, 4.0E-05, and 0.0006, respectively; according to a two-
tailed t-test) but showed no significant differences at 6 months
of age.

β Diversity
The β diversity (between-sample diversity) was measured
according to the unweighted UniFrac and weighted UniFrac
values (Figure 2; according to a two-tailed t-test).

The β diversity of the infant gut microbial community
increased steadily during the first 6 months of age in all groups,

although the difference was not significant between 3 months
and 40 days of age in the VD groups, including the VD-br and
VD-fo groups.

At 40 days of age, the β diversity was higher in the VD groups
than in the CS groups, regardless of the feeding type (VD-br
vs. CS-br, p = 0.0008; VD-br vs. CS-fo, p = 6.0720E-06; VD-fo
vs. CS-br, p = 8.0453E-08; VD-fo vs. CS-fo, p = 9.9344E-16).
In the VD groups, there was no significant difference between
the br infants and fo infants. However, in the CS groups, the fo
infants showed higher β diversity than the br infants (CS-fo vs.
CS-br, p = 0.0014). At 3 months of age, the β diversity in the
VD-br and CS-fo groups was much lower than that in the VD-
fo (VD-br vs. VD-fo, p = 0.0095; CS-fo vs. VD-fo, p = 0.0002)
and CS-br groups (VD-br vs. CS-br, p = 0.0441; CS-fo vs. CS-
br, p = 0.0269), while at 6 months of age, the β diversity was the
highest in the VD-fo group (VD-fo vs. VD-br, CS-br, and CS-
fo, p = 0.0422, 0.0414, and 0.0003, respectively) according to the
weighted UniFrac value.

Fecal Microbial Composition
The relative abundance of operational taxonomic units (OTUs)
was assessed across all samples, and the OTUs were clustered in
a heatmap according to their co-occurrence at the genus level
(Figure 3). The 10 most abundant bacteria of the gut microbiota
at the genus level are shown in Figure 4.

Bifidobacterium was the most predominant genus, and
Enterobacteriaceae was the second most predominant genus in
all groups at all time points. Bifidobacterium accounted for 47.1,
50.3, and 28.7% in the VD-br group, 34.3, 40.6, and 31.9% in the
VD-fo group, 59.2, 51.8, and 26.0% in the CS-br group, and 32.1,
37.1, and 38.7% in the CS-fo group at 40 days, 3 months, and
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FIGURE 1 | α diversity measurements using Shannon index values indicated gut microbiota diversity. Y-axis represents the values of Shannon index. Boxplots

compare α diversity of gut microbiota in 40 days (40 d), 3 months (3m), and 6 months (6m) of age among different groups. Boxes show 25th to 75th percentiles and

the median line, and whiskers indicate minimum to maximum values. Statistical significance was evaluated by Wilcoxon test within each group and a two-tailed t test

among different groups, using p ≤ 0.05 as the measure of significance.

6 months of age, respectively. Enterobacteriaceae accounted for
16.5, 18.3, and 23.9% in the VD-br group, 13.7, 15.4, and 15.8%
in the VD-fo group, 15.1, 16.2, and 22.8% in the CS-br group, and
13.7, 21.1, and 15.8% in the CS-fo group at 40 days, 3 months, and
6 months of age, respectively.

At 40 days of age, Bacteroides ranked third in the VD groups
(10.7% in the VD-br group and 4.1% in the VD-fo group)
and CS-br group (3.8%), followed by unidentified_Clostridiales
and Lactobacillus in the VD-br group and Streptococcus and
Enterococcus in the VD-fo and CS-br groups. However, in the CS-
fo group, the third and fourth most abundant were Streptococcus
(10.0%) and Enterococcus (7.2%), respectively, with Bacteroides
being the least abundant (0.2%).

At 3 and 6 months of age, Streptococcus (4.8–13.6%) and
Enterococcus (1.9–16.8%) ranked third or fourth in all groups,
except for the VD-br group at 3 months of age, in which the third
was still Bacteroides (4.9%), followed by Lactobacillus (4.4%).

Comparison of Gut Microbiota in Different
Groups
In our study, solid foods were introduced from 4 to 6 months of
age; therefore, these foods only affected the last time point at 6
months of age.

The curves and comparison of Bifidobacterium, Bacteroides,
Streptococcus, Enterococcus, Enterobacteriaceae, and
Lactobacillus in different groups are shown in Figures 5, 6.

At 40 days of age, the abundance of Bifidobacteriumwas much
higher, while the abundance of Streptococcus and Enterococcus

was much lower in br infants than in the CS-fo group infants.
However, Bifidobacterium was higher in infants delivered by CS
who were fed breast milk than those who were fed formula,
including VD-fo subjects. The lowest Bacteroides abundance was
observed in the CS-fo group compared with the other groups.

At 3 months of age, Enterococcus was higher in the fo infants
than in the CS-br group. However, for the infants delivered by
VD, there was no difference between the fo and br babies.

The abundance of Bacteroides in the VD-br group was still
higher than that in the CS-fo group at 6 months of age. However,
no difference was shown between the other groups.

DISCUSSION

The results showed that α diversity was associated with the
feeding type and delivery mode. Studies have shown that infants
who are fed breast milk have lower microbial diversity than those
who are fed formula and whose gut microbiota are more diverse
(Roger and McCartney, 2010; Roger et al., 2010; Bridgman et al.,
2017). The difference in gut microbial diversity between br and fo
babies has also been reported in animal research (He et al., 2018).
We also found that at 40 days of age, the α diversity was lower
in the br infants than in the fo infants, regardless of the delivery
mode. At 3 months of age, the α diversity was significantly lower
in the CS-br group than in the other 3 groups but showed
no significant differences at 6 months of age after solid food
introduction. A previous study indicated that the α diversity was
increased and the bacterial community was more complex in fo
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FIGURE 2 | β diversity measurements by Unweighted UniFrac (A) and Weighted UniFrac (B). Boxplots compare β diversity of gut microbiota in 40 days (40 d), 3

months (3m), and 6 months (6m) of age among different groups. Boxes show 25th−75th percentiles and the median line, and whiskers indicate minimum to

maximum values. Statistical significance was evaluated by a two-tailed t test, using p ≤ 0.05 as the measure of significance.

infants than in that of br infants at newborn and after 4 months
(Bäckhed et al., 2015), which was consistent with our study.
The study showed a higher α diversity in CS-delivered infants
than in those delivered by the vaginal route (Bäckhed et al.,
2015); this finding was inconsistent with that of our study, which
was probably because we considered the interactions of feeding
types and delivery modes to avoid confounding factors. In other
words, breastfeeding might neutralize the influence of CS on
gut microbiota, thereby leading to a lower diversity, which is
similar to the findings in our study. In infants, the predominance
of infant-type Bifidobacteria during breastfeeding results in low
bacterial diversity, although it is beneficial for babies’ health.

The literature indicates that Bifidobacterium is present in
the first few months and decreases with age to almost zero

by 18 months old (Yassour et al., 2016). We found that in
the CS-br group, Bifidobacterium decreased significantly over
time at 6 months of age. In the other groups, Bifidobacterium
also decreased, although the differences were not significant.
Enterobacteriaceae also decreases with time (Pannaraj et al.,
2017; Baumann-Dudenhoeffer et al., 2018). Enterobacteriaceae
decreased significantly at 6 months of age in the CS-fo
group compared with that at 3 months. In the other groups,
Enterobacteriaceae increased over time, although the differences
were not significant.

Our study showed that breastfeeding is associated with higher
levels of Bifidobacterium, which is in accordance with other
studies (Levin et al., 2016; Liu et al., 2016; Stewart et al., 2018).
Bifidobacterium possesses multiple benefits that are reported
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FIGURE 3 | The OTUs heatmap at genus level. The relative abundance of OTUs was assessed across all samples, and OTUs were clustered in a heatmap according

to their co-occurrence at genus level. Clustering was performed as a type of hierarchical clustering method to interpret the distance matrix using average linkage. The

dendrogram provides the genus designation along the right Y-axis and the abundance relationship across all samples for each genus along the left Y-axis. The color

scale for the heatmap is shown in the upper right corner of the figure.

to be associated with a diminished risk of allergic diseases
(Björkstén et al., 2001) and excessive weight gain (Dogra et al.,
2015). The growth parameters of babies before 6 months old and
the incidence of allergic diseases and infections before 2 years of
age were not significantly different among the different groups
in our study. Perhaps, a longer follow-up time is required to
determine the long-term influences of different feeding types
and delivery modes on infants. In addition to feeding types,
delivery modes also have impacts on infant gut Bifidobacterium.
The gut microbiota in infants born by VD shares characteristics
with that of the maternal vagina and intestinal tract, whereas in
infants born by CS, the gut microbiota is similar to that of the
maternal skin but lacks bacteria from the vaginal community
in the early life period. The gut microbiota of VD newborns

was enriched in Bifidobacterium. Mother-newborn transmission
of Bifidobacterium was also observed in infants delivered by
CS, although the frequency was lower compared with infants
delivered vaginally (Bäckhed et al., 2015). We found that at
40 days of age, the abundance of Bifidobacterium was much
higher in the CS-br group than in the CS-fo group but did
not differ between the VD-br and VD-fo groups. This finding
indicated the impact of the delivery mode on Bifidobacterium in
the early period of life. VD might neutralize the influence
of feeding type on Bifidobacterium. The differences in
Bifidobacterium disappeared at 3 and 6 months of age among the
different groups.

Studies have indicated that breast milk maintains a lower
abundance of Enterococcaceae and Streptococcaceae in the gut
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FIGURE 4 | The 10 most abundant bacteria of gut microbiota at genus level. Relative abundance estimates of the 10 most dominant bacteria at genus level in 40

days, 3 months, and 6 months of age among different groups.

FIGURE 5 | The relative abundance curves of (A) Bifidobacterium, (B) Bacteroides, (C) Streptococcus, (D) Enterococcus, (E) Enterobacteriaceae and (F)

Lactobacillus in different groups from 40 days to 6 months old. Y-axis represents the median line of relative abundance. (A) In CS-br group, Bifidobacterium

decreased significantly in 6 months of age, compared with that in 40 days (p = 0.0313) and 3 months of age (p = 0.0469). In 40 days of age, there were significant

differences between VD-br and CS-fo group (p = 0.0294), CS-br and CS-fo group (p = 6.789E-05), and CS-br and VD-fo group (p = 0.0057). (B) In VD-br group,

Bacteroides decreased significantly in 3 months of age, compared with that in 40 days (p = 0.0078). In VD-fo group, Bacteroides decreased significantly in 6 months

of age, compared with that in 3 months (p = 0.0353). In 40 days of age, there were significant differences between CS-fo group and other groups (vs. VD-br p =

0.0003; vs. VD-fo p = 0.0189; vs. CS-br p = 0.0004). In 3 months and 6 months of age, Bacteroides in VD-br group was different from CS-fo group (3m p = 0.0179;

6m p = 0.0240). (C) In VD-br group, Streptococcus increased significantly in 6 months of age, compared with that in 40 days (p = 0.0234) and 3 months (p =

0.0234). In CS-fo group, Streptococcus decreased significantly in 3 months of age (p = 0.0074) and then increased in 6 months of age (p = 0.0415). In 40 days of

age, there were significant differences between VD-br and CS-fo group (p = 0.0065), and CS-br and CS-fo group (p = 0.0197). (D) Enterococcus was not

significantly changed over time. In 40 days of age, there were significant differences between VD-br and CS-fo group (p = 0.0002), and CS-br and CS-fo group (p =

0.0403). In 3 months of age, there were significant differences between VD-fo and CS-br group (p = 0.0312), and CS-fo and CS-br group (p = 0.0268). (E)

Enterobacteriaceae decreased significantly in 6 months of age in CS-fo group, compared with that in 3 months (p = 0.0083). (F) In VD-fo group, Lactobacillus

decreased significantly from 3 months to 6 months of age (p = 0.0295). In CS-fo group, Lactobacillus decreased significantly from 40 days to 6 months of age (p =

0.0003). The differences of Lactobacillus among different groups were not significant.

(Roger and McCartney, 2010; Bäckhed et al., 2015; Laursen
et al., 2016), which is consistent with our results. Previous
research has investigated the microbiota of the mothers’ skin and
vagina 1 h before delivery and the neonates’ skin, oral mucosa,
nasopharyngeal aspirate, and meconium within a short time

after delivery, and a greater abundance of Streptococcus was
observed in the samples of babies born via CS and samples of
the mothers’ skin than in the samples of babies born vaginally
and samples of the mothers’ vagina (Dominguez-Bello et al.,
2010). We found that at 40 days of age, the abundance of
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FIGURE 6 | LDA scores for the bacterial taxa differentially abundant among different groups (LDA > 4.0). Bars with different colors indicate taxa were enrichment in

corresponding groups. Red squares mark the main different microbiota at genus level.

Streptococcus and Enterococcus in br infants (i.e., VD-br and
CS-br groups) was significantly lower than that in the CS-
fo group but nonsignificantly lower than that in the VD-fo
group. At 3 months of age, Enterococcus was still significantly
lower in br infants who were born by CS than in fo infants.
However, for infants delivered by VD, the difference was not
significant between fo and br babies. These results indicated
that in addition to the food type, the VD delivery mode
might have a large impact on the abundance of Streptococcus
and Enterococcus, thereby neutralizing the impacts caused by
different feeding types. Moreover, researchers have indicated
that higher levels of Streptococcus sp. occur in patients suffering
from type 1 diabetes (Levin et al., 2016). Although these
bacteria may have additional negative effects, limited information
is available.

CONCLUSION

Differences in gut microbiota among infants based on specific
interactions of feeding type and delivery mode were obtained
in this study, which included a larger cohort than in previous
studies. Moreover, babies were exclusively fed breast milk or a
single brand of formula in our study rather than mixed food
types. It is worth mentioning that breastfeeding may neutralize
the effects of CS on the microbial α diversity, and VD may
neutralize the impacts of formula on the prevalence of specific
genera, such as Bifidobacterium, Streptococcus, and Enterococcus,
which should not be ignored in future research. Breastfeeding

and vaginal delivery (VD) are natural processes that confer
many benefits to infants’ gut microbiota and health. We can
conclude from our research that breastfeeding and VD can
decrease the probable adverse impacts caused by formula and CS
on gut microbiota.
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Preterm birth remains a major maternal and infant health issue worldwide particularly
with an increase in the global preterm birth rate, which requires more interventions to
manage the consequences of preterm birth. In addition to traditional complications,
recent studies have shown that the succession of gut microbiota of preterm infants
is disordered due to the systemic physiological immaturity, which confers negative
influences on the growth, development, and health of infants. In the present study,
we briefly discussed the prevalence of preterm birth worldwide and then highlighted
the signatures of gut microbiota in preterm infants within the first 1000 days of life
after the birth categorized into birth, infancy, and childhood. Afterward, we focused on
the potential association of clinical phenotypes typically associated with preterm birth
(i.e., necrotizing enterocolitis) with gut microbiota, and the potential directions for future
studies in this field are finally discussed.

Keywords: preterm, gut, microbiota, NEC, infant

INTRODUCTION

Preterm birth according to the definition of the World Health Organization (WHO) refers to
live birth of less than 37 completed gestational weeks counting from the first date of the last
menstrual period. Globally, preterm birth still remains a major challenge for maternal and infant
health even though advanced developments in medicine and therapeutics have been made in the
past years. Causes of preterm birth are multiple, such as infections, inflammations, and maternal
stress; however, the precise underlying mechanisms have not been completely understood in most
cases (Goldenberg et al., 2008; Kovler et al., 2021; Weitkamp, 2021). Over the short- and long-
term course since birth, survived preterm infants face an increased risk of morbidities, such as
necrotizing enterocolitis (NEC), sepsis, feeding difficulties, and the dysbiosis of gut microbiota
(Chawanpaiboon et al., 2019; Olm et al., 2019).

Diverse microbial communities (i.e., the microbiota) have been characterized and mined at
various taxonomic and functional levels across human body sites, such as gastrointestinal tract,
oral cavity, skin, breast milk, and vagina (Hill et al., 2017; Ferretti et al., 2018; Fehr et al., 2020).
Mounting evidence indicate the linkage between the gut microbiota and human health (Tamburini
et al., 2016; Wang et al., 2020a). Notably, the early-life gut microbiota has a long-lasting effect on the
development of gut microbiota throughout the life (Roswall et al., 2021), and the dysbiosis of early-
life gut microbiota is implicated in changes in the gut microbial trajectory and in an increased risk
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of chronic diseases, such as diabetes, obesity, and asthma later in
life (Keag et al., 2018; Robertson et al., 2019; Wang et al., 2020a).

Preterm infants have been shown to possess differential
profiles of gut microbiota, which has drawn great attentions
not only from pediatricians but also from microbiologists and
immunologists (Hill et al., 2017; Olm et al., 2019; Healy et al.,
2022). It is known that the mutualistic relationship between
gut microbiota and the immune system in early life is critical
for infants’ growth (Gomez de Agüero et al., 2016), and a
disturbance of this balance may lead to the occurrence of diseases,
in particular NEC (Olm et al., 2019; Healy et al., 2022). In this
review, we mainly summarize the current prevalence of preterm
birth and changes in gut microbiota in the first 1000 days after
birth, then discuss the potential role of gut microbiota in the
occurrence of NEC during early life, and finally highlight the
future perspective for the microbiota research in preterm birth.

THE GLOBAL PREVALENCE OF
PRETERM BIRTH

Preterm birth is still a crucial health issue worldwide (Goldenberg
et al., 2008; Walani, 2020). Knowing exactly the burden and trend
of preterm birth worldwide remains a challenging issue due to
the sparsity and incompleteness of the actual records in many
countries, which, however, is needed in order to provide more
precise interventions from the policies and programs to research
and medical treatments (Vogel et al., 2018; Chawanpaiboon
et al., 2019). Based on the threshold of fewer than 37 completed
weeks of gestation, a recent systematic review of global, regional,
and national rates of preterm birth in 2014 was conducted by
retrieving the data from 107 countries (Chawanpaiboon et al.,
2019). The results indicated that the rate of globally estimated
preterm birth was 10.6% with an amount of 14.84 million preterm
births. Among the included countries, the highest preterm rate
was 13.4% in North Africa, and the lowest preterm rate was
8.7% in Europe. The majority of preterm births (81.1%) occurred
in Asia and Sub-Saharan Africa, the middle- and low-income
countries. Globally, the preterm birth rate increased from 9.8%
in 2000 to 10.6% in 2014 (Chawanpaiboon et al., 2019).

Specific cautions, however, are warranted for interpretation as
the systematical search and analysis of data from the publicly
available preterm reports may introduce slight biases due to
the disproportionate data and several methodological differences
across countries, such as the fact that the way and how a preterm
birth is monitored and reported (Vogel et al., 2018). The method
used to determine the gestational age of a pregnant woman, such
as early pregnancy ultrasound (the gold standard for gestational
age) and last menstrual period (used in the case of limited access
to early pregnancy ultrasound), can result in the incomparable
estimation of preterm birth. Other factors include, but are not
limited to, the definition of fetal viability, local clinical protocols,
data collection, and report strategies, particularly in low- and
middle-income countries (Vogel et al., 2018; Chawanpaiboon
et al., 2019). For example, Yang and colleagues observed that
the preterm birth rate was underestimated to be 7.6% based
on the last menstrual period with, which was lower by 1.5%

than that based on early ultrasound (Yang et al., 2002). Apart
from the actual survey, building a model to predict the rate
of preterm birth has also been used as national reports in
countries from Asian (including China) and African countries
when the availability of data on preterm birth is limited in a
national civil registration (Blencowe et al., 2012; Chawanpaiboon
et al., 2019). More recently, by establishing a standardized
nationwide monitoring system (China’s National Maternal Near
Miss Surveillance System) in China, a report regarding the
national preterm birth rate in China between 2012 and 2018 was
released, which also suggested an increase in the overall rate of
preterm births for both singleton and multiple pregnancies, from
5.9% in 2012 to 6.4% in 2018 of all pregnancies (Deng et al., 2021).
Indeed, further research is needed nationally and globally to
improve our appreciation of the epidemiology of preterm birth,
which can guide us to better predict and prevent preterm birth.

DEVELOPMENT OF GUT MICROBIOTA
IN PRETERM BIRTH

Gut microbiota has been indicated with mounting evidence to
be involved in human health and a range of diseases (Tamburini
et al., 2016; Ruuskanen et al., 2021). Once delivered, the
gastrointestinal tract of infants experience successive waves of
microbial exposure and colonization (Bäckhed et al., 2015; Hill
et al., 2017; Shao et al., 2019). The origin and determinant
of early-life microbial pioneers are not completely understood.
The early-life gut microbiota evolves from a relatively simple
diversity to gradual maturation toward an adult-like human gut
microbiota, which exerts a long-lasting effect in shaping the
composition and function of the microbiota throughout life.
Meanwhile, the early-life gut microbiota is temporally dynamic,
which can be influenced by a number of factors, such as delivery
mode, feeding practices, and gestational period (Shao et al., 2019;
Fehr et al., 2020; Healy et al., 2022), although to what extent
of contribution per factor is still questionable. Compared to
full-term infants, preterm infants experience many internal and
external challenges, such as physiology, medical treatments, diets,
and environments, all of which can detrimentally change the
acquisition and development of gut microbiota in early life (Hill
et al., 2017; Fouhy et al., 2019). In general, the marked microbial
signature of preterm infants in contrast to full-term infants is that
most preterm infants are mainly seeded with skin- and hospital-
associated microbiota instead of those derived maternally (Rao
et al., 2021). Moreover, the gut microbiota of preterm infants is
at risk of delayed and altered assembly of their gut microbiota,
which may be related to the prolonged presence of facultative
anaerobes rather than strict anaerobes (Drell et al., 2014; Ho et al.,
2018; Shao et al., 2019; Rao et al., 2021; Figure 1).

Meconium: Birth
Although the idea of whether the prenatal environment is sterile
remains questionable (Fricke and Ravel, 2021), the presence of
microbiota has been detected in meconium by using either next-
generation sequencing (NGS) or real-time PCR (Morais et al.,
2020; Hiltunen et al., 2021; Klopp et al., 2022). The meconium
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FIGURE 1 | The developmental trajectory and comparisons of full-term and preterm infants in the first 1000 days after birth. Compared to full-term infants, the
preterm infants show a dysbiosis of gut microbiota, typically with higher abundance and longer persistence of facultative anaerobes and opportunistic pathogens in
early life. This may be attributed to the physiological immaturity and an increase in the oxygen level in the gut lumen, which inhibits the proliferation and colonization
of strict anaerobic microbes.

microbiota normally exhibits large between-individual variation,
which is influenced by gestational age at birth (Klopp et al., 2022).
At the phylum level, the complexity of meconium microbiota
is low in most cases with a single phylum, such as Firmicutes,
Bacteroidetes, and Proteobacteria, as the most predominant ones
(Gómez et al., 2017; Hiltunen et al., 2021; Klopp et al., 2022).
The Bifidobacterium, Staphylococcus, Enterococcus, Streptococcus,
and Escherichia are the most abundant genera (Klopp et al.,
2022), and these are comparable to full-term infants except for
the genus Bacteroides which is present with high abundance
in full-term infants (Yassour et al., 2018; Wang et al., 2021).
This highlights the differences in colonization stability of early
microbes between infants born full-term and preterm. When
comparing the overall diversity of meconium microbiota from
preterm birth to full-term infants, the preterm infants exhibited
lower alpha diversity and could be clustered separately based on
unweighted UniFrac distance (Hiltunen et al., 2021). The genera
of Bacillus and Megamonas were significantly associated with
infants born less than 32 weeks of gestation, and genera of Proteus
and Paraprevotella were significantly associated with infants born
from 32 to 37 weeks of gestation (Hiltunen et al., 2021).

Importantly, when transplanting gut microbiota of meconium
from infants born preterm to germ-free mice, compared to
the mice receiving gut microbiota from full-term infants,
the mice showed lower weight gain, increased inflammatory
cytokine gene expression, and decreased metabolic hormone
levels, suggesting impeded growth, intestinal immune function,

and metabolism of the mice receiving gut microbiota from
preterm infants (Hiltunen et al., 2021). Notably, mice receiving
gut microbiota from infants born from 32 to 37 weeks of
gestation exhibited intermediate performance when compared
to mice receiving gut microbiota from infants born less than
32 weeks of gestation and those receiving gut microbiota from
full-term infants. This phenomenon strongly suggested that the
succession of gut microbiota was associated with the gestational
age at birth in terms of taxa and microbial functions. However,
the detailed responsible elements such as specific microbes,
functional genes, and strain-level adaptations warrant further
investigation. In addition, whether the profile of microbiota from
the meconium is related to the occurrence of neonatal diseases
and making early predictions are imperative to explore in the
future (Dornelles et al., 2020).

Days 1–180: Infancy (First 6 Months of
Life)
The richness and diversity of gut microbiota are increased as
preterm infants grow (Drell et al., 2014), which, however, is
lower than the age-matched full-term infants (Arboleya et al.,
2012). Compared to full-term infants, that are normally rich
with increased beneficial microbes, such as Bifidobacteria and
Bacteroides and decreased facultative microbes when growing,
the gut microbiota of preterm infants conversely is characterized
with the persistence of Proteobacteria, such as Klebsiella and
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Escherichia, and delayed beneficial microbiota as discussed in
detail in an earlier study (Healy et al., 2022; Figure 1). In
the first week of life, the gut microbiota of preterm infants
was dominated by facultative anaerobic bacteria such as mainly
Staphylococcus, Enterobacteriaceae, and Enterococcus, while the
life was short for the genera of Bacteroides, Bifidobacterium,
and Lactobacillus that function as beneficial microbes with
resistance against pathogens (Drell et al., 2014). Nevertheless,
Drell and colleagues extended the analyses to the first 2 months
of life and found no beneficial bacteria as mentioned above,
except increases in some facultative anaerobic bacteria from
Klebsiella, Veillonella, Enterococcus, and Escherichia/Shigella
(Drell et al., 2014). It has to be mentioned that this pattern
of gut microbiota may be associated with a high risk of
infection due to microbial translocation from the gut. However,
in another study conducted by Hill et al. (2017), the presence
of Bifidobacterium and Bacteroides was detected in preterm
infants with gradual increases from the 1st week to 6 months
of life. These differences may be attributable to differences in
the gestational age, geographical location, and feeding patterns
that have been indicated to influence the composition of gut
microbiota (Vatanen et al., 2016; Korpela et al., 2018; Fehr
et al., 2020). In addition, the gut microbiota has been related
to host genetics (Sanna et al., 2022), which, however, is largely
relied on adult cohorts, and to our knowledge, influences of
host genetics on early-life gut microbiome remain obscure.
With a frequent sampling of fecal samples at different intervals
from preterm infants until discharge from the hospitals up to
2 months postnatal age, the succession of gut microbiota in
preterm infants was indicated to proceed in 4 phases, dominated
successively by Staphylococcus, Enterococcus, Enterobacter, and
finally Bifidobacterium (Korpela et al., 2018). With metagenomic
shotgun sequencing, the most prevalent and abundant species
across the first 6 months included Staphylococcus epidermidis,
Enterococcus faecalis, Klebsiella oxytoca, Klebsiella pneumoniae,
Escherichia coli, and Enterobacter cloacae (Gibson et al., 2016).

At a taxonomic rank above the genus, a dichotomous
developmental pattern of gut microbiota in preterm infants
was observed based on the relative abundance of class
Gammaproteobacteria. One group of preterm infants had a low
relative abundance of Gammaproteobacteria in the first 2 weeks,
which then increased as a function of postnatal age by the
4th week, whereas the second group of preterm infants began
with a high relative abundance of Gammaproteobacteria with
a gradual decrease by the 3rd week of life. All preterm infants
showed a comparable abundance of Gammaproteobacteria
by the 4th week of life (Ho et al., 2018). The high
relative abundance of Gammaproteobacteria in the second
group was highly posited to be vertically transmitted from
maternal gut microbiota as vaginal birth was identified
to be the leading determinant. However, this hypothesis
was not investigated due to the unavailability of maternal
fecal samples (Ho et al., 2018). Additionally, the dynamics
of classes Bacilli and Clostridia differed between preterm
infants and was significantly involved in the succession of
gut microbiota of preterm birth (La Rosa et al., 2014;
Ho et al., 2018).

Although the NGS has comprehensively expanded the
microbial diversity in early life, NGS is limited to providing the
relative abundance of taxa rather than the absolute amount. In
order to overcome this limitation, Rao and colleagues developed
a cell-based multi-kingdom spike-in method to quantify the
absolute abundances within a given microbiota and applied it
to the gut microbiota of preterm infants in the first 7 weeks of
life (Rao et al., 2021). The total gut bacterial load in the preterm
infant gradually increased as infants aged. Being consistent
with the findings of Korpela et al. (2018), the gut microbiota
during this period of preterm infants also clustered primarily
into 4 distinct states, but with different dominant genera
such as Staphylococcus, Klebsiella, Escherichia, or Enterococcus,
independent of diet or delivery mode. Notably, both the first
community states were dominated by the genus Staphylococcus
in the early stage of life (Korpela et al., 2018; Rao et al., 2021).
Following that, the community state gradually shifted to one
dominated by Klebsiella, Enterococcus, or Escherichia. Apart from
the inconsistency in sampling time points, this may also be
caused by other technical factors, for example, the sequencing
approach (16S amplicon sequencing vs. shotgun sequencing), and
the quantitative method (relative vs. absolute abundance).

Breast Milk Microbiota of Preterm Birth
Breast milk contains a large range of macronutrients- and
micronutrients, and microbes that play a vital role in shaping
the gut microbiota of infants affect short-term and long-term
health (Ahern et al., 2019; Fehr et al., 2020). Our current
knowledge about breast milk microbiota is largely from healthy
mothers who gave birth at full-term, which may differ from breast
milk produced by the mothers who had a preterm birth while
considering complications normally associated with preterm
birth and extended mother-infant separation. Encouragingly,
Asbury and colleagues characterized the taxonomic profile
of breast milk of 86 preterm mothers and found overall
changes in the abundance of certain genera over the first 8
postpartum weeks and highly individualized temporal changes
(Asbury et al., 2020). The 5 most predominant genera included
Staphylococcus, Acinetobacter, Pseudomonas, Corynebacterium,
and Streptococcus over all investigated preterm mother’s milk,
which was influenced by maternal characteristics, such as
delivery mode, pre-pregnancy BMI, and the class, timing,
and duration of antibiotics. This pattern of microbiota was
slightly different from the breast milk of full-term mothers,
which mainly comprised Streptococcus, Pseudomonas, and
Staphylococcus (Murphy et al., 2017; Wang et al., 2020b).
Genus Streptococcus is commonly present in the oral microbial
community and may be one origin of breast milk microbiota,
and the decreased abundance of Streptococcus in mothers
of preterm birth may reflect infants receiving milk mainly
by feeding tube during their hospital course (Asbury et al.,
2020). More research on the composition and succession of
microbiota from breast milk of mothers giving preterm birth
is needed, which is supposed to be much complicated than
that of full-term mothers, due to a longer stay in hospital and
clinical treatments.
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Days 180–1000 and Beyond: Childhood
As described above, the gut microbiota of preterm birth in
infancy differs from full-term infants, which is proposed to
leave a longer-term influence on the gut microbiota later in
life. However, the longitudinal follow-up of preterm infants to
elucidate the development of gut microbiota toward an adult-like
pattern is rarely available.

The increasing microbial diversity and decreasing
interindividual variability were observed as preterm infants
aged (Gómez et al., 2017). Firmicutes became the most abundant
phylum, followed by Actinobacteria and Bacteroidetes at 2
years of age instead of phylum Proteobacteria at 3 weeks of
life (Gómez et al., 2017). Notably, the majority of genera that
were hospital-associated were decreased, such as Escherichia coli,
Enterobacter aerogenes, Klebsiella pneumoniae, and species from
Enterococcus, Granulicatella, Serratia, Proteus, and Yersinia.
Consistent with the changes in diets (e.g., introduction of
solid food), the abundances of microbes that can degrade the
carbohydrates were increased, such as Bacteroides vulgatus,
Ruminococcus obeum, Ruminococcus bromii, and Lactococcus.
Additionally, microbes with the capacity to produce butyrate,
such as Anaerostipes caccae, Eubacterium hallii, and Coprococcus
eutactus, became prevalent (Gómez et al., 2017). However,
compared to full-term infants, preterm infants at 2 years of
age still showed a lower abundance of Bifidobacterium and
Lactobacillus (Gómez et al., 2017).

A recent study with fecal sampling of preterm and full-
term infants of up to 4 years of age demonstrated that
the gut microbiota of preterm infants overall exhibited lower
alpha diversity compared to full-term infants and clustered
separately at year 1 (Fouhy et al., 2019). The gut microbiota
of preterm infants at year 4 was clustered with that of full-
term infants at year 2, indicating a delayed succession of gut
microbiota of preterm infants (Fouhy et al., 2019). Several
discriminatory taxa at different levels associated with gestational
age were capable to be detected. In year 1, Lactobacillus and
Coprobacillus showed the greatest discriminatory power for
preterm infants, while full-term infants were discriminated by
Bacteroides and Fecalibacterium with the greatest power. In
year 2, the discriminative genera for preterm infants included
Streptococcus, while Parabacteroides was associated with full-term
infants. In year 4, some discriminative taxa were still detected
between preterm and full-term infants, i.e., Carnobacterium,
Desulfovibrio, and Phascolarctobacterium for preterm infants
and several species of Christensenellaceae, Lachnospiraceae, and
Ruminococcaceae for full-term infants (Fouhy et al., 2019).

ASSOCIATIONS OF GUT MICROBIOTA
WITH NECROTIZING ENTEROCOLITIS

The NEC has attracted a lot of attention of researchers from
different fields as this disease can progress to bowel necrosis,
sepsis, and mortality (Olm et al., 2019). The pathogenesis of NEC
remains largely unknown, and biomarkers to identify individuals
at high risk of NEC are also lacking. With the advancement of
sequencing technologies, NEC is proven to associate with altered

gut microbiota, i.e., specific overrepresented or underrepresented
species (Aziz et al., 2022; Healy et al., 2022). However, the
causal relationship and mechanisms between NEC and altered
gut microbiota are not fully determined.

As discussed above, preterm infants normally harbor an
increased abundance of Enterobacteriaceae compared to full-
term infants, and this signature of gut microbiota has been
related to the onset of NEC in multiple studies (Morrow et al.,
2013; Olm et al., 2019). In order to exactly learn what happens
in the period immediately before NEC diagnosis, Olm and
colleagues longitudinally collected the stool from preterm infants
who developed NEC later (pre-NEC) and unexpectedly found
that Enterobacteriaceae was not significantly enriched in the gut
microbiota of preterm infants who developed NEC (Olm et al.,
2019). Based on this observation, the author suspected that the
positive association between Enterobacteriaceae and NEC may be
caused by antibiotic intervention (Olm et al., 2019). At a higher
taxonomic rank, Klebsiella pneumoniae was found to be the most
prevalent in the pre-NEC samples (52%) rather than in control
samples (23%) (Olm et al., 2019). Notably, replication rates of
all the detected bacteria, particularly Enterobacteriaceae, were
increased in pre-NEC samples, which may promote disease onset
(Olm et al., 2019). Further research indicated that the association
of altered gut microbiota with NEC can be stratified by the
bacterial capacity of binding maternal IgA (Gopalakrishna et al.,
2019). In the study carried out by Gopalakrishna et al. (2019)
maternal milk was the predominant source of IgA in the gut in
the first month of life, and a decrease in IgA-bound bacteria was
attributed to the development of NEC, and Enterobacteriaceae
was dominated in the IgA-unbound fraction of the bacteria
before the onset of NEC. However, due to the limitation of
taxonomic resolution from sequencing technology (i.e., 16S
amplicon sequencing) in this study, mechanisms underlying the
loss of IgA binding capacity remain unexplored, which may be
caused by the microbial genomic changes and strain adaptation.

In order to move the microbiota research from associations
to mechanisms, different methods have been adopted to build a
NEC-like model with animals for a better understanding of the
pathogenesis of the disease (Ares et al., 2018). Mihi et al. (2021)
with the murine NEC model observed the dynamic expression of
IL-22 in the terminal ileum of healthy neonatal mice across the
prenatal and postnatal periods, i.e., low-level expression before
weaning and increasing afterward. Although the deficiency of
IL-22 did not increase the susceptibility of neonatal mice to
NEC, the authors found that IL-22 administration reduced NEC
severity, enhanced epithelial cell regeneration, and protected
the integrity of the intestinal epithelial barrier (Mihi et al.,
2021). Surprisingly, IL-22 administration did not affect the
diversity and the community composition of gut microbiota in
NEC-induced model, providing a potential therapeutic strategy
for NEC treatment.

CONCLUSION

The prevalence of preterm birth is globally increasing, and
associated complications are recognized as the leading cause
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of early-life mortality, which thus require new interventions to
manage the consequences of preterm birth in the future. We
understand that early life is a critical window for the development
of the immune system and gut microbiota. As discussed above,
the gut microbiota of preterm birth lacks beneficial microbes,
however, compared to full-term birth, and our understanding
of gut microbiota of preterm birth is still limited, in particular,
the temporal dynamics across the early life based on longitudinal
cohorts and the absolute microbial abundances. Additionally,
investigations into interactions between gut microbiota and
various diseases in preterm birth, such as NEC and sepsis that are
closely related to microbes, are urgently necessary. It is imperative
to further disclose a range of specific biomarkers and build
a predictive model for diseases. Based on the differential taxa
and functions across the health and diseases, rational selection
and isolation of efficacious probiotic strains from the gut or
other sources can be served as novel strategies for preventing
diseases, such as personalized probiotics and artificial microbial
consortia. Moreover, breastfeeding has been suggested as an
effective strategy to decrease the incidence of NEC; however,

the underlying mechanisms such as the effective components
of breast milk and the relevant mode of action need to be
further explored. All these endeavors will help to predict,
prevent, and finally protect infants from diseases in clinical
practice.
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Zheng-Li Wang, Yu He, Lei Bao and Lu-Quan Li*

Neonatal Diagnosis and Treatment Center of Children’s Hospital of Chongqing Medical University,
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of Pediatrics, Chongqing, China

Background: Dysbacteriosis is thought to play an important role in the

pathogenesis of necrotizing enterocolitis (NEC). We aimed to identify new

biomarkers among gut microbiota and short-chain fatty acids (SCFAs) for the

early prediction of NEC.

Materials and methods: Thirty-four preterm infants with gestational ages

of ≤ 34 weeks who developed gastrointestinal symptoms were divided into

the NEC group (n = 17) and non-NEC group (n = 17). In the NEC group, the gut

microbiota and SCFAs in feces were assessed when the infants were enrolled

(Group P) and when they were diagnosed with NEC (Group N). In the non-NEC

group, samples were assessed when the infants were enrolled (Group C).

Results: The Ace and Chao1 indices were higher in Group P than in

Group C (P < 0.05), and there was no difference between Groups C

and N or between Groups P and N (P > 0.05). There was no significant

difference in the Simpson and Shannon indices among Groups C, P and

N (P > 0.05). The four main phyla showed no differences (P > 0.05) in

composition, while at the genus level, compared with Group C, in Group

P, Clostridioides, Blautia and Clostridium_sensu_stricto_1 were increased,

while Lactobacillus and Bifidobacterium were decreased (P < 0.05). At the

species level, Streptococcus salivarius and Rothia mucilaginosa increased,

while Bifidobacterium animals subsp. lactis decreased (P < 0.05). In Group

N, at the genus level, Stenotrophomonas, Streptococcus and Prevotella

increased (P < 0.05). Compared with those in Group C, the levels of

acetic acid, propanoic acid and butyric acid decreased significantly in

Groups P and N (P < 0.05), and the areas under the curves (AUCs)

of these three SCFAs between groups C and P were 0.73, 0.70, and

0.68, respectively.

Frontiers in Microbiology 01 frontiersin.org

34

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.969656
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.969656&domain=pdf&date_stamp=2022-08-17
https://doi.org/10.3389/fmicb.2022.969656
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmicb.2022.969656/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-969656 August 11, 2022 Time: 15:12 # 2

Liu et al. 10.3389/fmicb.2022.969656

Conclusion: The increase in Streptococcus salivarius and Rothia mucilaginosa

and decrease in Bifidobacterium_animals_subsp._lactis, as well as the

decrease in acetic, propionic and butyric acids, may help in the early

prediction of NEC.

KEYWORDS

neonatal necrotizing enterocolitis, gut microbiota, short-chain fatty acids,
metabolites, predict

Introduction

Neonatal necrotizing enterocolitis (NEC) is one of the most
serious gastrointestinal diseases during the neonatal period
(Neu and Walker, 2011). In preterm infants, the incidence
is 5–12% and up to 13% in those born with very low birth
weight. Despite improvements in the management of neonates,
the fatality rate is still as high as 20% to 30% and is even
higher in those requiring surgery (Foglia et al., 2019; Meister
et al., 2020). Severe neurological retardation, enterostenosis
after surgery, short bowel syndrome, cholestasis and other
complications can subsequently affect the quality of life of
infants (Frost et al., 2017; Allendorf et al., 2018). Therefore,
there is an urgent need to identify NEC early and intervene as
soon as possible.

The diagnosis of NEC depends mainly on clinical features
and imaging findings. However, it is always ignored in the
early stage, and once the typical features appear, it progresses
rapidly in most patients (Neu and Walker, 2011; Meister et al.,
2020). Therefore, some biomarkers, such as levels of fecal
calprotectin, high mobility group box-1 protein, and intestinal-
fatty acid binding protein, have been used to diagnose NEC early
(Arboleya et al., 2015; Willers et al., 2020; Huo et al., 2021).
However, most of these biomarkers are released due to epithelial
cell damage in the intestine with low detection sensitivity in the
early stage (Goldstein and Sylvester, 2019).

Epidemiological findings and animal models suggest that
dysbacteriosis is one of the risk factors for NEC and plays an
important role in the pathogenesis of NEC (Waligora-Dupriet
et al., 2005; Schnabl et al., 2008). Previous studies have shown
that decreased microbial diversity is one of the features of
infants with NEC (Lynch and Pedersen, 2016; Niño et al., 2016;
Dobbler et al., 2017; Lee et al., 2020) and that the abundance
of Proteobacteria is increased while those of Firmicutes and
Bacteroidota are decreased significantly in infants with NEC
(Pammi et al., 2017). These symptoms occur 72 h to 7 days
before the onset of NEC, so these microbiotas have early
predictive value for NEC to some extent (Mai et al., 2011;
Tarracchini et al., 2021). In addition, studies have shown that
the metabolites of microbiota also play an important role in
the disease process and have been regarded as a bridge between

microbiota and diseases, including NEC(Macia et al., 2015; Zhu
et al., 2016). Therefore, the relationship between microbiota
metabolites and NEC has received more attention in recent years
(Call et al., 2018; Neu and Pammi, 2018).

Many metabolites, including bile acids, short-chain fatty
acids (SCFAs), branched-chain amino acids, trimethylamine
N-oxide, tryptophan and indole derivatives, have been reported
to be important in physiological functions (McCarville et al.,
2020; Agus et al., 2021). Among these metabolites, SCFAs
have become a focal point in recent years. SCFAs are
organic fatty acids that contain 1–6 carbon atoms and
include formic acid, acetic acid, propionic acid, butyric acid,
isobutyric acid, valeric acid and isovaleric acid(Koh et al.,
2016). Studies have shown that SCFAs play an important
role in maintaining the integrity of the intestinal epithelium
and repairing the mucosa after injury (Gonçalves et al.,
2018; Kayama et al., 2020). For example, propionic acids
increase the expression levels of the tight junction proteins
zonula occludens-1 and occludin on the epithelial barrier in
patients with Parkinson’s disease (Huang et al., 2021), and
valeric acid can reduce the incidence of necrotic enteritis
in chickens (Onrust et al., 2018). However, few studies
have focused on the role of SCFAs in the pathogenesis of
NEC, and it remains unclear whether SCFAs are valuable
for predicting NEC.

The aim of this study was to explore the value of the gut
microbiota and SCFAs in predicting NEC and find new potential
biomarkers for the early diagnosis of NEC.

Subjects and methods

A prospective study enrolling neonates admitted to the
Neonatal Diagnosis and Treatment Center of Children’s
Hospital of Chongqing Medical University from April to
October 2021 was conducted. This study was approved by the
Ethics Committee of the Children’s Hospital Affiliated with
Chongqing Medical University (No. 2021-32-1) and registered
in the China Clinical Trial Center (ChiCTR2100044736).
Informed consent forms were obtained from the parents of the
enrolled neonates.
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Inclusion and exclusion criteria

The inclusion criteria were as follows: (1) infants with a
gestational age less than 34 weeks and (2) infants presenting
with one of the following symptoms, namely, abdominal
distension, vomiting or bloody stool. The exclusion criteria
were as follows: (1) infants who died during hospitalization or
were diagnosed with congenital gastrointestinal malformations
such as congenital intestinal atresia, megacolon, intestinal
malrotation or other gastrointestinal diseases such as food-
protein-induced enteritis or lactose intolerance; (2) infants for
whom fecal samples were not collected at enrollment or for
whom the microbiota and SCFAs were not completely assessed;
and (3) infants with a lack of consent to participate in this study.

Diagnostic criteria

NEC was diagnosed based on Bell’s diagnostic criteria
(Kliegman and Walsh, 1987). Infants who met the following
criteria were enrolled in the NEC group: (1) one or more
of the systemic symptoms, including drowsiness, an unstable
body temperature, apnea, and bradycardia and/or (2) had
one or more of the clinical signs, including gastric aspirate
with bile or emesis, abdominal distention, and occult and/or
gross bloody stool, and (3) had at least one of the imaging
findings, including pneumatosis intestinalis, portal vein gas
and/or pneumoperitoneum. The non-NEC infants enrolled at
the same time were matched 1:1 according to gestational age and
birth weight. The gestational age difference was less than 1 week,
and the birth weight difference was less than 250 grams. Feeding
intolerance (FI) in the non-NEC group was diagnosed based on
the following criteria: (1) gastric retention exceeding 50% of the
previous feeding volume; (2) the presence of emesis, abdominal
distention or both; and (3) a failed enteral feeding plan including
a decrease, detention, or discontinuity.

Data collection

Relevant clinical data of the enrolled infants were
collected, including baseline information, risk factors for
prenatal (maternal, gestational and intrapartum) and pre-
enrollment (feeding, antibiotic use, invasive procedures, etc.)
conditions, and hospitalization outcomes (duration, surgery
and other complications).

Faecal sampling and grouping progress

Naturally-excreted fecal samples were collected with
disposable sterile swabs. For infants who ultimately developed
NEC, fecal samples were collected at two different time-points

to identify the changes in the microbiota and SCFAs with
the development of disease. The two time-points were when
the infants were enrolled (Group P) and when they were
prospectively diagnosed with NEC (Group N). For infants
who did not develop NEC, samples were only collected when
they were enrolled (Group C) (Figure 1). Fresh samples were
immediately transferred to the laboratory, and every 250 mg
was aliquoted into 1.5-ml sterile enzymatic EP tubes, which
were then stored in a freezer at−80◦C.

Microbiota determination

Genomic DNA of the fecal microbiota was extracted with a
QIAamp FAST DNA Stool Mini-Kit (Qiagen, Hilden Germany)
as previously described (Liu et al., 2022). DNA extracts were
tested on a 1% agarose gel, and the concentration and purity
were assessed with a spectrophotometer (NanoDrop 2000 UV–
vis, Thermo Scientific, Waltham, MA, USA). The V3-V4
hypervariable region of the 16S rDNA genes was amplified
with primers 338F (5′-ACTCCTACGGG AGGCAGCAG-3′)
and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The cycles
were as follows: (1) initial denaturation at 95◦C for 3 min; (2)
denaturation at 95◦C for 30 seconds; (3) annealing at 55◦C
for 30 seconds; and (4) extension at 72◦C for 45 seconds.
After 27 cycles, an extension at 72◦C for 10 min was
performed. The products were extracted and recovered by 2%
agarose gel electrophoresis (Axygen Biosciences, United States)
and then quantified using a Quantus Fluorometer (Promega,
United States). Finally, amplicons were pooled in equimolar
amounts and subjected to paired-end sequencing (2 × 250) on
the Illumina MiSeq platform (San Diego, CA, United States)
following standard protocols. Reads were differentiated based
on primers and barcodes, and sequence orientation was adjusted
to ensure accurate barcode matching.

Raw microbiota data were processed with QIIME (version
1.9.1; Boulder, CO, United States). Briefly, bases with a quality
score less than 20 were truncated, and sequences longer
than 10 bp overlapped. Reads in overlapping regions of the
spliced sequences that exceeded the maximum mismatch ratio
of 0.2 were deleted. Sequences were ultimately divided into
operational taxonomic units (OTUs) using UPARSE (version
7.0.1090; La Jolla, CA, United States), and OTUs were clustered
with a similarity threshold of 97% (Amato et al., 2013).
Species classification was performed using silva138/16s_bacteria
taxonomic data with a classification confidence of 70%.

Short-chain fatty acids (SCFAs)
measurement

The methods have been previously described (Liu
et al., 2022). Standards for acetic, propionic, butyric,
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FIGURE 1

The inclusion, exclusion and grouping processes of the study.

isobutyric, valeric, isovaleric, and hexanoic acids were
prepared with ethyl acetate and 4-methylvaleric acid to
standard concentration gradients of 0.1 µg/mL, 0.5 µg/mL,
1 µg/mL, 5 µg/mL, 10 µg/mL, 20 µg/mL, 50 µg/mL and
100 µg/mL. Thirty milligrams of each fecal sample was
thawed, and 900 µL of 0.5% phosphoric acid was added
to resuspend the sample, which was then shaken for 2 min
and centrifuged at 14,000 × g for 10 min. Then, 800 µL
of the supernatant was added to an equal amount of ethyl
acetate to repeat the above processes, and 600 µL of the
upper organic phase was added to 4-methylvaleric acid as
an internal standard. The samples were separated by a DB-
WAX capillary column (30 m × 0.25 mm ID × 0.25 µm)
and analyzed by 7890A/5975C gas chromatography–mass
spectrometry (Agilent, Santa Clara, CA, United States).
Finally, MSD ChemStation software (Agilent, Santa Clara, CA,
United States) was used to extract chromatographic peak areas
and retention times. Standard curves were drawn, and the
SCFAs content was calculated.

Data analysis

All the clinical data, alpha diversity index values and SCFAs
contents were analyzed with SPSS statistical software (version
24; Chicago, IL, United States). Normally distributed data are
presented as the mean ± standard deviation (SD) and were

compared with matched samples t tests between two groups.
Non-normally distributed measurement data are presented as
medians (interquartile ranges, IQRs), and the Wilcoxon signed
rank-sum test was used. The comparison of SCFAs at different
time-points in one infant was performed with a generalized
linear mixed model. Count data were analyzed by Fisher’s
exact test. The comparisons of the gut microbiota composition
were performed with the Kruskal–Wallis H test. Principal
coordinate analysis (PCoA) based on the Euclidean distance
matrix of the beta diversity and other statistics was performed
with R language (version 3.3.1; Auckland, New Zealand).
Correlation heatmap analysis was conducted to show the
relationship between SCFAs concentrations and the microbiota
composition based on Spearman rank correlation in R. Receiver
operating characteristic (ROC) curve analysis was performed
with GraphPad Prism (version 9.0; La Jolla, CA, United States).
P < 0.05 was regarded as statistically significant. Figures
illustrating the microbiota results were drafted with R language
or GraphPad Prism.

Results

Clinical information

One hundred thirteen preterm infants admitted to our
department were enrolled, and 46 infants were suspected to
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have NEC at the time of enrollment. Among them, 29 infants
were excluded from further study due to obvious or suspected
gastrointestinal malformations (n = 13), the failure to collect
fecal samples at the time of enrollment (n = 13) and incomplete
determination of the microbiota and SCFAs (n = 3). Therefore,
17 infants with NEC were enrolled, and 5 developed intestinal
perforation on the day of enrollment (Figure 1). Compared
with the non-NEC group, the NEC group had a larger corrected
gestational age at the time of enrollment. Those with NEC had a
higher incidence of septicemia and longer hospitalization stays
(P < 0.05). There were no significant differences in other factors,
including general information, prenatal risk factors and other
risk factors, before enrollment (P > 0.05) (Table 1).

Microbiota characteristics

Determination and analysis of the microbiota were
performed for 46 samples, with 17 from Group P and 5
from infants diagnosed on the enrollment day with intestinal
perfusion; only 12 samples were assessed for Group N.
According to the pairing principle, 17 samples in Group C
were obtained (Figure 1). Core analysis was performed to
verify whether the sample size was sufficient, and the curve
eventually flattened, which means that the sample size was
reasonable (Supplementary Figure 1A). Analysis of similarities
(ANOSIM) based on the Bray–Curtis distance algorithm
showed that the difference among the three groups was not

TABLE 1 Clinical features of the infants enrolled in this study.

Non-NEC (n = 17) NEC (n = 17) X2/Z/t P

General information

Male, % (n) 52.9 (9) 76.5 (13) / 0.141

Admission age, M (IQR), h 0.08 (0.04,2.54) 0.08 (0.06,3.38) −0.489 0.624

Gestational age, x̄± S. D, w 30.48± 1.943 30.50± 2.120 −0.081 0.936

Birth weight, x̄± S. D, g 1442.35± 346.433 1427.35± 459.763 0.183 0.857

Cesarean section, % (n) 41.2 (7) 35.3 (6) / 0.500

Apgar 1 min, M (IQR) 8.00 (6.00,9.00) 8.00 (7.00,9.00) −0.996 0.319

Apgar 5 min, M (IQR) 9.00 (8.50,10.00) 9.00 (9.00,9.50) −0.965 0.334

Prenatal risk factors

PROM, % (n) 23.5 (4) 29.4 (5) / 0.500

Intrauterine distress, % (n) 11.8 (2) 5.9 (1) / 0.500

Maternal hypertension, % (n) 11.8 (2) 5.9 (1) / 0.500

GDM, % (n) 11.8 (2) 23.5 (4) / 0.328

Chorioamnionitis, % (n) 11.8 (2) 5.9 (1) / 0.500

Antenatal steroid use, % (n) 82.4 (14) 64.7 (11) / 0.219

Antenatal antibiotic use, % (n) 23.5 (4) 0.0 (0) / 0.051

Risk factors before enrollment

Formula milk feeding, % (n) 70.6 (12) 58.8 (10) / 0.360

Antibiotic course, M (IQR), d 5.00 (2.50,7.50) 4.00 (3.00,10.00) −0.259 0.796

Endotracheal intubation, % (n) 5.9 (1) 5.9 (1) / 0.758

PICC period, x̄± S. D, d 12.00± 11.040 19.18± 18.762 −1.737 0.102

PN courses, x̄± S. D, d 13.18± 11.690 18.29± 15.206 −1.384 0.186

Transfusion, % (n) 17.6 (3) 35.3 (6) / 0.219

CGA when enrolling, x̄± S. D, w 32.52± 1.794 33.99± 2.385 −3.763 0.002

Onset age of NEC, x̄± S. D, d / 30.24± 15.888 / /

Days from enrollment to the onset of NEC, x̄± S. D, d / 7.00± 7.640 / /

Outcome

Surgery, % (n) 0.0 (0) 23.5 (5) / 0.051

Septicemia, % (n) 23.5 (4) 88.2 (15) / 0.000

IVH, % (n) 17.6 (3) 23.5 (4) / 0.500

BPD,% (n) 47.1 (8) 41.2 (7) / 0.500

Shock, % (n) 5.9 (1) 23.5 (4) / 0.168

Hospital stays, x̄± S. D, d 48.41± 26.003 83.35± 47.911 −3.111 0.007

NEC, necrotizing enterocolitis; PROM, premature rupture of membranes > 18 h; GDM, Gestational diabetes mellitus; PICC, peripherally inserted central catheter; PN, Parenteral
nutrition; CGA, Corrected gestational age; IVH, Intraventricular hemorrhage; BPD, Bronchopulmonary dysplasia.
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significantly greater than that within the groups, indicating
that the grouping was comparable (Supplementary Figure 1B).
A rarefaction curve was drawn based on the Shannon diversity
index, and the flat curves showed that the number of sequences
measured was sufficient to reflect the vast majority of microbial
diversity information (Supplementary Figure 1C).

Diversity analysis

Alpha diversity was assessed based on the Ace and Chao1
richness indices and the Simpson and Shannon diversity indices.
The Ace and Chao1 indices in Group C were higher than those
in Group P (P < 0.05), and the Simpson and Shannon indices
showed no difference (P > 0.05). Groups C and N showed
no differences in the four indices. In addition, there were no
differences between Groups P and N (P > 0.05) (Figures 2A–
D).

PCoA showed that the samples in Groups C, P
and N were all relatively discrete, and the explanatory
values on the X and Y axes were 19.33% and 17.05%,
respectively. ANOSIM showed that there was no significant
difference in the beta diversity among the three groups
(P > 0.05) (Figure 2E).

Composition of microbiota

The number of OTUs in the three groups and the
shared relationship are shown in Venn diagrams. At the

phylum level, Proteobacteria, Firmicutes, Actinobacteriota and
Bacteroidota were the dominant phyla, and on the ternary
phase diagram, the phyla with a total amount of less than
1% were combined, which means that the four main phyla
accounted for more than 99% of the total composition.
At the genus level, the similarities and differences among
the three groups are shown in the heatmap, and different
colors show the abundance of different genera. Enterococcus,
Escherichia-Shigella, Staphylococcus, Enterobacter, Klebsiella,
and Acinetobacter were the main genera, and their relationships
with the phyla are presented in the phylogenetic tree
(Supplementary Figure 2).

When compared with Group C, in Group P,
Proteobacteria increased while Firmicutes, Actinobacteriota
and Bacteroidota decreased at the phylum level, but no
differences were observed (P > 0.05). Clostridioides,
Blautia and Clostridium_sensu_stricto_1 increased, while
unclassified_c_Bacilli, Lactobacillus and Bifidobacterium
decreased significantly at the genus level (P < 0.05). At the
species level, unclassified_g_Clostridioides, Streptococcus
salivarius and Rothia mucilaginosa increased, while
unclassified_c_Bacilli, unclassified_g_Lactobacillus and
Bifidobacterium animals subsp. lactis decreased (P < 0.05)
(Figures 3A–C).

When Groups C and N were compared, in Group
N, only Firmicutes decreased, while the other three
main phyla increased at the phylum level without
significant differences (P > 0.05). Stenotrophomonas,
Streptococcus and Prevotella increased at the genus level.
At the species level, unclassified_g_Stenotrophomonas

FIGURE 2

Alpha and beta diversity among Groups C, P, and N. The Ace and Chao1 indices in Group C were higher than those in Group P (P < 0.05), but
there were no differences between Groups C and N or between Groups P and N (P > 0.05). (A,B) The Simpson and Shannon indices showed no
difference among Groups C, P and N (P > 0.05). (C,D) There was no significant difference in the beta diversity among the three groups
(P > 0.05) (E).
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FIGURE 3

Community abundance of the gut microbiota in Groups C, P, and N. Differences between Groups C and P at the phylum (A), genus (B) and
species (C) levels. Differences between Groups C and N at the phylum (D), genus (E) and species (F) levels. Differences between Groups P and N
at the phylum (G), genus (H) and species (I) levels. ∗P < 0.05, ∗∗P < 0.01.

and unclassified_g_Streptococcus increased (P < 0.05)
(Figures 3D–F).

When Groups P and N were compared, in Group N,
Proteobacteria and Firmicutes decreased, while Actinobacteriota
and Bacteroidota increased without a significant difference
(P > 0.05). At the genus level, Faecalibacterium, Microbacterium
and Solobacterium increased, and at the species level,
metagenome_g_Prevotella, unclassified_g_Faecalibacterium,
unclassified_g_Microbacterium, uncultured_bacterium_g_
Solobacterium and Bacteroides_vulgatus increased, while
Candidatus_Planktophila_versatilis decreased (P < 0.05).
However, these genera and species accounted for a very small
proportion of the total (Figure 3G–I).

Short-chain fatty acids (SCFAs)
measurement

Acetic, propanoic, butyric and isovaleric acids decreased
significantly in Group P compared with Group C, and acetic,
propanoic, butyric and isobutyric acids decreased in Group
N compared with Group C. Additionally, the total amount
of SCFAs in Groups P and N was lower than that in Group
C (P < 0.05). Between Groups P and N, there were no
differences in any of the SCFAs (P > 0.05) (Figure 4). To
determine the value of SCFAs in predicting NEC, ROC curves
of acetic, propanoic and butyric acids between Groups C and
P were generated, and the AUCs were 0.73, 0.70, and 0.68,
respectively (Figure 5).

Relationship between short-chain fatty
acids (SCFAs) and the gut microbiota

The relationship between SCFAs and the gut microbiota
is shown in the heatmap. At the phylum level, acetic,
propanoic, butyric and isobutyric acids were negatively
correlated with Bacteroidota, and propanoic acid was positively
correlated with Firmicutes (P < 0.05). All SCFAs were
positively correlated with Proteobacteria; however, there was
no statistically significant difference (P > 0.05) (Figure 6A).
At the genus level, propanoic, butyric and isobutyric acids
were positively correlated with Halomonas, and most SCFAs
were negatively correlated with Lactobacillus, Bacteroides, and
Stenotrophomonas (P < 0.05) (Figure 6B).

Discussion

New biomarkers for the early prediction of the onset
of NEC are important. In this study, we found that
Streptococcus salivarius and Rothia mucilaginosa increased
and Bifidobacterium subsp. lactis decreased 7 days before
NEC occurred and that acetic, propionic and butyric
acid decreased, which showed great value for the early
prediction of NEC.

In our study, Proteobacteria increased, while Firmicutes,
Actinobacteriota and Bacteroidota decreased at the phylum
level, although without significance, and at the genus level,
Clostridioides, Blautia and Clostridium_sensu_stricto_1
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FIGURE 4

Comparison of short-chain fatty acids (SCFAs) concentrations among Groups C, P and N. (A) Acetic acid, (B) propanoic acid, (C) butyric acid, (D)
isobutyric acid, (E) valeric acid, (F) isovaleric acid, (G) hexanoic acid, and (H) total SCFAs. ∗P < 0.05, ∗∗P < 0.01.

FIGURE 5

The value of some short-chain fatty acids (SCFAs) in the prediction of NEC by ROC curve analysis. The AUCs of acetic (A), propanoic (B), and
butyric (C) acids between Groups C and P were 0.73, 0.70, and 0.68, respectively.

increased, while unclassified_c_Bacilli, Lactobacillus and
Bifidobacterium increased in infants with NEC. Consistent
with our study, Clostridium and Bacillus have been previously
considered as biomarkers for predicting NEC (de la Cochetiere
et al., 2004; Olm et al., 2019; Brehin et al., 2020). However, no
studies have clearly proposed which bacteria are closely related
to NEC. Therefore, we further analyzed the relevant microbiota
at the species level and found that Streptococcus salivarius and
Rothia mucilaginosa increased and Bifidobacterium subsp. lactis
decreased in the early stage of NEC. In addition, although
we found that bacterial species can help to predict NEC, the

prediction is limited by the detection methods; some bacteria
are identified as unclassified or uncultured species, and some
anaerobic bacteria cannot be easily detected clinically.

Our study found that SCFAs may be better biomarkers that
can reflect the overall characteristics of the microbiota and can
be determined more easily. We found that acetic, propionic and
butyric acid levels decreased significantly, and that ROC curve
analysis showed predictive values before the diagnosis of NEC.
Combined with the heatmap, the production of metabolites was
related to the decline in Firmicutes and Bacteroidota, although
there was no difference in their abundance at the phylum
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FIGURE 6

Relationship between the gut microbiota and short-chain fatty acids (SCFAs) on phylum (A) and genus level (B) in the study. The change in color
reflects the data in the two-dimensional matrix. The color depth indicates the size of the value, and it can intuitively express the size of the value
in a defined color depth.

level. It might be the joint work of the gut microbiota to
produce metabolites.

Acetic, propionic and butyric acids are the main SCFAs,
which account for approximately 90-95% of the total SCFAs
in the human intestines (Soldavini and Kaunitz, 2013) and
are mainly produced by the fermentation of dietary fiber
by microbiota (McNabney and Henagan, 2017; Ghonimy
et al., 2018). The production of acetic acids is distributed
across different genera, such as Bacteroides, Bifidobacterium,
Lactobacillus and Prevotella, which ferment pyruvate in the
acetyl-CoA or Wood-Ljungdahl pathway. Propionic acid is
mainly produced from succinate by Bacteroides and Veillonella
via the succinate pathway or from lactate by Propionibacterium
via the acrylate pathway or propylene glycol pathway. Butyric

acid is mainly produced by Clostridium, Lactobacillus, and
Clostridium perfringens from acetyl-CoA and butyryl-CoA
via the typical pathway or from lactate and acetate via the
lactate pathway (den Besten et al., 2013). Previous studies
have shown that SCFAs play important roles in intestinal
inflammation and are involved in intestinal injury. Li et al.
found that a certain concentration of acetic acid alleviated high-
carbohydrate-induced intestinal inflammation by inhibiting
MAPK activation and NF-κB phosphorylation (Li et al., 2020).
Pace et al. showed that propionic and butyric acids can inhibit
the intestinal inflammatory response in a human model by
reducing the expression of the proinflammatory cytokines
Mcp-1 and IL-8 and the gene transcription of chemotactic
cytokine family members (Pace et al., 2021). Our previous
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study found that butyrate intervention attenuated intestinal
inflammation and partially corrected dysbacteriosis in mice
with NEC (Sun et al., 2021). Thus, the changes in acetic,
propionic and butyric acids in our study can reflect the gut
conditions caused by NEC and may be helpful for early
prediction. In addition, the detection method is simple, and
the detection duration is greatly shortened compared with that
for detecting the gut microbiota, which makes it easier to be
applied clinically.

Walker and Claud first proposed the hypothesis that
decreased diversity may lead to NEC in 2001 (Claud and
Walker, 2001), which was confirmed by previous studies.
However, in our study, the richness of the gut microbiota
in the NEC group before the onset of NEC was higher
than that in the control group, and the diversity indices
and beta diversity showed no differences among the three
groups. The larger corrected gestational age in infants with
NEC might be the cause of increased richness, which has a
strong influence on the development of the gut microbiota
during the neonatal period, especially in preterm infants (La
Rosa et al., 2014). The infants enrolled in our study were
those who presented with gastrointestinal symptoms, and those
in Group C were mostly diagnosed with FI. FI can lead to
a decrease in diversity and changes in beta diversity, and
studies have shown a pattern similar to NEC in patients
who developed FI (La Rosa et al., 2014; Li et al., 2021; Liu
et al., 2022), which can explain why the diversity showed no
differences in our study.

There were some limitations to our study. Our prospective
study enrolled infants with gastrointestinal symptoms,
but the difference in the time to disease development
was ignored, which may affect the microbiota. Second,
for the small sample size, the diversity of the microbiota
showed no difference, and the predictive value of SCFAs
was low in the ROC curve analysis. Further studies
with larger samples are needed to make our conclusion
more convincing.

Conclusion

Streptococcus salivarius and Rothia mucilaginosa increased,
Bifidobacterium_animals_subsp._lactis decreased and acetic,
propionic and butyric acids decreased before the diagnosis of
NEC, which may help in the early prediction of NEC.
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SUPPLEMENTARY FIGURE 1

Verification of the sample size, grouping and sequences. Core analysis
showed that the curve eventually flattened, and the sample size was
reasonable. (A) Analysis of similarities (ANOSIM) showed that the
difference among the three groups was not significantly greater than
that within the groups, which means that the three groups were

comparable. (B) The flat rarefaction curve showed that the numbers
of sequences measured were enough to reflect the diversity
information (C).

SUPPLEMENTARY FIGURE 2

Composition of the microbiota on different levels. Venn diagrams
showing the numbers and shared relationships of OTUs in Groups C, P
and N. (A) The phylum level was dominated by Proteobacteria,
Firmicutes, Actinobacteriota and Bacteroidota. (B), and the main phyla
accounted for more than 99% of the total composition (E). The
similarities and differences among the three groups at the genus level
and the abundance of different genera are shown in the heatmap. (F)
Enterococcus, Escherichia-Shigella, Staphylococcus, Enterobacter,
Klebsiella, and Acinetobacter were the main genera, and their
relationships with the phyla are presented in the phylogenetic tree (E).
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The oral microbiome, associated with both oral disease and systemic disease, 

is in dynamic status along the whole life, and many factors including maternal 

microbiomes could impact the oral microbiome. While fewer studies have 

been conducted to study the characteristics of the oral microbiome in 

neonates and the associated maternal factors. Hence, we  collected the 

microbiome of 15 mother-infant pairs across multiple body sites from birth up 

to 4 days postpartum and used high-throughput sequencing to characterize 

the microbiomes in mothers and their neonates. The oral microbiome in 

the neonates changed obviously during the 4 days after birth. Many bacteria 

originating from the vagina, skin, and environment disappeared in oral 

cavity over time, such as Prevotella bivia and Prevotella jejuni. Meanwhile, 

Staphylococcus epidermidis RP62A phage SP-beta, predominate bacterium 

in maternal skin microbiome and Streptococcus unclassified, main bacterium 

in vaginal microbiome, obviously increased in neonatal oral microbiome as 

time went on. Interestingly, as time progressed, the composition of the oral 

microbiome in the neonates was more similar to that of the milk microbiome 

in their mothers. Moreover, we  found that the changes in the predominant 

bacteria in the neonates were in line with those in the neonates exposed to 

the environment. Together, these data described the sharp dynamics of the 

oral microbiome in neonates and the importance of maternal efforts in the 

development of the neonatal microbiome.

KEYWORDS

dynamics, oral microbiome, neonates, maternal microbiome, high-throughput 
sequencing

Introduction

The oral microbiome, ranking the second in the microbiomes of the human body, plays 
a key role in both oral and systemic diseases, such as caries, periodontitis, preterm low birth 
weight, Alzheimer’s disease, and depression (Agnello et al., 2017; Zhang et al., 2018; Deo 
and Deshmukh, 2019; Guo et al., 2021; Wingfield et al., 2021; Ye et al., 2022). As well 
known, the oral microbiome is in a dynamic balanced state and many factors including the 
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host gene, delivery mode, breastfeeding habits, antibiotics, 
environment, and physiological changes could influence its 
composition (Xu et al., 2015; Tamburini et al., 2016; Kaan et al., 
2021). Among these factors, the effects of host gene, delivery 
mode, antibiotics used in pregnancy and lactation, and 
breastfeeding habits on the composition of microbiome are 
essentially the influences of the maternal microbiomes on the 
neonatal microbiomes (Dominguez-Bello et al., 2010; Chu et al., 
2017; Gomez et al., 2017). That is, maternal microbiomes could 
vertical and horizontal transmission to neonates and impact the 
composition of the microbiomes in neonates. For example, the 
vaginal bacteria are enriched in the microbiomes of vaginally 
delivered neonates and the skin microbiota are enriched in the 
microbiomes of the caesarean section delivered neonates 
(Dominguez-Bello et al., 2010, 2016).While, the difference of the 
microbiome induced by the delivery mode could be recovered 
with age (Chu et  al., 2017; Dzidic et  al., 2018). Meanwhile, 
neonates often acquire horizontally transmitted microbes from a 
family member in which they are in close contact with (Song et al., 
2013). Besides, there are significant differences in the oral 
microbiomes between never breastfed and breastfed neonates, and 
these differences could last up to 7 years (Dzidic et al., 2018; Butler 
et al., 2022; Davis et al., 2022). Also, an increased abundance of 
Veillonella is found in never breastfed neonates at 2 months when 
compared with breastfed neonates (Butler et al., 2022). As for the 
effects of antibiotics used at the delivery on microbiome, studies 
have found that Proteobacteria is enriched in the oral microbiome 
of the neonates exposed to antibiotics while Streptococcaceae 
dominates in the unexposed neonates (Gomez-Arango et  al., 
2017). But these studies have not observed the changes of the 
neonatal oral microbiomes across several time points in the first 
4 days postpartum and they also have not analyzed the effects of 
maternal microbiomes on neonatal oral microbiome in the early 
life (Lif Holgerson et al., 2015; Dzidic et al., 2018; Kennedy et al., 
2019). Moreover, early microbial community plays a major role in 
the development of the oral microbiome and is a source of 
pathogenic and protective microorganisms in throughout life 
(Lamont et al., 2018; Xiao et al., 2020). To this end, we recruited 
15 mother-neonate pairs to investigate the dynamics of the oral 
microbiome in neonates and assess the associated impact of the 
maternal microbiomes.

Materials and methods

Inclusion and exclusion criteria

All the participants were recruited from Maternal and Child 
Hospital of Hubei Province. This study was approved by the ethics 
committee of this hospital.

Pregnant women who met the following criteria were 
included: (a) pregnant women aged older than 18 years old; (b) 
those at greater than 28 weeks of gestation; (c) those who were 
pregnant for the first time and had a singleton pregnancy; and (d) 

those who were able to cooperate during the whole study and 
signed the informed consent form.

Pregnant women were excluded if they met one of the 
following criteria: (a) were multiparous woman; (b) were 
multigravida; (c) suffered from bacterial vaginitis, colpitis 
mycotica, and cervical ectropion; (d) had a history of 
polycystic ovarian syndrome, uterine fibroids, endometriosis, 
and adenomyosis; (e) underwent intravaginal administration 
during pregnancy or 1 year before pregnancy; (f ) had a history 
of urological and/or vaginal surgery; (g) had a history of the 
use of antibiotics and/or probiotics during pregnancy; (h) 
received supragingival scaling, scaling and root planning, 
exodontia, and oral appliance during pregnancy; (i) were 
infected with human immunodeficiency virus, hepatitis B 
virus, hepatitis C virus, Mycobacterium tuberculosis, and 
Treponema pallidum; (j) had a history of toxic shock syndrome, 
autoimmune disease, familial disease, and metabolic 
syndrome; and (k) had a history of radiation therapy 
and chemotherapy.

Only healthy neonates with a gestational age over 37 weeks 
and a weight greater than 2,500 g were included in our study. 
Moreover, neonates meeting at least one of the following criteria 
were excluded: (a) were preterm and had a low birth weight; (b) 
had asphyxia; (c) suffered from infectious diseases, such as 
neonatal septicemia, infectious pneumonia, and cytomegalovirus 
infection; and (d) had congenital malformations.

Samples collection

Characteristics of population informatics and medical history 
were collected. Moreover, the length of gestation, delivery mode, 
date of birth, and weight and height of the neonates were 
also recorded.

No drinks or food were consumed 2 h before collecting 
unstimulated whole saliva in the morning. For pregnant women, 
saliva was collected with sterile tubes before parturition. For 
neonates, sterile cotton swabs were used to collect saliva at three 
time points: the first hour after birth, the morning of the first day 
and the fourth day after birth. The maternal microbiomes of 
vagina were also collected with sterile cotton swabs before the 
parturition. Breast milk and the nipple derma microbiome were 
collected with sterile tubes on the first day after parturition (details 
showed in Figure  1). All samples were stored at −80°C for 
further analysis.

Deoxyribonucleic acid extraction and 
PCR amplification

Deoxyribonucleic acid (DNA) from all samples was 
extracted with a HiPure Soil DNA Mini Kit (Magen, Shanghai, 
China) on a fume cupboard. After lysis, precipitation, and 
dissolution, the concentration of DNA was detected by a 
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Nanodrop (Thermo Fisher Scientific, United States). Then, the 
same amount of DNA from all samples was diluted to 2 ng/μl 
for PCR amplification. Next, 16S ribosomal ribonucleic acid 
(rRNA) universal primer (27F/1492R) with the forward 
sequence 27F 5′-AGRGTTYGATYMTGGCTCAG-3′ and 
reverse sequence 1492R 5′- RGYTACCTTGTTACGACTT-3′ 
was used to amplify all the extracted DNA according to the 
instruction of the KAPA HiFi ReadyMix PCR Kit (Roche, 
United  States). The process of PCR amplification was as 
follows: initial denaturation at 95°C for 3 min, 25 cycles 
including denaturation at 95°C for 30 s, annealing at 56°C for 
30 s, extension at 72°C for 60 s, and final extension at 72°C for 
5 min. Finally, a 1.5% agarose gel was used to detect whether 
the extracted DNA was of good quality. That is, the 
amplification products had a single band of 1.8 Kbp, which 
suggested that the DNA was of good quality.

Second PCR amplification with barcode 
primers and sequencing

16S rRNA universal primer with Barcode was used to perform 
the second PCR amplification, and 2.0% agarose gel was used to 
detect whether these products had a single band. Then, these 
products were quantified with a Qubit (Thermo Fisher Scientific, 
United  States) and mixed proportionally. After DNA damage 
repair, adapter ligation, and purification, the products were used 
to construct a SMRTbell library with a SMRTbell Template Prep 
Kit 1.0-SPv3 (PacBio, United  States). Finally, the second PCR 
amplification products were sequenced with a DNA/Polymerase 
Binding Kit 3.0 (PacBio, United States) using the PacBio platform 
at Wuhan Frasergen Bioinformatics Co., Ltd. (Wuhan, China). The 
data were available in https://www.ncbi.nlm.nih.gov/sra/
PRJNA892775.

Sequence data pre-processing and 
analysis

In pre-processing, we used the Cutadapt software to remove 
primers and other types of unwanted adapter sequences, and to 

find and retain the sequences with 16S double-ended primers. 
Meanwhile, Usearch software were used to discard reads with 
lower quality and singleton, to merge or assemble pairs, to remove 
dereplication, to filter chimeric sequence, and to obtain sequences 
in good read quality and length. Then, the Usearch was selected to 
generate operational taxonomic units (OTUs), and 97% similarity 
of 16S sequences were typically constructed as an OTU. Next, all 
the OTUs were aligned and annotated with the Silva database to 
obtain bacteria at various taxonomic levels. Later, sequence data 
analysis was performed to further study the characteristics and 
differences in the microbiome in various groups.

A Venn diagram was used to describe the number of shared 
OTUs and unique OTUs among the groups and was visualized 
with the R software package. The Chao1 and Shannon indices 
were used to show the community richness and diversity of the 
microbiomes, respectively. These analyses were performed with 
Mothur version v.1.30. Three methods were selected to analyze 
the similarities and differences in the composition of the 
microbiome among individuals: principal coordinate analysis 
(PCoA), hierarchical clustering analysis, and nonmetric 
multidimensional scaling (NMDS). The bacterial community 
composition histogram was used to show the relative abundance 
of bacteria. However, only the relative abundance of species 
greater than 1% in each group was shown in the composition 
histogram. STAMP analysis was performed to analyze the 
differences between microbes, and ANOVA was selected to 
conduct this analysis among more than three groups. STAMP 
analysis was conducted with STMAP v2.0 software, and then 
the significant bacteria in this analysis were linearly fit. This 
figure was visualized by the R language ggplot 2 software 
package. Moreover, the relative abundances of the top 20 taxa 
at the species level for each group were shown in STAMP 
analysis figures. Furthermore, linear discriminant analysis effect 
size (LEfSe), which was a nonparametric factorial Kruskal–
Wallis (KW) sum-rank test along with linear discriminant 
analysis (LDA), combined statistical significance and biological 
relevance, and was used to determine the biomarkers among 
groups. This analysis was performed on LEfSe software, and the 
relative abundances of the top 20 taxa at the species level of each 
group were shown in the LEfSe plot. A P value less than 0.05 
was statistically significant, and the LDA threshold was 2.0.

FIGURE 1

The sample timeline across the time points.
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Results

There were 15 mothers and their neonates included in this 
study. The average reproductive age of the pregnant women was 
28.3 years, and the average gestation time was 39 weeks and 6 days. 
There were 15 maternal oral microbiome samples (M group), 13 
maternal nipple derma microbiome samples (D group), six 
maternal vaginal microbiome samples (V group), 13 maternal 
breast milk microbiome samples (Mi group), 12 neonatal oral 
microbiome samples within 1 h after birth (N1h group), 14 
neonatal oral microbiome samples on the first day after birth (N1d 
group), and 15 neonatal oral microbiome samples on the fourth 
day after birth (N4d group). The details of included samples were 
showed in Table 1.

Venn diagram of the microbiomes across 
multiple sites in neonates and mothers

After clustering, 294, 101, 107, 194, 208, 122, and 236 OTUs 
were obtained in the N1h, N1d, N4d, M, D, V, and Mi groups, 
respectively (shown in Figures 2A,B). Interestingly, compared 
with the other groups, the N1h group had the greatest number 
of OTUs, followed closely by the Mi group. In addition, the 
number of OTUs in the neonates decreased rapidly within 
4 days after birth, which showed that the number of bacteria in 
the neonatal groups decreased over time and that the 
composition of the oral microbiome in the neonatal groups 
obviously changed. Moreover, there were 59 OTUs shared by all 

the neonatal groups and 52 core OTUs found in all the maternal 
groups (shown in Figures 2A,B, and the shared OTUs shown in 
Supplementary Tables 1, 2). Notably, there were only 31 OTUs 
shared by both the neonatal groups and maternal groups, while 
over 50% of the microbiomes in all the groups were composed 
of the 31 core OTUs (shown in Figures 2C,D, and the shared 
OTUs shown in Supplementary Table 3).

Alpha and beta diversity analysis of the 
microbiomes in the neonates and 
mothers

As shown in Figures 3A,B, the Chao1 and Shannon indices in 
the M group were higher than those in the neonatal groups, which 
suggested that the community richness and diversity in the M 
group were significantly higher and richer than those in the 
neonatal groups. Moreover, no significant difference in community 
richness and diversity was found between the N1h and Mi groups 
or between the V and D groups. Interestingly, the community 
richness of the oral microbiome significantly decreased over time 
after birth, while there was no difference in the community 
diversity among the three neonatal groups (shown in Figure 3B). 
Notably, the V group had the lowest Shannon index among all 
groups, indicating that there were fewest kinds of microbes in the 
vaginal microbiome than in the other microbiomes.

As shown in Figure  3C, the samples of the N1h group 
separated from those of the N1d group and N4d group in both 
axes. The samples of the M group were also far from all the 
neonatal groups on both axes. However, samples of the N1d 
group, N4d group, and Mi group could not be separated from each 
other at both axes. These PCoA results were also obtained in 
NMDS analysis (shown in Supplementary Figure  1). The 
hierarchical clustering tree showed that most samples from the 
N1d group and N4d group were clustered together and far from 
samples in the N1h group (as shown in Figure 3D). In addition, 
all the samples in the M group were clustered together and far 
from the samples in the neonatal groups. The samples in the Mi 
groups were not clustered together and near the samples in the 
N1d group and N4d group. These hierarchical clustering trees 
suggested that the composition of the oral microbiome in the N1h 
group was different from that in the N1d group and N4d group, 
and the composition in the M group was dramatically different 
from that in the neonatal groups. Moreover, the compositions of 
the microbiomes in the N1d group, N4d group, and Mi group 
were similar. All these results were in line with the results of PCoA 
and NMDS analysis.

Composition analysis and LEfSe analysis 
of microbiomes

After alignment to the Silva database, there were 19 phyla, 26 
classes, 108 families, 226 genus, and 375 species obtained in all 

TABLE 1 The details of included samples.

Ma Mib Db Va N1hc N1dc N4dc

001 √ √ √ √ √ √

002 √ √

003 √ √ √ √

004 √ √ √ √ √ √

006 √ √ √ √ √ √

010 √ √ √ √ √ √

011 √ √ √ √ √ √

013 √ √ √ √ √ √ √

014 √ √ √ √ √ √

017 √ √ √ √ √ √

018 √ √ √ √ √ √ √

019 √ √ √ √ √ √ √

020 √ √ √ √ √ √

023 √ √ √ √ √ √

024 √ √ √ √ √ √ √

M, maternal saliva; Mi, maternal breast milk; D, the nipple derma microbiome from 
mothers; V, maternal vaginal microbiome samples; N1h, neonatal oral microbiome 
samples within 1 h after birth; N1d, neonatal oral microbiome samples on the first day 
after birth; and N4d, neonatal oral microbiome samples on the fourth day after birth. 
asamples were collected before parturition.
bsamples were collected on the first day after parturition.
csamples were collected after parturition.
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samples. As shown in Figure  4A, Streptococcus unclassified, 
Lactobacillus crispatus, Lactobacillus iners DSM 13335, and 
Lactobacillus helveticus were the predominant bacteria in the N1h 
group. The dominant bacteria in the N1d group were similar to 
those in the N4d group and Mi group. That is, Streptococcus 
unclassified, Gemella haemolysans, and Staphylococcus epidermidis 
RP62A phage SP-beta were enriched in the three groups. Moreover, 
Streptococcus unclassified, Neisseria flava, and Veillonella 
unclassified were the main bacteria in the M group. The 
predominant bacteria in the V group were Lactobacillus crispatus 
and Lactobacillus iners DSM 13335. The relative abundance of 
Staphylococcus epidermidis RP62A phage SP-beta in the D group 
was over 40% and became the common bacterium.

Next, we  performed LEfSe analysis to further search for 
statistical and biological biomarkers among the groups. When 
comparing the microbiomes from different maternal body sites, 

the biomarkers in the D group were Staphylococcus epidermidis 
RP62A phage SP-beta, Cutibacterium acnes C1, Gemella 
haemolysans, and Streptococcus parasanguinis. Moreover, 
Ralstonia insidiosa and Weissella hellenica were the biomarkers in 
the Mi group. In addition, Lactobacillus iners DSM 13335, 
Lactobacillus helveticus, and Lactobacillus crispatus were 
biomarkers of the vaginal microbiome (V group). Neisseria flava, 
and Porphyromonas gingivalis were the biomarkers in the M 
group (shown in Figure  4B). As shown in Figure  4C, the 
biomarkers found in the V group and D group also became 
biomarkers in the N1h group, such as Lactobacillus crispatus, 
Lactobacillus helveticus, and Cutibacterium acnes C1. Gemella 
haemolysans and Streptococcus parasanguinis, which were the 
biomarkers in the D group, were the biomarkers of the oral 
microbiome in the N1d group and N4d group, respectively. The 
biomarkers of the different maternal sites could also 

A B

C D

FIGURE 2

Venn diagram of the microbiomes across multiple sites in the neonates and their mothers. (A–C) The Venn diagram illustrated the number of 
OTUs in each group and showed the shared OTUs among the neonatal groups (A), maternal groups (B), and all seven groups (C). (D) The 
contributions of these 31 shared OTUs to the microbiomes in all groups were shown in the histogram.

50

https://doi.org/10.3389/fmicb.2022.1052525
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Guo et al. 10.3389/fmicb.2022.1052525

Frontiers in Microbiology 06 frontiersin.org

be biomarkers in the oral cavity of neonates, which suggested that 
the maternal environment contributed to the oral microbiome in 
neonates. Moreover, the changes in biomarkers in the neonatal 
groups once again showed that the oral microbiome was not 
stable during the 4 days after birth. Interestingly, cariogenic 
bacteria and periodontal pathogens colonized the oral cavity in 
the first hour after birth and even became biomarkers of the oral 

microbiome in the N1h group, such as Rothia dentocariosa and 
Porphyromonas gingivalis (shown in Supplementary Table 4).

STAMP analysis of microbiomes to 
investigate different bacteria among 
groups

STAMP analysis was selected to identify different microbes 
between groups. When compared with the M group, the relative 
abundance of Streptococcus unclassified (details shown in 
Supplementary Figure  2A) and Streptococcus parasanguinis 
significantly decreased in the N1h group and sharply increased in 
the oral microbiome over time after birth, while the relative 
abundance of Cutibacterium acnes C1, Lactobacillus crispatus, and 
Lactobacillus helveticus obviously increased in the N1h group and 
then decreased in the N1d group and N4d group (shown in 
Figure  5A and Supplementary Figures 2A–E). Moreover, 
Staphylococcus epidermidis RP62A phage SP−beta increased rapidly 
after birth as time progressed, and the change in Neisseria flava was 
the opposite  (details shown in Supplementary Figures 2F, G). 
Fascinatingly, Veillonella unclassified significantly decreased in the 
neonatal groups, and its relative abundance in the N1d group was 
the lowest among the four groups (details shown in 
Supplementary Figure 2H). Furthermore, Gemella haemolysans 
and Rothia uncultured organism increased transiently in the N1d  
group among the four groups (details shown in  
Supplementary Figures 2I, J). Among the comparisons, except for 
the common oral bacteria, many predominant bacteria of the 
vagina, skin and milk changed obviously in the neonatal groups, 
which also suggested that the composition of the oral microbiome 
in the neonatal groups was different from that in the 
maternal groups.

Further analysis showed that the relative abundance of 
Staphylococcus epidermidis RP62A phage SP-beta and 
Staphylococcus unclassified, the common skin bacteria in the D 
group, significantly increased in the N1d group and N4d group 
but was still lower than that in the D group (shown in Figure 5B 
and in Supplementary Figures 3A,B). For the other common 
skin bacterium, Cutibacterium acnes C1 obviously decreased in 
the neonatal groups over time (shown in Figure  5B and in 
Supplementary Figure  3C). In the comparison with the Mi 
group, the relative abundance of Streptococcus unclassified in the 
N1d group and N4d group were higher (shown in Figure 5C  
and Supplementary Figure 3D). As shown in Figure 5D, the 
relative abundance of Lactobacillus crispatus and Lactobacillus 
iners DSM 13335 (details shown in Supplementary Figures 3E,F), 
the main bacteria in the V group, sharply decreased in the 
neonatal groups after birth. These results showed that the time 
of the changes in these predominant bacteria was in line with 
the time when neonates came into contact with their mothers 
and also suggested that many common bacteria in other parts 
of the body would colonize the oral cavity as neonates came into 
contact with their mothers.

A B

C

D

FIGURE 3

Alpha and beta diversity analysis of microbiomes in the neonates 
and their mothers. (A,B) The Chao1 index (A) and the Shannon 
(B) index of each group were analyzed by the number of OTUs in 
each group. Only the significance between maternal groups and 
neonatal groups were showed in the figures. ****p < 0.0001, 
***p < 0.001, **p < 0.01. (C) PCoA among all the groups was 
conducted on the basis of the weighted UniFrac distance and 
was shown along the first principal coordinate (PC1) and the 
second principal coordinate (PC2). PC1 and PC2 explained 39.34 
and 25.73% of the variation, respectively. (D) The weighted 
UniFrac-Hierarchical clustering tree presented similarities and 
differences in evolution within all the samples. The distance 
between the branches represented the UniFrac distance, and the 
nodes of the tree represented the same UniFrac distance.
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Discussion

Our study first showed that the oral microbiome changed 
sharply during the 4 days after birth, and the characteristics of the 

oral microbiome in the neonates varied from those of their 
mothers. Moreover, the dynamics of the oral microbiome were in 
line with the changes in the maternal environment to which the 
neonates were exposed.

A

B

C

FIGURE 4

Composition analysis and LEfSe analysis of microbiomes. (A) The bacterial community composition histogram of each group was shown by the 
species whose relative abundance in each group was greater than 1%. (B,C) The LEfSe plot showed the differentially abundant bacteria in the 
maternal microbiomes (B) and the neonatal oral microbiomes (C). The relative abundances of the top 20 taxa at the species level of each group 
were in the LEfSe plot. A p value less than 0.05 was considered statistically significant, and the LDA threshold was 2.0.
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During parturition, the environment of newborns changed 
obviously and was exposed to the vagina, skin and environment. 
It was reasonable that the number of OTUs in the N1h group (only 
the babies in the N1h group were named the newborns in our 
study) was the highest among the groups. As the body site was the 
primary determinant of the community of the microbiome, many 
bacteria could only transiently survive in the oral cavity (Adler 
et  al., 2021). For example, one study collecting the tongue 
microbiome of neonates from birth up to 3 days postpartum found 
that the composition of the tongue microbiome obviously changed 
and that many bacteria originating from the vagina, skin, and 
environment disappeared in the oral cavity over time (Ferretti 
et al., 2018). In our study, we also observed this phenomenon, and 
many bacteria, including Prevotella bivia and Prevotella jejuni, had 

disappeared in the N1d and N4d groups. This phenomenon could 
induce the diversity in the N1d group and N4d group lower than 
that in the N1h group. This phenomenon also resulted in that the 
bacterial communities in the N1h group were undifferentiated 
from those in the D group, V group and Mi group but could 
be essentially differentiated from those in the N1d group and N4d 
group. Apart from our study, a previous study found that the 
composition of the oral microbiome in newborns was similar to 
that of the skin microbiome as well as vaginal microbiome in their 
mothers (Dominguez-Bello et al., 2010). There was no significance 
of diversity analysis between the N1d group and N4d group, and 
the diversity in the two groups was significantly lower than that in 
the M group. All these results were in line with previous studies 
(Sulyanto et al., 2019; Williams et al., 2019; Lif Holgerson et al., 
2020). That is, the study found that there was no significance in 
the Shannon index and Richness index in the neonatal oral 
microbiomes from day 2 to day 5 after birth (Williams et  al., 
2019). Moreover, some studies found that although the richness 
and diversity increased continuously with age in toddlers, they 
were still lower than those of the maternal group (Sulyanto et al., 
2019; Lif Holgerson et al., 2020). In addition, we found that the 
composition of the oral microbiome in the N1d group and N4d 
group resembled that of the milk microbiome. As the 
bi-directional interaction between the mammary gland and the 
neonate’s oral cavity could provide a chance for the milk 
microbiome to settle in the oral cavity, the milk and neonatal oral 
microbiomes became increasingly similar to each other with age 
(Williams et al., 2019).

We also found that composition of maternal oral 
microbiome was different from that in neonatal oral 
microbiomes. Some reasons could be  used to explain this 
phenomenon (Gomez and Nelson, 2017; Kaan et al., 2021; Yao 
et al., 2021). Firstly, the different dentition situation between 
maternal oral cavity and neonatal oral cavity. A study had 
showed that the tooth eruption affected the composition of the 
oral microbiome, and the relative abundance of Streptococcus 
was over 60% during the pre-dentate period while sharply 
decreased with the eruption of the primary incisors (Xu et al., 
2022). Secondly, the huge age difference between mothers and 
neonates also induced the difference, and studies had found 
that some bacteria were less abundant at older ages (Huang 
et al., 2020; Schwartz et al., 2021). Thirdly, the varied diets 
between the mothers and neonates contributed to difference. 
For example, low carbohydrate high fat diet induced a decrease 
in the relative abundances of Neisseria and Prevotella spp. in 
adult, and breastfed induced an increased abundance of 
Veillonella in infants (Murtaza et al., 2019; Butler et al., 2022). 
Moreover, the different oral hygiene habits, including using 
floss and brushing, influenced the oral microbiome and using 
these habits could induce a low abundance of some caries-
associated genus, such as Campylobacter, Alloprevotella, and 
Leptotrichia (Hallang et  al., 2021; Rodrigues et  al., 2021). 
Thus, it was reasonable that the composition of the oral 
microbiome in mothers was different from that in their 

A

B

C

D

FIGURE 5

STAMP analysis of microbiomes to investigate different bacteria 
among groups. (A–D) STAMP analysis of neonatal groups in 
comparison with the M group (A), D group (B), Mi group (C), and 
V group (D), and then all the significant bacteria in each 
comparison were fit linearly. The y-coordinate represented the 
relative abundance of the species, and the x-coordinate 
represented the name of sample groups. The relative abundances 
of the top 20 taxa at the species level of each group were shown.
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neonates, and this was obtained in our study as well as in other 
studies (Dominguez-Bello et  al., 2010; Ferretti et  al., 2018; 
Williams et al., 2019).

As shown in STAMP analysis, the dynamics of the oral 
microbiome were in line with the changes in the environment, 
which was also obtained in other studies. For example, the oral 
cavity in newborns harbored vaginal bacteria when swabbed 
with gauze that was incubated in the maternal vagina 60 min 
before the caesarean section, and the oral microbiome 
community, diversity and richness significantly changed after 
the introduction of solid foods (Dominguez-Bello et al., 2016; 
Sulyanto et al., 2019). Interestingly, we found that there were 
many unique OTUs in different groups, but over 50% of the 
microbiomes in all the groups were composed of the 31 core 
OTUs. This result once again showed that although there was 
strong niche specialization in different sites of the human 
microbiome, there were still similarities in the composition of 
the microbiome (Human Microbiome Project C, 2012; Ding 
and Schloss, 2014). Moreover, the M group had the highest 
alpha diversities of OTUs, and the V group had the lowest alpha 
diversities, which was also in line with the findings of the 
human microbiome project (Human Microbiome Project 
C, 2012).

Many studies had shown that the mode of delivery affected 
the composition of the oral microbiome in newborns. That is, 
the oral microbiome in newborns delivered vaginally was 
similar in composition to the vaginal microbiome in their 
mothers; at the same time, the bacteria harbored in the oral 
cavity of the newborns delivered by caesarean section were 
similar to the bacteria on their mothers’ skin (especially 
referring to the abdomen; Dominguez-Bello et al., 2010; Chu 
et al., 2017). We found that the oral microbiome in the N1h 
group was generally dominated by the dominant bacteria of 
the vaginal microbiome. When we  grouped the samples 
according to the mode of delivery, the dominant bacteria 
harbored in the oral cavity of the newborns were still vaginal 
bacteria (data not shown). The main reason might be  that 
we could not determine whether the fetal membranes ruptured 
before the caesarean section or not. If the fetal membranes 
ruptured before the caesarean section, the vaginal microbiome 
would ascend and access the fetus (Wang et  al., 2021). 
Lactobacillus was also a common genus in the endometrial 
microbiome and the fallopian (Chen et al., 2017). Once the 
fetal membranes ruptured, the fetus could access these 
microbiomes right away, and these bacteria could settle in the 
oral cavity. Moreover, one study detected 18 taxa in human 
fetal meconium by 11–14 weeks of gestation, and Lactobacillus, 
commonly housed in the vagina, was the most abundant genus 
among them (Rackaityte et al., 2020). If so, our results might 
be acceptable. The last reason was that we only studied the 
communities of the nipple derma microbiome, not the 
abdominal microbiome. It was well known that the 
composition of microbiome in various skin sites was different 
(Skowron et al., 2021; Ogai et al., 2022). Thus, we could not 

analyze the effect of the abdominal microbiome of the mothers 
on the oral microbiome of their newborns.

Though we are the first study to observe the dynamics of 
oral microbiomes in neonates during the first 4 days after 
birth, especially in first 1 h after birth, and analyze the effect 
of maternal microbiomes on the neonatal oral microbiomes in 
details. There were still some limitations of our study. First, 
we did not collect the details of fetal membrane rupture and 
the abdominal microbiome, which would amplify the impact 
of the vaginal microbiome on the neonatal oral microbiome as 
well as diminish the contribution of the skin microbiome to 
the neonatal oral microbiome. Second, as the gut microbiome 
from the mothers could colonize the neonatal oral cavity in 
the neonates, we might have made mistakes when analyzing 
the source of the oral microbiome in the neonates without 
collection data on the gut microbiome (Ferretti et al., 2018). 
Moreover, we  could not analyze the contribution of the 
maternal oral microbiome to their baby’s initial bacterial 
community due to the limited follow-up time and the small 
sample size.

Conclusion

In conclusion, we found that the oral microbiome in neonates 
was not stable during the 4 days after birth, and the maternal 
microbiomes of the vagina, skin, and milk could affect the 
composition of the oral microbiome in the neonates. These results 
aided us in developing a good understanding of the role of the 
maternal environment in the maturation of the neonatal 
oral microbiome.
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Introduction: Long-chain fatty acids in breast milk are affected by the mother’s 

diet and play an important role in the growth, development, and immune 

construction of infants. This study aims to explore the correlation between 

maternal diet, breast milk fatty acids (FAs), and the infant intestinal flora.

Methods: We enrolled 56 paired mothers and their infants; both breast milk 

samples and infants’ fecal samples were collected to determine the long-

chain FA content of breast milk by ultra-performance liquid chromatography–

tandem mass spectrometry (UPLC-MS), and metagenomic technology was 

applied to determine the microbial composition of infant feces. The maternal 

diet was also investigated using a 24-h dietary recall.

Results: The results indicated that the fat contribution rates of edible oils 

in the maternal diet are significantly positively correlated with the contents 

of certain long-chain fatty acids (C16:0, C18:1, C16:1, and C22:4) in breast 

milk, which mainly regulate the abundance of Lacticaseibacillus rhamnosus, 

Lacticaseibacillus fermentum, and Lacticaseibacillus paracasei in the infant 

gut. Through KEGG pathway analysis, our data revealed that the long-chain 

FAs in different groups of breast milk were significantly correlated with the 

pathways of biotin metabolism, glycerolipid metabolism, and starch and 

sucrose metabolism. 

Discussion: The results of this study suggest a pathway in which the diets 

of lactating mothers may affect the composition of the infant intestinal 

microbiota by influencing breast milk FAs and then further regulating infant 

health.
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Introduction

Human breast milk is considered optimal nutrition for infants, 
providing essential nutrients and a broad range of bioactive 
compounds, as well as supporting colonization by the gut 
microbiota, which is conducive to infant growth and development 
(Li et al., 2019; Thai and Gregory, 2020; Yan et al., 2021).

Breast milk contains 5% fat, which is the main energy-yielding 
nutrient. The most abundant type of fat in breast milk is 
triglycerides, which contain one glycerol linked to three fatty acid 
(FA) moieties. Long-chain FAs refer to FAs with 14 to 26 carbon 
atoms in their structure and account for more than 90% of the FA 
content in breast milk. It is well-documented that long-chain FAs 
in human milk play a crucial role in infant growth and 
development (Bobiński and Bobińska, 2020). For example, oleic 
acid (18:1), one of the long-chain FAs, can provide the main 
energy supply for newborns to ensure the rapid growth and 
development of the body’s tissues and organs (Sánchez-Hernández 
et al., 2019). Accordingly, it accounts for the highest proportion of 
FAs human milk, ranging from 38 to 40% (Sánchez-Hernández 
et  al., 2019; Bobiński and Bobińska, 2020). In addition, many 
long-chain FAs also have certain biological functions; for example, 
docosahexaenoic acid (DHA, C22:6) and eicosatetraenoic acid 
(ARA, C20:4) benefit the health of the infant brain, eyes, and heart 
(Mun et al., 2019). Therefore, obtaining a rich supply of various 
fatty acids in early life is critical for infant health and development, 
and breast milk is the sole source of these FAs for exclusively 
breastfed babies. The content of long-chain FAs in breast milk 
relies highly on maternal nutritional status and food intake 
(Delplanque et  al., 2015). Population-based studies have 
demonstrated that varied dietary fats, such as docosahexaenoic 
acid (DHA) and other polyunsaturated fatty acids (PUFA) and 
monounsaturated fatty acids (MUFA), all contribute to the long-
chain FA composition of breast milk (Finley et  al., 1985; 
Antonakou et al., 2013; Daud et al., 2013; Mäkelä et al., 2013).

With the development of Illumina sequencing, research shows 
that in addition to nutrients, highly diversified bacterial taxa are 
present in human milk (Li et  al., 2017). Human milk is thus 
considered the main source used by newborns to establish a 
healthy microbiome (Andreas et al., 2015; Toscano et al., 2017; 
Zimmermann and Curtis, 2020). It has been documented that 
breast milk not only contains flora but is also a complete biological 
system: certain long-chain FAs in breast milk also play an 
important regulatory role in the colonization of the infant 
intestinal flora (Pannaraj et al., 2017; Nyangahu and Jaspan, 2019). 
Niers et al. (2007) found that palmitic acid (C16:0) in breast milk 
can affect the composition of the infant intestinal flora and 
promote the development of infant intestinal function. Jiang et al. 
found that C14:0, C18:0, C16:0, C20:4, and C22:6 were correlated 
with Bacteroides, Veillonella, Streptococcus, and Clostridium (Jiang 
et al., 2018). The associations between long-chain FAs and infants’ 
microbiota were also confirmed by interventional study. Yaron 
et al. (2013) investigated infants fed infant formula rich in C16:0 
and reported that the number of Lactobacillus and Bifidobacteria 

in infant feces increased after 6 weeks. The above studies show that 
certain long-chain FAs may act as prebiotics, which benefit the 
colonization of the infant gut microbiota. However, the studies 
were very limited, and most previous studies focused on specific 
FAs and specific microbes. It is of great significance to elucidate 
the whole picture of which long-chain FAs in breast milk could 
be targeted to regulate the levels of microorganisms in the infant 
gut. Moreover, as mentioned above, since diet is considered as an 
important factor affecting the composition of long-chain FAs in 
breast milk, it is interesting to know whether the maternal diet 
could influence the infant’s gut health via breast milk.

This study aimed to explore the pathway from maternal 
dietary intake to long-chain FAs composition in breast milk and 
the infant intestinal microbiota, to provide scientific guidance for 
a rational diet for lactating mothers and a theoretical reference for 
healthier infant growth.

Materials and methods

Ethical concerns

All participants gave written informed consent following the 
Declaration of Helsinki. The protocol was approved by the 
Research Center for Public Health, Tsinghua University (NO.
THUSM/PHREC/2021–003).

Study design

We recruited 56 paired mothers and their infants from three 
cities in China (Xuchang, Cangzhou, and Chenzhou, N = 20, 18, 
and 18, respectively). The inclusion criteria for infants were (1) 
singleton, (2) full-term (≥37 weeks), (3) 30–120 days old, (4) 
exclusive breastfeeding, (5) birth weight range from 2.5 to 4 kg, (6) 
without disability or any diagnosed disease at birth, and (7) Apgar 
score ≥ 8. Infants who had used any prebiotics, probiotics, and 
antibiotics in the past 4 weeks were excluded. Mothers in the age 
range from 20 to 45 years were included and were excluded if they 
had suffered from mastitis in the past 4 weeks or had used any 
prebiotics, probiotics, or antibiotics in the past 4 weeks.

Sample collection

Data collection
An interviewer-administered questionnaire was used to 

collect data on socio-demographic characteristics, lifestyle and 
behavioral information, history of pregnancy and delivery, and 
dietary intake. Short-term dietary intake assessment was based on 
a one-time 24-h dietary recall. During the interview, trained 
interviewers asked the participants to report all food and 
beverages, including condiments and supplements, consumed the 
day before the interview. Energy, nutrient intake, and the energy 
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supply ratio were further calculated according to the Chinese 
Food Composition Table (Yang, 2009) and compared with the 
Dietary Nutrient Reference Intake of Chinese lactating mothers 
(Chinese Nutrition Society, 2014). In addition, the food in the 
dietary survey was classified into 10 categories: cereals (rice, 
flour), soybean products, miscellaneous beans, nuts, livestock 
meat, freshwater products, edible oils, dairy, eggs, and seafood to 
calculate the food contribution rate of fat.

Breast milk sample collection
Each mother provided their breast milk before the infants’ 

fecal samples were collected. The nursing mother was required to 
feed the babies between 6 and 7 a.m. and empty both breasts. All 
the samples were collected between 9 and 11 a.m. The whole milk 
(including fore- and hindmilk) from one side of the breast was 
collected with a sterilized breast pump. Samples were gently mixed 
by inversion, then aliquoted, and immediately frozen at −80°C. All 
the samples were analyzed within 4 weeks.

Fecal samples
Mothers were instructed to collect 2 g of infant feces from the 

infant’s diaper with a sterilized collection tube, refrigerate it at 
home (at −12 to −14°C) for no more than 12 h, and transport it 
on an ice pack to the laboratory. Samples were stored at −80°C 
until analysis.

Long-chain fatty acid analysis

Long-chain FAs were extracted from human milk using the 
method of Bligh and Dyer. Human milk was homogenized in 750 μL 
of chloroform: methanol 1:2 (v/v) with 10% deionized water and 
incubated at 4°C for 30 min. At the end of the incubation, 350 μL of 
deionized water and 250 μL of chloroform were added. The samples 
were then centrifuged, and the lower organic phase containing lipids 
was extracted into a clean tube. Lipid extracts were pooled into a 
single tube and dried in a SpeedVac in OH mode. Lipids were 
separated by normal-phase NP-HPLC, which was carried out using 
a Phenomenex Luna 3 μM silica column (internal diameter 
150 × 2.0 mm) under the following conditions: mobile phase A 
(chloroform:methanol:ammonium hydroxide, 89.5:10:0.5) and 
mobile phase B (chloroform:methanol:ammonium hydroxide:water, 
55:39:0.5:5.5). Long-chain FAs were analyzed using an Agilent 1,290 
UPLC coupled to a triple quadrupole/ion trap mass spectrometer 
(6,500 Plus Qtrap; SCIEX).

Extraction and bioinformatics analysis of 
the metagenome from samples

Genomic DNA was extracted with the QIAamp DNA Stool 
Mini Kit (QIAGEN, Hilden, Germany) and sequenced using the 
Illumina HiSeq sequencing platform, and clean data were 
obtained after pretreatment. Soap de novo assembly software 

was used for assembly analysis, and gene functional pathway 
and abundance analyses were performed based on the assembly 
results. Genes were compared with functional databases, and 
unigenes were compared with bacteria extracted from the NR 
(version: 2018.01) database of NCBI by DIAMOND software. 
Species annotation and abundance results were obtained, and 
the top  50 species with the largest relative abundance were 
selected. The R language tool was used to count the number of 
species, functions, or genes shared or unique in multiple 
samples and to construct abundance spectra at the genus and 
species levels. QIIME (quantitative insights into microbial 
ecology) software was used to analyze the diversity of the 
intestinal flora, including Chao, ACE, Shannon, Simpson, etc. 
The results were displayed in a box chart, and the t-test and the 
Kruskal–Wilcox nonparametric test were used to analyze the 
significance of differences between groups. The mixOmics 
package in the R language was used to analyze the microbial 
community data by partial least squares discrimination analysis 
(PLS-DA). Differences in lipid species between groups were 
detected by the rank-sum test, and the species with significant 
biomarkers between groups were screened by LDA (linear 
discriminant analysis). Kyoto Encyclopedia of Genes and 
Genomes (KEGG) is a comprehensive database for systematic 
analysis of gene function, linkage genomic information, and 
functional information, which is composed of several 
sub-databases, such as the pathways database. Most of the 
known pathways, including nucleotide metabolism and organic 
biodegradation, can be found in the pathway database and are 
divided into three levels according to the pathway and 
functional information on genes, proteins, and related 
biochemical compounds. In this study, KEGG function analysis 
was used to explore the differences in the expression of 
functional genes and pathways of infants’ intestinal 
microorganisms under different breast milk fatty acid 
composition levels. Kruskal–Wallis rank-sum test was used to 
compare the KEGG functional levels of different FA groups in 
breast milk and to further screen for relevant differences in 
KEGG ORTHOLOGY (KO) and corresponding to the relevant 
EC. STAMP software (2.1.3) was used for visualization.

Statistical analysis

The data were analyzed with SAS version 9.3 (SAS Institute, 
Inc., Cary, NC, United  States). Continuous variables are 
statistically described by mean ± standard deviation (SD) and 
median (P25, P75), and categorical variables are described by 
proportion or composition ratio. The long-chain FA levels in 
breast milk were grouped into tertiles as high, medium, or low. 
Spearman’s rank correlation was used to analyze the correlation 
between the content of long-chain FAs in breast milk and the 24-h 
dietary intake of lactating mothers, including fat intake and the 
energy supply ratio, food intake, and the proportional contribution 
of each food to fat intake.
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Results

Basic characteristics of 56 pairs of 
mothers and infants

The socio-demographic characteristics, lifestyle, and health-
related indicators of the 56 pairs of mothers and infants are shown 
in Table  1. The average maternal age was 29.9 ± 3.9 years. The 
average birth weight of the infants was 3,325 (3,000, 3,513) g. 
Among them, the majority of babies were born by vaginal delivery, 
and male infants accounted for 55.4%.

Dietary intake of lactating mothers

The dietary intake of the participating mothers is 
presented in Table  2. Compared with the dietary nutrient 
reference intake for Chinese lactating mothers (Chinese 
Nutrition Society, 2014), 72.1% of lactating mothers’ total 
energy intake was lower than the dietary energy requirement 
(2,300 kcal per day), and 55.7% of the mothers ingested more 
protein than the recommended 80 g per day.

Long-chain fatty acids in breast milk

We determined 15 kinds of long-chain FAs in human milk by 
UPLC-MS. The long-chain FA content is shown in Table 3. The 

total content of long-chain FAs was 500.4 ± 321.9 mg/l, of which 
the most abundant was oleic acid (C18:2), followed by linoleic acid 
(C18:1), and palmitic acid (C16:0).

Correlation between the dietary intake of 
lactating mothers and the long-chain 
fatty acid content in breast milk

We first explored the correlation of breast milk long-chain 
FA content with total fat intake and the fat energy contribution 
ratio of lactating mothers (Supplementary Table S1) and 
found that the breast milk long-chain FA content had no 
significant correlation with fat intake and the fat energy 
contribution ratio.

The correlation between the long-chain FA content in breast 
milk and the food contribution rate of fat intake was further 
explored (Figure 1). The results showed that the contents of C14:1, 
C16:0, C18:1, and C22:4 were positively correlated with the fat 
contribution rate of edible oil. The C22:4 content of breast milk 
was negatively correlated with the fat contribution rate of 
miscellaneous beans. The C16:1 content of breast milk was 
negatively correlated with the fat contribution rate of cereals (rice 
and flour).

Association of breast milk long-chain 
fatty acids with infants’ intestinal 
microbiota

We grouped the long-chain FA levels in breast milk into high, 
medium, and low tertiles and further analyzed the association of 
the diversity and composition of infants’ intestinal microbiota 
with different breast milk long-chain FA levels. For the alpha 
diversity index, there were no significant between-group 
differences in the Chao, ACE, or Shannon and Simpson indexes 
(Supplementary Figure S1).

PLS-DA analysis showed that the contents of different long-
chain FAs in breast milk, including C14:0, C15:0, C16:1, C18:0, 
C18:1, C18:2, C20:3, C20:4, C20:5, C22:4, C22:5, and C22:6, were 
significantly associated with the overall composition of the infant 
intestinal microbiota (Supplementary Figure S2).

To further analyze the impact of milk long-chain FAs on the 
specific composition of the infant intestinal microbiota, 
we analyzed the above association at the genus and species levels, 
respectively (Supplementary Figure S3). The results showed that 
the infant intestinal microbiota was mainly composed of 
Bifidobacteria, Escherichia, Lactobacillus, Lacticaseibacillus, and 
Bacteroides at the genus level.

Further, we  conducted LEfSe analysis on the intestinal 
microbiota of infants to determine significant biomarkers of long-
chain FAs in human milk. It was found that infants in the medium 
C15:0 tertile had a relatively high abundance of Lacticaseibacillus 
paracasei (Figure  2A). A significantly different microbial 

TABLE 1 Basic characteristics of the 56 pairs of mother and infant.

Characteristics Description

Mother

Age (years) 29.9 ± 3.9

Gestational week 38.8 ± 0.9

Household monthly per-

capita incomea (RMB: yuan)

<3,000 7 (13.0)

3,000–4,000 47 (87.0)

Parity First 30 (53.5)

Second 22 (39.3)

Current BMI (kg/m2) 22.6 ± 6.6

Infant

Gender Male 31 (55.4)

Female 25 (44.6)

Mode of deliveryb Vaginal delivery 45 (81.8)

Cesarean 

section

10 (18.2)

Birth weight (g) 3,325 (3,000,3,513)

Continuous variables were presented as the Mean ± SD or median (P25, P75) according 
to normality of data. Categorical variables were presented as N (%). a means that the 
income of 54 people was available. b means that the delivery mode of 55 people was 
available.
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biomarker was also found for C16:1, in which the medium tertile 
had a relatively high abundance of Lacticaseibacillus rhamnosus 
(Figure 2B). According to the analysis of C18:1, the medium tertile 
had a relatively higher abundance of L. paracasei (Figure 2C). The 
medium C20:4 tertile had a relatively high abundance of 
Lacticaseibacillus fermentum (Figure 2D).

Functional pathway

Based on the above analysis of significant biomarkers of 
intestinal flora at the species level, we screened the key long-
chain FAs in breast milk for their effects on the intestinal flora 
of infants, including C15:0, C16:1, C18:1, and C20:4. We then 
conducted a functional correlation study. We  classified the 
metabolic pathways at the functional level using KEGG 
pathway analysis, which resulted in 6 first-level, 45 s-level, and 
422 third-level metabolic pathways. Among them, the 

functional expression of the infant intestinal flora belonged to 
the first-level pathways metabolism, environmental 
information processing, cellular processes, genetic information 
processing, human diseases, and organic systems. To analyze 
the overall effects of the above key long-chain FAs in human 
milk on the corresponding infant metabolic pathways, 
we attempted to analyze 200 tertiary metabolic pathways under 
17 KEGG secondary metabolic pathway branches, including 
carbohydrate metabolism, amino acid metabolism, cofactors 
and vitamins, lipid metabolism, circulatory system, digestive 
system, endocrine system, excretory system, immune system, 
etc. The results showed significant differences in Glucosinolate 
biosynthesis between C16:1 consumption levels (Figure 3A). 
There were significant differences in biotin, glycerolipid, starch, 
and sucrose metabolism between C18:1 consumption levels 
(Figure 3B). There was a significant difference in flavone and 
flavonol biosynthesis between C20:4 consumption levels 
(Figure 3C).

We further searched the KEGG Orthology (KO) 
corresponding to the above-mentioned differential metabolic 
pathways in the KEGG database.

For C16:1, the most significant corresponding signal pathway 
was Glucosinolate biosynthesis, which involved 21 related KO 
reported in the KO database. When these KO were compared to 
the 10,016 KO annotated with the flora data from this study, it was 
found that 18 were under the glucosinolate biosynthesis pathway. 
Kruskal–Wallis nonparametric test was used to compare the 
relative KO abundances between C16:1 content groups. Only the 
functional relative abundances of K01703 were significantly 
different between groups (Figure 4A).

For C18:1, the most significant corresponding signal 
pathways were biotin, glycerolipid, starch, and sucrose 
metabolism, which involved 24, 90, and 106 related KO reported 
in the KO database of KEGG, respectively. When these KO were 
compared to 10,016 KO annotated with the flora data from this 
study, it was found that 24 KO were annotated under the biotin 
metabolism pathway, 78 KO under the glycerolipid metabolism 
pathway, and 101 KO under the starch and sucrose metabolism 
pathway. Kruskal–Wallis nonparametric test was used to compare 
the relative KO abundances between C18:1 content groups. 
We found significant between-group differences in the functional 
relative abundances of K00833, K00059, K19002, and K00691 

TABLE 2 Dietary intake of lactating mothers.

Dietary intake1 Comparison with dietary recommendation

Mean ± SD P50 (P25,P75) <Reference value ≥Reference value

Total energy (kcal) 2063.7 ± 703.0 1974.1 (1667.4,2371.3) 44 (72.1) 17 (27.9)

Protein (g) 83.3 ± 34.4 81.8 (59.1,99.8) 27 (44.3) 34 (55.7)

Fat (g) 79.2 ± 38.9 67.3 (53.9,96.3) – –

Carbohydrate (g) 256.5 ± 121.4 237.8 (176,288.9) – –

Cholesterol (mg) 696.7 ± 632.3 518.6 (43,1232.9) – –

1Continuous variables are statistically described by Mean ± SD and Median (P25, P75), classified variables are described by N (proportion).

TABLE 3 Contents of long-chain fatty acids in breast milk.

Fatty 
acids type

Fatty 
acids

Mean ± SD P50 (P25, 
P75)

long-chain FAs 

(mg/L)

C14:0 15.5 ± 14.5 10.7 (6.8, 17.3)

C14:1 0.6 ± 0.7 0.4 (0.3, 0.7)

C15:0 0.6 ± 0.6 0.4 (0.3, 0.6)

C16:0 52.6 ± 30.8 43.9 (33.4, 63.0)

C16:1 4.8 ± 3.0 4.0 (3.1, 5.7)

C18:0 34.2 ± 9.8 33.8 (27.3, 38.3)

C18:1 59.3 ± 41.0 46.6 (35.6, 71.2)

C18:2 276.5 ± 186.8 208.7 (169.9, 321.5)

C18:3 32.8 ± 30.8 24.1 (14.0, 39.5)

C20:3 1.1 ± 0.9 0.7 (0.6, 1.3)

C20:4 9.7 ± 8.7 6.0 (4.8, 10.9)

C20:5 1.1 ± 1.5 0.7 (0.4, 1.4)

C22:4 0.9 ± 0.9 0.7 (0.4, 1.1)

C22:5 4.4 ± 3.6 3.3 (2.1, 5.2)

C22:6 6.2 ± 4.6 5.2 (3.1, 8.4)

Total 500.4 ± 321.9 400.6 (304.0, 589.5)
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(Figure  4B). There was no significant difference in the KO 
involved in different signal pathways between C15:0 and C20:4 
content groups.

Based on the KEGG database, the EC names and functions 
corresponding to the above differences in KO were obtained. It 
can be seen that K01703 to 3-isopropylmalate/(R)-2-methylmalate 
dehydratase large subunit [EC:4.2.1.33 4.2.1.35], K00833 to 
adenosylmethionine-8-amino-7-oxononanoate aminotransferase 
[EC:2.6.1.62], K00059 to 3-oxoacyl-[acyl-carrier protein] 
reductase [EC:1.1.1.100], K19002 to 1,2-diacylglycerol 3-alpha-
glucosyltransferase [EC:2.4.1.337], and K00691 to maltose 
phosphorylase [EC:2.4.1.8].

Discussion

In this study, a correlation analysis was performed to 
clarify the specific factors that affect breast milk long-chain 
FAs in the diets of nursing mothers and the effect of different 
contents of long-chain FAs in breast milk on the intestinal 
microbiota of infants. To the best of our knowledge, we were 
the first to report, based on KEGG pathway analysis, that 
different levels of long-chain FAs in breast milk were 
significantly correlated with the presence of particular 
microbial species in the infant intestine, especially 
Lactobacillus and Lacticaseibacillus, related to pathways of 

biotin metabolism, glycerolipid metabolism, and starch and 
sucrose metabolism.

Long-chain fatty acids in breast milk and 
their association with diet

Long-chain FAs in breast milk mainly originate in the 
liver. After dietary and body-derived FAs are transformed into 
very low-density lipoprotein particles, they are transported to 
the breast through the circulatory system for synthesis (Kong 
et al., 2021). This study first explored the correlation between 
the diets of lactating mothers and the long-chain FA content 
of their breast milk and showed that the levels of different FAs 
in breast milk were related to the intake of certain types of 
food. Edible oils were the most significant contributors, and 
their C22:4, C18:1, C16:0, and C14:1 contents were positively 
correlated with those of breast milk. Our results were similar 
to those of previous studies. Wang et  al. reported that the 
intake of dietary oil was positively correlated with the content 
of n-6 PUFA and C18:2 in colostrum (Wang L. et al., 2020). At 
present, the main edible oil consumed in China is vegetable 
oil, and the common commercial edible oils include soybean 
oil, rapeseed oil, peanut oil, cottonseed oil, etc. (Zhang et al., 
2021). As an important source of the human body’s daily 
intake of fat and FAs, edible oil is rich in fatty acids, mainly 

FIGURE 1

Correlation heatmap of the long-chain FA content in human milk and the food contribution rate of fat intake of lactating mothers based on 
Spearman analysis (* indicates p < 0.05).
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including C16:0, C18:0, C18:1, and C18:2, of which C18:1 
accounts for 75–85% of the total FAs in edible oil (Zhang 
et al., 2021).

It should be noted that the most abundant long-chain FAs 
in breast milk are C18:2, followed by C18:1 and C16:0. There 
are few reports on the correlation between breast milk C16:0, 
C18:1, and dietary intake. This study supports and extends 
previous studies by demonstrating that there was a significant 
contribution of maternal dietary edible oil to the dominant 
fatty acid content in breast milk. In addition, we  should 

mention that oil intake continues to increase in the Chinese 
population, already exceeding the recommended amount 
(25–30 g; Chinese Nutrition Society, 2014). Chinese lactating 
mother oil intake could be  as high as 36–38 g (Zhao et  al., 
2021). Besides contributing massive amounts of certain FAs to 
breast milk, it should not be ignored that the excessive intake 
of oil may pose a risk to women of developing a series of 
chronic diseases, such as obesity, fatty liver, and cardiovascular 
diseases (Wallace, 2019). Since the C18:2, C18:1, and C16:0 in 
breast milk are the major source of energy for infants and have 

A B

C D

FIGURE 2

Biomarkers of differences between different FA content groups in human milk. (A–D) LEfSe analysis of C15:0, C16:1, C18:1, and C20:4 groups, 
respectively. Taxonomic cladogram obtained from LEfSe and linear discriminant analysis (LDA) of these groups. Biomarker taxa are highlighted 
with colored circles and shaded areas. Each circle’s diameter reflects the abundance of those taxa in the community, using a cutoff value of ≥2.0.
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specific biological functions, whether or not high maternal 
edible oil intake could influence infant growth is a particularly 
interesting research question.

Besides edible oils, other oil-containing foods were also found 
to affect the breast milk FA content; for example, previous studies 
found that C18:2, C18:3, and C22:6 in human milk were more 

A

B

C

FIGURE 3

Analysis of specific long-chain FAs and KEGG tertiary metabolic pathway abundance levels in human milk with different FA contents. (A–C) The 
KEGG tertiary enrichment and differential pathways of breast milk C16:1, C18:1, and C20:4, respectively, in different content groups (orange, green, 
and blue indicate low, medium, and high content, respectively). Kruskal–Wallis rank sum test was used to compare the KEGG functional levels of 
different FA groups in breast milk (orange, green and blue indicate low, medium, and high content, respectively). The color transition from yellow 
to red indicates that the abundance of this metabolic pathway gradually increases in the sample.
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positively correlated with a diet rich in nuts and seeds, eggs, and 
meat; meanwhile, meat product consumption frequencies were 
negatively correlated with C18:2 and C18:3 (Aumeistere et al., 
2019). Tian et al. (2019) divided 274 lactating mothers into four 

groups according to their dietary patterns and showed that there 
were significant differences in the composition of SFA, PUFA, and 
n-6 PUFA in breast milk corresponding to the different dietary 
patterns, the characteristics of which mainly depended on meat, 

A

B

FIGURE 4

KO analysis of significant differences for certain breast milk long-chain FAs. (A,B) represent the KO analysis of breast milk C16:1, and C18:1, 
respectively, of different content groups, and the results are shown in the box diagram (orange, green, and blue indicate low, medium, and high 
content, respectively). * indicates p < 0.05, ** indicates p < 0.01.
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mushroom, and marine product intake; soybean product, nut, and 
dairy intake; vegetable and fruit intake; and grain/potato, bean, 
and egg intake, respectively. In the current study, we observed 
inverse associations of C16:1 with cereals and of C22:4 with 
miscellaneous beans. C16:1 and C22:4 are usually abundant in 
seafood and meat, respectively, and have a limited content in 
plant-based foods (Jagodic et al., 2020). A diet high in cereals and 
miscellaneous beans may indicate a lower proportion of animal 
food intake, where a negative association occurred.

The current study did not find that diet could affect the 
DHA level in breast milk. DHA is less abundant in human milk 
but was reported to be tightly associated with the maternal diet. 
Quinn and Kuzawa (2012) found that milk DHA showed a 
positive, dose–response relationship with maternal fish 
consumption. An Iranian study showed that mothers who 
consumed two servings of fish per week during pregnancy had 
higher DHA levels in their breast milk than those who did not 
eat fish (Beheshteh et al., 2012). The inconsistent results may 
be explained by the relatively small intake of seafood in the 
traditional Chinese diet (Hu et al., 2014). At the same time, 
population variations may exist because the genetic factors may 
also affect the synthesis and expression of long-chain FAs in 
liver cells. The factors that affect breast milk DHA content 
should be further determined because DHA is one of the most 
important functional long-chain FAs in the early development 
of the neural and visual systems of infants.

The association of breast milk fatty acids 
and the infant intestinal flora

This study found that the composition of the intestinal 
microflora in infants could be significantly affected by maternal 
FAs. According to the results of diversity analysis, multiple types 
of FAs affect the overall composition, distribution, and status of 
the intestinal flora in infants.

According to a genus-level analysis, the main constituent 
microorganisms of the infant intestinal flora are Bifidobacteria, 
Escherichia, Lactobacillus, Lacticaseibacillus, and Bacteria. This 
result was consistent with those of Ma et al. (2022), who reported 
on the main constituent bacteria in the intestinal tracts of infants 
and abroad in the early stage of growth and development. These 
bacteria were believed to play an important role in the maturation 
of the immune system and the intestinal barrier in early life of 
infants (Yan et al., 2021).

Most previous studies used 16S rRNA amplicon sequencing 
technology to explore the effects of long-chain FAs in breast milk 
on the infant intestinal flora at the genus level. For example, Jiang 
et al. explored the effects of the 10 most abundant sn-2 FAs in 
Chinese breast milk on the infant intestinal microbial composition 
and found a significant association between sn-2 FAs (including 
C14:0, C18:0, C16:0, C20:4, and C22:6) in milk and the infant gut 
microbiota (such as Bacteroides, Veillonella, Streptococcus, and 
Clostridium) (Jiang et al., 2018); however, the regulatory effects of 

FAs on certain species could not be determined and the effects on 
species level were still unknown.

To explore the potential prebiotic-like properties of breast 
milk, we further explored significant differences in the microbial 
composition among different long-chain FA levels and identified 
relevant intestinal flora biomarkers. At the species level, we found 
that the level of breast milk long-chain FAs mainly regulates the 
abundances of L. rhamnosus, L. fermentum, and L. paracasei. 
Different long-chain FA groups have different specific targeted 
regulatory flora, for example, L. rhamnosus was higher in the 
medium C16:1 content group, L. paracasei was significantly higher 
in the medium C18:1 content group than in the low and high 
groups, and L. fermentum was higher in the medium C20:4 
content group. The higher probiotic abundance only found in the 
medium-content group may be caused by random effects due to 
the limited sample size in this study.  We inferred there might be a 
non-linear association between FAs and the abundance of certain 
microbes in the infant gut. According to the results mentioned 
above, excessive intake of edible oils contributes to a high content 
of C16:1, C18:1, and C22:4 in breast milk. As a previous study 
revealed, excessive FA intake can increase the ratio of steroids 
from bile to estrogen and change the composition of the intestinal 
flora, which suggests that a reasonable intake of a certain amount 
of FAs can promote the proliferation of beneficial bacteria and 
play a role in maintaining health (Cui, 2020). However, there has 
been no such study conducted on the infant population. Whether 
the current phenomenon is caused by random effects or there is a 
U-shaped correlation between FAs and the intestinal flora should 
be further confirmed.

Perhaps not coincidentally, the above three kinds of probiotics, 
which are easily affected by maternal breast milk FAs, have certain 
protective functions in the body. Considering the potential 
functions of the infant gut flora, we further analyzed the gene 
expression differences and metabolic pathways of different breast 
milk FA groups through the KEGG pathway and revealed that the 
main gene expression pathways of different long-chain FAs 
differed. The results showed that breast milk C18:1 related to 
K00833 and K00059  in the biotin metabolism pathway, 
corresponding to adenosylmethionine-8-amino-7-oxononanoate 
aminotransferase and 3-oxoacyl-[acyl-carrier protein] reductase, 
respectively. These two enzymes were responsible for the 
important cellular metabolic processes of methylation and 
acetylation in biotin metabolism. Biotin belongs to the water-
soluble B vitamins, which participate in the processes of 
methylation and acetylation in the form of epigenetics and play a 
key role in regulating the expression of genes related to 
carbohydrate, protein, and lipid metabolism (León-Del-Río, 
2019). To the best of our knowledge, our study is the first to reveal 
that the content of C18:1  in breast milk may affect biotin 
metabolism in infants, which needs to be verified by subsequent 
studies. Moreover, this study also revealed that a certain amount 
of long-chain FAs in breast milk may have a potential role in 
regulating infant lipid and carbohydrate metabolism. C16:1 
regulated K01703  in the glucosinolate biosynthesis pathway, 
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corresponding to the large subunit of 3-isopropylmalate/(R)-2-
methylmalate dehydratase. C18:1 regulated K19002  in the 
glycerolipid metabolism pathway, corresponding to 
1,2-diacylglycerol 3-alpha-glucosyltransferase, and K00691 in the 
starch and sucrose metabolism pathway, corresponding to maltose 
phosphorylase, respectively. There are limited data regarding the 
large subunit of 3-isopropylmalate/−2-methylmalate dehydratase. 
1,2-diacylglycerol-3-alpha-glucosyltransferase is a triacylglycerol 
synthetic enzyme, which may be  related to fat and glycolipid 
metabolism, however, its biological function is still not clear. It 
should be noted that a large number of studies have confirmed the 
significant lipid-lowering effects of L. fermentum and L. rhamnosus 
(Wang T. et al., 2020; Molina-Tijeras et al., 2021). Evidence from 
ours and previous studies suggest that maternal breast milk lipids, 
such as C18:1, could further regulate infant lipid metabolism and 
that this effect might be mediated by shaping of the infant gut 
microbiota. Another enzyme linked with C18:1 in this study is 
Maltose phosphorylase, a glycoside hydrolase family of 65 
enzymes, reversibly phosphorylates maltose. It catalyzes the 
reversible phosphorolysis of maltose to D-glucose and β-D-glucose 
1-phosphate (β-Glc1P), which is then absorbed and utilized by the 
body. The enzyme is part of operons that are involved in maltose/
malto-oligosaccharide metabolism (Gao et  al., 2019). Many 
studies have reported that Lactobacillus spp., such as Lactobacillus 
brevis and Lactobacillus acidophilus, contain genes and structures 
encoding maltose phosphorylase (Egloff et al., 2001). The current 
results suggest that C18:1 in breast milk may regulate this enzyme 
through specific intestinal microbiota, and then play a regulatory 
role in carbohydrate metabolic pathway.

To briefly summarize the results of KEGG pathway analysis, 
we revealed the potential role of breast milk long-chain FAs in 
regulating infant metabolism, via regulation of the intestinal flora. 
Further epidemiological studies on infants or in vivo studies will 
be helpful to illustrate and determine the multiple functions of 
long-chain FAs in early life and their related mechanisms.

Strengths and limitations

The strength of this study lies in its use of metagenome 
sequencing, which can identify specific intestinal bacteria at the 
species level that could be affected by FAs. It also adopted the 
method of maternal–infant pairs to explore the role of the 
maternal diet in infant health. In addition, we extended previous 
studies by not only demonstrating the effects of specific FAs on 
infants’ intestinal flora but also showing the comprehensive 
contribution of breast milk FAs to the infant microbiota and 
identified the maternal diet as the predisposing factor.

Three limitations should be addressed in our study. Firstly, the 
sample size was limited. As such, future research with a representative 
large sample size is required to confirm these results. Secondly, 
during the 24-h dietary recall, many participants were unable to 
clarify the specific kind of cooking edible oil or reported using mixed 
oils, which, to some extent, restricted our further analysis of FA 

sources. In addition, there is still a lack of data regarding the FA 
contents of many foods in the Chinese Food Composition Table, 
which hinders direct evaluation of the associations between the 
specific FA composition of breast milk and that of the maternal diet. 
Thirdly, this study is a cross-sectional study, and causality could not 
be further confirmed. Moreover, the long-term effect of the maternal 
diet on breast milk FAs and that of FAs on the infant gut flora should 
be examined in future studies.

Conclusion

Based on metagenomic and UPLC-MS analyses, the current 
results suggest that the maternal diet, especially its content of edible 
oil, is highly associated with breast milk long-chain FAs and could 
further affect the abundance of specific intestinal microbes in infants, 
such as L. rhamnosus and L. paracasei. In addition, the current study 
revealed a potential pathway of certain types of long-chain FAs that 
could regulate the expression of enzymes, which correspond to the 
potential regulatory functions of biotin, carbohydrate, and lipid 
metabolism. These findings may illustrate the potential bond 
between maternal and infant metabolism, even after birth. Further 
prospective and maternal–infant paired studies are needed to clarify 
the pathways relating dietary intake, breast milk lipids, the infant gut 
flora, and infant health and to explore the corresponding mechanisms.
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Introduction: The diversity and dysregulation of intestinal microbiota is 

related to the pathology of epilepsy. Gut microbiota plays an important role in 

epilepsy, and regulating intestinal microbiota through exogenous intervention 

can alleviate symptoms. However, there are no studies about the effects of 

epilepsy-related diarrhea on gut microbiota.

Methods: The diversity and dysregulation of intestinal microbiota is related 

to the pathology of epilepsy. Gut microbiota plays an important role in 

epilepsy, and regulating intestinal microbiota through exogenous intervention 

can alleviate symptoms. However, there are no studies about the effects 

of epilepsy-related diarrhea on gut microbiota. To evaluate changes in gut 

microbiota structure and composition in patients with epilepsy and associated 

diarrhea, the structure and composition of the fecal microbiota among 

patients with epilepsy (EP, 13 cases), epilepsy with diarrhea (ED, 13 cases), and 

probiotic treatments (PT, 13 cases), and healthy controls (CK, seven cases) were 

investigated and validated by utilizing high-throughput 16S rRNA sequencing.

Results: The results showed that the α-diversity indexes indicated that 

richness and phylogenetic diversity had no significant differences among 

groups. However, the variation of β-diversity indicated that the structure and 

composition of intestinal microbiota were significantly different among the 

CK, EP, ED, and PT groups (permutational multivariate analysis of variance, 

p-value = 0.001). Normalized stochasticity ratio and β-nearest taxon index 

indicated that stochastic mechanisms exerted increasing influence on 

community differences with epilepsy and associated diarrhea. ED microbiome 

alterations include increased Proteobacteria and decreased Actinobacteria and 

Firmicutes at the phylum level. Bifidobacterium was the core microbe in CK, 

EP, and PT, whereas it decreased significantly in ED. In contrast, Escherichia/

Shigella was the core microbe in CK and ED, whereas it increased significantly 

in ED (Tukey’s multiple comparisons test, adjusted p-value <0.05). The 

association network in CK has higher complexity and aggregation than in the 

other groups. The EP network indicated high connectivity density within each 

community and high sparsity among communities. The bacterial community 
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network of the ED had a more compact local interconnection, which was in 

contrast to that of PT. The top 7 microbial amplicon sequence variant–based 

markers that were selected by machine learning to distinguish the groups of 

epilepsy, probiotic treatments, and healthy infants had stronger discrimination 

ability. In addition, ASVs_1 (Escherichia/Shigella) and ASVs_3 (Bifidobacterium) 

had the most importance in the recognition.

Discussion: Our research finally showed that infants with epilepsy, epilepsy 

with diarrhea, and probiotic treatments exhibit substantial alterations of 

intestinal microbiota structure and composition, and specific intestinal strains 

are altered according to different clinical phenotypes and can therefore 

be used as potential biomarkers for disease diagnosis.

KEYWORDS

epilepsy concomitant diarrhea, gut microbiota, assembly processes, association 
network, biomarkers

1. Introduction

Epilepsy is a chronic neurologic disorder characterized by an 
enduring predisposition to generate epileptic seizures, affecting 
>50 million people worldwide and 0.5–1% of children (Aaberg 
et al., 2017). Approximately 0.67% of children are diagnosed with 
epilepsy during the first 10 years of life, with the highest incidence 
rate observed during infancy (Eltze et al., 2013). Research has 
found that epilepsy is a symptom complex with multiple risk 
factors rather than a condition with a single expression and cause. 
A new cluster of clinical features resulted in the new classification 
of epileptic seizures and epilepsies (Thijs et al., 2019).

Accumulating evidence indicates that gut microbiota diversity 
and dysbiosis may be involved in the pathology of epilepsy. The 
gut microbiota plays a major role in epilepsy, and alteration or 
regulation through exogenous interventions may reduce or 
prevent epilepsy (Arulsamy et al., 2020). The gut–brain axis, which 
is the largest axis, has been recently shown to sense and react to 
dynamic ecosystem changes by converting microbiota-associated 
chemical cues from the environment into neuronal impulses, thus 
implicating a potential role of the gut microbiota in epileptogenesis 
(Yue et al., 2022). More evidence indicates that gut dysfunction/
disorder is closely associated with the onset of and susceptibility 
to epilepsy, and some specific intestinal flora can function as gut 
biomarkers (Gong et al., 2020; Cui et al., 2022).

To date, various studies have primarily evaluated the role of 
alterations in the gut microbiome in epilepsy. These studies mainly 
focused on the changes in gut microbiota in patients with drug-
resistant epilepsy (Gómez-Eguílaz et al., 2018; Peng et al., 2018) 
and the effect of a ketogenic diet on prognosis and gut microbiota 
(Lindefeldt et al., 2019; Ang et al., 2020). Few studies have focused 
on the syndrome and changes in gut microbiota in children, 
especially infants with epilepsy. Studies have shown that diarrhea 
can induce convulsions or cause them directly (Iflah et al., 2021). 
In the early clinical diagnosis, we found that some infants have 

unexplained diarrhea. And probiotic treatment reduced seizure 
frequency in epilepsy infants with diarrhea and significantly 
improved diarrhea. Here, for the first time, we  conducted a 
detailed assessment of the gut microbiota in infants with epilepsy 
and diarrhea complications and examined the efficacy of probiotic 
adjuvant therapy in infants with epilepsy and diarrhea. Our study 
further revealed that the identified microbial signature can 
be used to evaluate the diagnosis of epilepsy syndromes.

2. Materials and methods

2.1. Study patient cohort and sample 
collection

The study was approved by the Ethics Committee of the 
Northwest Women’s and Children’s Hospital. A total of 20 infants 
(0–24 months) with epilepsy attending Northwest Women’s and 
Children’s Hospital were enrolled from May to June 2021 including 
healthy infants with negative control cases (CK group, seven cases), 
epilepsy group (EP group, 13 cases), epilepsy with diarrhea cases (ED 
group, 13 cases), and ED cases with additional probiotic (Clostridium 
butyricum MIYAIRI 588, CBM588) treatments (PT group, 13 cases). 
Oral administration of probiotic (CBM588, 1.0 × 106 cfu/g, 0.5 g) was 
given twice a day for 2 weeks. All patients were from the same 
children’s ward and were breast-feeding. Patients were excluded if 
they have been administered antibiotics or probiotics within 
3 months or had a known history of any other diseases. All patients 
with epilepsy were diagnosed for the first time without any drug 
therapies. Clinical information including age, gender, seizure types, 
and concomitant antiepileptic drugs (AEDs) used was registered 
separately. All infants’ fecal samples were collected as the first bowel 
movement upon admission for treatment using a validated stool 
collector. Samples were treated three times with liquid nitrogen and 
stored at −80°C as soon as possible until further analyses.
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2.2. DNA extraction, amplification, and 
sequencing

DNA from different samples was extracted using the E.Z.N.A.® 
Stool DNA Kit (D4015, Omega, Inc., United States) according to the 
manufacturer’s instructions. The reagent, which was designed to 
uncover DNA from trace amounts of the sample, is effective for the 
preparation of the DNA of most bacteria. Nuclease-free water was 
used as the blank control. The total DNA was eluted in 50 μl of 
elution buffer and stored at −80°C until measurement in the PCR by 
LC-Bio Technology Co., Ltd., Hangzhou, Zhejiang Province, China.

The V3–V4 region of the prokaryotic (bacterial and archaeal) 
small-subunit (16S) rRNA gene was amplified with primers 341F 
(5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACH 
VGGGTATCTAATCC-3′; Takahashi et al., 2014). The 5′ ends of 
the primers were tagged with specific barcodes per sample and 
sequencing universal primers. PCR amplification was performed 
in a 25 μl total volume of reaction mixture containing 25 ng of 
template DNA, 12.5 μl of PCR Premix, 2.5 μl of each primer, and 
PCR-grade water to adjust the volume. The PCR conditions to 
amplify the prokaryotic 16S fragments consisted of an initial 
denaturation at 98°C for 30 s; 32 cycles of denaturation at 98°C for 
10 s, annealing at 54°C for 30 s, and extension at 72°C for 45 s; and 
then final extension at 72°C for 10 min. The PCR products were 
confirmed with 2% agarose gel electrophoresis. Throughout the 
DNA extraction process, ultrapure water, instead of a sample 
solution, was used to exclude the possibility of false-positive PCR 
results as a negative control. The PCR products were purified by 
AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, 
United States) and quantified by Qubit (Invitrogen, United States). 
The amplicon pools were prepared for sequencing using Agilent 
2100 Bioanalyzer (Agilent, United  States), and the size and 
quantity of the amplicon library were assessed using the Library 
Quantification Kit for Illumina (Kapa Biosciences, Woburn, MA, 
United  States). The libraries were sequenced on the NovaSeq 
PE250 platform. The raw data from 46 samples were available 
from the Sequence Read Archive (SRA) under the accession 
number: PRJNA893837.

2.3. Sequence processing and taxonomic 
affiliation

Samples were sequenced on an Illumina NovaSeq platform 
according to the recommendations provided by LC-Bio. Paired-end 
reads were assigned to samples on the basis of their unique barcode 
and truncated by cutting off the barcode and primer sequence. The 
Usearch10 (Edgar, 2010) and Vsearch 2.8.1 (Rognes et al., 2016) data 
analysis pipelines were used for 16S rRNA data analysis. Forward 
and reverse reads were joined, assigned to samples on the basis of 
barcodes, and truncated by the removal of the barcode and primer 
sequences. Quality filtering was performed on joined sequences. 
Sequences that did not fulfill the following criteria were discarded: 
no ambiguous bases and expected errors per base rate >0.01 and 

dereplicated and singleton sequences (size <8). Then, sequences were 
clustered into amplicon sequence variants (ASVs) using the Unoise3 
sequence variant algorithm (Edgar, 2018; Knight et al., 2018), and 
chimeric sequences were simultaneously removed. Sequences were 
grouped using the clustering program Vsearch 2.8.1 against the 
Ribosomal Database Project1 and preclustered at 97% sequence 
identity. The classifier (Wang et  al., 2007) was used to assign 
taxonomic categories to all ASVs at a confidence threshold of 0.8.

2.4. Data analysis

All statistical analyses were performed using R software 
(v4.1.2).2 The α-diversity was evaluated using the Chao1 and 
Faith’s phylogenetic diversity (Faith’s PD) indexes on the basis of 
the relative abundance via the “vegan” package (Oksanen et al., 
2019) in R. Phylogenetic tree analysis of soil was constructed using 
cluster_agg of Usearch10 (Edgar, 2010) with the Bray–Curtis 
distances. The α-diversity indexes were calculated with a one-way 
analysis of variance and Tukey’s multiple comparisons test. 
Principal coordinate analysis (PCoA) plots were generated from a 
Bray–Curtis dissimilarity matrix of ASVs, and permutational 
multivariate analysis of variance analysis was performed using the 
“vegan” package (Oksanen et al., 2019).

The “NST” package was used to calculate the stochastic ratio 
(normalized stochasticity ratio, NST) to estimate the relative 
importance of stochasticity in shaping community structure (Ning 
et al., 2019). Furthermore, to explore the structure of bacterial 
community assembly processes by deterministic or stochastic 
processes, the β-nearest taxon index (βNTI; Stegen et al., 2012) 
was calculated using the “picante” package (version 1.8.2). The 
βNTI was calculated for pairwise phylogenetic turnover among 
communities to estimate the proportion of determinism. 
|βNTI| > 2 indicates that observed turnover between a pair of 
communities is governed primarily by determinism, which could 
be  divided into homogeneous selection (βNTI < −2) and 
heterogeneous selection (βNTI > +2). On the contrary, |βNTI| < 2 
indicates that observed differences in phylogenetic composition 
between a pair of communities are governed primarily by 
stochasticity. Then, the relative contributions of stochastic 
processes were estimated using the Bray–Curtis-based Raup–
Crick matrix (RCbray). If |RCbray| > 0.95, community assembly is 
considered significantly dominated by dispersal either by 
homogenizing dispersal (RCbray < −0.95) or by dispersal 
limitation (RCbray > +0.95). However, if |RCbray| < 0.95, then the 
community is an undominated process.

For taxonomic analysis, the “ggplot2” package was used to 
draw the alluvial diagram at the phylum and genus levels to check 
the relative species abundance. The core bacterial taxa of different 
groups were calculated using the “miaverse” package (Amezquita 

1 http://rdp.cme.msu.edu/

2 http://www.r-project.org/
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et al., 2020), and the samples with a relative abundance threshold 
value greater than 0.01% were identified to use the core function.

The association network analysis was used to construct and 
display Spearman’s correlation coefficient of indicator species. 
First, the “indicspecies” package (Cáceres and Legendre, 2009) 
was used to obtain indicator species. Indicators with p-value <0.05 
and relative abundance >0.05% were selected as the initial ASVs 
for the construction of correlation networks. The correlation 
network analysis was performed using 0.8 as the correlation 
coefficient cutoff. The final network included significant edges 
(p < 0.05) in Spearman’s correlation used. The major topological 
properties were also calculated using Gephi (v0.92).3

The random forest models were constructed using the 
“randomForest” package (Breiman, 2001). The nested cross-
validation was performed to filter the important predictive ASVs. 
Furthermore, the mean decrease accuracy, mean decrease Gini, 
and relative abundance of important predictive ASVs were 
calculated to show the accuracy and importance in different groups.

3. Results

3.1. Study population characteristics

A total of 13 patients with epilepsy (EP), 13 patients with 
epilepsy with diarrhea (ED), 13 ED patients with additional 
probiotic treatments (PT), and seven healthy infants (CK) were 
enrolled. To reduce the impact of diet on the gut microbiota, all 
patients were from the same children’s ward and were breast-
feeding. The average age and sex ratios were similar among the 

3 https://gephi.org

three groups. Oxcarbazepine was the most frequently used drug, 
followed by topiramate and valproate (Table 1).

3.2. Bacterial gut microbial diversity of 
healthy individuals differed from those of 
diseased infants

After filtering and chimera removal, 46 samples yielded a total 
of 3,545,269 high-quality sequences, with an average of 76,735 
sequences for each sample. High-quality sequences were clustered 
into 1,928 microbial ASVs by using Unoise3 sequence identity.

The α-and β-diversity in the fecal samples of infants with epilepsy 
and diarrhea and healthy infants were estimated. The α-diversity 
analyses indicated that the richness (measured by the Chao1 index) 
and phylogenetic diversity (measured by Faith’s PD index) had no 
significant differences among groups (Figure 1A). There was no 
significant difference in α-diversity between different types of Seizure 
and different AED treatment (Supplementary Figure S1).

Furthermore, the variation of β-diversity was assessed on the 
basis of the Bray–Curtis dissimilarity matrix of ASVs. PCoA 
indicated that patients with epilepsy (EP) and epilepsy with 
diarrhea (ED) and ED patients with additional probiotic 
treatments (PT) harbored distinct species compositions as 
compared with the healthy controls (Figure  1B). Collectively, 
PCoA contributed 27.15% variation to the bacterial community 
composition (PC1, 15.23%; PC2, 11.92%). The gut bacterial 
community structures among all groups were clustered along the 
PC1 axis. In particular, the ED group was clustered along the PC2 
axis. The permutational multivariate analysis of variance 
supported the finding that the gut community structure in 
different groups indicated a significant association with the 
variation in species composition (p-value = 0.001).

TABLE 1 Characteristics of the patients included in the study.

CK (n = 7) EP (n = 13) ED (n = 13) PT (n = 13)

Age (m, means ± SD) 4.9 ± 2.5 4.6 ± 2.7 4.2 ± 2.4 4.5 ± 2.6

Gender

  Male 3 (42.86) 7 (53.85) 6 (46.15) 7 (53.85)

  Female 4 (57.14) 6 (46.15) 7 (53.85) 6 (46.15)

Seizure types (n, percentage)

  Generalized – 8 8 7

  Partial – 3 4 4

  West syndrome – 2 1 2

Concomitant AEDs (n, percentage)

  Oxcarbazepine, OXC – 6 (46.15%) 7 (53.85%) 7 (53.85%)

  Topiramate, TPM – 4 (30.77%) 5 (38.46%) 4 (30.77%)

  Valproate, VPA – 2 (15.39%) 2 (15.39%) 3 (23.08%)

  Lamotrigine, LTC – 2 (15.39%) 2 (15.39%) 2 (15.39%)

  Adrenocorticotropic hormone, ACTH – 2 (15.39%) 1 (7.69%) 2 (15.39%)

m represents months, which was rounded down. SD represents standard deviation. n represents the sample numbers. Data are reported as means ± SD for continuous variables and 
percentage for nonparametric data. CK, healthy controls; EP, epilepsy; ED, epilepsy with diarrhea; PT, probiotic treatments.
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3.3. Assembly processes of bacterial gut 
microbial communities

To quantify the relative importance of deterministic 
processes in shaping gut microbial community succession, NST 
was calculated. Overall, determinism was the predominant 
mechanism. The importance of stochasticity contributed to 
community variations at 0.17 ± 0.26, 0.17 ± 0.27, 0.46 ± 0.28, and 

0.46 ± 0.30 for the CK, EP, ED, and PT groups, respectively 
(Figure 2A and Supplementary Table S2). Another null model 
approach that constituted taxonomic and phylogenetic matrices 
was used to further disentangle different assembly processes 
and quantify their relative importance. Across the four subjects’ 
groups, the βNTI of phylogenetic dissimilarity between a pair 
of communities was 1.63 ± 2.53, 1.02 ± 1.80, 0.03 ± 1.33, and 
0.70 ± 1.80, and there was a concomitant increase in the 

A B

FIGURE 1

Comparison of gut microbiome structure at the amplicon sequence variant (ASV) level in epilepsy (EP), epilepsy with diarrhea (ED), additional 
probiotic treatments (PT), and healthy infants (CK). (A) Chao1 and Faith’ PD indexes in different groups. (B) The principal coordinate analysis (PCoA) 
plot based on the Bray–Curtis distance metric of ASVs in different groups.

A B

FIGURE 2

Comparisons to determine assembly mechanisms of intestinal microbiota among individuals within different groups (EP, ED, PT, and CK). 
(A) Normalized stochasticity ratio (NST) in different groups. (B) β-Nearest taxon index (βNTI) in different groups and dynamics of the relative 
importance of different community assembly processes. Asterisks indicated comparisons with an adjusted p-value <0.05, based on Tukey’s 
multiple comparisons test. CK, healthy controls, EP, epilepsy; ED, epilepsy with diarrhea; PT, probiotic treatments.
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stochasticity percentage of processes (Figure  2B and 
Supplementary Table S2). In particular, it affected the reduction 
of heterogeneous selection and the increase of homogenizing 
dispersal (Figure  2B), demonstrating that the relative 
contribution of stochasticity played a more important role than 
determinism. Overall, this indicated that stochastic mechanisms 
exerted increasing influence on community differences with 
epilepsy and related symptoms. Meanwhile, heterogeneous 
selection was increased in the PT group after the additional 
probiotic treatment.

3.4. Taxonomic compositions and core 
microbiota of epilepsy, epilepsy with 
diarrhea, and healthy infants

The relative abundance of bacterial community composition 
at the phylum and genus levels is shown in Figure 3A. Acidobacteria, 
Firmicutes, and Proteobacteria were revealed as the dominant 

phyla in all groups. The relative abundance of Proteobacteria was 
significantly higher, and that of Actinobacteria and Firmicutes was 
significantly lower (Tukey’s multiple comparisons test, adjusted 
p-value <0.05) in the ED group than in the other groups. 
Meanwhile, the relative abundance of Proteobacteria in the EP 
and PT groups was significantly lower (adjusted p-value <0.05) 
than that in the CK and ED groups (Figure  3A and 
Supplementary Table S3).

At the genus level, the relative abundance of Bifidobacterium 
was higher (adjusted p-value <0.05) in the EP and PT groups than 
in the CK and ED groups but was the lowest in the ED group. 
Meanwhile, Bifidobacterium was the core microbe in the CK 
(prevalence = 0.71), EP (prevalence = 0.92), and PT 
(prevalence = 1.00) groups. Escherichia/Shigella has the highest 
relative abundance in the ED group and was the core microbe in 
the CK (prevalence = 0.71) and ED (prevalence = 1.00) groups 
(Figure 3B and Supplementary Table S3). Also, Streptococcus was 
the core microbe in the CK, ED, and PT groups, with a prevalence 
of 1, 0.70, and 0.77, respectively.

A

B

FIGURE 3

Relative abundance and core microbiota among individuals within different groups. (A) The relative abundance at the phylum and genus levels in 
different groups. (B) The core microbiota at the genus level in different groups. Detection threshold represents the relative abundance.
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3.5. Microbiota association network of 
epilepsy, epilepsy with diarrhea, and 
healthy infants

To examine the community structure of the microbiota, the 
microbiota correlation networks of different groups were created. 
The ASVs with relative abundance >0.05% correlation are shown 
in Figure 4. Using Spearman’s rank to calculate the correlation 
coefficient, only the absolute value higher than 0.8 could be shown. 
Red edges indicate the co-occurrence, whereas yellow edges 
indicate mutual exclusion. The red-to-yellow color transition 
represents the degree of correlation. The size of the nodes 
represents the average relative abundance of ASVs, and the same 
color represents the same cluster within the different groups. The 
relative abundance of the top  10 ASVs and positions in the 
networks are also shown. Meanwhile, the local properties of the 
networks that were analyzed included average degree distribution, 
average path length, average clustering coefficient, and modularity 
(Supplementary Table S4).

From a global perspective, the network in the different 
groups was divided into the main components. The network of 
the CK group has more nodes (100) and edges (405) and higher 
complexity than the other three groups. The modules in each 
group were highlighted with community modularity algorithm, 

and 6, 18, 12, and 8 modules were clustered in different groups. 
The average degree distribution of the CK group was the highest 
(8.100), which represented stronger network stability (Figure 4, 
CK, Supplementary Table S4). The ED group had the highest 
average clustering coefficient (0.609), and the relative frequency 
could define the clustering of the network, which reflected the 
characteristics of aggregation of the network. The network of the 
ED group had the smallest average path length (2.339), 
indicating more compact local interconnection and denser 
bacterial communities (Figure 4, ED, Supplementary Table S4). 
The high modularity (0.858) of the EP network indicated high 
connectivity density within each community while high sparsity 
among communities (Figure 4, EP, Supplementary Table S4). 
The PT group network had the largest average path length 
through probiotic treatments. Compared with the ED group, the 
PT group’s number of nodes and edges was increased, while the 
average clustering coefficient, modularity, and modules were 
reduced (Figure 4, PT, Supplementary Table S4).

First, no genus was found in all groups. Bifidobacterium had 
the highest relative abundance in the networks of the CK (24.78%), 
ED (5.00%), and PT (16.61%) groups but was not observed in the 
EP network. Instead, Lachnospiraceae incertae sedis had the 
highest relative abundance in EP (9.08%) but was not observed in 
the ED network. Streptococcus was found in the EP (2.46%), ED 

FIGURE 4

Epilepsy (EP) and concomitant diarrhea (ED) attenuated the network interactions of the gut bacterial taxa, and special microbiota occupied the 
keystone interaction nodes in microbiome networks.
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(2.02%), and PT (9.38%) groups but not in the CK group. Also, 
Veillonella was found only in the CK (1.73%), ED (0.79%), and PT 
(1.82%) groups (Figure 4 and Supplementary Table S5). Second, 
each group had its unique bacterial species. The EP network had 
the most unique species, including Akkermansia, Bacteroides, 
Clostridium XlVa, Enterococcus, and Megasphaera. Enterobacter 
and Kluyvera were only observed in the ED network. Lactobacillus 
was only found in CK, and Rothia was only observed in the PT 
group. All common or endemic species with high relative 
abundance were at the important nodes in their respective clusters 
(Figure 4).

3.6. Identification and validation of 
microbial ASV-based markers for 
epilepsy and concomitant diarrhea

To evaluate the classification power of fecal bacteria markers 
for epilepsy and concomitant diarrhea, a random forest classifier 
(RFC) model was constructed. A 10-fold cross-validation on a 
random forest model was performed to detect unique ASV-based 
markers. The analysis identified the top 7 differentially abundant 

markers as the optimal marker set. The accuracy of the model was 
then calculated using the identified seven ASV-based markers. It 
was found that using the top  7 optimal markers as the set to 
identify different groups improved the RFC model’s accuracy 
(67.39–71.74%; Figure 5A).

Also, the mean decrease accuracy, mean decrease Gini, and 
importance of ASVs are shown in Figure 5B. ASVs_1 (Escherichia/
Shigella) and ASVs_3 (Bifidobacterium) had the most importance 
in the recognition of epilepsy and concomitant diarrheal diseases. 
Meanwhile, ASV_1782 (Streptococcus), ASV_442 (Escherichia/
Shigella), ASV_1075 (Enterobacteriaceae_Unassigned), ASV_1705 
(Clostridium sensu stricto), and ASV_774 (Veillonella) also played 
a key role in the recognition of different disease groups from the 
importance scores in different groups. Interestingly, some markers 
in the CK group had negative importance scores, indicating a 
more random distribution of gut bacterial communities in 
healthy infants.

From the changes in the relative abundance of ASVs, it could 
be  found that ASV1, ASV_1782, ASV_442, ASV_1075, 
ASV_1705, and ASV_774 had the same pattern: the average 
relative abundance was the highest in the ED group, followed by 
the CK group, and the relative abundance was lower in the EP and 

A

B

FIGURE 5

Identification of microbial markers of epilepsy and concomitant diarrhea by random forest models. (A) A 10-fold cross-validation on a random 
forest model was performed to detect unique amplicon sequence variant (ASV)–based markers. (B) The mean decrease accuracy, mean decrease 
Gini, importance, and relative abundance of the top 7 ASVs.
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PT groups. In contrast, ASV3 had the highest mean relative 
abundance in the PT group, suggesting that probiotic treatment 
may increase the relative abundance of Bifidobacterium.

4. Discussion

4.1. Effects of epilepsy and concomitant 
diarrhea on the gut microbiota of infants

In infant epilepsy research, early evaluation and unclear 
mechanisms of complications remain a challenge (Elliott et al., 
2019; Specchio and Curatolo, 2021). In recent years, microbiota 
signatures have received extensive attention because of their 
excellent performance in early detection and prognostic 
assessment in various disease areas (Dahlin and Prast-Nielsen, 
2019; Lindefeldt et al., 2019). Meanwhile, a growing number of 
studies have found a significant correlation among microbiome 
characteristics and epilepsy-related diseases (Alderton, 2018; 
Gómez-Eguílaz et al., 2018). Our study revealed the structure and 
changes of the gut microbiota in infants with epilepsy and 
unexplained diarrhea. A synergistic process of gut microbiota 
assembly in children with epilepsy was described. Furthermore, 
we elucidated the phylum-and genus-level effects of diarrhea on 
the gut microbiota of children with epilepsy and reported the 
validation of AVS-based epilepsy microbial markers.

Our findings indicated that epilepsy and diarrhea were 
associated with the β-but not α-diversity of infants’ gut microbiota. 
Although Chao1 and Faith’s PD indexes fluctuated, the large range 
of α-diversity indicated that despite consistent feeding patterns, 
there were large inter-individual differences in intestinal 
microbiota, which may come from the microbiota of breast milk 
(Ho et al., 2018). In contrast, the β-diversity indexes (Bray–Curtis 
dissimilarity) of gut microbiota were significantly different among 
different groups. This indicated that there were significant 
differences in the number and abundance of the infant gut 
microbiota among the groups. Such results have been reported in 
adult and animal gut microbiota studies (Li et  al., 2016; de la 
Cuesta-Zuluaga et al., 2019).

4.2. Assembly process of epilepsy and 
concomitant diarrhea based on the gut 
microbiota of infants

Previous studies have found that the gut microbiota assembly 
process may affect the gastrointestinal microbiota during early 
childhood (Sprockett et al., 2018). In our study, the composition 
of the intestinal microbiota was used to assess the strength of the 
assembly process. Our findings indicated that the stochasticity of 
intestinal microbiota (characterized by NST) in infants with 
epilepsy and diarrhea (ED group) significantly increased and that 
probiotic treatment (PT group) could not alleviate the stochasticity 
distribution. Meanwhile, our study addressed the ecological 

processes underlying the assembly of microbes in epilepsy and 
diarrhea of infants. Stochasticity had always dominated the 
assembly process of intestinal microbiota in infants, and this trend 
was more significant in children with epilepsy and diarrhea 
(characterized by βNTI). Undominated processes, including 
diversification and drift, have the highest proportion among 
stochasticity in all groups. This finding was consistent with that of 
Seki, who observed that the gut microbiota of extremely premature 
infants was directed by ecological drift (Seki et  al., 2022). 
Homogenizing dispersal was the most influential over the 
presence/absence of taxa (Martínez et al., 2015). Our study also 
showed that the homogenizing dispersal process of gut microbiota 
was significantly increased in infants with epilepsy and diarrhea 
(ED group), indicating that the intestinal species of the ED group, 
compared with other groups, had changed significantly.

4.3. Effects of epilepsy and concomitant 
diarrhea on intestinal microbiota species 
and association network in infants

Our results indicated that some phyla, including 
Actinobacteria and Firmicutes, were less abundant in the ED 
group and that Proteobacteria was more abundant in the ED 
group. Among them, Bifidobacterium belonging to the 
Actinobacteria phylum decreased in relative abundance, whereas 
Escherichia/Shigella belonging to the Proteobacteria phylum 
increased significantly. The current studies have indicated a 
decrease in Actinobacteria and an increase in Firmicutes in 
patients with epilepsy (Arulsamy et al., 2020). However, in our 
study, the relative abundance of Actinobacteria and Firmicutes did 
not change significantly in infants with epilepsy alone but 
decreased significantly in the group of infants with epilepsy with 
diarrhea. These infants exhibited typical characteristics of early 
developmental stages such as unstable community structure and 
low microbiome maturation (Xiao et al., 2021). This may be the 
main reason for the special intestinal microbiota structure 
of infants.

The increase in Bifidobacterium in infants with epilepsy 
observed herein was in agreement with findings from studies of 
patients with drug-resistant epilepsy and refractory epilepsy (Ang 
et  al., 2020; Gong et  al., 2020). Evidence had indicated that 
Bifidobacterium was associated with the prevention of drug-
resistant epilepsy and activation of anti-allergic mechanisms in 
children (Cukrowska et  al., 2020; Dahlin et  al., 2022). As 
functional bacteria that digest complex carbohydrates, 
Bifidobacterium might play a potential role in the pathogenesis of 
epilepsy (Wang et al., 2016). Changes in Bifidobacterium lead to 
disturbances in carbohydrate metabolism and might increase the 
risk of epilepsy (Lindefeldt et al., 2019). In our study, the relative 
frequencies of Bifidobacterium were significantly reduced in 
infants with epilepsy and diarrhea. Meanwhile, Bifidobacterium 
was not observed in the main clusters of the association network 
in infants with epilepsy. The potential role of Bifidobacterium in 
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the gut microbiota with epilepsy and diarrhea-induced gut 
microbiota reduction requires further investigation.

Escherichia/Shigella is a potential enteric pathogen 
involved in the pathogenesis of intestinal diseases (Wang et al., 
2012; Radhakrishnan et  al., 2022), which releases 
lipopolysaccharides and might induce a variety of 
inflammatory responses lipopolysaccharides are released in the 
gut. Meanwhile, Escherichia/Shigella toxins might cause 
encephalopathy (Lee et al., 2020b). In our study, Escherichia/
Shigella was increased significantly in infants with epilepsy and 
diarrhea (ED) but decreased significantly in infants with 
epilepsy alone (EP) as compared with healthy infants. Our 
study also showed that Escherichia/Shigella had the highest 
relative abundance in ED, but it did not play an important 
position in the association network. These results relatively 
differed from those of another study (Cui et al., 2022). Our 
findings also suggested that intestinal microbiota, such as 
Bifidobacterium and Escherichia/Shigella, could be  used as 
potential microbial markers to classify possible subtypes of 
epileptic diseases.

Previous studies have found that Streptococcus infection 
increased the risk of chronic diseases such as cerebral palsy and 
epilepsy (Lin et al., 2019; Yeo et al., 2019). Our findings indicated 
that treatment with CBM588 did significantly reduced Escherichia/
Shigella in infants with epilepsy and diarrhea (PT), but the relative 
abundance of Streptococcus increased. In the PT association 
network, Streptococcus had the highest relative abundance and was 
an important cluster that occupied the center of the network.

The relative abundance of Clostridium in the PT group did not 
significantly increase in spite of CBM588 intervention. Intestinal 
microenvironment changes caused by diarrhea may make 
clostridium difficult to colonize (Takahashi et  al., 2016). 
We hypothesized that CBM588 produces butyrate and that its 
fermented product D-lactate provides energy for colonic epithelial 
cells and plays an important role in epithelial barrier integrity and 
immune modulation, altering the intestinal microenvironment 
and making it suitable for Bifidobacterium like ASVs_3 
proliferation (Wang et  al., 2014). Human gut microbiota is a 
dynamic and complex microbial system linked to pathogen 
colonization resistance and immune system regulation (Bäumler 
and Sperandio, 2016). Our study suggested that single probiotics 
might have some drawbacks as a potential intestinal regulator. The 
microbiota might be  viewed as potential therapeutics for 
regulating the intestinal microenvironment to treat various 
diseases (Vrancken et al., 2019).

4.4. Classification and potential 
diagnostic effects of intestinal 
biomarkers in infants with epilepsy and 
concomitant diarrhea

Machine learning has been demonstrated to have advantages 
in classifying and predicting epileptic diseases (Gong et al., 2020; 

Dahlin et  al., 2022). Our study showed that even with 
complications and probiotic treatment, the random forest 
algorithm could still identify ASV-based marks and accurately 
distinguish different study cohorts. Epileptic disease–associated 
microbial dysbiosis was characterized by changes in the abundance 
of some ASVs. The groups with epilepsy, epilepsy with diarrhea, 
and probiotic treatment were differentiated using the top 7 taxa 
on the basis of RFC. Moreover, our results indicated that these 
microbial markers improved the accuracy of classification. As a 
result, the gut microbiota could be used to accurately identify 
patients. Although the study represented a new method for the 
diagnosis of epilepsy, large samples are still needed to verify 
its accuracy.

The pathogenesis of epilepsy is complex, and more than 30% 
of patients suffer from refractory epilepsy that cannot 
be controlled with drug therapy (Beghi et al., 2015; Kobow and 
Blümcke, 2018). These conditions pose a challenge to the diagnosis 
and treatment of epilepsy. As an efficient and non-invasive 
diagnostic method, the detection of gut microbiota is crucial to 
infants with epilepsy. At the same time, gut-microbiota-based 
biomarkers are important for the differential diagnosis, prognosis 
and treatment monitoring of epilepsy (Gong et al., 2020; Lee et al., 
2020a). However, our study has some limitations. First, because 
this was an association study, no causal relationship could 
be drawn from it. Epilepsy and diarrhea complications could not 
be  directly linked to the gut microbiome. Second, 16S rRNA 
sequencing was not sufficient to reveal all possible factors and 
relationships that might have influenced disease status at the 
species or strain level (Şafak et  al., 2020). The application of 
shotgun metagenomic, transcriptomic, and metabolomic 
technologies may reveal minor network interference in the genes 
of the gut microbiome regarding their expression and the presence 
of metabolites (Dahlin and Prast-Nielsen, 2019). Therefore, future 
research should consider the functional effects of changes in the 
gut microbiota on disease initiation and complications, which will 
reveal the effects of the “gut–brain axis” mechanism on 
infant epilepsy.

5. Conclusion

The gut microbial diversity and structure of intestinal 
microbiota was significantly different in infants with different 
epilepsy symptoms. The structure and composition of intestinal 
microbiota were significantly different among the healthy and 
epilepsy infants’ groups. That stochastic mechanisms applied 
increasing influence to community differences with epilepsy and 
related diarrhea infants. In epilepsy with concomitant diarrhea, 
microbiome alterations include increased Proteobacteria and 
decreased Actinobacteria and Firmicutes. Bifidobacterium and 
Escherichia/Shigella were the core microbe in healthy and epilepsy 
with concomitant diarrhea infants. The association network in 
healthy infants has higher complexity and aggregation than the 
others. The epilepsy infants network indicated the high 
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connectivity density within each community while the high 
sparsity between communities. While the network of the epilepsy 
with concomitant diarrhea infants had more compact local 
interconnection. Top 7 microbial ASVs-based markers that were 
selected by machine learning to distinguish the groups of epilepsy, 
probiotics treatments and healthy infants had stronger 
discrimination ability. And ASVs_1 (Escherichia/Shigella) and 
ASVs_3 (Bifidobacterium) had the most importance in 
the recognition.

Our research finally showed that infants with epilepsy, 
epilepsy with diarrhea and probiotics treatments exhibit 
substantial alterations of intestinal microbiota structure and 
composition, and specific intestinal strains are altered according 
to different clinical phenotypes and can therefore be  used as 
potential biomarkers for disease diagnosis.
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Risks associated with preterm birth are unevenly distributed across all gestations. At 
earlier gestational ages, complications such as necrotizing enterocolitis (NEC) and 
late-onset sepsis (LOS) conditions are significantly more common and are associated 
with a shift in the composition of the gut microbiome. Conventional bacterial culture 
techniques demonstrate that the colonization of the gut microbiota of preterm 
infants differs significantly from that of healthy-term infants. The current study 
aimed to investigate the impact of preterm infancy on the dynamic changes of fecal 
microbiota in preterm infants at different time points (1, 7, 14, 21, 28, and 42 days) 
after birth. We selected 12 preterm infants hospitalized in the Sixth Affiliated Hospital 
of Sun Yat-sen University from January 2017 to December 2017. A total of 130 fecal 
specimens from preterm infants were analyzed using 16S rRNA gene sequencing. 
We found that the colonization process of fecal microbiota in preterm infants is highly 
dynamic at different time points after birth, i.e., Exiguobacterium, Acinetobacter, and 
Citrobacter showed a declining abundance pattern with the advancement of age, 
while the bacterial groups of Enterococcus (Klebsiella and Escherichia coli) gradually 
grew and became the main microbiota during the development of fecal microbiota 
in preterm infants at the age of 42 days. Furthermore, the colonization of intestinal 
Bifidobacteria in preterm infants was relatively late and did not rapidly become 
the predominant microbiota. Moreover, the results also showed the presence of 
Chryseobacterium bacterial group, whose colonization was different in different time 
point groups. Conclusively, our findings deepen our comprehension and offer new 
perspectives on targeting particular bacteria in the treatment of preterm infants at 
different time points after birth.
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Introduction

Preterm birth is an important cause of neonatal morbidity and 
mortality in the perinatal period (Wiedmeier et al., 2011), and these effects 
are related to the gut microbiota, regulation of nutrient metabolism, 
developmental programming, and epigenetic modifications. About 1.5 
million preterm babies are born every year in the country, especially after 
the opening of the two-child policy, a large number of advanced mothers 
become pregnant through in vitro fertilization combined with embryo 
transfer technology (IVF-ET), which dramatically increases the risk of 
preterm birth, and the number of preterm babies is increasing. The gut 
microbiota is involved in a variety of interactions that affect the host health 
throughout his life cycle (Cox et al., 2014), and colonization occurs in the 
previously sterile gut of a newborn. Interactions with colonizing intestinal 
bacteria are important for healthy intestinal and immune maturation in 
infancy. The establishment and growth of an infant’s gut microbiome have 
been shown to have vital effects on their short- and long-term health 
(Tauchi et al., 2019; Kim et al., 2020).

The diversity and richness of the fecal microbiota continue to 
differentiate with the development of nurslings until the age of 
18 ~ 24 months (Collado et al., 2016), where its gut microbiota resemble 
the extremely dense and complex adult microbiota (Matamoros et al., 
2013). Many theories have been proposed to explain where and how gut 
microbes are established, but most are still controversial (Lozupone 
et al., 2012; Ferretti et al., 2018). Although the composition of the gut 
microbiota in healthy infants has been extensively investigated, the 
dynamic changes in the gut microbiota of preterm infants in early ages 
have not been well-documented. The reasons are mainly related to the 
counting methods used, the low frequency of sample analysis, and the 
small number of subjects studied. In addition, intestinal microbiota 
engraftment in babies is more susceptible to the interference of some 
common factors (Yatsunenko et al., 2012). These factors include events 
such as gestational age (term versus preterm), delivery way (vaginal 
delivery versus cesarean section), premature rupture of membranes 
(mother or infant), use of antibiotics, feeding (breast milk versus 
formula), delayed enteral feeding, physiological maturity of infants, and 
body care after birth (mother’s care at home versus neonatal intensive 
care unit (NICU; Depner et al., 2020; Uzan-Yulzari et al., 2021). Thus, 
the investigation of factors related to intestinal bacterial colonization of 
preterm infants, timely detection of bacterial colonization, and 
appropriate measures will directly impact the quality of life of 
preterm infants.

Perturbations to the infant gut microbiome during the first weeks to 
months of life affect growth, development, and health (Favier et al., 
2002). In particular, immunological and metabolic illnesses are more 
likely to occur if the infant’s gut microbiota is disrupted throughout 
development. This risk can last through childhood and even into 
adulthood (Furusawa et al., 2013; Healy et al., 2022). The gut microbiota 
of extremely preterm infants is dominated by one or more of the 
following: Staphylococcus, Klebsiella, Enterococcus, or Escherichia, and 
the predominance of one genus over another may periodically change 
(Stewart et al., 2016, 2017; Rao et al., 2021). Rao et al. (2021) revealed 
that the majority of preterm infants initially harbored staphylococcal-
dominated communities but subsequently shifted to a different 
community-dominance state. The authors postulate that a shift in 
community composition may result through inter bacterial and 
bacterial–fungal interactions, specifically exploitative interactions.

The majority of research into the development of the gut microbiome 
has focused on full-term babies, but health-related outcomes are also 

imperative for preterm infants. The systemic physiological immaturity 
of extremely premature babies (born earlier than 32 weeks gestation) 
results in various microbiome-organ interactions, the mechanisms of 
which have yet to be explored or, in some cases even considered. This 
study aimed to compare the gut microbiota of preterm infants at 
different time points, with a particular emphasis on the identification 
and potential clinical consequences of preterm infant gut 
microbiota composition.

Following the objective of the study, we investigated the composition 
of the developing fecal microbiota using 130 fecal samples from 12 
hospitalized preterm infants and measured fecal microbiota and clinical 
indications at six different time points (1, 7, 14, 21, 28, and 42 days after 
birth). Finally, we profiled the dynamic changes in the fecal microbiota 
of preterm infants. We  found that the colonization process of fecal 
microbiota in preterm infants was highly dynamic at different time 
points after birth, i.e., Exiguobacterium, Acinetobacter, and Citrobacter 
gave a declining richness pattern with the advancement of age, while 
bacterial species such as Klebsiella pneumoniae and Escherichia coli can 
gradually grow and become the main microbiota during the 
development of fecal microbiota in preterm infants.

Materials and methods

Study participants and fecal sample 
collection

A total of 12 preterm infants were recruited into the study 
population hospitalized in the Sixth Affiliated Hospital of Sun Yat-sen 
University from January 2017 to December 2017. Stool samples from 
preterm infants were collected using a disposable sterile special stool 
collection tube at a total of six time points 1, 7, 14, 21, 28, and 42 days 
after birth (C1, C2, C3, C4, C5, and C6, respectively). Two different parts 
of stool samples were collected at each time point. Among them, seven 
cases of preterm infants completed the collection of stool samples at six 
time points, two cases of preterm infants completed the collection of five 
time points, and the other three cases of preterm infants completed the 
collection of 3–4 time points. The gestational age and the weights were 
30.01 ± 1.05 weeks and 1367.5 ± 137.2 g, respectively. In addition, the 
mode of delivery, gender composition, feeding method, duration of 
antibiotics, and probiotic use, for the 12 preterm infants are shown in 
Table 1; Supplementary Table S1.

To observe the dynamic changes of fecal microbiota at various time 
points, the collected fecal samples were immediately sent to the 
laboratory on the same floor. The stool was divided into 2–4 tubes based 
on the amount collected, placed in sterilized Eppendorf tubes, and then 
stored in the laboratory –80°C refrigerator for further Uniform DNA 
extraction of fecal microbiota.

16S rRNA gene sequencing and 
bioinformatics analysis

To assess the composition of microbial communities from clinical 
samples, total genome DNA was extracted from fecal samples using 
PowerSoil® DNA Isolation Kit (MOBIO, United  States). The 
concentration of DNA was measured by Qubit® 3.0 Fluorometer 
(Invitrogen, United States), and purity was monitored on 1% agarose 
gels. The V3–V4 region of the bacterial 16S rRNA gene was amplified 

83

https://doi.org/10.3389/fmicb.2023.1078426
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Khan et al. 10.3389/fmicb.2023.1078426

Frontiers in Microbiology 03 frontiersin.org

with barcoded primer 515F (GTGCCAGCMGCCGCGGTAA) and 
907R (CCGTCAATTCMTTTRAGTTT). Samples with a bright main 
strip between 300 and 400 bp were chosen for further experiments. 
Sequencing libraries were generated using TruSeq® DNA PCR-Free 
Sample Preparation Kit (Illumina, United  States) following the 
manufacturer’s instructions, and index codes were added. Finally, the 
library was sequenced on an Illumina NovaSeq platform (E-gene, 
Shenzhen, China), generating 250 bp paired-end reads in FASTQ 
format, and the corresponding paired-end reads were merged into a 
fragment. Version 2020.8 of the Quantitative Insights into Microbial 
Ecology 2 (QIIME2; Bolyen et  al., 2019) pipeline1 was applied for 
sequence quality assessment and de-noise using the Divisive Amplicon 
Denoising Algorithm 2 (DADA2; Callahan et al., 2016). After filtering, 
short sequences (<100 nt) and bases at the end of the sequence with 
lower quality (<20) were excluded. Both forward- and reverse-
sequencing reads after trimming met the criteria were retained 
for analysis.

Taxonomy assignment

The filtered reads were taxonomically classified into OTU against 
the 99% identity SILVA (release 119) V3–V4 classifier (Quast et al., 
2013). All the ribosomal sequence variants (RSVs) were identified as 
features across all samples without clustering. The feature table rooted 
phylogenetic tree, representative sequences, and metadata from QIIME2 
were then exported for further analysis in R version 3.4.22. For Alpha 
diversity analysis demonstrating the complexity of species diversity, 
QIIME2 was used to compute the evenness index and the observed 
operational taxonomic units (OTUs) index, and the results were 
visualized with R. Moreover, the different tests of Alpha diversity for 
different groups were performed using Wilcoxon Rank Sum Test. Beta 
diversity was calculated using Bray–Curtis distance and Weighted 
UniFrac distance by the R package VEGAN version 2.5–33 (Oksanen 
et al., 2015). Differences in beta diversity were identified using Analysis 
of Similarity (ANOSIM), and the effect size was indicated by an R-value 
(between −1 and +l, with a value of 0 representing the null hypothesis) 
(Clarke, 1993), and PERMANOVA test leveraged by stress and effect size 
R2 between 0 and 1. Principal coordinate analysis (PCoA) from the R 
package ape4 and the non-metric multidimensional scaling (NMDS) 
method from the R package VEGAN were used to visualize differences 
in the beta diversity-based community structure. Linear discriminant 
analysis (LDA) effect size (LefSe) analysis was performed to reveal the 
significant ranking of abundant modules in six time point groups 
(Segata et al., 2011). A size-effect threshold of 2.5 on the logarithmic 
LDA score was used for discriminative functional biomarkers. 
Significantly different biomarkers at phylum and genus levels were 
identified using STAMP (v2.1.3)5 (Parks et al., 2014).

1 http://qiime.org/index.html

2 https://cran.r-project.org/bin/windows/base/old/3.4.2/

3 https://cran.r-project.org/web/packages/vegan/index.html

4 https://cran.r-project.org/web/packages/ape/index.html

5 https://github.com/dparks1134/STAMPT
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Prediction and identification of 
metagenome functional content and 
biomarkers

To further study the biological function of metagenomics, The 
Phylogenetic Investigation of Communities by Reconstruction of 
Unobserved States (PICRUSt v1.1.4)6 software was employed to predict 
the functional composition of metagenomes bases on OTU table 
(Ashauer et al., 2015). Gene abundances in metabolic pathways were 
analyzed using the KEGG groups. OTU data generated in QIIME for all 
16S rRNA datasets were used to build BIOM files formatted as input for 
PICRUSt, and PICRUSt-predicted metagenomes based on OTUs marker 
gene sequences were estimated using default parameters. We furthered 
our study by detecting the principal component analysis (PCA) of the 
PICRUSt-predicted KEGG abundance of all samples using R package 
ade47. The significantly different (p < 0.05) biomarkers, including KEGG 
pathway, were identified by LEfSe (Segata et al., 2011), using selection 
criteria of alpha value for the factorial Kruskal–Wallis test of 0.05 and 
the linear discriminant analysis (LDA) score of >2.5. The statistical 
significance for all analyses was set as p < 0.05.

The interactive networks of gut microbiota

The correlation network has an absolute Pearson’s correlation above 
0.50 with a significance level under 0.05, and these correlations were 
transformed into links among genera in the co-occurrence network 

6 http://picrust.github.io/picrust/

7 https://cran.r-project.org/web/packages/ade4/index.html

using a self-develop Perl script (Che et al., 2019). The co-occurrence 
networks were then visualized using Cytoscape version 3.9.1.8 The 
schematic overview of the overall methodology is shown in Figure 1.

Statistical analysis

The Shannon’s diversity index was calculated to measure species 
richness and distribution evenness in the community, and the Chao1 
index estimated the total number of OTUs based on the actual observed 
species number. The Mann–Whitney non-parametric test was used to 
measure the differences between continuous variables of two groups and 
Kruskal–Wallis for more than two groups with a significance threshold 
of 0.05. Additionally, One-way analysis of similarity (ANOSIM) was 
used to evaluate for statistically significant differences between 
metagenomic profiles. p-values ≤0.05 were considered significant.

Results

Comprehensive characterization of 
microbial community composition in 
preterm infants

We used 16S rRNA gene data of 130 fecal samples from 12 preterm 
infants at multiple time points (C1–C6) after birth to assess time-related 
changes in microbial diversity, identify the top abundant and enriched 
drivers of microorganisms in different time point groups, and explore 

8 https://cytoscape.org/download.html

A B

FIGURE 1

Flowchart of the study (A) selection of experimental groups to determine differences in microbiota between groups (B) standardizing technical factors and 
sample processing to control for variation introduced by every step of the process. Data interpretation necessitates the collection and curation of metadata 
about all aspects of each sample, from clinical variables to sample processing.
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the phenotypes and function of fecal microorganisms during the healthy 
development of preterm infants.

Sequencing metadata of fecal DNA 16S rRNA gene are summarized 
in Supplementary Table S2. Rarefaction analysis of the observed 
operational taxa (OTUs) showed that sequencing effectively captured 
the potential total OTUs in the stool samples (Supplementary Figure S1). 
The top five phyla observed in fecal specimens were Firmicutes (25.11–
73.96%), Proteobacteria (22.51–73.86%), Bacteroidetes (0.02–8.74%), 
Actinobacteria (0.04–1.47%), and Cyanobacteria (0.01–0.34%) 
(Figure  2A), among which Firmicutes and Proteobacteria were the 
dominant phyla showing that the Firmicutes were predominant in C1–
C3 groups, while the Proteobacteria were predominant in C4–C6 
groups. Additionally, the ratio of Firmicutes to Proteobacteria (F/P) in 
feces was measured across all time points (C1–C6), revealing a 
significant (p < 0.05) difference in the F/P ratio between groups. It is 
worth highlighting that the C5 (28 days) group had significantly 
(p < 0.05) a higher F/P ratio than all other groups (Figure 2B). The Venn 
plot in Figure 2C shows that 8 (19.69%) were shared across different 
time points.

Furthermore, a comparison of Shannon diversity indexes for all 
time points (C1–C6) is shown in Figure  2D (also see 
Supplementary Table S3). The indices were shown in all groups and 
found a subsequent increase with the advancement of age, but the 
differences were not significant. Likewise, Pielou’s evenness, observed 
OTUs, faith_pd (Supplementary Figure S2), chao1, dominance, and 
Simpson index (Supplementary Table S3) showed no significant change 
in alpha diversity among the six time point groups (C1–C6). For beta 
diversity, in the NMDS based on the Bray–Curtis distance matrix, no 

obvious clustering was found in six different time point groups 
(Figure 2E). However, with time, the sample heterogeneity of microbiota 
structure in each group increased, and the parallelism within the group 
was poor. In addition, permutational multivariate analysis of variance 
(PERMANOVA) results based on unweighted UniFrac distance 
(R2 = 0.138, p = 0.002) indicated a significant difference among the six 
time point groups (Figure 2F). These results of Figure 2 thus pointed to 
remarkable microbial community changes associated with a timeline.

The top abundant genera in gut microbiota 
of preterm infants at different time points 
after birth

The findings of the investigation into the most abundant genera 
were consistent with the beta diversity, suggesting that the diversity of 
the most abundant genera increased over time. These results revealed a 
time-dependent shift in the most abundant genera (Exiguobacterium, 
Prevotella, Acinetobacter, Pseudomonas, Enterococcus, Bifidobacterium, 
Escherichia–Shigella, Klebsiella, Gardnerella, Streptococcus, and 
Chryseobacterium) (Figure 3A), as well as the sample heterogeneity of 
the floristic structure of each group increased. Figure 3A shows the 
top 40 most abundant genera in each time group, half of which were 
common to all time groups (Figure 3B). In addition, the heatmap in 
Figure 3C indicated by cluster analysis that fecal microbiota in C1–C3 
was clustered of Exiguobacterium, Pseudomonas, Lactococcus, 
Brevundimonas, Burkholderiaceae, and Thermus; in C3–C5 was clustered 
of Enterococcus, and in C6 was clustered of Escherichia − Shigella.

A B C

D E F

FIGURE 2

Comparison of relative abundances of intestinal microbial taxa across 6 age time points of preterm infants. (A) Composition of gut microbiota at the 
phylum level in the 6 age time points. (B) Box plot of F/P ratio among all groups (C1–C6). (C) Venn plot illustrating overlap of gut microbial phyla among six 
time point groups. Phyla detected in more than six fecal samples are included. (D) Alpha diversity and richness of bacterial communities across six groups 
using the Shannon index. (E) Beta diversity using NMDS of Bray–Curtis dissimilarity. (F) Unweighted Unifrac distance of gut microbiota between the time 
point groups. Pairwise p-values are calculated using a non-parametric Kruskal–Wallis test with Tukey post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001 were considered significant.
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Differential taxa of gut microbiota across 6 
age groups of preterm infants

To further characterize the dynamic gut microbiota changes during 
six time point groups. We did time point-dependent distribution of 
phylogenetic shifts of these taxa at different taxonomic levels, i.e.; genus 
(Figures  4A–F), phylum, class, order, family, and species 
(Supplementary Figure S3).

Furthermore, the most dynamically enriched microbiota among all 
groups were investigated at the genus level. The abundance of 
Exiguobacterium (62%), Prevotella (8.7%), and Acinetobacter (7.8%) was 
higher in the C1 group, and then gradually lowered with the 
advancement of age (C2–C6). However, the abundance of Klebsiella 
(13.2%) and Escherichia–Shigella (0.7%) was lower on day 1 (C1) but 
increased gradually over time to become the dominant taxa in C6 group 
by 32.6 and 38.2%, respectively (Figures 4A–F). Moreover, the abundance 
of the most dynamically enriched microbiota at the species level includes 

Escherichia coli and Klebsiella pneumonia giving ascending pattern from 
C1 to C6 group. Besides, Bifidobacterium animalis and drug-resistant 
bacterial strain Chryseobacterium indologenes showed a declining pattern 
from C1 to C6 (Supplementary Figure S3E; Supplementary Table S6). 
Moreover, through LEfSe, we determined the most abundant differential 
taxa in the six time point groups. At the phylum level, Firmicutes and 
Proteobacteria were the biomarkers for C2 and C6 groups, respectively, 
which was in compliance with the prior observation that Proteobacteria 
and Firmicutes predominated at the phylum level, with the decrease of 
Firmicutes and the increase of Proteobacteria over time (Figures 4G,H; 
Supplementary Table S4). No phylum was enriched in C4 group. The 
most abundant families and enriched genera were consistently found in 
C6 group. Additionally, Pseudomonas and Sphingobium were the most 
abundant genera in the C1 group. Two important groups of Bacillus and 
Acinetobacter were shown to be enriched in the C3 stage, among which 
Bacillus was pathogenic. Besides, Rothia was the most enriched in C5 
group. A total of six taxa were enriched in C6 stage, including 

A

C

B

FIGURE 3

The top abundant genera of intestinal microorganisms enriched in 6 age time point groups of preterm infants. (A) Composition of the top 40 most 
abundant genera in the six time points (C1–C6). (B) Venn plot illustrating overlap of gut microbial genera among 6 age groups. (C) Heatmap showing the 
most abundant differentially expressed genera in the gut microbiota of the six time point groups. Single letters (g, f, and c) in front of names indicate the 
genus, phylum, and class, respectively.

87

https://doi.org/10.3389/fmicb.2023.1078426
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Khan et al. 10.3389/fmicb.2023.1078426

Frontiers in Microbiology 07 frontiersin.org

Micrococcaceae, Enterobacterales, Gammaproteobacteria, Proteobacteria, 
Escherichia–Shigella, and Escherichia coli.

Age-dependent gut microbiota networks 
and their key driver genera in preterm 
infants

We then used the sparse compositional correlation (SparCC) 
analysis to explore the interaction among gut microbes in all time-
dependent samples. All genera with relative abundance ≥0.1% were 
included in the networks. The Exiguobacterium (Firmicutes) network 
had the strongest connectivity with Acinetobacter (Proteobacteria), 
Pseudomonas (Proteobacteria), and Lactococcus (Firmicutes). Likewise, 
Serratia (Proteobacteria) is also strongly connected with Veillonella 
(Firmicutes). However, Streptococcus, Staphylococcus, Enterococcus, and 
Bacillus (Firmicutes) showed the weakest connectivity with the rest of 

the genera (Figure 5A). A heatmap and hierarchical clustering of the 
top  12 differentially abundant genera with |FC| > 1 and p  < 0.05 
demonstrates the relatedness of samples (Figure 5B).

Prediction of microbial metabolic functions 
based on taxonomic composition

To better understand the functional differences in the gut 
microbiome, disease susceptibility, and metabolic contribution of 
bacteria in preterm infants, a functional profile was generated using 
PICRUSt to predict gene families based on bacterial metagenomes by 
predicting genes from 16S rRNA data derived from generated OTUs and 
its reference genome database (Ashauer et al., 2015). The results showed 
significant overexpression of 63, 1, 5, 22, and 24 KEGG pathways in C1, 
C2, C3, C5, and C6 groups of preterm infants, respectively (Figure 6; 
Supplementary Table S5). Most of the pathways identified in the C1, C2, 

A B C

D

G H

E F

FIGURE 4

Figure Differentially abundant taxa enriched in the six time point groups of preterm infants. (A–F) Dynamic changes of dominant microbes at genus level in 
the intestinal tract of preterm infants at different time points. (G) Phylogenetic cladogram showing differentially abundant taxa from phylum to genus levels. 
Microbial classes are indicated with letters. Each node represents one taxon at different taxonomic levels. Node colors are the taxa that were observed with 
higher abundance in the relevant cohort (C1–C6). (H) Species with a significant difference have an LDA score greater than the estimated value; the default 
score is 2.5. The length of the histogram represents the LDA score; i.e., the degree of influence of species with significant differences between different 
groups.
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C3, and C5 groups are necessary for the sustenance of life, including 
ABC transporters, Nucleotide metabolism, Ascorbate, and aldarate 
metabolism, carbohydrate, and protein metabolism Dioxin degradation, 
Lipid metabolism. Finally, numerous modules describing metabolic 
processes and immune status were identified to be over-represented in 
all groups. All these modules are essential in affecting microbial 
distribution, survival, and proliferation of microbes in the environment 
(Supplementary Figure S4). These results would further need to 
be confirmed using metagenomics.

Discussion

Preterm birth is a significant cause of neonatal morbidity and 
mortality. In preterm infants, colonization of the gut microbiota is 

important for the pathogenesis of, for example, LOS and NEC, two 
major causes of mortality. Microbial transfer from the gastrointestinal 
tract has been suggested to cause LOS and NEC in very low birth weight 
infants (Sherman, 2010). LOS is a major cause of neonatal morbidity and 
mortality, especially in preterm infants. During the establishment and 
development of healthy gut microbiota, commensal microorganisms 
parasitizing the digestive tract may cause a mucosal barrier infection 
and spread throughout the body (Mai et al., 2013). The study by Luo Jun 
et al. from the Maternal and Child Health Hospital of Bao’an District, 
Shenzhen, found that the main pathogenic bacteria in blood culture of 
children with NEC above stage IIa combined with positive blood culture 
sepsis were Klebsiella pneumoniae (32%), Escherichia coli (32%), 
Enterococcus faecalis (12%), and Enterococcus faecalis (8%) (Backhed 
et al., 2015). Bizzarro et al. (2014) conducted an etiological analysis of 
158 children with NEC complicated with sepsis and found that a very 

A

B

FIGURE 5

(A) Microbial interactive networks in preterm infants are constructed from SparCC results, and visualized using Cytoscape. (C1) Day 1st, (C2) 7 days, (C3) 
14 days, (C4) 21, (C5) 28 days, and (C6) 42 days after birth. Genera with average abundance >0.1%, correlation |R| > 0.2, and p < 0.05 are included in the 
networks. Node colors denote the phyla of the genera. Node sizes represent weighted node connectivity. Edge colors and thickness represent the 
correlation. (B) Heatmap of top 12 differentially abundant microbial genera in all time-dependent samples (C1–C6). Red corresponds to an up-regulated 
gene product, and green corresponds to a down-regulated gene product. Each differentially expressed phylum is represented by a single row, and each 
sample is represented by a single column.
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high proportion (51.6%) of children with sepsis within 72 h of NEC 
diagnosis were infected with Klebsiella. Wu et  al. (2012) and other 
studies found that the Gram-negative bacteria in 56 preterm infants 
were mainly Klebsiella 25.58% and Escherichia coli (6.56%). Through the 
analysis of the fecal microbiota of 12 preterm infants, we found that 
Klebsiella and Escherichia coli significantly increased at about 7 days after 
birth and became higher and higher as time went on and became the 
main microbiota. Klebsiella bacteria and Escherichia coli were the 
predominant gut microbiota around 42 days after birth, with respective 
proportions of 32.6 and 38.2% (Figures  4A–F). It shows that some 
opportunistic pathogenic bacteria, such as Klebsiella and Escherichia 
coli, can gradually grow during fecal microbiota development in preterm 
infants. Similarly, opportunistic pathogens can easily invade the 
bloodstream through the intestinal mucosa to infect the body of preterm 
infants due to their low immunity and poor intestinal mucosal barrier 
function, causing severe damage to the body.

Conventional bacterial culture methods confirm that the gut 
microbiota colonization of preterm infants is significantly different from 

that of healthy-term neonates. Compared with healthy-term infants, 
probiotics such as Bifidobacteria that regulate intestinal development in 
preterm infants, including epithelial barrier integrity, tend to colonize 
the intestinal tract of preterm infants late and less frequently, takes 
almost 1 week before colonization begins (Tanaka et al., 2019). In the 
investigation of preterm infant’s fecal microbiota, we found that the 
colonization of intestinal Bifidobacteria in preterm infants was relatively 
late and did not rapidly develop into the dominant microbiota. The low 
abundance of Bifidobacteria in the gut microbiota of preterm infants 
thus increases intestinal epithelial permeability, making them prone to 
enteric diseases. Many interfering factors, such as differences in sex, way 
of delivery, and feeding, are confounding factors in the study of the 
factors affecting fecal microbiota colonization in preterm infants. 
However, the results show that the differentiation process of the fecal 
microbiota of premature infants is still highly consistent, and the 
distribution of the fecal microbiota of premature infants is mainly 
composed of Exiguobacterium, Acinetobacter, and Citrobacter around 
1 day after birth, making their proportion as high as 83% of the total 

FIGURE 6

Comparison of relative abundance of functional modules among preterm infants at 6 time points C1, C2, C3, C5, and C6 (1, 7, 14,21, 28, and 42 days after 
birth) groups using Linear discriminant analysis effect size (LEfSe) analysis generated from PICRUSt. A number of 35, 1, 5, 18, and 15 KEGG modules are 
significantly enriched in C, C2, C3, C4, and C6, respectively. Data show differences in predicted bacterial metabolic function among all groups. Pathways 
with significant difference have an LDA score > 2.5.
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population. Over time, the content of these three main bacterial groups 
gradually decreased, while the bacterial groups of Enterococcus, 
Klebsiella, and Escherichia coli gradually increased and became the main 
bacterial groups by 42 days after birth.

In the past, gut microbiota studies have relied on bacterial 
culture methods. The bacterial culture method found that the main 
bacteria colonizing infants were Streptococcus, Staphylococcus, 
Enterobacter, and Enterococcus (Inoue and Shimojo, 2015). Backhed 
et al. (2015) performed a more comprehensive analysis of the gut 
microbiota of 98 infants and their mothers using metagenomic 
shotgun sequencing and found that Firmicutes and Bacteroidetes 
were the most common phyla, followed by Actinobacteria and 
Proteobacteria. Besides, several studies have noted that Firmicutes 
dominate the earliest stool samples of preterm babies (La Rosa et al., 
2014; Rao et al., 2021). However, the bacterial load is probably very 
low at this stage of colonization. As feces production occurs, there 
is a marked shift to persistent Proteobacteria dominance (Young 
et al., 2020). Enterobacteriaceae, including Klebsiella and Escherichia, 
have a substantially higher relative abundance than Bifidobacterium, 
which exist at a much lower relative abundance than in term babies 
(Patel et al., 2016). We also found that in the early age groups (C1, 
C2, and C3), the main microbiota in preterm infants was Firmicutes 
(Exiguobacterium, Bacillus, Veillonella, Streptococcus, etc.) which 
then dominated by Proteobacteria (Escherichia–Shigella, 
Pseudomonas, Acinetobacter, Citrobacter, Klebsiella, etc.) in the 
subsequent age groups (C4, C5, and C6), and is not entirely 
consistent with the distribution of fecal microbiota in normal term 
infants. Moreover, Fallani et  al. (2010) evaluated the intestinal 
microbiota of 42-day-old European infants. They found that the 
diversity of bifidobacteria in infant feces in northern European 
countries is comparatively higher. In contrast, the content of 
Bacteroides in infant feces in southern European countries is 
relatively high (Fallani et al., 2010), depicting that even in European 
populations, the fecal microbiota of infants is vastly different, and 
infants in each place have their dominant microbiota.

Chryseobacterium is a gram-negative bacillus that produces 
yellow pigment, non-human normal microbiota, and has multi-drug 
resistance properties. In the past, a mass outbreak occurred in the 
internal medicine intensive care unit (ICU) ward of a medical center, 
and seven people were infected with aureus (Kanamori et al., 2016). 
The investigation revealed that the personnel failed to take necessary 
precautions for hand hygiene and infection control (Cantero et al., 
2018). In addition, there is also a case report of neonatal meningitis 
related to this bacteria (Maraki et al., 2009), suggesting that there may 
be  drug-resistant bacteria in the NICU, which may become an 
important source of infection in NICU outbreaks. In the present 
study, we discovered that the fecal microbiota of preterm infants in 
NICU contain Chryseobacterium indologenes, which poses a threat to 
their lives. Current research can help us to learn more about the 
regulations of fecal microbiota in preterm infants by analyzing the 
dynamic changing process of colonization at different time points 
after birth.

Conclusion

Our findings will contribute to gaining a better understanding of 
the long-term health consequences of postnatal changes in the gut 
microbiota of preterm infants. To our knowledge, this is the first 

study describing the composition of the fecal microbiome in preterm 
infants under 42 days of age. Fecal microbiota in preterm infants is 
more simplistic around a day after birth, with Exiguobacterium, 
Acinetobacter, and Citrobacter making up  83% of the entire 
microbiota. Over time, the relative abundance of these three major 
bacterial families declined, while the bacterial groups of Enterococcus, 
Klebsiella, and Escherichia gradually increased and became the main 
bacterial groups, any of which could cause a digestive tract infection. 
Similarly, the colonization of intestinal Bifidobacteria in preterm 
infants was relatively late and did not rapidly become the 
predominant microbiota. In addition, Chryseobacterium bacterial 
group exists in the fecal microbiota of preterm infants in NICU, 
indicating an additional risk to their health. We hope that the current 
study could open new possibilities for comparison and understanding 
of the time-dependent dynamics of the gut microbiota in preterm 
infants and offer new perspectives on targeting particular bacteria 
for the treatment of premature infants at different time points 
after birth.
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Background: Necrotizing enterocolitis (NEC) is a severe inflammatory bowel

disease that may lead to perforation, causing high morbidity and mortality in

preterm infants. Abdominal ultrasound (AUS) has been shown to provide benefits

in diagnosing and managing NEC in recent years.

Objective: This study focused on the utility of AUS in the diagnosis and evaluation

of surgical NEC.

Patients and methods: In this retrospective study, available data of the patients

diagnosed from January 2019 to June 2022 were reviewed. The sensitivity and

specificity of AUS in diagnosing a perforation were analyzed. Typical cases for the

application of AUS in monitoring and evaluating the progression, complications,

and sequela of NEC were described.

Results: There were 69 neonates diagnosed with NEC and examined by AUS,

of whom eight patients developed a perforation. AUS was used for diagnosing

a perforation in eight patients with key features of pneumoperitoneum and/or

complex ascites, allowing us to find four locations of perforation, with a sensitivity

and specificity of 100%.

Conclusion: AUS plays an important role in diagnosing and evaluating surgical

NEC in newborn infants, with good sensitivity and specificity.

KEYWORDS

abdominal ultrasound, necrotizing enterocolitis, surgical, perforation, newborn infant

1. Introduction

Necrotizing enterocolitis (NEC) is a devastating intestinal disease of preterm infants

that can be difficult to diagnose and is characterized by overwhelming inflammation of

the bowel wall, causing intestinal injury and necrosis (Epelman et al., 2007; Neu and

Walker, 2011; Patel et al., 2015). Timely diagnosis and treatment are essential for better

outcomes because NEC can rapidly progress to intestinal perforation, peritonitis, widespread

inflammatory response syndrome, multiorgan dysfunction, and death (Cuna et al., 2022).
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Diagnosis of NEC is made based on clinical presentation,

laboratory tests, and imaging (Cuna et al., 2018). The modified

Bell’s classification remains the most important and widely

used staging tool for neonates with NEC. Although abdominal

radiographs (ARs) remain the imaging standard for evaluating

NEC, an AR may miss up to 50% of the early signs of NEC.

Pathognomonic findings, such as portal venous gas, pneumatosis,

and pneumoperitoneum, can be difficult to identify the AR, and

the absence of such findings cannot entirely exclude the diagnosis

(Tam et al., 2002; Chan et al., 2021). Abdominal ultrasound

(AUS) is a real-time feedback, non-invasive imaging modality.

Various studies have demonstrated that AUS outperformed AR

for diagnosis, management, and prediction of outcomes for NEC

(Faingold et al., 2005; Epelman et al., 2007; Silva et al., 2007;

Muchantef et al., 2013; Chen et al., 2018; van Druten et al., 2019;

Alexander et al., 2021). AUS can well display the signs of bowel wall

echo, peristalsis, blood perfusion of the bowel wall, pneumatosis

intestinalis, ascites, and free gas with sensitivity and specificity of

up to 70 and 80%, respectively. The sensitivity of AUS in intestinal

necrosis (76.9 vs. 38.5%) and intestinal perforation (61.5 vs. 15.4%)

is higher than that of X-ray (Tracy et al., 2020). In a recent

study of a pilot diagnostic randomized clinical trial, the rate of

disagreement between paired AR and AUS can be 25%, with all

cases of disagreement arising from pneumatosis intestinalis (Cuna

et al., 2022). When used in conjunction with color Doppler, bowel

wall perfusion can be evaluated (Faingold et al., 2005; Epelman

et al., 2007; Hwang et al., 2022). AUS may be a useful adjunct in

detecting changes consistent with NEC even when radiographs are

inconclusive. However, the adoption of robust AUS programs into

clinical practice has been slow (Ben Fadel et al., 2019; Miller et al.,

2020).

This article focuses on the emerging role of AUS in the

early diagnosis of surgical NEC, the benefits of AUS in daily

practice, and the evaluation of complications and sequela through

illustrative cases. We found that AUS had very good sensitivity and

specificity for the diagnosis of perforation based on factors such

as pneumoperitoneum, complex ascites, and intestinal wall blood

supply. Focal fluid collections or echogenic fluid were predictors of

the eventual need for surgery and served as evidence of perforation,

even if pneumoperitoneum is not seen. Therefore, the significance

of complex ascites in the diagnosis of NEC perforation should

be emphasized.

2. Patients and methods

2.1. Patients

This retrospective study was approved by the Research Ethics

Committee of Dongguan Children’s Hospital (no. LL2022112901).

Available data of patients with NEC admitted urgently to the

neonatal intensive care unit (NICU) and patients diagnosed with

NEC during hospital stay from January 2019 to June 2022 were

reviewed. The sensitivity and specificity of AUS in diagnosing a

perforation were analyzed. Typical cases for the application of AUS

Abbreviations: AR, abdominal radiograph; AUS, abdominal ultrasonography;

NEC, necrotizing enterocolitis.

in monitoring and evaluating the progression, complications, and

sequela of NEC were described. The inclusion criteria were as

follows: (1) meeting the criteria of Modified Bell’s NEC stage of III;

(2) gestational age at birth ≤44 weeks; (3) postnatal age ≤28 days

for term neonates and postmenstrual age ≤44 weeks for preterm

neonates at NEC onset; and (4) bedside AUS performed frequently

from the early onset of NEC or urgent admission for NEC

diagnosis and prognosis evaluation. The exclusion criteria were

as follows: (1) intestinal malformations and (2) severe persistent

pulmonary hypertension.

2.2. Abdominal ultrasonography

2.2.1. Equipment
A portable CXR (MUX-10J) was used in this study. Abdominal

computed tomography (CT) was acquired with a 16-slice spiral

CT scanning unit (Brilliance, Philips Co.). A portable ultrasound

machine (CX50, Philips Co.) was used regularly in our department,

and a linear array probe with a frequency of 9–13 MHz was used in

all AUS scans.

2.2.2. AUS and AR examination method
Every AUS examination was performed and read by a pediatric

ultrasound expert, while AR was performed and read by pediatric

radiologists. The AUS expert and AR radiologists were separate

physicians. Each baby was placed in the supine position, and

each quadrant of the abdomen was systematically assessed by

scanning in transverse and sagittal planes. CD AUS at a velocity

of 0.029–0.11 m/s evaluated intestinal mural blood flow (Faingold,

2018). The abdomen was imaged anteriorly and posteriorly by

AR, and abdominal upright and horizontal projection images

were documented.

2.2.3. Observation indexes
Key AUS features of NEC were observed carefully (Tam et al.,

2002; Faingold et al., 2005; Epelman et al., 2007; Silva et al.,

2007; Muchantef et al., 2013; Patel et al., 2015; Allin et al., 2017;

Erinumberger, 2017; Chen et al., 2018; Faingold, 2018; Markel

and Underwood, 2018; Ben Fadel et al., 2019; van Druten et al.,

2019; Miller et al., 2020; Tracy et al., 2020; Alexander et al., 2021;

Chan et al., 2021; Gao et al., 2021; Kotb et al., 2021; Cuna et al.,

2022; Hwang et al., 2022). These features included (1) bowel wall

thickness: normal between 1 and 2–2.7mm; (2) decreased intestinal

peristalsis: intestinal peristalsis <10 times/min. (3) Pneumatosis

intestinalis (PI): granular, stripe, ring-shaped hyperechoic foci in

the intestinal wall; (4) portal venous gas (PVG): movable granular

hyperechoic foci within the portal vein and its branches; (5)

pneumoperitoneum: free intraperitoneal air seen as echogenic foci

or stacked echogenic lines outside the bowel lumen; (6) ascites:

detectable free liquid dark areas in the abdominal cavity (simple

free fluid was seen as anechoic regions surrounding intraperitoneal

structures, while complex free fluid was seen as echogenic, with

possible loculations); and (7) bowel perfusion: increased perfusion

with >9 dots of color Doppler signal per square centimeter

(Alexander et al., 2021; Gao et al., 2021). The key AR features
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FIGURE 1

Patient disposition.

of NEC included PVG, pneumoperitoneum, bowel dilatation, and

reduced inflation (van Druten et al., 2019).

Diagnosis of NEC can be performed when pathognomonic

signs, such as PVG or PI, are present. The indication for a

surgical procedure in NEC is the presence of perforation,

which manifests as pneumoperitoneum and/or complex

ascites (van Druten et al., 2019; Alexander et al., 2021). The

correlation between the ASU feature and modified Bell’s

Stage Criteria referred to the study by van Druten et al.

(2019).

2.2.4. Statistical analysis
The statistical analysis was performed using SPSS

software (v. 19.0). Descriptive statistical methods were

used to describe the study population. Numerical

data were expressed as the mean ± standard

deviation (SD). Categorical variables were presented as

frequencies or rates. A two-sided p-value of <0.05 was

considered significant.

3. Results

3.1. Clinical manifestations of NEC

There were 81 neonates diagnosed with NEC (we excluded

six patients diagnosed with perforation secondary to intestinal

malformations, such as Meckel’s diverticulum, volvulus, congenital

atresia, and esophageal hiatal hernia, and six patients who were

not examined by AUS) in our NICU from January 2019 to June

2022, and 69 of them were examined by AUS (Figure 1). Among

these 69 patients, 11 met the criteria of Bell stage II, 10 met

the criteria of Bell stage III, and perforation occurred in eight

patients (Table 1) who underwent surgery and survived. AUS was

used for the diagnosis of perforation in eight patients (Table 2).

TABLE 1 General characteristics of patients with NEC.

Characteristic Data

Male [n (%)] 35 (50.7)

GA [(mean± SD), week] 33.6± 3.7

BW [(mean± SD), g] 1,961± 728

Cesarean delivery [n (%)] 38 (55.1)

Bell’s stage of NEC

IIIB [n (%)] 8 (12.9)

IIIA [n (%)] 2 (2.9)

IIB [n (%)] 2 (2.9)

IIA [n (%)] 9 (12.9)

I [n (%)] 48 (68.6)

Figures 2–4 showed key AUS features of NEC of stage level

I to IV.

3.2. Sensitivity and specificity of AUS in
diagnosing surgical NEC

Among the eight patients who underwent surgery, AUS was

used for the diagnosis of perforation. In these patients, both the

sensitivity and specificity of AUS in diagnosing a perforation due to

NEC were 100%. There were seven images of pneumoperitoneum

and seven images of complex ascites. Decreased bowel wall

perfusion was seen in two cases, and locations of perfusions

(two in the small intestine and two in the colon) were found in

four patients (Table 3). Figure 5 showed Pneumoperitoneum and

Figure 6 showed Complex ascites.

3.3. Typical cases for AUS in evaluating
complications and sequela of NEC

3.3.1. Identifying the location of a perforation
The universally accepted indication for a surgical procedure

in NEC is the presence of perforation (Cuna et al., 2018; van

Druten et al., 2019). The prognosis for patients with NEC worsens

after bowel perforation. Pneumoperitoneum, bowel necrosis,

complex abdominal fluid, and intestinal obstruction on imaging are

common indications for surgery in neonates with NEC. Perforation

also may lead to an accumulation of complex peritoneal fluid

alone without free air (Cuna et al., 2018; van Druten et al., 2019)

(Figure 7).

3.3.2. Monitoring the progression of patients with
deteriorating NEC

Rapid progression of NEC requires frequent monitoring

by AUS and reduced X-ray exposure. Portal venous gas,

pneumatosis intestinalis, bowel wall thickening, intestinal motility,

and peritoneal dropsy should be observed carefully at the bedside.

Evaluation of the bowel wall perfusion using the color Doppler
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TABLE 2 Clinical manifestations of patients with surgical NEC.

Case 1 2 3 4 5 6 7 8

Sex Female Male Male Female Female Male Male Female

GA (weeks) 34+2 29+6 39 31+2 33 39+1 32+2 32+1

Mode of delivery Vaginal Cesarean section Vaginal Cesarean section Cesarean section Vaginal Cesarean section Cesarean section

BW (g) 2,220 1,460 3,350 1,215 1,500 2,690 2,145 1,215

Age of onset of

perforation diagnosed

(days)

6 2 2 6 14 5 12 12

Abd. distension Yes Yes Yes Yes Yes No Yes Yes

Gastric residue No No No No Yes Yes No No

Bloody stools Yes No No No No No No No

Abd. mass No No No No Yes No No No

WBC (×109/L) 8 15.3 2.98 18.4 20.96 0.99 2.03 8.9

NEU (%) 78.6 62.3 23.9 72.6 61.2 55.6 65.5 74.5

PLT (×109/L) 156 203 107 208 146 130 527 196

CRP (mg/L) 8.1 5 11.7 24.87 3.44 159.99 20.4 191.96

PCT (ng/ml) 36.1 3.46 68.29 20.05 0.17 5.52 <0.25 46.51

Outcomes Survived Survived Survived Survived Survived Survived Survived Survived

GA, gestational age; BW, body weight; WBC, white blood cell; NEU, neutrophil; PLT, platelet; CRP, C-reactive protein; PCT, procalcitonin.

FIGURE 2

(A) Bowel wall thickening (arrows) on abdominal ultrasound. (B) Colored ultrasound revealed increased bowel wall perfusion.

helps assess bowel viability and temporal evolution of NEC when

compared to other structures (Alexander et al., 2021).

Case A. A girl patient aged 26 + 3 weeks (gestational age),

the eldest of twins, was born vaginally. She received donated

breastfeeding. On the 43rd day, she and her twin brother developed

abdominal distension, blood stools, and then septic shock. White

blood cell (WBC) count from the peripheral blood decreased,

while C-reactive protein (CRP) and procalcitonin (PCT) increased

significantly. AUS showed intestinal wall thickening, decreased

peristalsis, and massive simple ascites, indicating stage NEC IIIA.

As the baby’s condition rapidly deteriorated, AUS was used to assess

the development of NEC in the acute stage twice a day. On the 1st

day of the onset of NEC, AUS showed thickened intestinal wall,

pneumatosis, and decreased peristalsis, while bowel wall perfusion

and simple ascites, the deepest of which was ∼10mm, increased.

On the 2nd day, AUS showed diffuse bowel wall edema, more

pneumatosis, and decreased intestinal peristalsis. However, rich

blood flow signals still could be detected in the bowel wall, and

the deepest free fluid decreased to 8mm. Medical treatment was

continued because AUS did not show signs of worsening NEC,

such as intestinal wall thinning, the disappearance of intestinal

peristalsis, and decrease in intestinal wall blood supply, as well
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as surgical indicators, such as complex ascites, perforation, and

pneumoperitoneum. On the 3rd day, AUS showed a reduction

in bowel edema and pneumatosis, indicating improvement in the

condition. On the 10th day, AUS showed that intestinal edema

significantly subsided and intestinal motility returned to normal.

Thus, gastrointestinal feeding was started. On the 14th day, AUS

showed that intestinal lesions disappeared.

3.3.3. NEC complicated with intussusception
Case B. The younger brother of the above-described twins,

sharing the same donated breastfeeding with his older sister,

developed abdominal distension, bloody stools, and septic shock

at the age of 43 days and was diagnosed with NEC on the same

day. On the 1st day of the NEC onset, a mass echo with a

concentric circle sign and false kidney sign in the rectum was

detected by AUS, indicating sigmoid-rectal intussusception. AR

image performed 30min before showed the signs of NEC and no

bowel obstruction or intussusceptions. Approximately 3 h later,

AUS showed that the mass disappeared, the sigmoid tube wall

was thickened, the echo was reduced, and several indentation

FIGURE 3

Pneumatosis intestinalis. Grayscale ultrasound shows echogenic

foci (arrow) within the bowel wall indicative of gas bubbles within

the bowel wall.

echoes appeared, indicating sigmoid colitis and a small ulcer.

During the whole observation, abundant blood perfusion was

visible in the intestinal wall. On the 3rd day, the gas in the portal

vein disappeared, the intestinal tube inflated, and the peristalsis

improved. No intussusception or intestinal obstruction was found

on the following AUS examinations. The boy recovered after a

2-week treatment (Figure 8).

3.3.4. Sequential evaluation of a post-NEC
intestinal stricture

Case C. A 32-week-old premature infant presented with bloody

stool and abdominal distension on the 7th day of life and was

diagnosed with NEC stage IIB, followed by discharge after medical

treatment. The patient was followed upwith AUS for NEC sequelae.

Intestinal wall stiffness appeared on the 30th day of NEC onset and

worsened gradually on ASU every 2 weeks. In the 3rd month after

the NEC onset, the baby developed obvious abdominal distension

and difficult defecation. AUS showed severe intestinal stenosis, and

FIGURE 4

Portal venous gas. Grayscale ultrasound shows portal venous gas

from the small intestine (arrow).

TABLE 3 Clinical manifestations of patients with surgical NEC.

Case 1 2 3 4 5 6 7 8

Pneumoperitoneum Yes Yes Yes Yes Yes No Yes Yes

Location of perforation Yes, on intestinal Yes, on the colon No Yes, on intestinal No No No Yes, on the colon

Complex ascites Yes Yes Yes Yes No Yes Yes Yes

Decreased bowel perfusion No No No No Yes Yes No No
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FIGURE 5

Pneumoperitoneum. A boy (gestational age of 32 weeks) developed abdominal distension and bloody stool on his 14th day. (A) Grayscale ultrasound

shows an echogenic interface just below the abdominal wall (arrow) with dirty posterior acoustic shadowing that is from free air in the abdomen. (B)

This air was not visible on the corresponding supine abdominal radiograph. (C) The following CT examination supported the result of AUS. This case

demonstrates that ultrasound is more sensitive to pneumoperitoneum.

FIGURE 6

Complex ascites. A 10-day-old girl (gestational age of 32 weeks), born by cesarean section due to the mother’s placental abruption, developed

abdominal distension and bloody stools and rapidly progressed to peritonitis and septic shock. A mass could be felt in the right lower abdomen. AR

showed a lot of free fluid. AUS showed complex ascites, bowel wall thinning, decreased intestinal peristalsis, and decreased blood perfusion in the

bowel wall. Neither perforation nor pneumoperitoneum was found by AUS. The diagnostic ascites puncture showed thick bloody ascites. Bowel wall

perforation was considered and proven during the surgery. (A) Layering debris within the collection of free fluid (long arrow) and adjacent loop of the

thickened bowel wall (short arrow). (B) Ascites aspiration.

FIGURE 7

Location of perforation. An extra low birth weight boy (28 weeks of gestation) presented with abdominal distension on the 2nd day of life. Although

medical therapy including fasting, antibiotics, and mechanical ventilation was given, the baby’s condition kept worsening, and pneumoperitoneum

was proven by an abdominal CT scan. He was transferred to our NICU for surgery. (A) Ultrasound showed that the continuity of the mid-abdominal

small bowel wall was interrupted, and a hyperechoic mass (a fecal stone) was found at the perforation (arrow). (B) This image showed that the

contents were flowing from the perforation in the bowel wall (arrow) ∼10min later.
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FIGURE 8

Images show NEC complicated by intussusception as monitored by AUS. (A) A mass with a “concentric circle sign” and “sleeve sign” was seen in the

rectum, and the sigmoid colon was considered to be inserted into the rectum (arrow). (B) Gas was seen flowing directly into the mesenteric vein

from the location of intussusceptions (arrow). (C) The intussusception mass in the rectum gradually retreated into the sigmoid colon within minutes

(arrow). (D) The sigmoid colon exited from the rectum after ∼3h, and stool was well filled in the sigmoid colon.

FIGURE 9

Images show a post-NEC intestinal stricture evaluated by AUS. (A) Multiple mural gases were seen in the transverse colon on the 1st day of NEC

(arrow). (B) After 11 days, the wall of the transverse colon was irregularly thickened (arrow). (C) On the 24th day, the wall of the transverse colon was

irregularly thickened, and the intestinal lumen was sti� and irregular (arrow). (D) On the 38th day, the wall of the transverse colon was irregularly

thickened, the shape of the intestinal lumen was rigid, and the intestinal lumen was narrow (arrow). (E) On the 61st day, the wall of the transverse

colon was irregularly thickened, the shape of the intestinal lumen was rigid, and significant stenosis of the intestinal lumen was seen (arrow). (F) On

the 61st day, total gastrointestinal radiography with Iohexol showed severe stenosis in the colon, proving the result by AUS (arrow).

the subsequent AR angiography results were consistent. Therefore,

the patient underwent surgical treatment (Figure 9).

4. Discussion

Necrotizing enterocolitis is one of the leading causes of

morbidity and mortality in preterm neonates and particularly

affects low birth weight (LBW) infants in NICUs. While NEC

may progress rapidly and the mortality rate is higher after

perforation, the transition from medical to surgical care represents

a critical decision-making point in NEC management that can

have important implications for clinical outcomes (Cuna et al.,

2018). The International Neonatal Consortium’s NEC subgroup

was convened in 2017 to revisit the diagnostic and classification

criteria for NEC (Erinumberger, 2017; Markel and Underwood,

2018). In 2020, the Point-of-Care Ultrasound (POCUS) Working

Group of the European Society of Pediatric and Neonatal Intensive

Care (ESPNIC) recommended appropriate indications for AUS for

NEC: (1) establishing an early diagnosis of NEC; (2) establishing
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the diagnosis of NEC when AR is equivocal; (3) AR demonstrating

a gasless abdomen; (4) evaluating for complications in knownNEC;

and (5) evaluation of features suggestive of the need for surgical

intervention in the setting of clinical deterioration (Singh et al.,

2020).

The mortality rate is higher after perforation; thus, earlier

detection of severely ischemic or necrotic bowel loops, before

perforation occurs, could improve the morbidity and mortality

in NEC (Allin et al., 2017). A meta-analysis revealed that bowel

wall thickening [odds ratio (OR) 8.58, 95% confidence interval

(CI) 3.42–21.53], absent peristalsis (OR: 10.68, 95% CI 1.65–69.02),

absent perfusion (OR: 6.99, 95% CI 2.06–23.76), and complex

ascites (OR: 11.28, 95% CI 4.23–30.04) were associated with an

increased risk of surgery or death, while an increase in bowel

perfusion was not associated with surgery or death in NEC

(OR: 2.60, 95% CI 0.61–11.13) (Cuna et al., 2018). Lazow et al.

(2021) suggested four predictors of surgical NEC: abdominal wall

erythema (OR: 8.2, p = 0.048), portal venous gas on AXR (OR:

29.8, p = 0.014), echogenic free fluid (OR: 17.2, p = 0.027), and

bowel wall thickening (OR: 12.5, p = 0.030) on AUS. Another

study has shown that in stage IIIa, 71% of cases had the absence of

bowel peristalsis and intramural gas, and the absence of perfusion

and bowel wall thinning of <1mm was found in 86% of neonates

(Aliev et al., 2017). Bowel wall thickness, bowel wall texture,

bowel perfusion, and bowel peristalsis are all much more difficult

to evaluate by AR compared with AUS. Changes in these AUS

variables can provide earlier evidence of disease progression before

bowel perforation. Additionally, every 6 h, AR monitoring for

NEC exposes vulnerable neonates to ionizing radiation, which

might increase lifetime cancer mortality risk up to 4.3- to 20-

fold (Baird et al., 2013). Therefore, AUS is more advantageous in

monitoring the progression of NEC compared with AR. AUS was

used to partially replace AR as a routine assessment method for

diagnosed NEC (Bell’s stages II and III) in our department. As a

result, the AR exposure was significantly reduced. As mentioned

above, although the baby’s condition (Case 1) was severe, there

were no signs of NEC deterioration, such as the absence of

bowel perfusion, peristalsis, and perforation indicators including

pneumoperitoneum and complex ascites, suggesting that surgical

intervention was not needed at that time.

Once perforation occurs, the earlier the diagnosis, the higher

the survival rate. AUS has unique advantages in the detection of

perforation compared with AR. First, sensitivity and specificity

for pneumoperitoneum are higher. Second, AUS directly displays

the location of the perforation. Third, AUS reveals complex

ascites, indicating perforation. In eight NEC patients with bowel

perforation detected by ultrasound in our NICU, AUS had a

sensitivity of 100% and a specificity of 100% for the diagnosis of

perforation based on factors such as pneumoperitoneum, complex

ascites, and intestinal wall blood supply. In four patients, AUS also

directly identified the perforation and its location. All the above

results were confirmed by surgery. In eight cases, seven patients

showed pneumoperitoneum with complicated ascites, and in the

other case, only complicated ascites without pneumoperitoneum

(neither pneumoperitoneum nor perforation was found on AR

and abdominal CT) was detected. Perforation can also lead to an

accumulation of complex peritoneal fluid alone without free air

(Palleri et al., 2017; Cuna et al., 2018). Focal fluid collections or

echogenic fluid are predictors of the eventual need for surgery

and are evidence of perforation, even if pneumoperitoneum is not

seen. In these cases, surgical consultation is warranted (van Druten

et al., 2019). Therefore, the significance of complex ascites in the

diagnosis of NEC perforation should be emphasized.

Although intussusception can rarely be detected in the neonatal

period, triggers of NEC, such as prematurity, hypoxia, and low

intestinal perfusion, may be a risk factor for intussusception

due to stricture formation and intestinal dysmotility (Taskinlar

et al., 2014). Due to the similar symptomatology of NEC and

intussusception and the high prevalence of NEC in this age

group, AUS is recommended for differential diagnosis to avoid

the delayed treatment of intussusception in premature infants. A

systematic review including 43 studies with a total of 52 cases

of intussusception reported between 1963 and 2020 has revealed

that the most common location was the small bowel, detecting

colo-colic intussusception in two cases only (Kotb et al., 2021).

A sigmoid-rectal intussusception (without perforation) was found

in a preterm during monitoring the progression of stage IIIA

NEC, which disappeared after a few hours. Intussusception was

considered to be secondary toNEC based on the similar sepsis onset

at the same time compared with his twin sister.

Post-NEC intestinal stricture is estimated to affect 15%−40%

of NEC survivors and is associated with severe and prolonged

morbidity, with 15%−30% of patients being treated medically

and 20%−43% of patients being treated surgically (Phad et al.,

2014; Burnand et al., 2016). The treatment of post-NEC strictures,

particularly asymptomatic strictures, is controversial regarding the

modalities of screening, indications for surgery, and optimal time.

Sequential evaluation by AUS might help choose the therapeutic

schedule and find indications for surgery and optimal time. We

traced patients with NEC of stage level IIB (two cases) and level

III (11 cases including nine patients who underwent surgery)

by AUS, and only one post-NEC intestinal stricture was found.

The development of intestinal strictures was documented and

evaluated, helping to make a decision for surgeons.

5. Conclusion

Abdominal ultrasound is a real-time feedback, non-invasive,

radiation-free option ensuring a high degree of safety, portability,

and accessibility. AUS has great advantages in enhancing the

detection of NEC, determining management, and predicting

outcomes. Furthermore, AUS had very good sensitivity and

specificity for the diagnosis of perforation based on factors such

as pneumoperitoneum, complex ascites, and intestinal wall blood

supply. Focal fluid collections or echogenic fluid are predictors

of the eventual need for surgery and serve as evidence of

perforation, even if pneumoperitoneum is not seen. Therefore,

the significance of complex ascites in the diagnosis of NEC

perforation should be emphasized. It is thus recommended for

medical staff in NICUs to promote AUS and become proficient in

performing AUS.
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Objectives: Inflammatory bowel disease (IBD) is a chronic lifelong inflammatory

disease. Probiotics such as Bifidobacterium longum are considered to be

beneficial to the recovery of intestinal inflammation by interaction with gut

microbiota. Our goals were to define the e�ect of the exclusive use of

BAA2573 on dextran sulfate sodium (DSS)-induced colitis, including improvement

of symptoms, alleviation of histopathological damage, and modulation of

gut microbiota.

Methods: In the present study, we pretreatedC57BL/6JmicewithBifidobacterium

longum BAA2573, one of the main components in an over-the-counter

(OTC) probiotic mixture BIFOTO capsule, before modeling with DSS. 16S

rDNA sequencing and liquid chromatography–tandem mass spectrometry

(LC-MS/MS)-based non-targeted metabolomic profiling were performed with the

collected feces.

Results: We found that pretreatment of Bifidobacterium longum BAA2573 given

by gavage significantly improved symptoms and histopathological damage in

DSS-induced colitis mice. After the BAA2573 intervention, 57 genera and 39

metabolites were significantly altered. Pathway enrichment analysis demonstrated

that starch and sucrose metabolism, vitamin B6 metabolism, and sphingolipid

metabolismmay contribute to ameliorating colitis. Moreover, we revealed that the

gut microbiome and metabolites were interrelated in the BAA2573 intervention

group, while Alistipes was the core genus.

Conclusion: Our study demonstrates the impact of BAA2573 on the gut

microbiota and reveals a possible novel adjuvant therapy for IBD patients.

KEYWORDS

bifidobacterium longum, DSS-induced colitis, gut microbiota, metabolites, inflammatory

bowel disease, probiotics

1. Introduction

Inflammatory bowel disease (IBD) is a chronic inflammatory disease of gastrointestinal

tissues that is prone to recurrent attacks. IBD includes two main types, namely ulcerative

colitis (UC) and Crohn’s disease (CD) (Flynn and Eisenstein, 2019). Severe cases suffer from

intestinal perforation, intestinal fistula, perianal abscess, arthritis, or other extraintestinal
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manifestations (Rogler et al., 2021). Moreover, most IBD patients

also face the risk of a weakened immune system and even bowel

cancer (Keller et al., 2019). The incidence and prevalence of IBD,

especially pediatric inflammatory bowel disease (PIBD) in newly

industrialized countries, especially some of them in Asia, have

increased sharply in recent years (Ng et al., 2017; Kuenzig et al.,

2022). The pathogenesis of IBD is closely related to host genetic

susceptibility, intestinal flora, environmental factors, and immune

disorders (Li et al., 2015; Gao et al., 2021). Currently, there is no

cure for IBD, but treatment can help manage symptoms and reduce

inflammation. However, the long-term efficacy and side effects of

current drugs are unpredictable since they could be affected by

several factors such as disease severity and individual response to

treatment, leading to serious economic burden and social pressure

on patients, families, and society. New targets for the prevention

and treatment of IBD are urgently needed (D’Haens et al., 2022).

Intestinal microbiota, the so-called the biological barrier to

the intestine, which participates in the physiological activities of

the host by maintaining immune balance and producing beneficial

metabolites, is closely related to the onset of IBD (Li et al., 2015;

Hu et al., 2022). Studies have found that the composition and

metabolites of intestinal flora in IBD patients are disordered,

resulting in further damage to the intestinal barrier (Lin et al.,

2023), decreased expression of tight junction proteins (Shi et al.,

2019) and antimicrobial peptides (Gubatan et al., 2021; Liu Z. et al.,

2022), and dysfunction of the intestinal immune response (Dong F.

et al., 2022). Probiotics are widely used in the adjuvant treatment of

diseases because of their high safety and good intestinal tolerance.

Among them, Bifidobacterium longum is one of the most abundant

microorganisms in the gut of infants and adults, which even can

be transformed from mom to offspring by breastfeeding (Qi et al.,

2022a). Therefore, it is critical for the development of the immune

system and is the preferred choice of probiotics (Qi et al., 2022b).

Studies have shown that Bifidobacterium longum can reduce the

expression of inflammatory cytokine (Chen et al., 2016; Singh

et al., 2020), balance intestinal immunity (Roselli et al., 2009;

Yao et al., 2011), bring down reactive oxygen species (ROS) level

(Wang et al., 2021), repair and strengthen the intestinal mucosal

barrier, and regulate gut microbiota (Ni et al., 2023), consequently

alleviating the symptoms of acute colitis and improving IBD

clinically (Miele et al., 2009). Even in infants, Bifidobacterium

longum supplementation causes few gastrointestinal side effects

or dysfunctions of the liver and kidneys (Manzano et al., 2017).

Different types of probiotics have different effects (Rodríguez-

Nogales et al., 2018; Zhao et al., 2022). The mechanism of certain

Bifidobacterium longum in the treatment of IBD needs to be

further explored.

BIFOTO capsule is an over-the-counter (OTC) probiotic

mixture and is mainly used to treat gastrointestinal dysfunction

caused by intestinal flora imbalance. Bifidobacterium longum

BAA2573 (BAA2573), Lactobacillus acidophilus, and Enterococcus

faecalis are the main components (Editorial Board of Chinese

Journal of Digestion, 2022). Previous studies have demonstrated

that the probiotic cocktail BIFICO could inhibit the inflammatory

response in H. pylori-induced gastritis (Yu et al., 2015), ameliorate

colitis-associated cancer in mice (Song et al., 2018), enhance the

curative effect and reduce adverse reactions of mesalazine for UC

patients (Jiang et al., 2020), and reduce the recurrence rate of UC

(Chen M. Y. et al., 2019), but the properties of the single strain

remain unknown.

Studies have shown that DSS-induced colitis was a rapid and

practical model for the study of IBD (Eichele and Kharbanda,

2017). DSS in drinking water would directly act on the colon and

rectum, damage intestinal epithelial cells, destroy the intestinal

barrier, and induce acute colitis (Wirtz et al., 2017; Katsandegwaza

et al., 2022). In the present study, we selected BAA2573 for

further investigation due to its wide application and few side

effects. We investigated symptoms, histopathological damage,

compositional changes and interplay in the commensal microbiota,

and metabolites of the mouse colon to better understand the

effectiveness and the underlying mechanism in the treatment of

DSS-induced colitis. This study demonstrates the potential impact

of BAA2573 on colitis and provides theoretical support for the

application of this probiotic strain in IBD.

2. Materials and methods

2.1. Animal experiments

The experimental procedure was approved by the Ethics

Committee ofWuxi Children’s Hospital (WXCH2022-10-073), and

all operations met the National Institutes of Health guidelines. We

purchased 6-week-old wild-type C57BL/6J mice from Changzhou

Cavens Laboratory Animal Co. Ltd. through BioMart (Changzhou,

China) and kept them in the animal room ofWuxi People’s Hospital

(room temperature: 20 ± 2◦C, 12-h−12-h day and night cycle).

After 7 days of adaptive feeding with normal diet and water, mice

were randomly divided into three groups (n= 8 per group): control

group (CON), 3% DSS group (DSS, molecular weight: 35,000–

50,000, purchased from MP Biomedicals), and Bifidobacterium

longum intervention group (B+DSS, BAA2573 was purchased

from Shanghai Sine Company). The modeling process is shown in

Figure 1. Referring to previous animal experiments (Dong J. et al.,

2022), the B+DSS group was given 0.2ml of bacterial solution

at 10 a.m. daily by oral gavage (about 1 × 1010 CFU/kg), while

the DSS group was given 0.2ml of normal saline. The weight and

stool characteristics were recorded daily to evaluate whether the

model was established. On day 12, all mice were sacrificed by

cervical dislocation after anesthesia. The whole colon tissue was

photographed under sterile conditions to record the length. A total

volume of 1ml of intestinal contents were retained by lavaging

with normal saline and then stored at −80◦C for examination.

The colonic tissue was fixed in 4% paraformaldehyde or stored at

−80◦C for examination. The disease activity index (DAI) score was

calculated daily by weight loss, stool consistency, and stool bleeding

to assess the severity of colitis in each group.

2.2. Histopathological analysis

We embedded 4% paraformaldehyde-fixed colonic tissue in

paraffin, prepared it in a 5-µm section, and then stained it

with hematoxylin and eosin (H&E) according to the product
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FIGURE 1

Experimental design and procedure. CON group: normal diet and

water; DSS group: colitis model (3% DSS in drink water from day 6)

+ normal saline (0.2 ml/day); B+DSS group: colitis model (3% DSS in

drink water from day 6) + Bifidobacterium longum BAA2573 (∼1 ×

1010 CFU/kg/day).

manual (purchased from Biyuntian, catalog number C0105S). Two

pathologists finished double-blind scoring to assess tissue damage.

The scoring criteria were referred to three parts: (a) epithelial

impairment, (b) ulcer, and (c) inflammatory cell infiltration. For

score (a): normal: 0; goblet cell reduction in less than one-third

area: 1; goblet cell reduction in more than one-third area: 2; loss

of crypt: 3; polypoid regeneration: 4. For score (b):0: 0; 1: 1; 2: 2;

3: 3; and over 3: 4. For score (c): normal: 0; around the crypts: 1;

infiltration to the muscularis mucosa: 2; widespread infiltration of

muscularis mucosa or withmucosal thickening: 3; infiltration to the

submucosa: 4.

2.3. 16S rDNA sequencing

To determine pretreatment with Bifidobacterium longum

BAA2573-induced gut microbiota alterations, DNA from fecal

samples was extracted by hexadecyltrimethylammonium bromide

(CTAB). In polymerase chain reaction (PCR) amplification,

universal primers 515F (5′- GTGYCAGCMGCCGCGGTAA-3′)

and 806R (5′- GGACTACHVGGGTWTCTAAT-3′) were used to

target 16S rRNA gene V4 hypervariable regions. The purification

of PCR products was performed by AMPure XP beads (Beckman

Coulter Genomics, Danvers, MA, USA) and quantification

by Qubit (Invitrogen, USA). The size and quantity of the

amplicon library were assessed on Agilent 2100 Bioanalyzer

(Agilent, USA) and with the Library Quantification Kit for

Illumina (Kapa Biosciences, Woburn, MA, USA), respectively.

The libraries were sequenced on the NovaSeq PE250 platform.

After being primer-truncated, the raw paired-end reads were

assigned to samples and merged using FLASH. To obtain the

high-quality clean tags, the filtration was performed using fqtrim

(v0.94) and Vsearch software (v2.3.4) successively. Next, clean

data were dereplicated and denoised into amplicon sequence

variation (ASVs) using Divisive Amplicon Denoising Algorithm

(DADA2) before alpha and beta diversity analyses (Callahan et al.,

2016).

2.4. Liquid chromatography–tandem mass
spectrometry (LC-MS/MS)-based
non-targeted metabolomic profiling

Metabolic extracts were obtained from stool samples. Then,

LC-MS/MS analyses were performed using the UHPLC system

(Vanquish, Thermo Fisher Scientific) with an ultra-performance

liquid chromatography ethylene bridged hybrid (UPLC BEH)

Amide column (2.1mm × 100mm, 1.7µm) coupled to Orbitrap

Exploris 120 mass spectrometer (Orbitrap MS, Thermo Fisher

Scientific). The mobile phase consisted of 25 mmol/L ammonium

acetate and 25 ammonia hydroxide in water (pH = 9.75) (A)

and acetonitrile (B). The Orbitrap Exploris 120 mass spectrometer

was used for its ability to acquire MS/MS spectra on information-

dependent acquisition (IDA) mode in the control of the acquisition

software (Xcalibur, Thermo Fisher Scientific). In this mode, the

acquisition software continuously evaluates the full scan MS

spectrum. Next, raw data were converted to the mzXML format

using ProteoWizard and processed by an in-house program, which

was developed based on R package XCMS (V.3.2). Subsequently,

processes (Alseekh et al., 2021), such as peak detection, extraction,

alignment, and integration, were performed by this in-house

program. Then, metabolite annotation was finished using an in-

house MS2 database. The cutoff for annotation was set at 0.3.

2.5. Statistical analysis

Data of weight, DAI score, and histopathological score were

expressed as mean ± SD. Differences between the three groups

were calculated using the one-way ANOVA (Tukey’s tests). Alpha

(α) diversity and beta (β) diversity were calculated with QIIME2.

Feature abundance was normalized using the relative abundance of

each sample. α diversity was applied to analyzing the complexity

of species diversity for a sample through Chao 1 and Shannon

indexes. Differences between groups were calculated using the

Kruskal–Wallis test. β-diversity analysis is performed by principal

coordinate analysis (PCoA). The relative abundances at the phylum

or genus level between every two groups were analyzed via

Student’s t-test. LDA effect size (LefSe) analysis was used to

compare the microbial compositions between the DSS and B+DSS

groups (LefSe >3). To find significantly changed metabolites

between groups, we used supervised orthogonal projections to

latent structures discriminate analysis (OPLS-DA) in this study.

Meanwhile, 200 times permutations and the permutation test

were further conducted to check the robustness and predictive

ability of the OPLS-DA model. Furthermore, the value of

variable importance in the projection (VIP) of the first principal

component in OPLS-DA analysis was achieved. Significantly

altered metabolites referred to those with VIP>1, P < 0.05, fold

change (FC)>2 or <0.2 (Student’s t-test). Kyoto Encyclopedia

of Genes and Genomes (KEGG) along with the MetaboAnalyst

database was applied to pathway enrichment analysis. The Pearson

correlation coefficient was used to evaluate the correlation between

differentially abundant metabolites and microbiota (r > 0.4). A P-

value of < 0.05 was considered to be statistically significant. The

graphs were drawn by the R package (v3.5.2). The statistical analysis
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was generated with GraphPad Prism 9.3 software (GraphPad Inc.,

La Jolla, CA, USA).

3. Results

3.1. Bifidobacterium longum BAA2573
significantly improved symptoms and
histopathological damage in DSS-induced
colitis mice

Weight loss, DAI scores, and colon length reflect the severity

of damage in DSS-induced colitis. Compared to the initial weight

at day 0, mice in the DSS group exhibited significant weight loss

relative to another two groups (Figure 2A), while mice in the

B+DSS group showed a mild decline after modeling, indicating

that pretreatment with BAA2573 significantly alleviated weight loss

caused by DSS (p < 0.05).

Similarly, DSS treatment remarkably increased the DAI scores,

and pretreatment with BAA2573 reduced DAI scores after DSS

modeling (Figure 2B). After 6 days of DSS exposure, the colons

in the DSS group were significantly shortened. BAA2573 exhibited

a distinct effect in increasing the length of the colon (p < 0.05)

(Figure 2C). The photographs of the colon tissue are shown in

Supplementary Figure 1. Taken together, these data indicated that

pretreatment of Bifidobacterium longum BAA2573 significantly

improved colitis-related parameters.

We further evaluated the effect of BAA2573 on alleviating

DSS-induced colitis by the histological score of colon sections. As

shown in Figure 2Da, the colon section of the DSS group exhibited

extensive colonic damages, including neutrophilic infiltrates,

absence of crypt structures, and even transmural inflammation,

while none of these pathological features were found in the CON

group. Compared with the DSS group, administration of BAA2573

resulted in fewer neutrophil infiltrations, preserved crypt structures

in the colon sections, and decreased the histological scores with

significant differences (P < 0.05) (Figure 2Db).

3.2. Bifidobacterium longum BAA2573
alleviated gut microbiota imbalance in
DSS-induced colitis mice

Sequencing of 16S rDNA genes was performed to delineate

changes in the gut microbiota composition. A total of 2039, 497,

and 954 microbe ASVs were detected in the CON, DSS, and

B+DSS groups, respectively (Figure 3A). A rarefaction curve based

on the observed species specified that the sequencing data were

sufficient to detect all species in the samples (Figure 3B). α-diversity

analysis demonstrated that mice in the B+DSS group exhibited

increased intestinal flora richness and diversity compared with

the DSS group (Figure 3C). β-diversity represents the similarity

of microbial composition among different groups, which showed

that the similarity between the DSS group and the B+DSS group

was observed only in a few samples (Figure 3D). A great difference

in microbial composition between the CON group and the DSS

group was observed with α- and β-diversity analyses, indicating

that treatment with DSS disrupted homeostasis of the intestinal

flora (Figures 3C, D).

The relative abundance of microbiota at the phylum levels

was calculated in each group (Figure 4A). Compared with the DSS

group, Bacteroidetes and Patescibacteria increased, and Firmicutes,

Proteobacteria, and Actinobacteriota decreased after BAA2573

administration. A further subdivision at the genus level suggested

a marked increase in Klebsiella (P = 0.006) and Veillonella (P =

0.016) and a decrease in Candidatus_Saccharimonas (P = 0.026),

Dubosiella (P = 0.036), Lachnospiraceae_NK4A136_group (P =

0.006), Lachnospiraceae_UCG-006 (P = 0.003), and Alistipes (P

= 0.006) in the DSS group, and this dysbiosis was altered by

BAA2573 (Figure 4B). A total of 57 genera were identified as

significantly discriminative in the abundance between the B+DSS

and DSS groups. To further determine the specific predominant

bacteria associated with the pretreatment of BAA2573, LDA

effect size (LefSe) analysis was used to compare the microbial

compositions between the DSS and B+DSS groups. Among them,

g_Lactobacillus, g_Veillonella, and g_Klebsiella were the main

taxa enriched in the DSS group, while o_Clostridia_UCG_014,

g_Lachnospiraceae_NK4A136_group, g_Alistipes, g_Dubosiella,

and g_Oscillibacter were more abundant in the B+DSS group

(Figure 4C).

3.3. Bifidobacterium longum BAA2573
altered abundant metabolites in
DSS-induced colitis mice

LC-MS/MS-based non-targeted metabolomic profiling with

collected stool samples from three groups was performed to

investigate the differences in metabolic extracts. Univariate

and multivariate analyses were used to screen out differential

metabolites. The OPLS-DA model indicated the metabolic

differences among the three groups (Figure 5A). The permutation

test showed that the OPLS-DA model was not overfitting and had

good validity (Supplementary Figure 2A). Volcano plots show the

results of comparisons of metabolites between the CON and DSS

groups (Supplementary Figure 2B) and the DSS and B+DSS groups

(Figure 5B); meanwhile, altered expression levels were visualized

with different colors.

With the inclusion criteria of VIP >1, FC ≥2 or <0.2, and

P<0.05, 234, 140, 39 differentially abundant metabolites between

the DSS and CON groups, between the B+DSS and CON groups,

between the DSS and B+DSS groups were identified, respectively.

Pathway analysis of these metabolites revealed that several

pathways were affected in DSS-induced colitis, ranging from

purine metabolism (aminoacyl-tRNA biosynthesis) to amino acid

metabolism (such as alanine, aspartate, and glutamate metabolism,

and arginine metabolism) (Supplementary Figure 3). These

pathways were reported to contribute to intestinal inflammation in

mice (Xie et al., 2021; Zhu et al., 2021). Among the 39 differentially

abundant metabolites between the DSS and B+DSS groups, the

trend of relative concentrations of 30 in the three groups showed

“V” or “reverse-V” shape change (Figure 5D), indicating the effect

of BAA2573 treatment. Therefore, we paid our attention mainly

in the 39 metabolites (Figure 5C). Half of the 39 metabolites were

lipids or organic oxygen compounds (Supplementary Table 1).
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FIGURE 2

Bifidobacterium longum BAA2573 improved symptoms and histopathological damage in DSS-induced colitis mice. (A, B) The body weight and DAI

score of the mice were assessed throughout the experiment. (C) The colon length of each group was measured. (D) (a) The distal colon was stained

with H&E (neutrophilic infiltrates, absence of crypt structures, and even transmural inflammation in the DSS group; less neutrophil infiltrations and

preserved crypt structures in the B+DSS group). (b) Histopathological score. The data are expressed as the means ± SDs (CON group n = 6, DSS

group n = 6, B+DSS group n =6). The * symbol indicates any group compared with the DSS group; **P < 0.01. The # symbol indicates any group

compared with the CON group; ####P < 0.0001.

KEGG pathway enrichment analysis was performed using

these differentially abundant metabolites (Figure 5E). Starch

and sucrose metabolism, vitamin B6 metabolism, sphingolipid

metabolism, galactose metabolism, amino acid (glycine, serine,

threonine, arginine, proline, and tyrosine) metabolism, and

purine metabolism were the primary enriched pathways. Eight

differentially abundant metabolites involved in the top eight

pathways were further illustrated (Supplementary Figures 2C, D).

Compared with the DSS group, the levels of trehalose, isomaltose,

melezitose, and 4-Pyridoxic acid were significantly downregulated

(P < 0.05). In contrast, the levels of sphingosine, creatine,

L-trans-4-Methyl-2-pyrrolidinecarboxylic acid (L4M2P), and uric

acid were significantly upregulated.

3.4. Bifidobacterium longum BAA2573
a�ected the microbiota–metabolite
interactions in DSS-induced colitis mice

To further identify the microbiota–metabolite

interactions related to BAA2573 pretreatment, Pearson’s

correlation analysis was performed using 57 genera and

Frontiers inMicrobiology 05 frontiersin.org108

https://doi.org/10.3389/fmicb.2023.1211259
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Lin et al. 10.3389/fmicb.2023.1211259

FIGURE 3

BAA2573 changes the structure of gut microbiota in DSS-induced colitis (n = 8). (A) A Venn diagram of ASVs in each group. (B) Rarefaction curve. (C)

α-diversity analysis, including Shannon index and Chao 1 index. A P-value was marked directly in the figure. (D) β-diversity analysis was performed by

principal coordinate analysis (PCoA).

39 metabolites, and the main interplays are shown in a

heatmap (Supplementary Figure 4). g_Alistipes was negatively

correlated with eight metabolites (genistin, glycitin, daidzin,

isovitexin, 2′-o-methyladenosine, erinacine P, cosmosiin,

and glucosylisomaltol) and positively correlated with

three metabolites [PC(20:5(5Z,8Z,11Z,14Z,17Z)/15:0), 4-

(trimethylammonio)butanoate, and 3-methoxytyramine]. In

addition, g_Veillonella and g_Lachnospiraceae_NK4A136_group

both correlated positively with four metabolites. g_Dubosiella was

positively correlated with five metabolites. These correlations are

described in detail in Figure 6 (r > 0.4, P < 0.05). Correlation

analysis revealed that g_Alistipes was likely to be the core genus,

given its association with several substances. Notably, 2′-o-

methyladenosine, cosmosiin, daidzin, erinacine P, and glycitin

were related to different flora in opposite ways, highlighting

the complexity of the gut microbiome. Other genera, including

g_Eubacrerium, were also associated with metabolites and may be

identified as potential biomarkers.

4. Discussion

In the present study, we collected fecal specimens to

perform 16S rDNA sequencing and non-targeted metabolomic

profiling after modeling and intervention, which could directly

reflect the interplay between BAA2573 and gut flora. On

comparison with the DSS group, we found that pretreatment with

BAA2573 could alter microbial and metabolomic characterization

in DSS-induced colitis (Figure 4) and reverse the dysbiosis

of the gut commensal microorganisms, which manifested by

the downregulation of harmful and opportunistic pathogens,

such as Klebsiella and Veillonella, and the upregulation of
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FIGURE 4

BAA2753 changes the composition of gut microbiota in DSS-induced colitis (n = 8). (A) Relative abundance of taxa at the phylum levels. (B) Relative

abundance of taxa at the gene levels. (C) Linear discriminant analysis (LDA) score for predominant microbiota between the DSS and B+DSS groups.

beneficial genera, such as Alistipes and Dubosiella. On the

contrary, the multiomics analysis marked the interaction between

microbiota and metabolites. Possible mechanisms through which

this happens might be through enhancing the enrichment

of glycerophospholipids, fatty acyls, and amino acids in the

B+DSS group and reducing the enrichment of carbohydrates,

phenylpropanoids, and polyketides. It was assumed that BAA2573

might ameliorate colitis by improving microbial imbalance and

further regulating metabolic pathways, thereby improving clinical

symptoms. Previous studies also proved that pretreatment with

diet and Bifidobacterium longum could improve acute DSS-

induced colitis rather than ongoing chronic colitis, which

highlighted the preventive therapeutic efficacy of prebiotics in

IBD (Silveira et al., 2017). Clinically, IBD is a lifelong disease

that often begins in childhood or adolescence. Early diagnosis

and prompt management will improve the prognosis for PIBD

(Oliveira and Monteiro, 2017), which is the reason we pretreated

BAA2573 1 week before modeling to emphasize its adjuvant and

preventive effects.

Previous studies had indicated that gut microbiota were deeply

involved in the pathogenesis of IBD. Franzosa et al. found that

the intestinal flora structure between the non-IBD group and

the CD group was vastly different and that the heterogeneity in

the UC group was higher (Franzosa et al., 2019). Nagalingam

et al. and Munyaka et al. collected fecal specimens from murine

colitis models and found that the microbiota abundance decreased

after DSS treatment. The relative abundance of Bacteroides was

decreased, while the relative abundance of Proteobacteria and

Firmicutes was increased in DSS-induced colitis models, which

was consistent with our experiment (Nagalingam et al., 2011;

Frontiers inMicrobiology 07 frontiersin.org110

https://doi.org/10.3389/fmicb.2023.1211259
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Lin et al. 10.3389/fmicb.2023.1211259

FIGURE 5

Pretreatment of BAA2753 altered metabolites of the colon in DSS-induced colitis. (A) Orthogonal partial least-squares discriminant analysis

(OPLS-DA) in three groups and the quality control (QC) group. (B) The overall distribution of metabolites between the B+DSS and DSS groups was

illustrated with a volcano plot. The vertical dashed lines indicate the threshold for the 2-fold abundance di�erence. The horizontal dashed line

indicates the p = 0.05 threshold. Comparisons between the two groups were performed using Student’s t-test. Metabolites with significant changes

are presented in red (upregulated) or blue (downregulated). (C) Heatmap of fecal di�erential metabolites between the B+DSS and DSS groups after

BAA2573 pretreatment. (D) K-means analysis was performed to delineate the trends in the relative concentrations of 39 metabolites in three groups.

(E) KEGG pathway enrichment analysis.
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FIGURE 6

Interactions between di�erentially abundant microbiota and metabolite in the B+DSS and DSS groups (Pearson’s correlation analysis, r > 0.4, P <

0.05).

Munyaka et al., 2016). Inhibiting the overgrowth of harmful

bacteria can significantly reduce colitis symptoms (Chen et al.,

2022; Ma et al., 2022). As a member of the Enterobacteriaceae

family in Proteobacteria phylum, Klebsiella was mostly harmful

and abundant in the DSS group. In the B+DSS group, the relative

abundance of Klebsiella decreased significantly after pretreatment

with BAA2573 (Figure 6), which was consistent with a previous

study with another Bifidobacterium subspecies (Fan et al., 2021).

Klebsiella with pathogen-associated molecular patterns (PAMPs)

could be identified by the toll-like receptor (TLR) family (like

TLR2/4) and promote intestinal inflammation (Chalifour et al.,

2004).

Especially, flora may be used as markers to predict response to

treatment or prognosis. Veillonella, the opportunistic pathogens,

is one of the few species whose abundance sharply decreased

in the Firmicutes phylum after BAA2573 intervention, indicating

that Veillonella may play a harmful role in colitis, and the

underlying mechanisms need to be further explored. The

abundance of Veillonella was significantly elevated in patients

with CD (Pittayanon et al., 2020) and exhibited a strong immune

response to serum IgG (Bourgonje et al., 2022), which may

be associated with the immune tolerance of colonized bacteria

in the gastrointestinal tract. Shaw et al. found that Veillonella

was one of the differentiated microbiota at the genus level

between therapeutic responders and non-responders in PIBD

(Shaw et al., 2016). In adult IBD patients complicated with

primary sclerosing cholangitis, the abundance of Veillonella

was significantly increased. Moreover, Veillonella also played a

differentiating role in IBD-related liver disease (Kummen et al.,

2017).

In addition to the abovementioned downregulated

species, Alistipes and Dubosiella, Candidatus_Saccharimonas,

Lachnospiraceae_NK4A136_group, and Oscillibacter had

significantly increased after BAA2573 intervention, which
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may participate in the recovery of colitis, and the results are

consistent with previous studies (Hao et al., 2021; Wan et al., 2022).

Alistipes, a relatively new member of Bacteroides, was isolated

primarily from clinical samples and participated in chronic disease

(Parker et al., 2020). Meat-based diet could increase the abundance

Alistipes (David et al., 2014), but it was negatively correlated

with serum triglyceride levels (Liu Liu X. et al., 2022). Lipid

metabolism disorders are involved in intestinal inflammation,

suggesting Alistipes was closely related to lipid metabolism and gut

health (Wu et al., 2022). In our study, Alistipes was significantly

correlated with lipids and lipid-like molecules in feces, including

Erinacine P and PC(20:5(5Z,8Z,11Z,14Z,17Z)/15:0). Therefore,

BAA2573 may increase the abundance of Alistipes and improved

colitis by modulating the lipid metabolic process. Interestingly,

Dubosiella, Lachnospiraceae_NK4A136_group, Oscillibacter, and

Alistipes belong to the phylum Firmicutes and are producers of

short-chain fatty acids (SCFAs), especially butyric acid (Parada

Venegas et al., 2019; Yuan et al., 2022). As the main energy

source of colonocytes, butyric acid has been proven to play

an indispensable role in relieving IBD symptoms by reducing

inflammation (Li et al., 2021), strengthening epithelial barrier

(Chen et al., 2018), and modulating immunity (Liu et al., 2020).

However, we did not observe a significant increase in SCFAs in

fecal specimens, probably because of the methods or samples we

used. Detection methods such as SCFA targeted profiling with

fecal specimens or serum may be needed to determine changes

in SCFAs.

In addition to the gut microbiota, metabolites also participate

in maintaining intestinal homeostasis. KEGG enrichment

analysis with differentially abundant metabolites showed that

pretreatment with BAA2573 could improve carbohydrate

metabolism, mainly the glucose metabolism pathway. The

levels of trehalose, isomaltose, and melezitose were significantly

downregulated. In correspondence to our finding, recent studies

showed that probiotics containing Bifidobacterium longum

could reduce intestinal inflammation caused by Enterotoxigenic

Escherichia coli (ETEC) by balancing enteric microorganism

and improving carbohydrate metabolism (Li et al., 2022). At

the brush edge of small intestinal epithelial cells, trehalose

is broken down into glucose, which is transported into cells

and provides energy via glycolytic reaction (d’Enfert et al.,

1999), so trehalose is consumed by the small intestine and

expressed at low levels in the colon. In the present study,

Alistipes, the butyrate-producing bacteria was significantly

negatively correlated with the abundance of trehalose (Portincasa

et al., 2022). Therefore, we speculated that BAA2573 might

promote the growth of beneficial bacteria and further consume

intestinal carbohydrates to provide energy. On the contrary,

metabolites produced by these beneficial bacteria, such as

butyrate, may contribute to ameliorating colitis. Another

investigation showed that high-sugar diet induced changes

in the microbiota of the mouse, leading to a decrease the

abundance of Bacteroides (Do et al., 2018). Therefore, Alistipes

and trehalose could be interdependent, with a mutual effect in

intestinal microecology.

The Vitamin B6 metabolic pathway takes effect in IBD.

Low serum levels of vitamin B6 were common in IBD patients

(MacMaster et al., 2021). Vitamin B6 deficiency could result in

hyperhomocysteinemia (Hhcy), an aggravated colon inflammation

in mice. Dietary supplementation of vitamin B6 could reduce the

inflammatory indexes of colitis in mouse models (Selhub et al.,

2013; Flannigan et al., 2014). 4-Pyridoxic acid (4-PA) is one of

the main metabolites of vitamin B6 (Stover and Field, 2015). In

humans, a high level of 4-PA in serum was positively correlated

with high colorectal cancer risk and high mortality in type 2

diabetes mellitus (T2DM) (Xu et al., 2022; Zhang et al., 2022).

Conspicuously, the high level of 4-PA has caused certain damage

to the intestine, but it was noteworthy that, after pretreatment

with BAA2573, the level of 4-PA was remarkably downregulated.

Therefore, the level of 4-PA may be an indicator of the severity of

IBD. Vitamin B6 supplement could be another research target when

we further explore the underlying mechanism.

According to the correlation analysis of microbes and

metabolites in our study, Alistipes tends to be the central positional

indicator. It was negatively correlated with isoflavones, including

glycitin and daidzin. In contrast, Veillonella was positively

correlated with isoflavones, which were both downregulated in

the B+DSS group. Previous studies reported that a diet with

isoflavones showed an anti-inflammatory effect in mice (Shrode

et al., 2022). Glycitin tended to inhibit inflammation via the

nuclear factor-kappa B (NFκB) or mitogen-activated protein kinase

(MAPK) pathway (Chen Y. et al., 2019; Wang et al., 2020). On

the contrary, isoflavones are structurally similar to 17-β-estradiol

and bind to estrogen receptors (ERα and ERβ), participating

in regulating the effects of estrogen in humans (Kim, 2021).

Bifidobacterium longum-a and Veillonella sp. strain EP were

reported to convert daidzin to daidzein and then transformed

daidzein to equol in the colon (Rafii, 2015). In the urine of

sporadic colorectal adenomas patients, the levels of equol were

significantly lower (Polimeno et al., 2020). We speculated that

isoflavones, such as daidzin and glycitin, may be degraded by

anaerobic bacteria in the colon (Park et al., 2011) and play anti-

inflammatory and hyperplasia-inhibiting roles. In summary, we

could further detect the production of equol for the elaboration of

specific mechanisms of isoflavones on IBD and its relationship to

gut flora.

To our knowledge, sphingosine could be transformed to

sphingosine-1-phosphate (S1P) by sphingosine kinase (Tsai and

Han, 2016). In active UC patients, the level of S1P in plasma

was upregulated, and higher enrichment of Klebsiella in fecal

revealed a positive connection with S1P (Sun et al., 2019).

Animal experiments had detected that disturbing the sphingolipid

metabolism could improve the colorectal tumormicroenvironment

and reduce the severity of UC in mice (Lv et al., 2019;

Jiang et al., 2021). Sphingosine kinase and S1P receptors may

become an emerging therapeutic target or predictive markers

of therapeutic response in IBD (Sukocheva et al., 2020; Elhag

et al., 2022). In the present study, the level of sphingosine,

which was positively correlated with the relative abundance of

Lachnospiraceae_NK4A136_group and Lachnospiraceae_UCG-006,

was downregulated after model establishment and reversed after

the intervention of BAA2573, indicating that BAA2573 possibly

inhibited the activity of sphingosine kinase and reduced the

level of S1P in the gut during the disease healing process.
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Further research will be conducted to fully understand the

mechanisms involved.

5. Limitations of this study

Our study has a few limitations. First, in this animal

experiment, we described the protective effect of pretreatment

of Bifidobacterium longum BAA2573 on DSS-induced colitis and

correlations between abundant microbiota and metabolites, which

did not provide sufficient causality verification. Therefore, further

in vivo or in vitro functional studies are needed to identify the

relationship between microbiota, metabolites, and the healing

of colitis. Second, as representative components of SCFAs and

the research emphasis in gut microbiota, substances like acetic

acid and butyric acid were not identified significant difference

in our study. Therefore, expanding the study by performing

targeted metabolomics analysis of urinal or serum samples may be

benefited by further in-depth study. Third, to better embody the

advantages of Bifidobacterium longum in the treatment of IBD, we

should pit single BAA2573 against BAA2573 combined with recent

medications on DSS-induced colitis mice, such as 5-aminosalicylic

acid or other single species of probiotics.

6. Conclusion

Our study presented functional insights of a single substance

from a widely used probiotic mixture by establishing an animal

model of colitis and introducing 16S rDNA sequencing and

non-targeted metabolomic profiling, which demonstrated that the

symptom of colitis was improved, the inflammation of the colon

was alleviated, and the gut microbiome and metabolites were

altered in the B+DSS group compared to the DSS group. The

application of Bifidobacterium longum BAA2573 as a new probiotic

deserves further research and clinical verification.
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Ulcerative colitis (UC) has become a worldwide public health problem, and the 
prevalence of the disease among children has been increasing. The pathogenesis 
of UC has not been elucidated, but dysbiosis of the gut microbiota is considered 
the main cause of chronic intestinal inflammation. This review focuses on the 
therapeutic effects of probiotics on UC and the potential mechanisms involved. 
In animal studies, probiotics have been shown to alleviate symptoms of UC, 
including weight loss, diarrhea, blood in the stool, and a shortened colon length, 
while also restoring intestinal microecological homeostasis, improving gut barrier 
function, modulating the intestinal immune response, and attenuating intestinal 
inflammation, thereby providing theoretical support for the development of 
probiotic-based microbial products as an adjunctive therapy for UC. However, the 
efficacy of probiotics is influenced by factors such as the bacterial strain, dose, and 
form. Hence, the mechanisms of action need to be investigated further. Relevant 
clinical trials are currently lacking, so the extension of animal experimental findings 
to clinical application requires a longer period of consideration for validation.

KEYWORDS

ulcerative colitis, Bifidobacterium, Lactobacillus, probiotic, treatment, children

1. Introduction

UC is a type of inflammatory bowel disease (IBD) that manifests as non-specific chronic 
inflammation of the colonic mucosa with alternating cycles of remission and exacerbation. The 
annual incidence of UC has risen in recent years, notably among children (Kuenzig et al., 2022). 
The prevalence of childhood UC varies worldwide, with European countries having the highest 
prevalence (15.0/100,000), and the prevalence in North America is 10.6/100,000 (Sýkora et al., 
2018). However, data regarding the disease from developing and underdeveloped countries is 
scarce. Approximately 25% of patients with UC develop symptoms before the age of 18, and the 
prevalence in children over the age of 10 is clearly increasing. One report showed that the age 
10–17 subgroup of children made the highest contribution to the increased prevalence (Ye et al., 
2020). This points to an increased burden of UC on the health care system as well as patients 
and caregivers in the future. Abdominal pain, diarrhea, bloody stools, weight loss, and a decrease 
in bone density and muscle strength are characteristics of UC. All of these symptoms can impede 
the growth and development of children (Agrawal et  al., 2021). Moreover, repeated 
hospitalizations and disruptions in learning and life can cause psychological changes such as 
irritability and even depression, which are major obstacles to healthy development (Reed et al., 
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2021). Eventually, approximately 15% of patients with UC will require 
surgery within 20 years of diagnosis (Eisenstein, 2018). Additionally, 
the younger the age at diagnosis, the worse the prognosis and the 
greater the likelihood of colonic resection and colon cancer, which 
significantly increase the health risks of children with UC (Agrawal 
et al., 2021). Therefore, interventions for UC in children are warranted.

The pathogenesis of UC is not entirely known, although it is 
assumed to be the result of a combination of genetic predisposition, 
environmental factors, microbial infections, immune system 
dysregulation, and gut microbiota disruption. This suggests that UC 
is an immune-related inflammatory disease caused by disturbances in 
the intestinal environment (Figure 1). Analyzes of the frequency of 
UC in twins and family members have revealed that being a first-
degree relative of an individual with UC is a better predictor of the 
development of UC than any other environmental factor. 

Genome-wide association studies revealed 163 single nucleotide 
polypeptides related to UC and nucleotide binding oligomerization 
genes (Agrawal et al., 2022; Liu et al., 2023). Environmental factors 
include smoking, frequent consumption of fast food, antibiotic misuse 
and abuse, early exposure to antibiotics, and otitis media (Agrawal 
et al., 2021). Recently, an increasing number of studies have shown 
dysbiosis of the gut microbiota as the central mechanism in the 
development of UC (Mizoguchi et al., 2020; Metwaly et al., 2022). A 
study reporting that pre-existing signs of the imbalance of gut 
microbiota can be noticed prior to the active phase supports this 
theory (Kumar and Kumar, 2022). Clostridium difficile causes a 
decrease in beneficial bacteria, a loss of immune function, and 
increased intestinal permeability. In addition, some studies have 
shown that transplanting fecal microbiota restores gut ecology, 
providing a new treatment strategy for UC (Costello et al., 2019; Kelly 

FIGURE 1

The Main Causes of Ulcerative Colitis. UC may occur as a result of the interaction of the imbalance of gut microbiota, immune disorders, genetic 
susceptibility, and other factors with external stimuli. The loss of beneficial intestinal flora and the increase of harmful flora disrupt the intestinal 
environment. The decrease of intestinal epithelial intercellular tight junction proteins as well as mucins also causes damage to the intestinal barrier. 
Psychological factors and poor lifestyle habits are also risk factors for the development of UC. Various harmful factors trigger intestinal immune 
disorders and release large amounts of pro-inflammatory factors, causing intestinal inflammation.
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and Ananthakrishnan, 2019). Lack of protection from beneficial 
bacteria along with chronic exposure to harmful bacteria causes 
homeostatic dysbiosis and immunological disturbance, sustaining 
intestinal inflammation (Oka and Sartor, 2020). Increased numbers of 
pathogenic microorganisms damage the intestinal epithelial mucus 
layer, and pathogens that destroy the mucus layer impair the intestinal 
barrier. After barrier rupture, antigens penetrate the intestinal 
epithelium, activating downstream mechanistic target of rapamycin 
(mTOR) via the toll-like receptor (TLR)4 and phosphatidylinositol 3 
kinase/protein kinase B (PI3K/AKT) signaling pathways and leading 
to the production of inflammatory factors, including tumor necrosis 
factor (TNF)-α, interleukin (IL)-6, and IL-1β (Zhou et al., 2018). In 
response to antigenic (mostly bacterial) activation, T cells develop into 
T helper (Th)2, Th9, and Th17 cells, which produce IL-13, IL-9, and 
IL-17, respectively (Neurath, 2019). Additionally, innate lymphoid 
cells in the intestine are activated, which then produce TNF-α, 
interferon (INF)-γ, IL-4, IL-5, IL-17, and IL-22 (Schulz-Kuhnt et al., 
2021). Increased levels of inflammatory factors promote neutrophil 
migration and cell permeability, aggravating the already defective 
barrier function (Martini et al., 2017), which may also be linked to 
increased nuclear factor kappa-B (NF-κB) transcription (Peng et al., 
2021). Disturbances in the gut microbiota in UC are mostly manifested 
by a loss of diversity and dominance of Firmicutes and Bacteroidetes, 
as well as an increase in the number of Desulfovibrio subspecies (Vich 
Vila et  al., 2018; Kumar and Kumar, 2022). This aberrant colony 
structure reduces levels of short-chain fatty acids (SCFAs), an essential 
metabolite of bacteria, leading to defective B cell maturation and 
differentiation as well as lower levels of regulatory cells (Treg), further 
weakening the mucosal defense (Lavelle and Sokol, 2020). Moreover, 
bacteria take advantage of the dysbiosis, further perpetuating the 
vicious cycle. Previous research has revealed complex relationships 
between inflammatory substances and immune cells, and scientists 
may uncover new mechanisms of action that are currently unknown.

UC is prone to recurrence after remission. Since there is no cure 
for UC, treatments are aimed at alleviating symptoms, maintaining 
remission and improving quality of life. Mainly, treatments can 
be divided into pharmaceutical and surgical based on the European 
Crohn’s and Colitis Organization’s treatment recommendations. 
Biologics, 5-aminosalicylic acid (5-ASA), immunosuppressive drugs, 
anti-integrin and anti-interleukin antibodies, and topical or systemic 
steroid hormones are the mainstays of pharmacological therapy 
(Turner et al., 2018a,b; Raine et al., 2022). Although 5-ASA induces 
and sustains remission of UC, oral 5-ASA can cause side effects such 
as stomach discomfort, diarrhea, and nasopharyngitis (Cochrane Gut 
Group et  al., 2020). Additionally, UC is a chronic inflammatory 
disease that affects patients with impaired gut barrier function. The 
long-term administration of corticosteroids carries a high risk of 
complications, such as cataract, glaucoma, and adrenal insufficiency 
(Valdes and Sobrin, 2020). Biologics are frequently administered to 
patients who are refractory to previous pharmacological therapies or 
who are unable to endure severe side effects (Segal et  al., 2021). 
Immunosuppressive drugs and biologics are also advised for 
individuals with extraintestinal symptoms (Feuerstein et al., 2020; 
Baumgart and Le Berre, 2021). An increasing number of patients are 
opting for the early use of immunosuppressive or biological drugs, or 
both, to increase the chances of remission (Chapman et al., 2020). 
When administered intermittently, acute infusion reactions occur in 
5–10% of cases, and long-term use of immunosuppressive agents can 

cause side effects such as pancreatitis, leukopenia, nausea, and allergic 
reactions, as well as increase the risk of infection, heart failure, and 
cancer (Lemaitre et al., 2017; Singh et al., 2021). Among the biologics, 
the Food and Drug Administration (FDA) has approved infliximab 
and adalimumab for pediatric patients with UC, while ustekinumab 
can only be  used in adult patients. Meanwhile, vedolizumab and 
golimumab are still being studied for use in children (Hyams et al., 
2022). Acute, severe, or refractory UC all necessitate surgical 
intervention such as colorectal resection, fistulae, or flap advancement 
(Spinelli et  al., 2022). Surgical removal of the water-absorbing 
colorectum can result in severe diarrhea and cause postoperative 
complications such as intestinal adhesions and obstruction, 
anastomotic fistula, and abdominal infection. Meanwhile, early 
surgery in children can affect their growth and development and 
reduce their quality of life. Although there are several medications 
available for UC, many patients are ineffective or develop secondary 
failure during treatment. Due to the above reasons, safe and effective 
treatments for UC remain limited. Recently, treatment with probiotics 
has been proposed to regulate the gut microbiome in UC. The gut 
microbiota plays an essential role in the maintenance of host 
homeostasis and immunomodulation. Disruptions of inter-species 
function in gut microbiota contribute to the leading cause of 
inflammatory bowel disease (Zhang et  al., 2022), and UC was 
demonstrated to be  strongly associated with microbial dysbiosis 
(Kobayashi et al., 2020). The mechanisms of action of probiotics for 
UC have been extensively researched recently. Hence, probiotics 
present a potential therapy for pediatric patients with UC due to their 
safety, low cost, and ease of administration.

Given the pathophysiological importance of the gut microbiome 
in UC, the hypothesis that altering the gut microbiota may be a viable 
way to treat UC is gaining attention (Paramsothy et al., 2017). Based 
on a cross-sectional study, among patients with a high disease activity 
index (DAI), frequent defecation, severe abdominal pain, and a 
history of related surgery, the frequency of probiotics being prescribed 
increased, indicating that probiotics are now being recognized in the 
treatment of UC (Kim and Cheon, 2022). Although the current 
evidence base supporting the use of probiotics in patients with UC is 
thin, probiotics are often widely used as adjunctive therapy and are 
often recommended by physicians, and they are generally considered 
to be safe (Abraham and Quigley, 2017). A 2020 Cochrane Review 
that included 14 studies indicated that probiotics can induce clinical 
remission during the active period and prevent recurrence in UC 
patients (Cochrane IBD Group et al., 2020). Additionally, a meta-
analysis indicated that VSL#3 resulted in the most significant 
improvement in UC, followed by Lactobacillus and E. coli (Shen et al., 
2014). However, probiotics have not yet demonstrated a meaningful 
benefit in maintaining clinical remission in patients with UC (Iheozor-
Ejiofor et al., 2020). In children, an analysis of three trials revealed that 
the combination of Lactobacillus with VSL#3 (composed of four 
different strains of Lactobacillus spp., three strains of Bifidobacterium 
spp., and a sole strain of Streptococcus spp.) probiotics had significant 
effects in children with UC (Ganji-Arjenaki and Rafieian-Kopaei, 
2018). Another previous study showed that the addition of VSL#3 to 
regular treatment markedly reduced relapse rates compared with 
placebo (21.4% vs. 73.3%) when delivered within a year of induction 
of remission in 29 children with UC (Miele et al., 2009). Unfortunately, 
there is a lack of clinical studies on the therapeutic effects of probiotics 
in UC, with most studies being at the animal experimental stage, and 
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there are no compliance randomized controlled trials of probiotics in 
children with UC; therefore, recommendations for the use of 
probiotics are not available (Su et  al., 2020). Probiotics like 
Bifidobacterium and Lactobacillus are recommended as adjuvant 
therapy in China for adults with mild-to-moderate UC to maintain 
remission. The European Society for Parenteral Enteral Nutrition also 
affirms the induction of remission by specific strains of bacteria in 
patients with mild to moderate UC (Bischoff et al., 2022). Probiotics 
are highly tolerated and cause few side effects; therefore, it is worth 
promoting them as a potentially novel treatment alternative for 
patients with UC (Cochrane IBD Group et al., 2020; Selvamani et al., 
2022). Meanwhile, caution should be exercised when applying the 
results of animal experiments to the treatment of children with UC.

2. Therapeutic effects of probiotics on 
UC

The International Scientific Association of Probiotics and 
Prebiotics panel defined probiotics in 2014 as “live microorganisms 
which when administered in adequate amounts confer a health benefit 
on the host” (Hill et al., 2014). With a better understanding of the 
function of the gut microbiota, various probiotics, such as 
Bifidobacterium, Lactobacillus, and Bacillus, have been proven to 
be useful to the human body. They colonize the gut and correct the 
aberrant bacterial composition of the host by increasing the number 
of symbiotic bacteria (Wieërs et al., 2019). In various investigations, it 
was shown that probiotics, particularly Bifidobacterium and 
Lactobacillus, significantly decreased as the gut microflora in IBD 
patients became more aberrant (Van der Waal et  al., 2019). 
Pathological signs of UC primarily include epithelial destruction of 
the colon. Probiotics improve intestinal barrier integrity by 
metabolizing SCFAs, tryptophan, and other chemicals to increase the 
production of mucin and tight junction (TJ) proteins in intestinal 
epithelial cells (Cochrane IBD Group et al., 2020; Lavelle and Sokol, 
2020). Recent evidence suggests that probiotics can regulate intestinal 
immunity, prevent excessive activation of intestinal immune cells, 
reduce levels of pro-inflammatory factors such as IL-6, INF-γ, TNF-α, 
and IL-1β, increase levels of anti-inflammatory factors IL-10 and 
TGF-β, and inhibit the expression of the NF-κB signaling pathway to 
improve intestinal inflammation (Blacher et al., 2017; Popov et al., 
2021). Several modern single-strain probiotics have shown promising 
results in animal models. A mixed probiotic called VSL#3, which is a 
combination of eight beneficial bacteria strains and is frequently used 
in clinical studies, is effective in treating UC in children and adults 
(Miele et al., 2009; Lee et al., 2012; Oliva et al., 2012). However, some 
clinical findings imply that probiotics have no significant impact on 
the maintenance of UC remission (Wildt et al., 2011). Furthermore, 
while probiotics are effective in preventing the development of acute 
storage pouchitis and the recurrence of chronic storage pouchitis in 
adults, research on children with storage pouchitis is lacking. There 
are different viewpoints on the use of probiotics in the treatment of 
pediatric UC; some guidelines claim that probiotics are not required, 
whereas others propose using VSL#3 or Escherichia coli Nissle1917 as 
adjuvant therapy to improve symptoms in pediatric patients with UC 
(Cheng et al., 2021). Undeniably, different probiotic strains have value 
in the treatment of UC, but their efficacy and safety require in-depth 
research due to a paucity of large-scale case–control studies and data 

on long-term clinical efficacy. In animal model experiments, the 
application of probiotics had multiple improvements in the symptoms 
of colitis in mice (Figure 2). Therefore, this review collected animal 
studies (Tables 1, 2) on the treatment of UC by a variety of potentially 
beneficial bacteria over the last 5 years, providing a reference for the 
clinical use of probiotics for the treatment of UC.

2.1. Effects of Bifidobacterium spp. on UC

The genus Bifidobacterium belongs to the gram-positive bacteria of 
the phylum Actinobacteria and is one of the first microorganisms to 
colonize the intestine (O’Callaghan and Van Sinderen, 2016). 
Bifidobacterium is also immunotolerant in humans and not subject to 
rejection (Yao et al., 2021). Hence, several species of this genus constitute 
the main group of probiotics (Fontana et al., 2013; Mianzhi and Shah, 
2017). Exopolysaccharides (EPS), SCFAs, and conjugated linoleic acid 
(CLA), which are produced during metabolism, act on intestinal 
epithelial cells and play a role in regulating intestinal homeostasis 
(Hughes et  al., 2017) by improving intestinal barrier function and 
modulating the intestinal mucosal immune system and inflammatory 
response (Dodd et al., 2017). Numerous animal studies have shown that 
Bifidobacterium can increase the population of the dominant flora, 
which is absent in UC, and ameliorate symptoms of dextran sulfate 
sodium (DSS)-induced colitis. Furthermore, conventional medications 
mixed with probiotics can enhance therapeutic efficacy and improve the 
remission rate in UC. However, because each Bifidobacterium strain 
attenuates the inflammatory response differently and responds 
differently to cytokines (Choi et al., 2022), we believe that the function 
of probiotics should be  subdivided based on strain characteristics. 
When considering the status of patients to achieve the optimal 
therapeutic effect, the appropriate probiotic should be selected.

2.1.1. Bifidobacterium longum alleviates oxidative 
stress

Bifidobacterium longum is one of the most prevalent bacteria in the 
intestine. The main metabolites of B. longum are SCFAs and CLA 
(Albert et al., 2019), which alleviate colonic inflammation by increasing 
antioxidant activity and regulating the production of reactive oxygen 
species, leading to reduced oxidative stress (Yao et al., 2021). Numerous 
animal studies have shown that B. longum can improve experimental 
colitis. B. longum strains YS108R, 51A, and LC67 can attenuate DSS and 
2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colonic damage by 
strengthening the mucosal barrier and regulating the composition of the 
gut microbiota (Jang et al., 2018; Yan et al., 2019; Abrantes et al., 2020; 
Yan et al., 2020; Bi et al., 2022). Furthermore, mice in the B. longum 
CCFM681 intervention group outperformed those in the CCFM760 
and CCFM642 groups in terms of the improvement in mucosal barrier 
function and reduction of mucosal barrier levels, with the results of the 
analysis of bacterial products revealing that the improvements were 
related to the amount of CLA produced by B. longum; higher CLA levels 
were associated with greater colitis remission (Chen et al., 2021). In cell 
experiments, B. longum strains CCFM752, CCFM1149, CCFM10, and 
LTBL16 attenuated intestinal inflammatory responses by increasing 
intracellular catalase activity, lowering NADPH oxidase activation, and 
improving intracellular antioxidant capacity (Huang et al., 2020; Yan 
et al., 2020; Wang et al., 2021; Yao et al., 2021). Notably, ESP produced 
by B. longum 35,624 induced the secretion of relatively low levels of 
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cytokines from human dendritic cells and attenuated the accumulation 
of IL-17  in the intestine (Schiavi et  al., 2016). Similarly, B. longum 
YS108R produces ropy exopolysaccharides that suppress the 
immunological response, reducing intestinal inflammation (Yan et al., 
2020). Additionally, Chen (Chen et al., 2019) investigated the effects of 
similar doses (4 × 109 CFU/dose) of B. longum HB5502 and VSL#3 on 
colitis in mice. The study found that both the two strains relieved colonic 
inflammation, reduced serum inflammatory factors, and increased tight 
ligin expression, demonstrating that there is no significant difference in 
the results between a single strain of B. longum HB5502 and a mixed 
probiotic containing B. longum. However, whether this suggests that 
B. longum plays a major role in probiotics requires further investigation. 
Furthermore, another selenium-rich strain of B. longum, namely DD98, 
ameliorates UC-induced selenium deficiency by producing 
selenoproteins, which also possess substantial anti-inflammatory and 
immunomodulatory activities to improve DSS-induced intestinal 
inflammation in mice (Hu et al., 2022). Additionally, B. longum strains 
NK173, NK151, and NK175 alleviate stress fatigue, depression, and 
symptoms of UC by regulating the expression ratio of pro- and 

anti-inflammatory cytokines and gut microbiota byproducts (e.g., 
lipopolysaccharide, LPS) (Yoo et  al., 2022), making them potential 
probiotics for the treatment of patients with UC who also have 
neuropsychiatric disorders. Meanwhile, the combination of B. longum 
CECT 7894 and infliximab improved the therapeutic effect of both 
drugs, with greater improvement of symptoms in the B. longum group 
compared to the infliximab-only group (Xiao et  al., 2022). A prior 
clinical trial found that combining B. longum trisporus with mesalazine 
improved the therapeutic effect of drugs used for UC (Jiang et al., 2020), 
inferring that trisporus could be a safe and convenient supplementary 
treatment option for patients who are resistant to traditional 
medications. Overall, B. longum may be a useful adjuvant biologic drug 
in the treatment of UC (Li et al., 2023).

2.1.2. Bifidobacterium breve enhances the 
intestinal mucosal barrier and reduces levels of 
inflammatory factors

Bifidobacterium breve is a non-budding, non-motile, gram-
positive, specialist anaerobic bacteria. Like B. longum, B. breve can 

FIGURE 2

Therapeutic effects of probiotics on colitis in mice Probiotic intervention given to mice with colitis model showed significant improvements in colonic 
shortening, mucosal damage, weight loss, a decrease in disease activity index, and a significant improvement in the structure of the intestinal flora of 
the mice.
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TABLE 1 Effects of Bifidobacterium on animal models.

Probiotics Strain Animal Interventions Outcomes Reference

Bifidobacterium 

longum

YS108R C57BL/6 J mice

n = 8

0.2 mL once daily 

fermented milk for 

14 days

Proved to decrease disease active index and MPO 

activity, decreased the expression of IL-6 and IL-

17A and maintained the tight junction proteins, 

increased the expression of mucin2, modulated the 

gut microbiota

Yan et al. (2020)

Bifidobacterium 

longum

YS108R C57BL/6 J mice

n = 8

5 × 109 CF/ mL 

0.2 mL noce daily 

for 14 days

Alleviate the colonic damage, increased the level of 

IL-10, increased the expression of mucin2 and TJP, 

maintained gut microbiota imbalance.

Yan et al. (2019)

Bifidobacterium 

longum

51A BALB/c mice

n = 14

5 × 109 CFU/mL 

0.1 mL once daily 

for 17 days

Preserved the intestinal architecture, reduced 

intestinal permeability, and colon injuries.

Abrantes et al. 

(2020)

Bifidobacterium 

longum

LC67 C57BL/6 mice

n = 6

1 × 109 CFU once 

daily for 3 days

Inhibited colon shortening and MPO acitivity, 

restored disturbance of gut microbiota, improved 

tight junction protein expression, restored Th17/

Treg balance.

Jang et al. (2018)

Bifidobacterium 

longum

HB5502 C57BL/6c mice

n = 6

4 × 109 CFU/dose 

once daily for 7 days

Improved intestinal inflammation and fecal 

microbiota imbalance

Chen et al. (2019)

Bifidobacterium 

longum and 

Selenium-enriched 

Bifidobacterium 

longum

DD98 C57BL/6 mice

n = 6

1 × 1010 CFU/kg 

once daily for 

21 days

Decreased the disease severity of UC mice, 

improved colon lengthened and pathological 

phenotype, decreased the expression of pro-

inflammatory cytokines and oxidative stress 

parameters, improved the intestinal barrier 

integrity, promoted the abundance of health-

benefiting taxa.

Hu et al. (2022)

Bifidobacterium 

longum

NK151, NK173, 

and NK175

Bifidobacterium longum

n = 8 or 10

1 × 109 CFU once 

daily for 5 days

Both suppressed LPS-induced expression of 

proinflammatory cytokines in macrophages, 

alleviated Colonic Inflammation.

Yoo et al. (2022)

Bifidobacterium 

longum

CECT 7894 C57BL/6 mice

n = 6

5 × 108 CFU once 

daily for 5 days

Decreased weight loss, disease activity index (DAI) 

scores, colon length shortening, histological 

damage, increased ZO-1, and Occludin expressions.

Xiao et al. (2022)

Bifidobacterium 

breve

H4-2 and H9-3 C57BL/6 J mice

n = 8

1 × 109 CFU/mL 

0.2 mL once daily 

for 7 days

Increased the expression of mucin, occludin, 

claudin-1, ZO-1, decreased the levels of IL-6, 

TNF-α, IL-1β and increased IL-10, inhibited the 

expression of the NF-κB signaling pathway, 

increased the levels of SCFAs, reduced the 

abundance of Proteobacteria and Bacteroidea, and 

increased the abundance of Muribaculaceae.

Niu et al. (2022)

Bifidobacterium 

breve

CCFM683 and 

BJCP1M6

C57BL/6 J mice

n = 8

5 × 109 CFU/mL 

0.2 mL once daily 

for 14 days

Alleviated the inflammation, increased the 

concentration of mucin2 (MUC2) and goblet cells, 

up-regulated the tight junction (TJ) proteins and 

ameliorated the epithelial apoptosis, rebalanced the 

damaged gut microbiota.

Chen et al. (2021)

Bifidobacterium 

lactis

A6 C57BL/6 J mice

n = 8

4 × 109 CFU once 

daily for 21 days

Inhibited DSS-induced bodyweight loss and colon 

shortening, improved intestinal barrier integrity, 

attenuated the oxidative stress, downregulated 

TNF-α, IL-1β and IL-6 levels and upregulated IL-10 

level.

Wang et al. (2022)

Bifidobacterium 

lactis

BB12 C57BL/6 J mice

n = unknown

1.2 × 1010 CFU twice 

a day for 7 days

Ameliorated DSS-induced colitis, reduced tumor 

necrosis factor-α-mediated IEC apoptosis

Chae et al. (2018)

Bifidobacterium 

lactis

5,764 C57BL/6 J or BALB/c 

mice

5 × 108 CFU once 

daily for 5 days

Alleviated inflammatory responses. Hrdý et al. (2020)
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lower the intestinal inflammatory response via EPS. Moreover, the 
improvement was greater with B. breve H4-2 than with H9-3, which 
may be related to the higher production of EPS by H4-2 (Niu et al., 
2022). Similarly, B. breve strains CCFM683 and BJCP1M6B reduced 
the levels of TNF-α and IL-6, significantly increased the levels of 
mucin-2 (MUC2) and cupped cells, upregulated the expression of 
TJ proteins, and improved DSS-induced epithelial cell apoptosis; in 
contrast, neither B. breve strains FHLJDQ3M5 nor M2CF22M7 
showed these effects (Chen et al., 2021). B. breve YH68 reduced the 
population of C. difficile and toxin levels in feces in an animal study, 
and B. breve CCFM1025 improved symptoms of major depression 
by modulating tryptophan metabolism in a randomized controlled 
trial (Yang et al., 2022), providing another therapeutic option for 
patients with UC with concomitant symptoms of depression. 
However, the role of B. breve in maintaining UC remission was not 
significant, and there was no significant difference in relapse-free 
survival between the B. breve and placebo groups after 48 weeks of 
oral administration of fermented yogurt containing primarily 
B. breve (Matsuoka et al., 2018). The results contradict those of a 
prior animal study, and the difference may be related to the probiotic 
dose, delivery route, and probiotic production process. However, 

this does not rule out the beneficial effects of B. breve for the 
treatment of UC.

2.1.3. Bifidobacterium animalis subsp. lactis has 
potential as a supplement for the treatment of 
UC due to its anti-inflammatory properties

Bifidobacterium lactis is a gram-positive anaerobic bacterium 
found in the intestines of most animals. B. lactis adheres to the 
epithelial mucosa in vast numbers and is an important component of 
a healthy gut microbiota (Masco et al., 2004). Regarding the efficacy 
of B. lactis on UC, mice with DSS- or TNBS-induced colitis treated 
with B. lactis strains A6, BB12, and 5,764 showed significant 
improvements in intestinal barrier function and immunomodulation 
(Chae et al., 2018; Hrdý et al., 2020; Wang et al., 2022). Furthermore, 
B. lactis exerts its anti-inflammatory properties through the activation 
of peripheral blood mononuclear cells and increasing forkhead box 
P3 (FOXP3) gene expression to increase TGF-β levels (Shakurnia 
et  al., 2019). Notably, B. lactis BL-99 not only reduced intestinal 
inflammation in UC but also alleviated colitis-related lung injury by 
altering SCFA production and inflammatory cell ratios (Nan et al., 
2023). Preliminary evidence suggests that B. lactis is another potentialz 

TABLE 1 (Continued)

Probiotics Strain Animal Interventions Outcomes Reference

Bifidobacterium 

bifidum

FJSWX19M5 BALB/c mice

n = 10

5 × 109 CFU/mL 

0.2 mL once daily 

for 5 weeks

Restored the disruption of the gut microbiota, 

increased IL-10 levels, alleviated body weight loss, 

colonic shortening and injury.

Qu et al. (2023)

Bifidobacterium 

bifidum

FL-276.1 and 

FL-228.1

BALB/c mice

n = 10

1 × 109 CFU/mL 

0.1 mL once daily 

for 22 days

Ameliorated colitis symptoms, improved the 

intestinal barrier integrity, decreased the levels of 

IL-6, TNF-α.

Cui et al. (2022)

Bifidobacterium 

bifidum

WBIN03 BALB/c mice

n = 10

1 × 109 CFU/mL 

0.3 mL once daily 

for 4 days.

Regulated the colitis gut microbiota, protected the 

mucosal barrier system, improved the antioxidant 

levels, decreased the weight loss and DAI, reduced 

the expression of TNF-α, up-regulated the 

expressions of IL-10.

Wang et al. (2018)

Bifidobacterium 

infantis

ATCC 15697 C57BL/6 mice 2 × 108 CFU/mL 

0.2 mL once daily 

for 21 days

Alleviated colitis symptoms, alleviated 

inflammatory cell infiltration, improved oxidative 

stress, reduced the colonic inflammatory cytokine 

levels.

Sheng et al. (2020)

Bifidobacterium 

infantis

FJSYZ1M3 C57BL/6 N mice

n = 8

1 × 1010 CFU/mL 

0.2 mL once daily 

for 14 days

Improved colitis symptoms, increased the 

concentration of tight junction proteins, reduced 

the levels of pro-inflammatory cytokines, enlarged 

the species richness of gut microbiota

Li et al. (2023)

Bifidobacterium 

adolescentis

NK98 C57BL/6 mice

n = 6

1 × 109 CFU once 

daily for 5 days

Reduced colon shortening, colonic 

myeloperoxidase activity, proinflammatory 

cytokine IL-6 and IL-1β expression, and NF-κB 

activation.

Jang et al. (2019)

Bifidobacterium 

adolescentis

Reuter 1963 BALB/c mice

n = 16

1 × 109 CFU/mL for 

7 days

Enlarged the species richness of gut microbiota, 

improved colitis symptoms.

Ghadimi et al. 

(2021)

Bifidobacterium 

adolescentis

ATCC15703 BALB/c mice

n = 6

1 × 109 CFU/mL 

o.3 mL once daily 

for 21 days

Decreased diarrhea score, spleen weight, and 

increased colon length.

Fan et al. (2021)

Bifidobacterium 

adolescentis

IF1-11 and 

IF1-03

C57BL/6 mice

n = 5

5 × 108 CFU once 

daily for 15 days

Decreased the levels of IL-6, TNF-α, increased 

IL-10 levels, induced abundant Th17 cells.

Yu et al. (2019)
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TABLE 2 Effects of Lactobacillus on animal models.

Probiotics Strain Animal Interventions Outcomes Reference

Lactobacillus 

plantarum

AR17-1 C57BL/6 mice

n = 16

5 × 108 CFU once daily 

for 10 days

Reduce diarrhea, reduced the DAI score, prevented colon 

shortening, decreased MPO activity, reduced the expression 

of TNF-α.

Wang et al. (2021)

Lactobacillus 

plantarum

Q7 C57BL/6 J mice

n = unknown

0.5-1 mg /kg once daily 

for 10 days

Improved the shortening of the colon and weight loss, 

reduced the spleen index, improved colon damage, 

decreased the expression of inflammatory cytokines, restore 

the gut microbiota.

Hao et al. (2021)

Lactobacillus 

plantarum

Y44 BALB/c mice

n = 10

1 × 108 CFU/

mL-1 × 109 CFU/

mL0.2 mL once daily 

for 6 weeks

Restored crypt structure and increased goblet cells, reversed 

the declines in the SOD, GPx, and CAT activities, activate 

the hepatic Nrf-2/Keap-1 pathway, reversed the 

downregulation of claudin-1 and occludin protein 

expressions, altered the diversity of gut microbiota

Gao et al. (2021)

Lactobacillus 

plantarum

12 BALB/c mice

n = 10

1 × 107 CFU/mL and 

1 × 109 CFU/mL 0.3 mL 

once daily for 7 days

Restored gut microbiota, enforced the intestinal barrier 

function, ameliorated intestinal inflammation.

Sun et al. (2020)

Lactobacillus 

plantarum

N13 and 

CCFM8610

BALB/c mice

n = 10

3 × 109 CFU/0.2 mL 

once daily for 7 days

Decreased body weight, DAI score, and colon length 

shorting, increased gut microbiota diversity, decreased 

Pro-inflammatory cytokine expression, remediated colon 

damage.

Liu et al. (2020)

Lactobacillus 

plantarum

CAU1055 ICR mice

n = 8

4 × 1010 cfu/mL 0.2 mL 

once daily for 3 weeks

Inhibited body weight loss, colon shortening, and colon 

damage, reduced levels of INF-α, IL-6.

Choi et al. (2019)

Lactobacillus 

plantarum

L15 C57BL/6 mice

n = 12

1 × 1010 CFU /ml 

0.2 mL/once daily for 

21 days

Reducted pro-inflammatory cytokine and increased anti-

inflammatory cytokine, protected epithelial integrity, 

improved LPS and D-lactic acid concentrations, reshaped 

the gut microbiota structure, regulated SCFAs production, 

suppressed NF-κB pathway

Wang et al. (2022)

Lactobacillus 

plantarum

HNU082 C57BL/6 J mice

n = 12

1 × 109 CFU/mL 0.2 mL 

once daily for 7 days

Optimized the species composition and the structure, 

increased the levels of SCFAs, goblet cells, mucin2, claudin-1 

and claudin-2, ZO-1, IL-10, TGF-β1, and TGF-β2, decreased 

IL-6, TNF-α and MPO.

Wu et al. (2022a)

Lactobacillus 

plantarum

HNU082 C57BL/6 J mice

n = 8

1 × 109 CFU/mL for 

7 days

Increased body weight and colon length, decreased DAI, 

immune organ index, inflammatory factors, and 

histopathological scores, improved the intestinal mucosal 

barrier,.

Wu et al. (2022b)

Lactobacillus 

plantarum

ZS62 C57BL/6 mice

n = 10

10 × 109 CFU/mL 

0.1 mL/g once daily for 

4 weeks

Inhibited atrophy of the mouse colon, reduced the 

histopathological damage, enhanced the antioxidant 

capacity, reduced the release of proinflammatory cytokines,

Pan et al. (2021)

Lactobacillus 

plantarum

06 cc2 C57BL/6 mice

n = 12

20 mg twice a day for 

20 days

Increased levels of IL-10, improved weight loss,. Tanaka et al. 

(2020)

Lactobacillus 

plantarum

CBT LP3 C57BL/6 mice

n = 15

1 × 108 CFU once daily 

for 7 days

Induced weight loss and DAI scores, reduced inflammatory 

infiltrates, restored intestinal epithelia, suppressed 

expression of proinflammatory cytokines.

Kim et al. (2020)

Lactobacillus 

plantarum

MTCC 5690 Swiss Albino mice

n = 8

1 × 109 CFU/mL 0.2 mL 

once daily for 14 days

Improved intestinal permeability, decreased MPO activity, 

improved health index and better growth.

Pradhan et al. 

(2019)

Lactobacillus 

plantarum

YS3 C57BL/6 J mice

n = 10

1 × 109 CFU/mL and 

1 × 108 CFU/mL 0.2 mL 

once daily for 5 weeks

Decreased levels of MDA, MPO, and NO, and increased the 

levels of GSH, increased levels of IL-2, decreased levels of 

IL-6, improved colonic tissue damage.

Hu et al. (2021)

Lactobacillus 

plantarum

CQPC06 C57BL/6 J mice

n = 10

1 × 109 CFU/mL and 

1 × 108 CFU/mL 0.2 mL 

once daily for 7 days

Improved body weight loss, colon length, reduced the leves 

of proinflammatory cytokines and goblet cells, decreased the 

levels of MPO and NO.

Zhang et al. (2018)
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TABLE 2 (Continued)

Probiotics Strain Animal Interventions Outcomes Reference

Lactobacillus 

plantarum

QS6-1

、QHLJZD20L2 

and 

VJLHD16L1

C57BL/6 J mice

n = unknown

0.2 mL once daily for 

7 days

Increased the expression of ZO-1 and occluding, recovered 

gut barrier integrity, reduced weight loss, increased colon 

length.

Liu et al. (2022)

Lactobacillus 

plantarum

AR326 IRC mice

n = 5

2 × 109 CFU/mL 0.2 mL 

once daily for 7 days

Restored the tight junction protein expression and reduced 

of the pro-inflammatory cytokines, decreased the weight 

loss, DAI, colon length shortening, MPO activity, and colon 

epithelial damage.

Wang et al. (2019)

Lactobacillus 

plantarum

CCFM242 C57BL/6 mice

n = 5

2 × 109 CFU once daily 

for 7 days

Reduced the levels of IL-1β and IL-6, and enhanced the level 

of IL-10, decreased the weight loss, colon length shortening, 

MPO activity, and colon barrier.

Zhai et al. (2019)

Lactobacillus 

plantarum

AB-1 and SS-

128

C57BL/6 mice

n = 6

2 × 109 CFU/mL 0.2 mL 

once daily for 7 days

Decreased the weight loss, DAI, MPO activity and colon 

length shortening, increased mucosal integrity, increased 

inflammatory cytokine expression, enreached diversity of 

the gut microbiota.

Qian et al. (2022)

Lactobacillus 

plantarum

IMAU10216, 

IMAU70095 

and IMAU 

10,120

C57BL/6 mice

n = 4

1 × 1010 CFU/mL 

0.1 mL once daily for 

21 days

Decreased the weight loss, improved colonic tissue damage, 

increased goblet cell, alleviated the MPO accumulation, 

decreased colon cytokine levels, increased microbial 

diversity.

Khan et al. (2022)

Lactobacillus 

plantarum

ZDY2013 BALB/c mice

n = 10

1 × 109 CFU/mL 0.3 mL 

once daily for 4 days

Regulated the colitis i gut microbiota, protected the mucosal 

barrier system, improved the antioxidant levels, decreased 

the weight loss and DAI, reduced the expression of TNF-α, 

up-regulated the expressions of IL-10.

Wang et al. (2018)

Lactobacillus 

plantarum

LC27 C57BL/6 mice

n = 6

1 × 109 CFU once daily 

for 3 days

Inhibited colon shortening and MPOacitivity, restored 

disturbance of gut microbiota, improved tight junction 

protein expression, restored Th17/Treg balance.

Jang et al. (2018)

Lactobacillus 

rhamnosus

M9 C57BL/6NCrSlc 

mice

n = 10

2 × 109 CFU once daily 

for 14 days

Upregulated the fecal microbial diversity and reversed fecal 

microbial functions, ameliorated inflammation.

Xu et al. (2021)

Lactobacillus 

rhamnosus

MTCC-5897 albino weanling 

mice

n = 9

2 × 109 CFU/ mL once 

daily for 28 days

Reduced the DAI, diminished levels of pro-inflammatory 

and enhanced levels of the anti-inflammatory cytokine, 

improved immune homeostasis and intestinal barrier 

integrity.

Kaur et al. (2021)

Lactobacillus 

rhamnosus

LDTM 7511 C57BL/6 J mice

n = 8

1 × 109 CFU once daily 

for 14 days

Alleviated the release of inflammatory, induced the 

transition of gut microbiota from dysbiotic conditions.

Yeo et al. (2020)

Lactobacillus 

rhamnosus

SHA113 C57BL/6Cnc mice

n = 10

1 × 109 CFU/mL once 

daily for 10 days

Reduced body weight loss, colon length shorting, and DAI, 

improved colon structural integrity.

Pang et al. (2021)

Lactobacillus 

rhamnosus

GG BALB/c mice

n = unknown

1 × 109 CFU/ ml every 

other day for 3 weeks

Decreased DAI score, prevented colon shortening, 

maintained mucosal integrity, decreasedpro-inflammatory 

cytokines, improved gut microbiota.

Son et al. (2019)

Lactobacillus 

rhamnosus

GG C57BL/6 mice

n = 8

1 × 106 CFU for 8 days Prevented colon shortening, decreasedpro-inflammatory 

cytokines.

Jia et al. (2020)

Lactobacillus 

rhamnosus

1.0320 C57BL/6 mice

n = 13

2 × 108 CFU/0.2 mL 

every other day for 

28 days

Reduced DAI score, decreased MPO activity, increase 

hemoglobin content, regulate the expression levels of 

inflammatory cytokines, increase the abundance and 

diversity of gut microbiota.

Liu et al. (2020)

Lactobacillus 

rhamnosus

KLDS 1.0386 C57BL/6 J mice

n = 8

1 × 109 CFU/mL for 

21 days

Decreased DAI score, MPO level, and pro-inflammatory 

cytokines, increased anti-inflammatory cytokine, tight 

junction proteins and mucins.

Shi et al. (2020)

Lactobacillus 

acidophilus

ATCC4356 SD rat

n = 10

1 × 108 CFU/0.5 mL 

once daily for 8 days

Meliorated colitis symptoms, recovered of the colon barrier, 

contributed to the balance of inflammation and oxidative 

stress.

Li et al. (2022)
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TABLE 2 (Continued)

Probiotics Strain Animal Interventions Outcomes Reference

Lactobacillus 

acidophilus

BIO5768 BALB/c mice

n = 6

5 × 108 CFU once daily 

for 5 days

Triggers IL-17-dependent innate defense response, 

activation of innate lymphoid cells type 3 and improves 

colitis.

Hrdý et al. (2022)

Lactobacillus 

acidophilus

KBL402 and 

KBL409

C57BL/6 J mice

n = 8

1 × 109 CFU once daily 

for 8 days

Both improved colitis symptoms, downregulated Th1-, 2- 

and 17-related cytokines, decreased levels of MPO, 

improved cecal microbiota.

Kim et al. (2021)

Lactobacillus 

acidophilus

XY27 C57BL/6 mice

n = 8

1 × 109 CFU/mL 

0.1 mL/10 g for 3 weeks

Decreased DAI score, prevented colon shortening, 

decreased levels of oxidative stress and inflammatory 

cytokines.

Hu et al. (2020)

Lactobacillus 

acidophilus

CCFM137, 

FAHWH11L56, 

FGSYC48L79,

C57BL/6 mice

n = 8

1 × 109 CFU/mL 0.2 mL 

once daily for 14 days

CCFM137 and FAHWH11L56 showed potential for 

relieving colitis, FGSYC48L79 exacerbated colitis

Huang et al. 

(2022)

Lactobacillus 

acidophilus

CGMCC 7282 SD rats

n = 10

1 × 109 CFU once daily 

for 14 days

Reduced in the colon/body weight ratio and the colon 

weight/length ratio, recoved intestinal structure, increased 

ZO-1 expression, reduction of inflammatory 

cytokines,recovered gut microbiota.

Kaur et al. (2020)

Lactobacillus 

reuteri

R28 C57BL/6 mice

n = 16

5 × 108 CFU once daily 

for 10 days

Reduce diarrhea, reduced the DAI score, prevented colon 

shortening, decreased MPO activity, reduced the expression 

of TNF-α.

Wang et al. (2021)

Lactobacillus 

reuteri

R2LC and 

ATCC PTA 

4659

C57Bl/6 mice 1 × 108 CFU once daily 

for 7 days

Reduced DAI score, reduced histological signs of tissue 

damage, reduced levels of proinflammatory cytokines, 

increased the thickness of the colonic firmly adherent 

mucus layer, upregulates the expression of tight junction 

proteins.

Ahl et al. (2016)

Lactobacillus 

reuteri

ATCC PTA 

4659

C57BL/6 J mice

n = 6–8

1 × 108 CFU once daily 

for 7 days

Reduced weight loss, DAI score, and colon shortening, 

preserved the microbiota diversity, induced the expression 

of tight junction proteins and intestinal heat shock 

proteins,increased the ileal villus height.

Liu et al. (2022)

Lactobacillus 

reuteri

DSM 17938 C57BL/6 J mice

n = 9

1 × 107 CFU once daily 

for 14 days

Boosted treg cells in the intestinal mucosa, increase in alpha 

diversity, increased tryptophan metabolism.

Liu et al. (2019)

Lactobacillus 

reuteri

R2LC C57Bl/6 mice

n = 9

1 × 108 CFU once daily 

for 14 days

Reduced weight loss, DAI, and colon shortening, preserved 

the microbiota diversity.

Liu et al. (2021)

Lactobacillus 

gasseri

G098 C57BL/6 J mice

n = 8

4 × 109 CFU/mL

0.2 mL once daily for 

10 days

Alleviated Inflammatory manifestations,reversed Changes 

in serum pro−/anti-Inflammatory cytokine levels, improved 

gut microbiota diversity, increased metabolic pathways

Zhang et al. (2022)

Lactobacillus 

paracasei

NTU 101 C57BL/6 mice

n = 10

2.3× 109 CFU/kg once 

daily and 

4.5 × 109 CFU/kg once 

daily for 25 days

Improved anti-oxidant capacity, reduced pro-inflammatory 

cytokine levels, increased anti-inflammatory cytokine levels, 

and ameliorated body weight loss

Chen et al. (2019)

Lactobacillus 

paracasei

R3 C57BL/6 mice

n = 6

1 × 109 CFU/mL

0.2 mL once daily for 

14 days

Reduced DAI scores, alleviated colon injury, regulated Th17/

Treg cell balance.

Huang et al. 

(2021)

Lactobacillus 

paracasei

N1115 C57BL/6 mice

n = 14

1 × 107 CFU once daily 

from postnatal day 1 to 

day 7 and 108 CFU 

once daily from day 8 

to day 14

Decreased severity of intestinal tissue injury, cell apoptosis, 

and proinflammatory cytokines expression

Xun et al. (2022)

Lactobacillus 

johnsonii

similarity of 

99% to 

UMNLJ22

C57BL/6 mice

n = 12

1 × 109 CFU every other 

day(7 times)

Normalized colon length and spleen weight, attenuated 

colonic hyperplasia, suppressed the secretion of 

inflammatory cytokines and infiltration of immune cells, 

restored the abnormal expression of antimicrobial peptides, 

attenuated ER stress–related cell death.

Zhang et al. (2021)
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option for reducing inflammation in UC as well as improving 
extraintestinal manifestations in patients with UC.

2.1.4. Bifidobacterium bifidum supplementation is 
effective in treating UC

Bifidobacterium bifidum is the dominant gram-positive anaerobic 
bacterium in the human intestine and plays a significant role in the 
prevention of gastrointestinal dysfunction (Andresen et al., 2020). 
Animal experiments have suggested that the role of B. bifidum 
FJSWX19M5 in improving TNBS-induced chronic colitis is achieved 
through repairing gut barrier damage and enhancing Tregs (Qu et al., 
2023). B. bifidum strains FL-276.1 and FL-228.1 improve immune 
function by activating the aryl hydrocarbon receptor (AHR) (Cui 
et al., 2022). Additionally, improvement in the symptoms of colitis 
brought about by B. bifidum B1628 was accompanied by obvious gut 
microbiota remodulation (Feng et al., 2022). Furthermore, B. bifidum 
BGN4-SK alleviated DSS-induced colitis by producing antioxidant 
enzymes and reducing pro-inflammatory cytokine production. 
However, B. bifidum BGN4-pBESIL10 had little effect on IL-10 
production and the improvement of colitis (Kang et  al., 2022). 
Interestingly, B. bifidum improved the TJ barrier function in a strain-
specific manner, with B. bifidum BB1 demonstrating the greatest 
improvement (Al-Sadi et al., 2021a). Furthermore, heat-inactivated 
and lysozyme-treated B. bifidum strains FJSWX19M5 and BGN4 also 
improved symptoms of colitis, but the degree of improvement was not 
similar to that of live bacteria. However, lysozyme-treated B. bifidum 
BGN4 maintained the intestinal mucosal barrier function better than 
live bacteria (Lee et al., 2022; Qu et al., 2023), which may be related to 
the stronger adhesion of the inactivated strain. In summary, B. bifidum 
is a potent probiotic that can improve colitis in a variety of ways, 
including by regulating gut microbiota, improving intestinal barrier 
function, and modulating immunity; however, the effects of B. bifidum 
are affected by the type of strain and organism. Nevertheless, 
B. bifidum is a promising probiotic that should undergo further 
investigation for its specific therapeutic properties.

2.1.5. Bifidobacterium adolescentis treats UC by 
balancing the gut microbiota

As a gram-positive anaerobic bacterium, B. adolescentis is the 
dominant bacterium in the intestinal tract of young people and plays 
an important role in the treatment of constipation, anxiety, depression, 
and colitis (Jang et  al., 2019). Current research shows that 
B. adolescentis Reuter 1963 can reverse dysbiosis of the gut microbiota 
caused by peptidoglycan recognition protein 3 deficiency (Ghadimi 
et  al., 2021). Oral administration of B. adolescentis ATCC15703 
relieves symptoms of chronic colitis in mice by regulating the immune 

response, making it a potential probiotic (Fan et  al., 2021). 
B. adolescentis IF1-03 with high-molecular-weight EPSs can activate 
dendritic cells or macrophages, and both rely on the toll-like receptor 
2-ERK/p38 MAPK signaling cascade to skew Treg/Th17 cells to 
protect mice from DSS-induced colitis (Yu et al., 2019). B. adolescentis 
has an obvious antioxidant effect, but the SOD level in the intestinal 
tract of model mice was not measured in the above experiments. 
Hence, the effects of antioxidants on improving colitis could not 
be  evaluated. Future studies should further explore whether 
B. adolescentis has other properties that may improve UC.

2.1.6. Bifidobacterium infantis alleviates 
symptoms of UC by reducing the inflam-matory 
response

Bifidobacterium infantis is the dominant bacteria in breastfed 
infants; thus, it has a high abundance in infancy (Mattarelli et al., 
2008). It is acid- and bile-resistant, is strongly adhesive, does not 
destroy mucus, is non-invasive, and does not harm the intestinal 
mucosa (Ewaschuk et al., 2008). B. infantis FJSYZ1M3 can remarkably 
reduce the DAI, limit weight loss and colonic shortening via alteration 
of the gut microbiota, maintain the integrity of the intestinal barrier, 
and modulate levels of inflammatory cytokines (Li et  al., 2023). 
B. infantis also enhances the development of cluster of differentiation 
(CD) 4+ T cells into Tregs and also increases the expression of IL-10 
and TGF-β1, subsequently reducing the inflammatory response in the 
gut (Zhou et al., 2022). Additionally, co-administration of B. infantis 
ATCC 15697 with xylooligosaccharide demonstrated additional 
efficacy in protecting against colonic damage due to DSS-induced 
colitis in mice (Sheng et al., 2020). Moreover, B. infantis can enhance 
the development of the host immune system and maintain elevated 
IgA and IgG titers in infancy and at 2 years (Huda et  al., 2019). 
Significantly lower levels of pro-inflammatory cytokines on postnatal 
days 40 and 60 in EVC001-fed infants have been reported, providing 
a new strategy to improve intestinal inflammation during 
developmental stages (Henrick et al., 2019). B. infantis also exerts anti-
inflammatory effects through various pathways. However, the 
effectiveness of B. infantis in the treatment of UC in children remains 
unclear. B. infantis is abundant in the infant gut and may play a major 
role in inhibiting the development of UC in this population; hence, its 
effects need to be further explored.

2.2. Effects of Lactobacillus spp. on UC

Lactobacillus is a genus of gram-positive microbes in fermented 
foods that colonize the human digestive tract in vast numbers; they 

TABLE 2 (Continued)

Probiotics Strain Animal Interventions Outcomes Reference

Lactobacillus 

kefiranofaciens

JKSP109 C57BL/6 mice

n = 1

2 × 108 CFU/mL

0.2 mL once daily for 

five days per week for 

17 weeks

Recovered of the colon barrier, modified gut microbiota, 

decreased the levels of proinflammatory cytokines, 

increased SCFA concentrations

Wang et al. (2022)

Lactobacillus 

curvatus

BYB3 C57BL/6 mice

n = 6

1 × 109 CFU/mL

0.2 mL once daily for 

14 days

Alleviated the disruption of Intestinal barrier function, 

alleviated colitis symptoms, Inhibiting the Production of 

IL-6, TNF-R1, TNF-R2, and TNF-α.

Dong et al. (2022)
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are also the first probiotics (De Melo Pereira et al., 2018). Lactobacillus 
is distinguished by its capacity to convert glucose, lactose, and 
galactose into lactic acid, which reduces the intestinal pH, and 
produce bacteriocins, hydrogen peroxide, and diacetyl to inhibit the 
growth of other bacteria. Lactobacillus has been extensively studied, 
and its use in the treatment of UC has been recognized (Garbacz, 
2022). SCFAs, bacteriocins, and EPS of Lactobacillus can exert 
powerful immunomodulatory effects, and its cell wall can attenuate 
inflammation and oxidative interference and enhance antioxidant 
defense (Chorawala et  al., 2021). Additionally, Lactobacillus can 
increase levels of catalase (CAT) and superoxide dismutase (SOD) 
while decreasing those of reactive oxygen species (ROS) at the genetic 
level (Jin et  al., 2020), thus reducing intestinal oxidative stress. 
Lactobacillus is the most extensively utilized genus of probiotic 
products, and it has been successfully used clinically in the adjuvant 
treatment of patients with UC.

2.2.1. Lactobacillus plantarum has strain 
specificity in the treatment of UC

Lactobacillus plantarum is the most common flora in the gut and 
is a parthenogenic anaerobic bacterium found in vegetables and 
fermented fruit juices. L. plantarum can supplement human vitamin 
B by synthesizing folic acid, increasing the stability and absorption of 
B1, B6, and B12 in the intestine, and secreting antibacterial active 
peptides to inhibit the growth of many gram-positive bacteria (Yin 
et al., 2018). L. plantarum is a probiotic used in the treatment of UC; 
in animal studies, oral administration of several L. plantarum strains, 
including AR17-1, Q7, Y44, L15, 12, N13, CCFM8610, CAU1055, 
HNU082, ZS62, ZDY2013, LC27, 06CC2, CBT LP3, and MTCC 5690, 
had a preventive effect on the development of UC (Jang et al., 2018; 
Wang et al., 2018, 2021, 2022; Zhou et al., 2018; Choi et al., 2019; 
Pradhan et al., 2019; Kim et al., 2020; Liu et al., 2020; Tanaka et al., 
2020; Yu et al., 2020; Gao et al., 2021; Hao et al., 2021; Pan et al., 2021; 
Wu et al., 2022a,b). Additionally, a high concentration (1 × 109 CFU/
mL) of L. plantarum strains YS3 and CQPC06 had superior effects 
compared to a low concentration (1 × 108 CFU/mL) of the same strains 
(Zhang et  al., 2018; Shi et  al., 2020), indicating that the effect of 
probiotics may be  dose-dependent. Studies have shown that the 
efficacy of L. plantarum is strain-specific (Liu et  al., 2022). For 
example, L. plantarum strains CAU1055, which has a strong CLA 
synthesis ability; AR326, which has strong adhesion; and CCFM242, 
which is rich in zinc, better relieve symptoms of colitis than other 
strains (Choi et  al., 2019; Wang et  al., 2019; Zhai et  al., 2019). 
Meanwhile, L. plantarum strains NCIMB8826 and LM0419, which are 
unable to synthesize bacteriocins, showed no protective effect on mice 
with TNB-induced colitis (Yin et al., 2018). In addition, EPSs plays an 
important role in improving the intestinal barrier and gut microbiota. 
For example, L. plantarum NCU116 EPSs regulate colonic epithelial 
regeneration, and L. plantarum YW11 enhances the amount of SCFAs. 
However, the relevant mechanisms remain obscure but may relate to 
stimulating the signal transducer and activator of transcription 3 
(STAT3) signaling pathway (Yunyun Jiang, 2018; Zhou et al., 2021; Liu 
et  al., 2022). These characteristics may provide guidance in 
determining the beneficial strains that may be  used to produce 
probiotics. In addition to differences between strains, different forms 
of the same strain have different efficacy in treating colitis. Studies 
have found that the AB-1 and SS-128 strains with the autoinducer-2 
defect can reduce colon inflammation more significantly than 

wild-type strains (Qian et al., 2022). Additionally, intervention with 
L. plantarum strains C2 (IMAU10216) and C3 (IMAU70095) 21 days 
before the induction of colitis in an animal model resulted in less 
severe symptoms, indicating a preventive effect of L. plantarum on 
colitis development (Khan et  al., 2022). L. plantarum has been 
extensively studied at the phenotypic, molecular, and genetic levels, 
and the results have proven that L. plantarum is a powerful and 
promising probiotic. Its usefulness should be confirmed by future 
clinical trials.

2.2.2. Lactobacillus rhamnosus can restore the 
gut microbiota, improve gut barrier function, and 
decrease levels of pro-inflammatory cytokines

Although L. rhamnosus was discovered only in 1983, it has been 
the most studied and thoroughly researched Lactobacillus among all 
probiotics due to its various roles in the adjuvant treatment of 
intestinal diseases. L. rhamnosus strains CY12, ZFM231, M9, MTCC-
5897, LDTM 7511, SHA113, and L. rhamnosus GG (LGG) restore the 
gut microbiota, improve gut barrier function, and improve 
DSS-induced colitis by downregulating LPS-induced inflammatory 
cytokines (Son et al., 2019; Fatmawati et al., 2020; Jia et al., 2020; Yeo 
et al., 2020; Kaur et al., 2021; Pang et al., 2021; Xu et al., 2021; Wan 
et al., 2022; Zheng et al., 2022). It has been demonstrated that the EPS 
produced by L. rhamnosus plays a significant role in biofilm formation, 
and as a result, it may successfully repair the injured intestinal mucosa 
(Capurso, 2019). L. rhamnosus FBB81 improves hydrogen peroxide-
induced inflammation by enhancing the intestinal epithelial barrier in 
Caco-2 cells (Fatmawati et al., 2020). A study showed that L. rhamnosus 
HM0539 inhibited the distal NF-κB signaling pathway via TLR4 to 
attenuate the LPS-induced inflammatory response, with a 
concentration of 108 CFU/mL having the most significant effect (Li 
et al., 2020). Additionally, combinations of L. rhamnosus with other 
agents have also been studied. Samat Kozhakhmetov et  al. 
(Kozhakhmetov et al., 2022) mixed L. rhamnosus with food-grade 
horse milk and administered the combination to mice with 
DSS-induced colitis, resulting in a significant improvement in UC 
symptoms. Similarly, L. rhamnosus 1.0320 with inulin and LGG 
combined with targose significantly improved symptoms of colitis in 
mice (Son et  al., 2019; Liu et  al., 2020). Inulin and tagatose are 
prebiotics that promote the growth of probiotic bacteria in the 
intestine. The results suggest that the adherence and dose of probiotics 
influence the digestive system. Given that the disturbances of the gut 
microbiota in UC are manifested by the alteration of the quantity and 
structure of multiple bacteria, simultaneous administration of 
multiple probiotics may be more effective in restoring the balance of 
the gut microbiota than administration of a single strain. In clinical 
trials, 20 patients with UC were given oral LGG for 1 week, resulting 
in increased concentrations of LGG in the colon, demonstrating the 
adhesion properties of LGG (Pagnini et  al., 2018). However, the 
observation period in that study was only 1 week; the gut microbiota 
may not have changed significantly during that period. Additionally, 
the observed increase in the number of bacteria may have been caused 
by the oral administration of LGG. Another clinical trial found that 
4 weeks of oral administration of a probiotic complex (based on 
L. rhamnosus NCIMB 30174) resulted in a significant decrease in fecal 
calprotectin levels and a significant improvement in clinical symptoms 
in patients with UC (Bjarnason et al., 2019). A previous randomized 
controlled trial demonstrated the long-term effects and safety of LGG 
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in patients with UC (ZOCCO et al., 2006). These findings demonstrate 
that various L. rhamnosus strains, all of which improve UC, have been 
verified in human in vivo investigations and are now recommended 
probiotics in clinical practice. In the last 5 years, L. rhamnosus has 
been an effective treatment for UC in animal experiments; however, 
clinical trials in humans are relatively lacking and outdated. Therefore, 
future research needs to explore other strains by using data of strains 
with excellent laboratory efficacy in clinical trials.

2.2.3. Lactobacillus acidophilus has potential for 
treating UC due to its anti-inflammatory and gut 
barrier-protective properties

Lactobacillus acidophilus is a gram-positive bacterium that not 
only produces significant amounts of lactic acid to limit the growth 
of other dangerous bacteria but is also bile-tolerant, making it a 
candidate strain for probiotics (Usman and Hosono, 1999). Animal 
studies have provided the foundation for the treatment of UC by 
L. acidophilus, including ATCC 4356, BIO5768, KBL402, KBL409, 
and XY27 (Hu et al., 2020; Kim et al., 2021; Hrdý et al., 2022; Li 
et  al., 2022), which all play an effective role in improving gut 
microbiota, maintaining the intestinal barrier, and lowering levels 
of inflammatory factors. L. acidophilus evidently increased levels of 
SCFAs, inhibited the NLRP3 inflammasome, and facilitated 
autophagy to improve UC. Notably, live L. acidophilus produces 
better effects on UC rats than heat-inactivated L. acidophilus (Li 
et al., 2022). However, the improvement in UC symptoms is strain-
specific. L. acidophilus strains NCFM and FAHWH11L56 improved 
DSS-induced colitis and increased levels of IL-10 and IL-17 in the 
colon by altering the CCL2/CCR2 and CCL3/CCR1 axes. The 
potential alleviating effect of L. acidophilus NCFM, CCFM137, and 
FAHWH11L56 on colitis may be related to the fact that they have 
an intact gene cluster for the synthesis of EPS (Huang et al., 2022). 
However, L. acidophilus CCFM137 had no therapeutic effects. In 
contrast, L. acidophilus FGSYC48L79 aggravates colitis by increasing 
the population of harmful bacteria in the gut (Li et  al., 2022). 
Additionally, L. acidophilus can extend the lifespan of mice treated 
with DSS and reduce the severity of colitis by activating M2 
macrophages in peritoneal cavity cells and Th2 and Treg cells in 
splenocytes. Notably, L. acidophilus improves UC by modulating the 
gut microbiota composition and amino acid and oligosaccharide 
metabolic pathways. The combination with 5-ASA did not affect the 
pharmacokinetics of L. acidophilus, providing strong evidence for 
its safety (Li et al., 2022). Overall, specific strains of L. acidophilus 
may potentially be used to improve UC. Furthermore, different 
strains of L. acidophilus have varying degrees of effectiveness, which 
may guide the production of probiotic formulations. The focus of 
future research should shift from animal studies to human trials to 
provide new therapy choices for juvenile UC.

2.2.4. Lactobacillus reuteri is effective in treating 
pediatric UC

Lactobacillus reuteri is a probiotic found in all vertebrate and 
mammalian intestines and is one of the few microbial species 
known to live in the human stomach. L. reuteri strongly adheres to 
the intestinal mucosa and is the only strain that can efficiently 
eliminate Helicobacter pylori (Saviano et  al., 2021; Liang et  al., 
2022). L. reuteri also plays a key role in the treatment of colitis. 
L. reuteri ATCC PTA 4659 improved colitis clinically and 

morphologically in mice (Liu et  al., 2022). L. reuteri NK33 and 
NK99 not only significantly attenuated symptoms of colitis but also 
prevented the occurrence and development of anxiety and 
depression in mice (Jang et al., 2019). Additionally, pretreatment 
with L. reuteri strains 4,659 (human origin) and R2LC (murine 
origin) thickened the intestinal mucus and improved DSS-induced 
colitis in mice (Ahl et al., 2016). Meanwhile, L. reuteri R28 showed 
better colonization than L. plantarum AR17-1 (Ahl et al., 2016). 
L. reuteri DSM 17938 increased levels of tryptophan metabolites 
and purine nucleoside adenosine in neonatal mice as well as 
increased their tolerance to inflammatory stimuli (Liu et al., 2019). 
However, the mice in that experiment did not have colitis. Hence, 
it is unclear whether a reduction in inflammation can prevent the 
development of UC. L. reuteri 1 enhances intestinal epithelial 
barrier function and lowers the inflammatory response induced by 
Enterotoxigenic Escherichia coli K88 via suppressing the myosin 
light-chain kinase signaling pathway in IPEC-J2 cells (Gao et al., 
2022). Moreover, L. reuteri FN041 improves dyslipidemia and 
repairs mucosal-barrier damage caused by a high-fat diet, and it can 
also affect the diurnal variation of the gut microbiota (Li et  al., 
2019). Notably, perinatal mice supplemented with a combination of 
L. reuteri and L. johnsonii reduce the incidence of colitis in the 
neonatal period (Krishna et  al., 2022), implying the preventive 
effect of L. reuteri on UC and providing a foundation for the 
prevention of UC through oral probiotics in children with risk 
factors. Previous studies have confirmed that L. reuteri has 
multifaceted effects on improving the symptoms of colitis. Further 
clinical research on L. reuteri is needed to explore its use in the 
treatment of children with UC.

2.2.5. Lactobacillus gasseri treats UC by 
modulating the immune response and gut 
microbiota

Lactobacillus gasseri tolerates low pH and bile salt environments 
and is strongly adherent, which provides the foundation for its 
successful colonization of the human intestine. This results in a 
variety of benefits via antimicrobial activity, bacteriocin production, 
and immunomodulation by innate and adaptive systems (Selle and 
Klaenhammer, 2013). L. gasseri 4 M13 fermented with protein and 
galactose regulates the systemic inflammatory response and improves 
the intestinal epithelial barrier (Jeong et al., 2022). L. gasseri G098 
modulates host immunity and the gut microbiome to improve colitis 
symptoms in mice (Zhang et al., 2022). L. gasseri NK109 improves 
gut dysbiosis and alleviates symptoms of both colitis and depression 
(Yun et al., 2020). L. gasseri RW2014 modulates the metabolism of 
bile acid and the composition of the gut microbiota (Li et al., 2022). 
Furthermore, co-administration of L. gasseri KBL697 and infliximab 
has a synergistic effect on treating colitis in mice by decreasing levels 
of pro-inflammatory cytokines (Han et  al., 2022). L. gasseri M1 
increases levels of SCFAs to repair intestinal barrier damage caused 
by DSS in mice (Cheng et al., 2023). Moreover, L. gasseri can inhibit 
the expression of the TNF-α-converting enzyme in host cells to 
suppress the release of TNF and IL-6 (Gebremariam et al., 2019). 
However, the precise function of L. gasseri is mostly unknown and 
requires further research. Nevertheless, L. gasseri has anti-
inflammatory properties that improve gut health. However, there is 
limited evidence that L. gasseri is effective in the treatment of 
pediatric UC.
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2.2.6. Lactobacillus paracacei maintains and 
improves intestinal barrier function

Lactobacillus paracacei is a gram-positive parthenogenic 
anaerobic bacterium with high acid and bile salt tolerance that can 
enhance immunity. L. paracacei NTU101 strengthens antioxidant 
capabilities to protect mice from DSS-induced colitis (Chen et al., 
2019). L. paracacei R3 significantly attenuates pathological damage 
and symptoms of colitis by regulating Th17/Treg cell balance (Huang 
et al., 2021). Additionally, L. paracacei-derived extracellular vesicles 
also reduce the expression of pro-inflammatory cytokines by 
augmenting the pathway of endoplasmic reticulum stress (Choi et al., 
2020). Meanwhile, L. paracacei BD5115 promotes the proliferation of 
intestinal epithelial cells (Qiao et  al., 2022). Notably, neonatal 
administration of L. paracacei N1115 prevents intestinal inflammation 
in adulthood in mice (Xun et al., 2022). A randomized controlled 
clinical trial has shown that oral administration of L. paracacei CBA 
L74-fermented formula could enhance the immune system, 
microbiota, and metabolome maturation in infants (Roggero et al., 
2020) and that L. paracacei BD5115 may help repair intestinal damage. 
In summary, L. paracacei exhibits protective effects on the intestine, 
especially in maintaining the stability of the intestinal barrier. 
However, more studies are needed to clarify whether L. paracacei can 
improve symptoms of UC by improving intestinal barrier function.

2.2.7. Lactobacillus johnsonii treats colitis by 
decreasing the level of pro-inflammatory 
cytokines

According to the FDA, L. johnsonii is a naturally occurring strain 
in the human digestive tract. L. johnsonii prevents colonic shortening 
and spleen augmentation and attenuates colonic hyperplasia by 
reducing levels of inflammatory factors in mouse colitis models 
(Zhang et al., 2021). L. johnsonii improved experimental colitis by 
promoting the conversion of native macrophages into CD206+ 
macrophages and releasing IL-10 via the TLR1/2-STAT3 pathway (Jia 
et al., 2022). Moreover, L. johnsonii repairs the TJ of Caco-2 cells 
damaged by hydrogen peroxide and enhances barrier function and 
integrity (Bai et al., 2022). In a piglet Salmonella model with diarrhea, 
L. johnsonii L531 improved enteritis by removing damaged 
mitochondria (Xia et  al., 2020). Taken together, L. johnsonii has 
significant potential for treating UC due to its anti-inflammatory 
properties. However, there is scarce evidence related to the treatment 
of UC in children using L. johnsonii; hence, further research is needed 
to confirm its efficacy.

2.2.8. Lactobacillus kefiranofaciens improves 
intestinal homeostasis in piglets

Lactobacillus kefiranofens is a gram-positive parthenogenic 
anaerobic bacterium that generates EPS derived from Kefir grains. The 
precise categorization of L. kefiranofens is unknown (Chen et  al., 
2017). However, L. kefiranofens ZW18 modulates the gut microbiota 
(Zhao et al., 2022). Additionally, L. kefiranofens JKSP109 alleviates 
inflammation, prevents colorectal carcinogenesis, and reduces the 
DAI in mice with colitis (Zhao et  al., 2022). Furthermore, 
L. kefiranofens BS15 enhances intestinal immunity and the gut 
microbiota, resulting in an improved diarrhea index in piglets (Xin 
et al., 2020). Some studies showed that environmental factors, such as 
heat, cold, acid, and bile salts, could affect the activity of L. kefiranofens; 
hence, encapsulation of L. kefiranofens must be performed to preserve 

its beneficial effects (Wang et al., 2015; Chen et al., 2017). Although 
L. kefiranofens can potentially improve intestinal homeostasis and is a 
potential probiotic, future studies need to explore its role in 
maintaining intestinal homeostasis.

2.2.9. Lactobacillus helveticus enriches the gut 
microbiota and increases levels of 
anti-inflammatory cytokines

Lactobacillus helveticus is a gram-positive bacterium with high 
proteolytic activity. Its ability to synthesize EPS can reduce the number 
of harmful bacteria such as Clostridium perfringens and increase the 
number of parabacteria to enhance the ability of symbiotic bacteria in 
the intestine to produce SFAs (Wang et al., 2022). L. helveticus KLDS 
1.8701 has antibacterial, antioxidant, and immunomodulatory 
capacity in DSS-induced colitis mouse models (Shi et  al., 2021). 
L. helveticus ASCC 511, an intestinal commensal high in guanine 
(L-citrulline), dramatically ameliorates DAI, reduces colonic tissue 
damage, and reduces levels of pro-inflammatory markers in mice (Ho 
et al., 2022). Additionally, oral intake of L. helveticus NS8 significantly 
inhibits the activation of NF-κB and upregulates IL-10 (Rong et al., 
2019). Although current research on L. helveticus does not focus on its 
use for the treatment of UC, its potential as a probiotic should 
be explored further given its important function in altering the gut 
microbiota and increasing levels of anti-inflammatory cytokines.

2.2.10. Lactobacillus fermentum improves 
intestinal inflammation and alleviates symptoms 
of UC

Lactobacillus fermentum is a gram-positive bacterium with 
significant acid-producing capacity. L. fermentum also has high acid 
tolerance and can inhibit pathogens by producing antimicrobial 
peptides. In humans, L. fermentum may potentially improve metabolic 
and immune diseases because it can significantly improve the gut 
microbiota (Molina-Tijeras et al., 2021). Several strains may improve 
DSS-induced colitis in mice. L. fermentum MTCC 5689, KBL374, 
KBL375, and a hybrid strain containing L. fermentum L930BB all had 
positive effects on the remission of colitis without causing any serious 
side effects in mice (Paveljšek et  al., 2018; Pradhan et  al., 2019). 
L. fermentum F-B9-1 protects the intestinal barrier and has shown 
anti-inflammatory potential by alleviating DSS-induced experimental 
UC in mice, and the EPS from the bacterium act as active components 
to inhibit inflammation by reducing the levels of IL-1β and IL-6 
(Pradhan et  al., 2019). L. fermentum HFY-06 ameliorates the 
pathological damage induced by DSS by balancing the ratio of anti- 
and pro-inflammatory cytokines (Liu et  al., 2022). Similarly, 
L. fermentum ZS-40 has anti-inflammatory effects (Chen et al., 2021). 
It is probable that after establishing efficacy in human clinical trials, it 
can be  safely used as a biological therapy to improve 
inflammation in UC.

2.2.11. Lactobacillus coryniformis has antioxidant 
properties

Lactobacillus coryniformis is a gram-positive bacterium that is 
primarily found in the respiratory and reproductive systems of 
humans. L. coryniformis can be used in human food (Lara-Villoslada 
et al., 2007); surprisingly, it is frequently utilized as a vaccine adjuvant. 
L. coryniformis MXJ32 improves intestinal barrier function, enhances 
beneficial gut microbiota, and reduces levels of pro-inflammatory 
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factors; however, it has not yet been tested on colitis models (Wang 
et al., 2022). Meanwhile, L. coryniformis NA-3-derived EPS has the 
ability to scavenge free radicals and is therefore expected to be used as 
an antioxidant in the treatment of patients with ulcerative colitis (Xu 
et al., 2020). The specific function of L. coryniformis remains unknown 
and requires additional exploration. Although L. coryniformis has anti-
inflammatory effects and improves gut health, evidence that 
L. coryniformis is effective in the treatment of UC disease is limited.

2.2.12. Lactobacillus curvatus has 
anti-inflammatory effects

Lactobacillus  curvatus is a gram-positive bacterium found 
primarily in the urinary tract and has high antioxidant capability. 
EPS-producing L. curvatus strains can prevent the formation of 
Salmonella enterica serovar Eteritidis biofilm and effectively limit the 
colonization of pathogenic bacteria (Redondo et al., 2017). In animal 
investigations, blood levels of IL-6, TNF-R1, TNF-R2, and TNF-α 
were considerably reduced in mice administered with L. curvatus 
BYB3, which improved DSS-induced intestinal inflammation (Wang 
et al., 2022). Meanwhile, L. curvatus GH5L demonstrates antioxidant 
effects (Düz et al., 2020). Current studies suggest that L. curvatus has 
anti-inflammatory and antioxidant properties, but there is no evidence 
that it can be used to improve symptoms of UC. Because L. curvatus 
is not abundant in the intestine, more animal and clinical trials are 
needed to determine how effective oral L. curvatus is in treating UC 
and whether it has harmful effects.

2.2.13. Lactobacillus delbrueckii improves the 
intestinal barrier and regulates immunity

Lactobacillus delbrueckii is a gram-positive bacterium that has 
received little attention as an adjuct for the treatment of diseases. 
However, L. elbrueckii reduces LPS-induced damage of the intestinal 
epithelium in piglets and improves mucosal barrier function (Düz 
et al., 2020). Furthermore, in mice with colitis, L. elbrueckii improved 
symptoms aggravated by alcohol (Cannon et  al., 2022). However, 
whether this is attributed to the ability of L. elbrueckii to counteract 
the effects of alcohol or the influence of other actions is uncertain. 
Oral administration of L. elbrueckii can improve intestinal integrity by 
strengthening the intestinal structure and TJ while increasing 
antioxidant activity via the TLR-nuclear factor erythroid 2-related 
factor 2 signaling pathway in piglets (Cannon et al., 2022). L. elbrueckii 
also improves gut immunity in suckling piglets by activating dendritic 
cells (Peng et al., 2022). Additionally, L. elbrueckii modulates immunity 
through different mechanisms while also having anti-inflammatory 
effects. Unfortunately, the therapeutic effect of L. elbrueckii on UC 
remains unclear. L. elbrueckii may be a natural probiotic that inhibits 
the development of UC.

2.3. Effects of other probiotics on UC

Bacillus spp. is found in all living species and the environment, 
and it has considerable applications in agriculture, industry, medicine, 
and health. Bacillus spp. is resistant to external damage and suited for 
gastrointestinal digestion, storage, and survival. Bacillus 
amyloliquefaciens improves symptoms of TNBS-induced colitis in 
mice by attenuating the expression of pro-inflammatory cytokines 
(Khalifa et  al., 2022). Bacillus cereus enhances intestinal barrier 

function and modulates the gut microbiota to improve symptoms in 
mice with colitis (Sheng et al., 2021). Bacillus smithii XY1 has anti-
inflammatory properties that can attenuate the inflammatory response 
(Huang et al., 2021). Bacillus subtilis improves colitis in experimental 
UC mice by maintaining the integrity of the intestinal barrier and 
suppressing inflammatory responses (Chung et al., 2021; Zhang et al., 
2021). Previous studies have demonstrated the therapeutic effects of 
Bacillus spp. in mice with colitis. Bacillus is a potential candidate 
probiotic for the treatment of UC, but more clinical trials are needed 
to support its use for UC.

Pediococcus is mainly found in fermented plant materials and 
pickled vegetables. Pediococcus pentosaceus showed protective effects 
on the intestinal tract. Pediococcus pentosaceus belongs to the genus 
Pediococcus, which can ferment glucose to produce lactic acid. 
Pediococcus pentosaceus CECT 8330 regulates immunity and the gut 
microbiota to improve DSS-induced colitis in mice (Dong et al., 2022). 
Pediococcus pentosaceus LI05 modulates immunological profiles, the 
gut microbiota, and SCFA levels in mice (Bian et  al., 2020). Oral 
administration of Pediococcus pentosaceus SMM914 can activate the 
Nrf2-Keap1 antioxidant signaling pathway to increase antioxidant 
capacity in piglets (Bian et al., 2020). Pediococcus pentosaceus improves 
symptoms of colitis in animal experiments and could be a candidate 
probiotic for the treatment of pediatric UC. However, the specific 
functions of other strains of Pediococcus in UC remain unclear and 
require further investigation.

Escherichia coli Nissle1917 (EcN) belongs to the non-pathogenic 
gram-negative bacteria of the Enterobacteriaceae family (Schultz, 
2008). Currently, EcN has been used for the treatment of UC with 
considerable efficacy. A randomized controlled trial verified that 
5-ASA combined with EcN can improve the quality of life of patients 
with UC and induce colonoscopic remission (Park et al., 2022). EcN 
can repair and maintain the integrity of the intestinal epithelium, 
regulate the host immune response, and modulate the gut microbiota 
(Schlee et al., 2007). The role of EcN in the treatment of UC is well 
established, and future research should focus on the use of 
bioengineering to improve the stability of gene expression and 
enhance the therapeutic efficacy of EcN.

2.4. Effects of multi-strain probiotics on UC

Apart from a single strain, we also discuss the effectiveness of 
simultaneous combinations of probiotics, including two or more 
strains. The mixed preparation of B. longum Bif10 and B. breve Bif11 
increased anti-inflammatory marker levels and SCFAs, ameliorating 
symptoms of colitis in mice (Sharma et al., 2023). In addition, a 
mixture of L. rhamnosus NCIMB 30174, L. plantarum NCIMB 
30173, L. acidophilus NCIMB 30175, and Enterococcus faecium 
NCIMB 30176 decreased intestinal inflammation and reduced fecal 
calprotectin in adults with UC (Bjarnason et al., 2019). A mixture 
of L. johnsonii IDCC9203, L. plantarum IDCC3501, and B. lactis 
IDCC4301 reduced intestinal histological damage, such as loss of 
goblet cells, immune cell infiltration in the mucosa, and submucosal 
and crypt destruction (Je et al., 2018). Moreover, mixed lactobacilli 
had superior anti-inflammatory effects compared with single-strain 
treatments (Shi et al., 2021). The probiotic product Bifico, composed 
of B. longum, L. acidophilus, and Enterococcus faecalis, increased the 
expression of TJ proteins and the number of Tregs (Zhang et al., 
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2018). Additionally, oral Bifico enhanced the efficacy of mesalazine 
and maintained the UC in remission (Fan et  al., 2019). Other 
related mixed microbial preparations have also achieved positive 
effects in animal tests (Li et  al., 2022). Furthermore, mixed 
probiotics can significantly improve the quality of life of patients 
(Kamarli Altun et al., 2022). Therefore, complex probiotics may 
potentially be  used to relieve symptoms of UC. However, the 
effectiveness of combined probiotics should be  interpreted 
cautiously. In an animal experiment, consumption of Bifico might 
exacerbate the damage of colonic tissue when the mucosal barrier 
is impaired (Zhang et al., 2018). Therefore, we believe that blended 
probiotics are not appropriate for individuals with UC with severe 
symptoms and intestinal mucosal tissue destruction. Moreover, the 
effects of probiotics depend on both strains and dose; therefore, the 
proportion of each strain in mixed probiotics and the dose of 
probiotics can influence their effects, which is a problem that needs 
to be solved in the future.

The above extensive animal studies have explored the role of 
potential probiotics in the treatment of UC, providing us with 
additional therapeutic options. However, to clarify whether these 
probiotics can treat pediatric UC, the findings from animal studies 
need to be applied to clinical trials, which is the direction of our 
future exploration. Due to the poor controllability and low 
follow-up rate of pediatric UC patients, clinical trials on probiotics 
for pediatric UC have been scarce. As shown in Table 3, we found 
only three relevant clinical studies about children with UC and 
added the clinical studies in adults with UC, hoping to provide 
useful reference data for the role of probiotics in the treatment of 
pediatric UC. Based on previous clinical studies in adults, the 
probiotic most commonly used in clinical studies is currently 
VSL#3 (a probiotic including eight strains: Lactobacillus casei, 
L. plantarum, L. acidophilus, L. delbrueckii subsp. bulgaricus, 
Bifidobacterium longum, B. breve, B. infantis, and Streptococcus 
salivarius subsp). Supplementation of conventional therapy with 
oral VSL#3 can induce and maintain remission in active UC by 
modulating the gut microbiota structure and improving the 
intestinal mucosal barrier. The increased remission rate and 
significantly lower relapse rate at follow-up within the period of 
VSL#3 administration in both adult and child patients with UC 
demonstrate the effective therapeutic effect of probiotics. In 
addition, the combination of Bifidobacterium trivium capsules 
with mesalazine significantly reduced DAI and clinical symptom 
scores in patients with UC while decreasing the level of 
inflammatory factors and increasing the level of IL-10, which has 
an inhibitory effect on inflammation (Agraib et al., 2022). In a 
study in which patients with UC received probiotic therapy for 
2 years, it was noted that long-term administration of probiotics 
could replace glucocorticoids in the treatment of mild to moderate 
UC (Palumbo et al., 2016). In addition to oral administration, 
probiotic rectal administration using enemas can also achieve 
relief of UC symptoms (Matthes et al., 2010; D’Incà et al., 2011). 
However, it is not clear which mode of administration provides 
the best effect. Some patients with UC undergo total 
proctocolectomy with ileal pouch anal anastomosis (IPAA); 
pouchitis is a common postoperative complication, and there are 
many studies showing the beneficial role of probiotics in the 
prevention and treatment of pouchitis (Veereman-Wauters, 2003; 

Gionchetti et al., 2007; Pronio et al., 2008). The application of 
probiotics (La-5) and Bifidobacterium (Bb-12) after IPAA can 
increase the number of intestinal Lactobacillus and Bifidobacterium 
in patients, reduce involuntary bowel movements, abdominal 
cramps, and endoscopic scores (Laake et al., 2005), and it has also 
been shown that VSL#3 can improve joint pain in UC patients 
with extraintestinal manifestations (Karimi, O., et  al., 2005). 
During all trials, no probiotic-related side effects were reported in 
patients, demonstrating the good safety profile of probiotics. It is 
evident from these clinical studies that probiotics have good 
adjuvant therapeutic effects and are more effective in inducing 
mild to moderate UC. The positive results of adult studies are 
inspiring and informative for pediatric studies and bring hope to 
pediatric patients with UC. However, children are not the epitome 
of adults, and caution should be exercised when drawing on adult-
related research results. Additionally, many of the current trials 
are pilot studies; to further investigate the role of probiotics in the 
treatment of UC in children, more large samples and high-quality 
randomized controlled trials deserve to be investigated.

3. Potential mechanisms of probiotics 
in the treatment of UC

As shown in Figure  3, the mechanism of probiotics for UC 
treatment is three-fold: regulating gut microbiota homeostasis, 
improving intestinal barrier function, and modulating the intestinal 
immune response. The three are interrelated and interact with each 
other to promote the remission of UC in terms of pathology and 
symptoms. Additionally, probiotics’ unique characteristics depend on 
the strain level; therefore, we  list detailed information on the 
mechanism of action of different strains in Tables 4, 5.

3.1. Probiotics regulate the gut microbiota 
and increase its diversity

Probiotics can directly increase the relative abundance of 
Firmicutes while decreasing the relative abundance of Bacteroides 
(Cao et  al., 2018) to maintain the population of the dominant 
flora. Furthermore, probiotics can improve adhesion via surface 
adhesins and surface-expressed fibrinogen, as well as express 
microbial-associated molecular patterns that interact with 
pathogenic bacteria for the intestinal epithelial receptor and limit 
pathogenic bacterial colonization of the gut (Arena et al., 2017). 
Meanwhile, probiotic supplements hinder the growth of harmful 
bacteria by consuming metabolic substrates and competing for 
nutrients. Additionally, probiotics increase the abundance of 
beneficial bacteria by secreting bacteriocins (Ortiz-Rivera et al., 
2017), which can increase the concentration of acetic, lactic, and 
propionic acids and lower intestinal pH, increase the permeability 
of the outer membrane of gram-negative bacteria, and directly or 
indirectly inhibit the growth of pathogenic bacteria (Stavropoulou 
and Bezirtzoglou, 2020; Ma et  al., 2022). Therefore, 
supplementation with probiotics can effectively maintain 
homeostasis of the gut microbiota by increasing the abundance of 
the dominant bacteria.

132

https://doi.org/10.3389/fmicb.2023.1211271
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Huang et al. 10.3389/fmicb.2023.1211271

Frontiers in Microbiology 17 frontiersin.org

TABLE 3 Effects of Probiotics on the clinical manifestations of UC.

Probiotics Participants Intervention Results Reference

VSL#3 14 consecutive patients with UC 

aged between 1.7 and 16.1 years

450–1,800 × 109 bacteria daily 

for 1 year

Effective in maintaining of 

remission.

Miele et al. (2009)

VSL#3 9 patients with mild to 

moderate acute UC aged 

3–17 years

450 × 109 bacteria twice daily 

for 8 weeks

Effective in inducting of remission. Huynh et al. (2009)

Lactobacillus reuteri ATCC 55730 40 patients with mild to 

moderate UC aged 6–18 years

10× 109 CFU for 8 weeks Improving mucosal inflammation Oliva et al. (2012)

Bifidobacterium triplex live bacteria 80 UC patients aged 22 to 

65 years

oral mesalazine (1.5 g/d) 

combined with bifid triple 

viable (1.26 g/d) for 2 months.

The overall response rate of 

treatment group (91.11%) was 

significantly higher than that of 

control group (68.89%)

Jiang et al. (2020)

Bifidobacterium breve strain Yakult 

(BFM)

98 patients with UC aged 20–

70 years

one pack of B. breve strain 

Yakult

fermented milk per day for 

48 weeks

BFM had no effect on time to 

relapse in UC patients compared 

with placebo.

Matsuoka et al. 

(2018)

Lactobacillus rhamnosus GG 20 patients with UC

Unknown age

“double” dose of LGG for a 

week

Reduced expression of TNFα and 

IL-17, increased mucosal 

concentrations.

Pagnini et al. (2018)

Combined probiotics: Lactobacillus 

rhamnosus NCIMB 30174, 

Lactobacillus plantarum NCIMB30173, 

Lactobacillus acidophilus NCIMB30175 

and Enterococcus faecium NCIMB 

30176

81 patients with UC aged 18–

70 years

1 mL/kg/day for 4 weeks Decreased intestinal inflammation 

in patients with UC

Bjarnason et al. 

(2019)

Escherichia coli Nissle 1917 58 patients with UC aged 

46.3 ± 14.1 years

2.5 × 109 CFU/ capsule, one 

capsule/day from day 1 to day 

4 and two capsules/ day from 

day 5 for 8 weeks.

Increased inflam matory bowel 

disease questionnaire (IBDQ), 

higher number of patients displayed 

clinical response at 4 weeks, 

endoscopic remission at 8 weeks

Arena et al. (2017)

a symbiotic composed of Lactobacillus 

acidophilus, Lactobacillus

plantarum, Enterococcus faecium, 

Bifidobacterium longum, 

Bifidobacterium lactis, and 

Streptococcus thermophiles

20 patients with UC aged 

44.94 ± 14.14 years

one tablet a day for 8 weeks Increased QoL scores Liu et al. (2021)

Capsule containing nine Lactobacillus 

and five Bifidobacterium species

24 patients with mild-

tomoderate UC aged between 

18 and 65 years

3 capsules daily for 6 weeks Induced remission in UC patients. Agraib et al. (2022)

Bifidobacterium longum 536 56 patients with mild-

tomoderate UC aged 

44.9 ± 14.5 years

200–300 × 109 freeze-dried 

viable three daily for 8 weeks

Reducing UCDAI scores, EI scores 

and the Mayo subscore.

Tamaki et al. (2016)

Capsule (containing Lactobaccillus 

acidophilus LA-5, Lactobacillus 

delbrueckii subsp. bulgaricus LBY-27, 

Bifidobacterium animalis subsp. lactis 

BB-12 and Streptococcus thermophilus 

STY-31)

8 patients with mild-tomoderate 

UC aged between 50 and 

65 years

3 capsules daily for 1 month No significant differences Ahmed et al. (2013)

VSL#3 22 patients with mild-

tomoderate UC aged between 

20 and 70 years

4 sachets daily for 8 weeks Effective in achieving clinical 

responses and remissions in 

patients with mild-to moderately 

active UC

Lee et al. (2012)

(Continued)
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3.2. Probiotics enhance intestinal barrier 
function

It was proposed that probiotics improve intestinal barrier 
function via several mechanisms, including increased mucus 
secretion and upregulation of TJ proteins such as claudin-1, 

occludin, and ZO-1 via upregulation of MUC2, MUC3, and 
MUC1 expression in colonic epithelial cells (Kaur et al., 2021). 
Probiotic-secreted adhesive molecules, such as 
lipopolysaccharide, polysaccharide A, and peptidoglycan, can 
stimulate intestinal epithelial cell thickening and increase MUC2 
expression. Butyric acid promotes epithelial cell differentiation 
and mucin synthesis and secretion (Wrzosek et  al., 2013). 

TABLE 3 (Continued)

Probiotics Participants Intervention Results Reference

Capsule (containing Lactobacillus 

acidophilus La-5 and Bifidobacterium 

animalis subsp. lactis BB-12)

20 patients with mild-

tomoderate UC in remission 

aged ≥18 years

two capsules three times daily 

for 52 weeks

No significant differences Wildt et al. (2011)

Bifidobacterium 21 patients with mild-

tomoderate UC aged 

43.6 ± 13.2 years

probiotic powder (109 CFU/g) 

three times a day for one year

Improved the clinical condition of 

patients with UC.

Ishikawa et al. (2011)

Lactobacillus casei DG 18 patients with mild-

tomoderate UC (unknown age)

rectally administered 8–9 

108 cfu twice daily for 8 weeks

Modified colonic microbiota D’Incà et al. (2011)

VSL#3 71 patients with mild-

tomoderate UC aged >18 years

3,600 × 109 CFU daily for 

8 weeks

Reduced UCDAI scores Tursi et al. (2010)

VSL#3 77 patients with mild-

tomoderate UC aged 

39.8 ± 13 years

twice daily for 12 weeks Effective in achieving clinical 

responses and remissions

Sood et al. (2009)

VSL#3 20 and 34 patiens with UC, 

respectively, (unknown age)

for 6 weeks and for 12 months 

(unknown dose)

Effectively induced and maintained 

remission

Chapman et al. 

(2007)

VSL#3 32 ambulatory patients with 

active UC aged 35 ± 13 years

3,600 × 109 bacteria daily for 

6 weeks

Effective in inducting of remission. Bibiloni et al. (2005)

VSL#3 20 patients with UC aged 22–

64 years

6 g once daily for one year Effective in maintaining of 

remission.

Mimura et al. (2004)

Lactobacillus delbruekii and 

Lactobacillus fermentum

15 patients with mild-

tomoderate UC aged 

48 ± 1.90 years

10 × 109 CFU daily For 8 weeks Helpful in maintaining remission 

and preventing relapse of UC.

Hegazy and El-

Bedewy (2010)

Lactobacillus GG 65 patients with quiescent UC 

aged 34 ± 6 years

18 × 109 viable bacteria/day for 

12 months

Effective and safe for maintaining 

remission

ZOCCO et al. (2006)

BGS (produced by Propionibacterium 

freudenreichii)

12 patients with UC aged 18–

49 years

orally 4.5 g of BGS daily for 

4 weeks

Clinical and endoscopic 

improvements in patients with UC

Suzuki et al. (2006)

Bifidobacterium longum 8 patients with UC aged 24–

67 years

200 × 109 twice daily for 

4 weeks.

Improved the clinical appearance Furrie et al. (2005)

Escherichia coli Nissle 1917 162 patients with UC aged 

19–69 years

200 mg once daily for 

12 months

Effective in maintaining of 

remission

Kruis et al. (2004)

BIFICO 15 patients with UC (unknown 

age)

1.26 g daily for 8 weeks effective in maintaining remission 

and preventing relapse

Cui et al. (2004)

Kefir 15 patients with UC aged 19–

68 years

400 mL daily for 4 weeks May modulate gut microbiota, may 

improve the patient’s quality of life 

in the short term

Yılmaz et al. (2019)

Profermin (including Lactobacillus 

plantarum 299v)

39 patients with mild to 

moderate UC aged 18–50 years

twice daily for 24 weeks Safe and may be effective in 

inducing remission of active UC

Krag et al. (2012)

Bifidobactrium longum B536 14 patients with UC aged 

43 ± 5 years

200–300 × 109 daily for 

24 weeks

Achieved clinical remission Takeda et al. (2009)

BFM 10 patients with mild to 

moderate, active UC mean aged 

30.2 years

100 mL daily of BFM for 

12 weeks

Safe and more effective than 

conventional treatment alone

Kato et al. (2004)
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Additionally, L. reuteri can promote germinal center-like B cell 
differentiation to increase the induction and production of 
PD-1-T follicular helper cell-dependent IgA (Liu et al., 2021). 
IgA-coated bacteria improved the mucosal barrier better due to 
their capacity for easy interaction with the host intestine, such as 
L. jensenii and L. reutri (Sun et  al., 2019; Qi et  al., 2021). 
Furthermore, L. reutri can adhere to the surface of Caco-2 or 
HT29 cells to activate the NF-κB signaling cascade, subsequently 
upregulating IgA expression and neutralizing bacterial toxins, 
reducing microbial immunogenicity, and binding to pathogenic 
microbial surface antigens to prevent the invasion of pathogenic 
bacteria. B.bifidum BB1 improves intestinal epithelial barrier 
function by connecting to TLR-2 receptors and activating the p38 
kinase pathway, which increases TJ expression (Al-Sadi et al., 
2021a,b). Similarly, L. plantarum NCU116 increases TJ expression 
by promoting signaling sensors and activators of transcription 3 
(STAT3) binding to the promoters of occludin and ZO-1 via EPS 
(Zhou et al., 2018). L. fermentum L930BB and B. animalis IM386 
are involved in actin cell regulation via the activation of protein 
kinase C and GTPases as well as phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3K) via TLR-2 receptor/Akt 
upregulation of the anti-apoptotic pathway. The actin backbone 

reorganization and the reduction of apoptosis both contribute to 
the reconstruction of intestinal epithelial cells (Paveljšek et al., 
2018). Furthermore, B. bifidum increases Caco-2 cell monolayer 
epithelial resistance, decreases glucose endocytosis, and 
diminishes LPS-induced colonic damage (Cui et  al., 2022). 
Moreover, L. plantarum metabolizes linoleic acid to produce 
10-hydroxycis-12-octadecenoic acid, which modulates the 
GPR40-MEK–ERK pathway and suppresses occludin, ZO-1, and 
claudin-1 downregulation-induced enhanced intestinal 
permeability (Miyamoto et al., 2015). L. plantarum 12 can prevent 
colonic damage in mice by increasing colonic TJ protein levels 
through the suppression of the proliferation of cell nuclear 
antigen PCNA and enhancement of pro-apoptotic Bax. 
Furthermore, two soluble proteins (p40 and p75) from L GG were 
suggested to improve intestinal epithelial homeostasis by 
preventing cytokine-induced epithelial cell death (Yan et  al., 
2007). Recent research has found that the probiotic metabolite 
indolepropionic acid can improve intestinal barrier integrity by 
interacting directly with the pregnane X receptor 4 (Collins and 
Patterson, 2020). Therefore, upregulation of TJ expression by 
probiotics via multiple signaling pathways is the primary 
mechanism for improving intestinal barrier function.

FIGURE 3

Protective mechanisms of probiotics. Probiotics can maintain gut microbiota homeostasis by increasing the number of beneficial bacteria, regulating T 
cell differentiation to control inflammatory responses and immune disorders, and maintaining barrier function by regulating signaling pathways to 
upregulate the expression of tight junction proteins.
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3.3. Probiotics regulate the intestinal 
immune response

Probiotics can modify immune cells and immunological factors. 
Meanwhile, probiotics, as innate immune organisms or bacteriophage 
components, bind to pattern recognition receptors (PRR) on the 
intestinal mucosa to activate immune cells. L. plantarum CBT LP3 
exerts anti-inflammatory effects by increasing the number of Tregs, 
DCs, and Th2 cells while also stimulating the release of anti-
inflammatory cytokines such as IL-10 and TGF-β (Kim et al., 2020). 
B. adolescentis EPS activates macrophages via the TLR2-ERK/p38 

MAPK signaling cascade, and the macrophage-regulated Treg/Th17 
axis suppresses the immunological response (Yu et al., 2019). EPS, 
proteins, and lipophosphates from L. acidophilus LA1 cell walls inhibit 
NF-κB activation in human HT-29 cells and prevent the release of 
downstream pro-inflammatory factors (Chen et  al., 2013). 
Immunosuppressive mechanisms are required for intestinal 
homeostasis, which can be achieved by increasing IL-18 secretion by 
IECs and the number of Tregs and IL-10-producing T cells. For 
example, the surface-associated EPS (exopolysaccharide) of B. longum 
35,624 stimulates the differentiation of naive CD4+ cells into Tregs, 
which govern effector T cells and exert immunosuppressive effects 

TABLE 4 Mechanisms of action of Bifidobacterium in the treatment of UC.

Probiotics Strain Mechanisms of action Reference

Bifidobacterium 

longum

YS108R Down-regulated IL-6 and IL-17A both at serum and mRNA levels and maintained the 

tight junction proteins

Yan et al. (2019) 

and Yan et al. 

(2020)

51A Reduced intestinal permeability and lowered IL-1β, myeloperoxidase, and eosinophil 

peroxidase levels

Abrantes et al. 

(2020)

LC67 Down-regulated Th17 cell differentiation and IL-17 expressions, and upregulated Treg 

cell differentiation and FoxP3 and IL-10 expressions

Jang et al. (2018) 

and In Kim et al. 

(2019)

HB5502 Inhibition of high mobility group box 1(HMGB1) release and subsequent HMGB1-

mediated gut barrier dysfunction

Chen et al. (2019)

DD98 Inhibited the activation of the TLR4 and increased the expression of tight junction 

proteins including ZO-1 and occluding

Hu et al. (2022)

NK151, NK173, and NK175 Decreased blood LPS, IL-6, and creatinine levels Yoo et al. (2022)

CECT 7894 Regulated the gut microbiota composition and bile acid metabolism Xiao et al. (2022)

Bifidobacterium breve H4-2 and H9-3 Inhibited the expression of the NF-κB signaling pathway, increased the levels of SCFAs 

and improved gut microbiota

Niu et al. (2022)

CCFM683 and BJCP1M6 Decreased the pro-inflammatory cytokines, maintained the concentration of intestinal TJ 

proteins and AJ proteins, decreased epithelial cell apoptosis

Chen et al. (2021)

Bifidobacterium lactis A6 Decreasing MDA and increased SOD and GSH levels in colon tissues, down-regulated 

TNF-α, IL-1β and IL-6 levels and upregulated IL-10 level in colon tissues

Wang et al. (2022)

BB12 Modulated pro-apoptotic cytokine expression Chae et al. (2018)

Bifidobacterium 

bifidum

FJSWX19M5 Promoted Treg cells differentiation and intestinal barrier restoration and induced higher 

IL-10 levels and a lower ratio of IL-22/IL-10 and IL-17/IL-10

Qu et al. (2023)

FL-276.1 and FL-228.1 Activated the aryl hydrocarbon receptor (AhR) in the intestine to down-regulate TNF-

α,IL-1β and IL-6

Cui et al. (2022)

WBIN03 Down-regulated the pro-inflammatory cytokines and upregulated antioxidant factors Wang et al. (2018)

Bifidobacterium 

infantis

ATCC 15697 Reduced the NLRP3 inflammasome mRNA level and increased ZO-1, occludin, and 

claudin-1 tight junction molecule mRNA levels

Sheng et al. (2020)

FJSYZ1M3 Decreased the levels of inflammatory cytokines IL-6, IL-1β, and IL-10, ameliorated gut 

microbiota disturbance and increased the level of butyric acid in cecal contents

Li et al. (2023)

Bifidobacterium 

adolescentis

NK98 Suppressed NF-κB action, reduced the Proteobacteria population and increased the 

Clostridia population

Jang et al. (2019) 

and Han et al. 

(2020)

Reuter 1963 Inhibited of TLR4/NF-B signaling and inducted of intestinal Pglyrp3 production Ghadimi et al. 

(2021)

ATCC15703 Stimulated protective Treg/Th2 response and gut microbiota remodeling Fan et al. (2021)

IF1-11 and IF1-03 Suppressed simmune responses in the gut via the macrophage-regulated Treg/Th17 axis. Yu et al. (2019)
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TABLE 5 Mechanisms of action of Lactobacillus in the treatment of UC.

Probiotics Strain Mechanisms of action Reference

Lactobacillus 

plantarum

AR17-1 Inhibited the upregulation of IL-1β, TNF-α and IL-6 Wang et al. (2021)

Q7 Ameliorated the immune response by regulating the TLR4-MyD88-NF-kB pathway Hao et al. (2021)

Y44 Enhanced expressions of colonic tight junction proteins and manipulated the ratio 

of Firmicutes/Bacteroidetes (F/B) and Proteobacteria relative abundance at the 

phylum level

Gao et al. (2021)

12 Improved immunity via activating the JAK–STAT pathway and up-regulating 

adenosine deaminase and interferon-induced protein with tetratricopeptide repeats 

1 protein, and upregulated mucin 2 (MUC2) protein expression

Sun et al. (2020)

N13 and CCFM8610 Reduced expression of pro-inflammatory cytokines, and significantly inhibited 

expression of p65

Liu et al. (2020)

CAU1055 Reduced levels of inducible nitric oxide synthase, cyclooxygenase 2, TNF-α, and 

IL-6.

Choi et al. (2019)

L15 Increased ZO-1, Occludin, and Claudin-1, and MUC2 mRNA expression levels, 

improved gut microbiota composition and increased SCFAs, and reduced the 

transfer of NFκB p65 to the nucleus

Wang et al. (2022)

HNU082 Reduced intercellular cell adhesion molecule-1, vascular cell adhesion molecule, 

increased goblet cells and mucin2, increased ZO-1, ZO-2 and occludin, decreased 

claudin-1 and claudin-2, reduced the content of IL-1β, IL-6, TNF-α, MPO, and 

IFN-g and increased IL-10, TGF-β1, and TGF-β2 and inhibited the NF-κB 

signaling pathway

Wu et al. (2022a) and Wu et al. 

(2022b)

ZS62 Downregulate the levels of MDA, MPO, IL-1β, IL-6, IL-12, TNF-α, and IFN-γ and 

the relative mRNA and protein expression of IL-1β, IL-12, TNF-α, COX-2, iNOS, 

and NF-κB p65, and upregulate the serum levels of CAT, T-SOD, and IL-10 and the 

relative mRNA and

Pan et al. (2021)

06 cc2 Induced il-10 production in the colon and attenuated colon inflammation Tanaka et al. (2020)

CBT LP3 Increased induction of regulatory T cells and Th2 cells in splenocytes and restored 

the goblet cells

Kim et al. (2020)

MTCC 5690 Improved intestinal permeability and decreased MPO activity Pradhan et al. (2019)

YS3 Upregulated the expression levels of c- Kit and stem cell factor, downregulated 

CXCR2 and IL- 8 and increased in the GSH content and IL- 2

Hu et al. (2021)

CQPC06 Increased the mRNA and protein expression levels of endothelial nitric oxide 

synthase, neuronal nitric oxide synthase, and nuclear factor of kappa light 

polypeptide gene enhancer in B-cells inhibitor alpha, decreased the expression 

levels of inducible nitric oxide synthase, NF-κB, CXCR1, and CXCR2

Zhang et al. (2018)

QS6-1, QHLJZD20L2 and 

VJLHD16L1

The expression of ZO-1 and occludin mRNA in the colon markedly decreased Liu et al. (2022)

AR326 Restored of the tight junction protein expression and reducted of the abnormal 

expression of pro-inflammatory cytokines

Wang et al. (2019)

CCFM242 Enhanced levels of mRNA expression of colonic TJ, increased modulatory effects 

on the anti-oxidant and immune defense systems in levels of SCFAs

Zhai et al. (2019)

AB-1 and SS-128 Maintained intestinal health by regulating intestinal flora Qian et al. (2022)

IMAU10216, IMAU70095 

and IMAU 10,120

Decreased the level of pro-inflammatory cytokines and increased the level of anti-

inflammatory cytokines

Khan et al. (2022)

ZDY2013 Down-regulated the pro-inflammatory cytokines and upregulated antioxidant 

factors

Wang et al. (2018)

LC27 Down-regulated Th17 cell differentiation and IL-17 expressions, and upregulated 

Treg cell differentiation and FoxP3 and IL-10 expressions

Jang et al. (2018) and In Kim et al. 

(2019)

(Continued)
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Probiotics Strain Mechanisms of action Reference

Lactobacillus 

rhamnosu

MTCC-5897 Diminished levels of pro-inflammatory markers and enhanced levels of the anti-

inflammatory cytokine TGF-β with IgA

Kaur et al. (2021)

LDTM 7511 Increased the expression of claudin-2 Yeo et al. (2020)

SHA113 Increased of total SCFA production, down-regulated of the expression of TNF-α, 

IL-6, and IL-1β, upregulated of the expression of the IL-10 and upregulated of the 

expression of mucins and ZO-1

Pang et al. (2021)

GG Down-regulated the TLR4-MyD88 axis as well as of the downstream 

MyD88dependent activated NF-κB signaling, decreased the IL-17+ Th17 

proportion and increased the CD25+ Foxp3+ Treg proportion via the TLR2 

pathway, reduced expression of TNFα and IL-17

Son et al. (2019), Jia et al. (2020), 

Li et al. (2020), and Pagnini et al. 

(2018)

1.0320 Regulate the expression levels of inflammatory cytokines IL-1β, IL-6, TNF-α and 

IL-10, increase the abundance and diversity of gut microbiota

Liu et al. (2020)

KLDS 1.0386 Upregulated AHR mRNA expression to activate the IL-22/STAT3 signaling 

pathway

Shi et al. (2020)

Lactobacillus 

acidophilus

ATCC4356 Increased the contents of SCFAs, inhibited NLRP3 inflammasome and facilitated 

autophagy

Li et al. (2022)

BIO5768 Enhanced their ability to support the secretion of IL-17 by CD4+ T cells and 

increased the production of IL-22 by type 3 innate lymphoid cells

Hrdý et al. (2022)

KBL402 and KBL409 Altered expressions of inflammation-related micro-RNAs (miRs) and restored the 

diversity of the gut microbiota

(Kim et al., 2021)

XY27 Increased the gene expression levels of ZO-1, NF-κB, p53, and IκB-α Hu et al. (2020)

FAHWH11L56, 

FGSYC48L79,

Increasing the IL-10 and IL-17 in the colon, and modifying the CCL2/CCR2 axis 

and CCL3/CCR1 axis

Huang et al. (2022)

Lactobacillus 

reuteri

R28 Inhibited the upregulation of IL-1β, TNF-α and IL-6 Wang et al. (2021)

R2LC and ATCC PTA 

4659

Increased the tight junction proteins occludin and ZO-1 in the bottom of the 

colonic crypts

Ahl et al. (2016)

ATCC PTA 4659 Prevented the CD11b + Ly6G+ neutrophil recruitment, dendritic cell (DC) 

expansion and Foxp3 + CD4+ T-cell reduction, increased TJ proteins and 

cytoprotective heat shock protein (HSP) 70 and HSP25

Liu et al. (2022)

DSM 17938 Inhibiting the Toll-like receptor 4-mediated NF-κB pathway, facilitated the 

induction of immune-modulating Tregs, and lowered proinflammatory effector-

memory T cells

Liu et al. (2019)

R2LC Increased the PD-1-T follicular helper cell-dependent IgA induction and 

production

Liu et al. (2021)

Lactobacillus 

gasseri

G098 Improved serum cytokine balance and increased gut microbiota diversity Zhang et al. (2022)

Lactobacillus 

paracasei

NTU 101 Improved anti-oxidant capacity, reduced pro-inflammatory cytokine levels and 

increased anti-inflammatory cytokine level

Chen et al. (2019)

R3 Alleviate inflammatory cell infiltration, inhibited Th17 and promoted Treg 

function

Huang et al. (2021)

N1115 Decreased severity of intestinal tissue injury, cell apoptosis, and proinflammatory 

cytokines expression

Xun et al. (2022)

Lactobacillus 

johnsonii

UMNLJ22 Suppressed the infiltration of immune cells and secretion of inflammatory 

cytokines, abrogating ER stress–related cell apoptosis

Zhang et al. (2021)

Lactobacillus 

kefiranofaciens

JKSP109 Enhanced the gut barrier, decreased the level of proinflammatory cytokines and 

oncocyte proliferation indicators, and increased the expression of terminal 

deoxynucleotidyl transferase dUTP nick-end labeling-positive tumor epithelial 

cells

Wang et al. (2022)

Lactobacillus 

curvatus

BYB3 Protected the structural integrity of the intestinal epithelial layer and mucin-

secreting goblet cells

Dong et al. (2022)

TABLE 5 (Continued)
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(Schiavi et al., 2016). LPS-induced NF-κB activation in BV-2 cells can 
be inhibited by L. reuteri NK33 and B. adolescentis NK98. Furthermore, 
probiotic metabolites, particularly SCFAs, can modulate intestinal 
immune factors, with butyrate activating G protein-coupled receptor 
109A signaling to promote Treg differentiation (Couto et al., 2020) 
and inhibit TLR4/NF-κB signaling pathway-induced 
pro-inflammatory gene expression (Ghadimi et al., 2020; Zheng et al., 
2022). Tryptophan metabolism produces indole compounds that bind 
to the aromatic hydrocarbon receptor (AHR) and inhibit the 
production of IFN-γ, IL-6, IL-12, TNF-α, IL-7, and Th17 (Blacher 
et al., 2017; Chen et al., 2021; Liu et al., 2022), while L. plantarum 
KLDS 1.0386, a strain with high tryptophan metabolizing activity, 
produces indole-3-acetic acid that further upregulates AHR mRNA 
expression (Gu et al., 2021; Yang et al., 2021), activating the IL-22/
STAT3 signaling pathway and inhibiting inflammatory cytokines 
production (Shi et al., 2020). Both Lactobacillus and Bifidobacterium 
strains can drastically lower adherent-invasive Escherichia coli LF82 
viability inside macrophages and dendritic cells, decreasing the release 
of polarizing cytokines linked to the IL-23/Th17 axis (Leccese et al., 
2020). NLRP3 components are highly expressed in mice and patients 
with colitis, and the probiotic MSP inhibits NLRP3 to reduce 
inflammatory factor production by inhibiting NLRP3-mediated 
caspase-1 activation (Liu and Wang, 2021; Alkushi et  al., 2022). 
L. acidophilus also reduces colonic inflammation through this pathway 
(Li et al., 2022). In a homeostatic state, metabolites and commensal 
flora can be recognized by a variety of PRRs, including NOD-like 
receptors and TLRs, and systematic reviews have shown that the 
interaction of these receptors is involved in the treatment of UC 
(Impellizzeri et al., 2015; Kogut et al., 2020). L. plantarum inhibits IL-6 
and IL-1 secretion to reduce inflammation and improve 
immunological control by downregulating the expression of JAK, 
TIRAP, IRAK4, NEMO, and RIP genes in the NF-κB pathway 
(Aghamohammad et al., 2022; Qian et al., 2022). The LGG effector 
protein HM0539 of L. rhamnosus regulates distal NF-κB activation by 
lowering TLR4 activation and blocking MyD88 transactivation (Li 
et  al., 2020). B. infantis increases T cell-to-Treg conversion by 
amplifying programmed cell death 1 (PD-1), PD ligand (PD-L1), and 
the nuclear transcription factor FOXP3, although the mechanism by 
which PD-1 and PD-L1 are amplified is unknown. Furthermore, it has 
been proposed that L. acidophilus suppresses colitis by modulating 
immune cells as well as IL-10, thus selectively interfering with 
endoplasmic reticulum stress. However, it is unclear how probiotics 
and IL-10 affect endoplasmic reticulum stress, and more research is 
needed to determine the exact mechanisms of L. acidophilus.

4. Discussion

The number of studies on the gut microbiota has increased during 
the last two decades, and scientists are gradually revealing the hidden 
interactions between the gut microbiota and host. Because the 
pathophysiology of UC is intrinsically linked to dysbiosis of the gut 
microbiota, employing probiotics as a therapeutic intervention for UC 
is justified. Animal trials have demonstrated that probiotics can 
induce UC remission. The two most dominant genera in the digestive 
tract, Bifidobacterium and Lactobacillus, have proven their efficacy in 
the treatment of UC and are the key constituents in probiotic products 
currently on the market. Probiotic administration in mice with colitis 

achieved positive results in terms of symptom relief, tissue 
improvement, reduction of cellular inflammatory markers, and 
enhanced expression of tight junction proteins.

Probiotics can be utilized as carriers for genetic engineering and can 
be altered through genetic engineering. This change can improve the 
stability of probiotic effects, which may enhance their therapeutic 
benefits. For example, EcN has been genetically modified to increase the 
expression of catalase, superoxide dismutase, and endothelial inhibitors 
(Bi et al., 2022; Zhou et al., 2022), improving its antioxidant effects. The 
combination of genetic engineering and probiotics for the treatment of 
UC is widely employed and has a promising future in terms of boosting 
probiotic efficacy. It is also important to consider the substance of 
probiotics. Some researchers have employed unique materials as 
coatings for oral probiotics to preserve their biological activity in the 
gastrointestinal tract and considerably improve their therapeutic impact 
(Mauras et  al., 2018; Dosoky et  al., 2020; Zhou et  al., 2022). Fecal 
transplantation technology is gaining attention in the field of gut 
microbiota, with two randomized control trials, a meta-analysis, and a 
review reporting that fecal transplantation (Imdad et al., 2018; Costello 
et  al., 2019; Ooijevaar et  al., 2019; Haifer et  al., 2022) significantly 
relieved symptoms of UC, demonstrating the importance of improving 
the gut microbiota in the treatment of UC. However, fecal 
transplantation technology is demanding and not routinely performed 
in clinical practice. Thus, oral probiotic products are still primarily used 
to maintain the balance of the gut microbiota. Animal experiments have 
provided substantial evidence regarding the effectiveness of probiotics. 
However, probiotics take time to colonize the intestine and exert their 
biological effects (Gao et al., 2019). Hence, hematological therapy and 
surgery are still preferred for severe and acute UC with serious 
complications (Kaur et  al., 2020). The clinical use of medicines in 
conjunction with probiotics results in better induction of remission (Tan 
et al., 2022). The European Society for Parenteral and Enteral Nutrition 
published the Guidelines for Clinical Nutrition Management of 
Inflammatory Bowel Disease, which confirm the remission-inducing 
effect of specific probiotic strains in patients with mild to moderate UC, 
with the use of Lactobacillus reuteri and VSL#3 being recommended 
(Forbes et  al., 2019). In adults with UC, Bifidobacterium bifidum 
powder/capsules, Lactobacillus and Bifidobacterium triplex tablets, and 
Bacillus subtilis dibacterium enteric-coated capsules are recommended 
in China. Although there have been no reports of major adverse effects 
from probiotics, they should be administered with caution in patients 
with an injured gastrointestinal tract. In clinical studies on patients with 
UC, the probiotics used, dose and length of treatment regimens, 
inclusion criteria, and study objectives varied, resulting in convincing 
evidence regarding the benefits of probiotics. As the pathophysiology of 
UC and tolerances to probiotics in animals and humans vary, more 
clinical trials are required to determine the optimal use of probiotics.

5. Conclusion

Probiotics are symbiotic organisms that colonize the human gut. The 
gut microbiota has been widely studied as a critical factor in the 
occurrence and progression of UC, and probiotics have demonstrated 
their efficacy in the treatment of experimental UC in mice primarily by 
correcting gut microbiota dysbiosis, enhancing intestinal mucosa and 
barrier function, regulating intestinal immune function, and reducing 
intestinal inflammation. Animal research, however, cannot substitute for 
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clinical trials, and a significant number of high-quality randomized 
controlled trials are required to establish the efficacy and safety of 
probiotics. Simultaneously, probiotics have few and mild adverse effects 
and have a favorable biosafety index. As such, probiotics may be used as 
an adjuvant treatment of UC. Therefore, clinical trials based on the 
results of animal experiments are worth exploring, which is the goal of 
our future research. However, high-quality studies on the efficacy of 
probiotics in UC with children are extremely limited: there are only two 
randomized controlled trials and one pilot study in UC. Thus, while it is 
undoubtedly possible to infer conclusions from evidence acquired in 
adults, as briefly outlined below, caution must be exercised. Probiotics 
are now used mostly as adjuvant therapy for UC, and if used as primary 
therapy, it is necessary to evaluate if the GI environment reduces and 
inactivates them. Considering the diverse areas of colonization of 
particular strains and the fact that the primary lesions of UC occur in the 
colorectum, it is worth investigating if specific strain enemas may 
be increased to accomplish the effect of boosting effectiveness. For future 
clinical studies, in addition to clarifying the mechanism of action and 
dose and duration of treatment, the extent to which probiotics mitigate 
the adverse effects of existing treatment regimens and the synergistic 
effects with existing treatment regimens should be  explored. For 
pediatric patients, the low compliance rate and the high rate of missed 
visits are the main barriers to conducting clinical studies. Moreover, as 
children are in the growth and development stage, they should be very 
cautious about the medication of the disease, and the treatment of UC in 
children with probiotics alone is difficult to achieve.
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Effects of early postnatal 
hyperoxia exposure combined 
with early ovalbumin sensitization 
on lung inflammation and 
bacterial flora in a juvenile mouse 
model of asthma
Jingyan Li †, Tianping Bao †, Linxia Cao , Mengmeng Ma , 
Yuan Zhang * and Zhaofang Tian *

Department of Neonatology, The Affiliated Huaian No. 1 People’s Hospital of Nanjing Medical 
University, Huai’an, Jiangsu, China

Objective: The aim of this study is to explore the effects of early postnatal 
hyperoxia exposure combined with early ovalbumin (OVA) sensitization on lung 
inflammation and bacterial flora in neonatal mice on a juvenile mouse model of 
asthma.

Methods: Thirty-two newborn female C57BL/6 J mice were randomly divided 
into four groups, which including room air+phosphate-buffered saline (PBS) 
group, hyperoxia+PBS group, room air+OVA group, and hyperoxia+OVA group, 
according to the hyperoxia exposure and/or OVA induction. Mice were exposed 
to either 95% O2 or room air for 7 days after birth; after 7 days, they were exposed 
to air and received an intraperitoneal injection of OVA suspension or PBS solution 
on postnatal days 21 (P21) and 28 (P28). From P36 to P42, the mice were allowed 
to inhale of 1% OVA or 0.9% NaCl solution. The mice were observed after the last 
excitation. HE  staining was performed to observe the pathological changes in 
lung tissues. Wright-Giemsa staining was used to perform bronchoalveolar lavage 
fluid (BALF) leukocyte sorting. Enzyme-linked immunosorbent assay was used to 
determined the cytokines levels of interleukin (IL)-2, IL-5, IL-13, IL-17A, and IL-
10 and serum IgE levels in BALF. Additionally, 16S rRNA sequencing was used to 
analyze the characteristics of lung microbiota.

Results: Mice in the hyperoxia+OVA group showed asthma-like symptoms. 
HE staining results revealed a significant thickening of the airway wall and airway 
inflammation. BALF analysis of cellular components showed significant increases 
in total leukocyte and eosinophil counts and the levels of cytokines related to Th2 
(IL-5 and IL-13) and Th17 (IL-17A); 16S rRNA sequencing revealed that the main 
members of the pulmonary microflora were Actinobacteriota, Proteobacteria, 
Firmicutes, and Bacteroidota at the phylum level. In addition, the bacteria with a 
major role were Acinetobacter and Moraxellaceae in the O2 + OVA group.

Conclusion: The mouse suffering from postnatal hyperoxia exposure and early 
OVA sensitization, changes in symptoms, pathology, leukocyte and eosinophil 
counts, and levels of different T-cell cytokines in BALF and lung microbiota, which 
may provide a basis for the establishment of a juvenile mouse model of asthma.
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1. Introduction

Asthma is a heterogeneous disease characterized by airway 
hyperresponsiveness (AHR), airway inflammation, and reversible 
airway remodeling and is one of the most common chronic 
respiratory diseases occurring in children (Akar-Ghibril et al., 2020). 
Persistent asthma in children leads to inadequate lung function and 
increases the risk of chronic obstructive pulmonary disease and 
persistent airflow obstruction to the lungs in adulthood; it can also 
lead to sudden death in patients with severe acute attacks (Asher 
et al., 2021). The natural disease course of asthma is variable, and 
different risk factors are present at different stages of the disease 
ranging from fetal life to adulthood (Sánchez-García et al., 2020). 
Epidemiological observations and studies on immunology and lung 
development suggest that early life exposures and birth status have a 
significant effect on lung function in adulthood (Mahmoud et al., 
2023). For instance, prematurity, abnormal bronchopulmonary 
development, and low birth weight are associated with reduced lung 
function in adulthood (Di Filippo et al., 2022). Bronchopulmonary 
dysplasia (BPD) and asthma have similar respiratory features such as 
bronchial hyperresponsiveness and persistent airflow limitation 
(Clemm et al., 2018). Infants with moderate-to-severe BPD may have 
a prolonged pulmonary impairment in preterm BPD that may then 
persist in adulthood, leading to asthma development (Gough et al., 
2014). Since the 1980s, the incidence of BPD has shown an increase, 
especially as neonatal monitoring and the survival of extremely 
preterm infants have improved. BPD in preterm infants may be a 
major risk factor for the future development of asthma in childhood 
(Sun et al., 2023). Therefore, the use of early hyperoxia exposure in 
neonatal mice (BPD model) combined with early ovalbumin (OVA) 
sensitization can help in understanding the relationship between late 
childhood BPD and asthma development and formulating 
effective treatments.

Recently, increasing interest is being paid to the relationship 
between changes in the human microbiota and asthma development, 
with the “hygiene hypothesis” being the first theory to propose a 
link between exposure to microorganisms and allergic diseases 
(Strachan, 1989). In the internal environment of an organism, 
several microbial communities live in symbiosis with the host. 
However, less attention has been paid to changes in the lung flora 
because of the traditional view that healthy human lungs are sterile 
(free from bacteria) as well as the difficulty in sampling from the 
lower respiratory tract (Natalini et  al., 2023). With advances in 
high-throughput sequencing technology, DNA sequencing methods 
have been used to identify unique bacterial flora present in healthy 
human lungs. The main respiratory bacterial phyla are 
Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria (Hou 
et al., 2022). Pulmonary bacterial flora plays an important role in 
the development, regulation, and maintenance of immunity 
(Whiteside et  al., 2021). When mice were exposed to 
microorganisms, their pulmonary inflammatory responses were 

exacerbated; newborn animals tended to show a strong response to 
allergens, and regulatory T cells appeared as the bacterial load 
increased, and the response to allergens was subsequently 
attenuated (Herbst et  al., 2011; Gollwitzer et  al., 2014). In an 
analysis of sputum and bronchoalveolar lavage fluid (BALF) 
samples collected from patients with severe asthma, the abundance 
of Proteobacteria, especially Haemophilus and Moraxella, was 
elevated in patients with neutrophilic asthma and was strongly 
associated with AHR and airway inflammation (Taylor et al., 2017; 
Marathe et  al., 2022), suggesting the role of the respiratory 
microbiome in asthma pathogenesis and control.

In our previous study, we  subjected mice to early postnatal 
hyperoxia exposure and OVA sensitization (6 weeks) and found that 
the airway inflammatory response had exacerbated with significant 
airway structural remodeling, but the experimental endpoint was 
9 weeks postnatally, which represented the adulthood phase of mice 
(Wang et  al., 2021). On the basis of a previous study, after early 
hyperoxia exposure, the OVA induction was advanced to 3 weeks after 
birth, and the study endpoint was 6 weeks after birth, which was in the 
adolescence of mice. This study investigated the effects of the early 
combined intervention on changes in lung inflammation and 
pulmonary bacterial flora in mice and explored the feasibility of 
establishing a juvenile mouse model of asthma.

2. Materials and methods

2.1. Animals

We purchased 32 female neonatal C57BL/6 J mice (SPF grade) 
with a birth time difference of <30 min from The Medical Animal 
Experiment Center of Nanjing Medical University. The mice were 
raised in the Animal Experiment Center of Affiliated Huaian No. 1 
People’s Hospital of Nanjing Medical University. We included female 
mice to exclude gender differences. The mice were raised at a 
constant temperature of 24 ± 2°C, 60–70% relative humidity, and day 
and night were maintained for 12 h each. The mice were allowed free 
access to food and water, provided by the animal center.  
The study was approved by the Ethics Committee of the Affiliated 
Huaian No.1 People’s Hospital of Nanjing Medical University 
(DW-P-2021-002-01).

2.2. Reagents

Grade III and V OVA were purchased from Sigma (MO, 
United  States); Al (OH)3 was acquired from Thermo Scientific 
Company. IgE, IL-2, IL-5, IL-13, IL-17A, and IL-10, were detected 
using ELISA kits. The ELISA kits were purchased from NeoBioscien 
Company, and the experimental steps were strictly in accordance with 
the kit instructions.
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2.3. Experimental procedure

Thirty-two female C57BL/6 J newborn mice were randomly 
divided into the following four groups: room air (RA) + phosphate-
buffered saline (PBS) group, hyperoxia (O2) + PBS group, RA + OVA 
group, and O2 + OVA group, with eight mice in each group. The mice 
were exposed to either hyperoxia (95% O2) or room air from postnatal 
day 1 (P1) to P7  in sealed plexiglass chambers under continuous 
oxygen monitoring. Nursing dams were rotated every 24 h between 
the RA and O2 groups. The mice received an intraperitoneal injection 
of 100 μL of sensitization solution (OVA 1 mg/mL + Al (OH)3 1 mg/
mL) or an equal amount of PBS at P21 and P28. Mice were sensitized 
by nebulized inhalation of 1% OVA or an equal amount of PBS from 
P36 to P42 once daily. Within 48 h of the last challenge, the activity 
performance of the mice was observed. All mice were euthanized by 
asphyxiation with CO2 on P44. Figure 1 shows a flowchart of mouse 
model establishment.

2.4. Serum IgE levels

The blood was collgected from the heart, placed it in an Eppendorf 
tube, and allowed it to stand for 1 h at room temperature. The 
supernatant was collected and centrifuged at 4°C for 10 min at 4000 r/
min and frozen at −80°C for further.

2.5. Leukocyte classification and cytokine 
levels In BALF samples

BALF was collected by lavage of the trachea, lungs, and bronchi. 
For this, 1 mL sterile saline in a 1 mL syringe pump was slowly pushed 
into the physiological saline. After holding for a few moments, the 
syringe was slowly pulled back and the lung tissue was gently pressed 
to collect the lavage fluid. The lavage was repeated thrice to ensure the 
recovery rate was >80%. The lavage obtained was centrifuged at 
4000 r/min for 10 min. The precipitate was immediately counted for 

cell sorting, while the supernatant was frozen at −80°C for cytokine 
detection. Leukocytes were classified by Wright-Giemsa staining.

2.6. Histopathological examination

The lungs and trachea of mice were removed, visualized with the 
naked eye, and then rinsed with PBS. The upper lobe of the right 
lung was fixed in 4% paraformaldehyde, after which it was paraffin-
embedded and cut into serial sections of 4 mm thickness for 
histopathological examination. The remaining lung tissue was 
immediately frozen in liquid nitrogen and transferred to a − 80°C 
refrigerator for storage. After histopathological examination, the 
hematoxylin–eosin–stained sections were evaluated for changes in 
airway thickness and inflammatory cell infiltrate under bright-field 
illumination, and images were captured. The pathology in each 
group was graded and scored as follows (Henderson et al., 2002; 
Fang et al., 2021): 0, no inflammatory cells; 1, a few inflammatory 
cells; 2, more uneven distribution of inflammatory cells, with a layer 
thickness of one cell; 3, a large number of evenly distributed 
inflammatory cells; and 4, a large number of inflammatory cells 
gathered as a mass, with a layer thickness of more than four cells. 
Eight bronchioles were analyzed on each tissue slide, and mean 
scores were calculated.

2.7. Genomic DNA extraction

To characterize the pulmonary microbiota, 16S rRNA sequencing 
was performed using lung tissue specimens collected from mice with 
asthma. Genomic DNA of the microbial community was extracted 
from samples using the E.Z.N.A.® Tissue DNA Kit (Omega Bio-Tek, 
Norcross, GA, United  States), according to the manufacturer’s 
instructions. The extracted DNA was run on a 1% agarose gel to 
separate and confirm the target band, and DNA concentration and 
purity were determined using the NanoDrop 2000 ultraviolet–visible 
spectrophotometer (Thermo Fisher Scientific, Wilmington, NC, 

FIGURE 1

Flowchart of mouse model establishment.
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United States). The hypervariable region V3-V4 of the bacterial 16S 
rRNA gene was amplified with primer pairs 338F 
(5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACT 
ACHVGGGTWTCTAAT-3′) using the GeneAmp® 9,700 polymerase 
chain reaction thermocycler (ABI, CA, United States). The 16S rRNA 
assay was performed by Nanjing Fengzi Biomedical Technology 
Co., Ltd.

2.8. Illumina MiSeq sequencing

Purified amplicons were pooled at an equimolar ratio and 
paired-end sequenced on the Illumina MiSeq PE300 platform 
(Illumina, San Diego, CA, United States). Raw reads were deposited 
into the NCBI Sequence Read Archive database. Sequences were 
clustered into operational taxonomic units (OTUs) based on 
intersequence similarity by splicing, quality control, and filtering of 
sequenced reads with 97% consistency. Then, species annotation was 
performed on the obtained OTU sequences with reference to the 
SILVA138 database. Based on the species annotation results, beta 
diversity and species abundance were further analyzed.

2.9. Statistical analysis

SPSS 21.0 statistical software was used for statistical analysis of 
data. Data were presented as mean ± standard deviation. Differences 
among more than two groups were assessed using a one-way analysis 
of variance followed by the least significant difference test. Statistical 
significance was determined at p < 0.05 (*) or p < 0.01 (**) and 
nonsignificance at p > 0.05.

3. Results

3.1. Performance of mice

Mice in the O2 + PBS and O2 + OVA groups had a smaller body size 
(Figure 2), disorganized fur, and lethargy after hyperoxia exposure. 
Additionally, mice in the O2 + OVA group developed asthma-like 
symptoms such as ear-scratching, restlessness, arched back, and curled 
body after OVA sensitization.

3.2. Pathological examination

H&E staining of the lung sections revealed inflammation in the 
small airways and alveolar regions. The airway structure appeared 
normal in the RA + PBS group, whereas the airway wall was slightly 
thickened in the O2 + PBS group. Airway columnar epithelium 
hypertrophy was observed in the RA + OVA group, but no 
significant increase in airway wall thickness was observed. The 
airway wall was significantly thickened in the O2 + OVA group, 
together with significant luminal stenosis and airway columnar 
epithelium hypertrophy (Figure 3). Lung tissue injury scores are 
shown in Figure 4.

3.3. Cell classification in BALF

Total leukocyte count and eosinophil count were significantly 
higher in the BALF samples of mice in the O2 + OVA group than in 
those of the remaining three groups (F = 173.6; p < 0.05; Figures 5A,B).

3.4. Cytokine levels in BALF samples

3.4.1. Th1 cytokine production in BALF samples
IL-2 levels were significantly lower in BALF samples of mice in the 

O2 + OVA group than in those of mice in the RA + OVA group 
(p < 0.05). No significant difference existed between the O2 + OVA 
group and the remaining two groups (p > 0.05; Figure 6A).

3.4.2. Th2 cytokine production in BALF samples
IL-5 and IL-13 levels were significantly increased in BALF samples 

of mice in the O2 + OVA group. The BALF samples of mice in the 
O2 + OVA group had significantly higher IL-5 levels than those of mice 
in the remaining three groups (p < 0.05). The IL-5 levels were 
significantly higher in BALF samples of mice in the RA + OVA group 
than in those of mice in the RA + PBS and O2 + PBS groups (p < 0.05; 
Figure 6B). Mice in the O2 + OVA group had significantly higher IL-13 
levels in BALF samples than those in the remaining three groups 
(p < 0.05). No significant differences existed among the other three 
groups (p > 0.05; Figure 6C).

3.4.3. Th17, Treg cytokine production in BALF 
samples

IL-17A levels in BALF samples of mice in the O2 + OVA group 
were significantly higher than those of mice in the other three groups 
(p < 0.05; Figure 6D). IL-10 levels in the BALF samples of mice in the 
O2 + PBS, RA + OVA, and O2 + OVA groups were significantly reduced 
compared with those of mice in the RA + PBS group (p < 0.05). 
However, no significant differences existed among the O2 + PBS, 
RA + OVA, and O2 + OVA groups (p > 0.05; Figure 6E).

3.5. Serum IgE level

The serum IgE level was significantly higher in mice of the 
O2 + OVA group than in those of the other three groups (p < 0.01), and 
the serum IgE level in the room air+OVA group was higher than that 
in the room air+PBS group (p < 0.05; Figure 6F).

FIGURE 2

Changes in the body weight of mice (n = 8). *p ≤ 0.05, **p ≤ 0.01.
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3.6. Lung microbiota sequencing

3.6.1. OTU analysis
The OTU-based Venn diagram has four different colored circles 

that correspond to the lung microbiota of the four groups of mice. 
The overlap represents shared microflora between the groups. The 
pulmonary microflora was different between the groups 
(Figure 7A).

3.6.2. Alpha diversity analysis
The alpha rarefaction curves of the mouse lung microbiota tended 

to be flat, which indicated that the sample sequencing data obtained 
in this study were gradually reasonable, and even though the data 
showed an increase, only a small number of new species would 
be generated (Figure 7B). The Shannon index of the lung microflora 

synthetically reflects the richness and evenness of the species, and the 
level of Shannon index is also affected by evenness, that is, the more 
homogeneous the species distribution in the samples, the higher the 
diversity is. No significant difference existed in the Shannon index 
among the four groups (F = 0.9297, p>0.05; Figure 7C).

3.6.3. Beta diversity analysis
As shown in the CPCoA diagram, the four groups were clustered 

at different locations and were far from each other, with great diversity 
differences among the groups (Figure 7D).

3.6.4. Microbial composition at the phylum and 
genus levels

Species classification of OTUs was performed by comparing 
databases and plotting histograms of the relative abundance of each 
species. At the phylum level, the main members of the pulmonary 
microflora were Actinobacteriota, Proteobacteria, Firmicutes, and 
Bacteroidota (Figure  8A). The main genera were Rhodococcus, 
Acinetobacter, Aeromonas, Pseudomonas, and Staphylococcus (Figure 8B).

3.6.5. LEfSE analysis
The results of the LEfSE analysis showed that 20 bacterial 

microflora differed in terms of abundance in the lung tissues of the four 
groups. The bacteria with a major role were Aeromonas species 
(Aeromonas), Corynebacterium species, and Pseudomonas species 
(Pseudomonas) in the RA + PBS group; Staphylococcus species 
(Staphylococcus), Cloacibacterium species (Cloacibacterium), and 
Jeotgalicoccus species/genus (Jeotgalicoccus) are in the O2 + PBS 
group; Lactococcus species (Lactococcus), Lactococcus lactis species 
(Lactococcus lactis), Cellvibrio species (Cellvibrio), Enterobacter 
species (Enterobacter), Myxococcota phylum, Sphingomonas species/
genus (Sphingopyxis), and Lawsonella genus (Lawsonella) are in the 
RA + OVA group; Acinetobacter species/genus (Acinetobacter) and 
Moraxellaceae family (Moraxellaceae) are in the O2 + OVA group 
(p < 0.05; Figure 8C).

FIGURE 3

Bronchial pathological changes. (H&E staining 200× magnification; scale bar = 50 μm; 400× magnification; scale bar = 25 μm). (A) RA + PBS group: the 
tracheal structure appears normal; (B) O2 + PBS group: the airway wall is slightly thickened; (C) RA + OVA group: the airway columnar epithelium is 
enlarged, but the airway wall thickness does not show a significant increase; (D) O2 + OVA group: the airway wall is significantly thickened, together 
with evident lumen stenosis and hypertrophy of airway columnar epithelium. (The black arrows point to infiltrated eosinophils, and the blue arrow 
points to goblet cells.) H&E, hematoxylin–eosin; OVA, ovalbumin; PBS, phosphate-buffered saline.

FIGURE 4

Lung inflammation scores in different groups (**p ≤ 0.01).
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4. Discussion

At birth, extremely preterm infants require respiratory support, 
and exposure to hyperoxia can cause neonatal lung injury and impede 

lung development, which eventually progresses to BPD (Thébaud 
et al., 2019). BPD can lead to short-term or long-term respiratory 
dysfunction. Some children with BPD have symptoms of periodic 
wheezing, which develop into childhood asthma (Fawke et al., 2010). 

FIGURE 5

Airway inflammation in BALF samples (n = 8). (A) Leukocyte counts in BALF samples. (B) Eosinophil counts in BALF samples. ***p < 0.001. BALF: 
bronchoalveolar lavage fluid.

FIGURE 6

Cytokine levels in BALF samples (n = 8). Cytokiens levels of IL-2 (A) IL-5 (B) IL-13 (C) IL-17A (D) and IL-10 (E) in BALF samples. (F) Serum IgE level. * 
p<0.05, ** p < 0.01, *** p < 0.001. BALF, bronchoalveolar lavage fluid; IL, interleukin.
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Premature infants and children with BPD have a higher incidence of 
childhood asthma than children without a history of BPD (Di Fiore 
et al., 2019), and early hyperoxia exposure is an important perinatal 
factor that influences asthma development in children (Kim 
et al., 2018).

In the present study, mice of the O2 + OVA group showed evident 
asthma-like symptoms such as scratching the ears and gills, bending 
down, and wiping the nose. The pathological features of asthma were 
airway wall thickening, lumen stenosis, and airway columnar 
epithelial hyperplasia. Moreover, the counts of white blood cells and 
eosinophils and the levels of Th2 cytokines in BALF were increased, 
but the level of Th1 cytokines did not significantly change, suggesting 
that early hyperoxia exposure may enhance the ability of late 
OVA sensitization.

Increased secretion of type 2 cytokines is an important 
characteristic feature of asthma. Neonatal hyperoxia exposure 
promotes the development of asthma-like features including large 
infiltration of inflammatory cells around the bronchi, increased airway 
eosinophilia, and upregulated expression of the type 2 cytokines IL-5 
and IL-13 (Cheon et al., 2018). Early hyperoxia exposure increases 
host susceptibility to allergen attack, which is reflected in the elevated 
levels of type 2 inflammation observed in the lungs after the OVA 
attack. Early life hyperoxia exposure enhances innate lymphoid cell 
(ILC2) function by increasing the expression of IL-33, and ILC2s 
produce type 2 cytokines such as IL-5, IL-13, and mediators involved 
in tissue repair, leading to eosinophilic airway inflammation and 
airway remodeling (Iijima et  al., 2021). Antigen-presenting DC 
movement to lymph nodes and the activation of T cell responses have 

both been demonstrated to be  facilitated by ILC2-derived IL-13 
(Halim et al., 2014). The key mechanism by which early hyperoxia 
exposure functions is the production of reactive oxygen species (ROS). 
ROS can damage the airway epithelium and disrupt cellular function, 
thus leading to increased airway smooth muscle function, peri-airway 
extracellular matrix deposition in the lung interstitium, and cellular 
senescence, all of which affect the integrity of the airway epithelial 
barrier and result in airway remodeling (Parikh et al., 2019; Alva et al., 
2022). Notably, neonatal hyperoxia exposure may not enhance the 
allergic response to OVA attack (Regal et al., 2014), possibly because 
of the differences in the timing of allergen sensitization and the 
duration of hyperoxia exposure. There is a “time window” for the 
effects of allergen exposure on asthma, with major changes being 
noted in the composition and function of the immune system during 
late birth and early childhood and a rapid influx of type 2 immune 
cells during the alveolar stage (PND4-21) when allergen sensitization 
predisposes to a type 2 immune response (de Kleer et al., 2016). In 
addition, early postnatal hyperoxia exposure leads to the large 
production of IL-5 and IL-13, which together are involved in asthmatic 
airway inflammation and airway remodeling effects (Cheon 
et al., 2018).

Ourteam also reported an increase in the levels of IL-17A 
cytokines and a decrease in the levels of IL-10 in BALF, and the Th17/
Treg imbalance is an important mechanism in asthma development 
(Zheng et  al., 2021). Hyperoxia significantly alters the 
microenvironment at the inflammation site, which promotes the 
polarization of Th17 and the secretion of cytokines such as IL-17A, 
which increase lung inflammation by recruiting neutrophils to the 

FIGURE 7

Analysis of pulmonary microbiota of the four groups. (A) Venn diagram of the pulmonary microbiota. (B) Rarefaction curve. (C) Alpha diversity analysis 
(using Shannon index) of the pulmonary microbiota (p>0.05); (D) CPCoA diagram of beta diversity of the pulmonary microbiota (p<0.05).
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inflammation site (Nagato et  al., 2015). IL-17A acts directly on 
bronchial smooth muscle cells, induces upregulated RhoA protein 
expression, triggers airway smooth muscle contraction and airway 
narrowing, and participates in AHR (Fong et al., 2018). Tregs mainly 
secrete anti-inflammatory factors such as transforming growth 
factor-β and IL-10, inhibit the activation and proliferation of effector 
T cells, suppress Th2 and Th17-mediated inflammatory responses, and 
prevent airway inflammation and bronchial hyperresponsiveness 
(Boonpiyathad et al., 2019). Zhao et al. demonstrated in a chronic 
airway inflammation model that Th17 cells suppress Treg-mediated 
tolerance (Hu et al., 2020) and that the Treg/Th17 imbalance is closely 
associated with asthma development and progression.

Hyperoxia exposure and OVA sensitization can exert an effect on 
the lung microflora. Hyperoxia exposure can alter the lung microbiota 
(Vieira et al., 2022), and dysbiosis of the lung microbiota can cause 
acute lung injury, wherein oxygen-induced changes in the lung 
microbiota precede the development of acute lung injury, and germ-
free mice (mice without microorganism exposure) are protected from 
an oxygen-induced acute lung injury, suggesting that the deleterious 
effects of hyperoxia on lung injury are, at least partially, mediated by 
the lung microbiota (Ashley et  al., 2020). Once established, the 
establishment of nonbeneficial respiratory microbiota triggers a self-
reinforcing cycle of pro-inflammatory pathways that alter the 

respiratory microenvironment and may lead to long-term sequelae, 
including asthma and chronic obstructive (de Steenhuijsen Piters 
et al., 2020). The present study demonstrated that the abundance of 
Staphylococcus aureus was increased in the lung microflora of mice 
after hyperoxia exposure, and Staphylococcus aureus can regulate the 
immune response in the airway mucosa through its proteins, thereby 
inducing the activation of airway epithelial cells and the release of 
cytokines such as thymic stromal lymphopoietin, IL-25, and IL-33. 
This causes a sustained immune response in dendritic cells and ILC2 
cells and the activation of type 2 immune response, thereby promoting 
the development of allergic airway disease (Chen et  al., 2022). In 
addition, OVA sensitization alters the composition of the respiratory 
microbiota in mice, which may be  associated with asthma 
development (Xiong et al., 2020; Zheng et al., 2021). Moreover, this 
study showed that Acinetobacter and Moraxellaceae were abundant in 
the O2 + OVA group, and were representative biomarkers of this group. 
One study reported low microbial richness in children with asthma 
and preschool children with wheezing and the predominance of the 
Moraxellaceae group. Moraxellaceae-dominant microflora caused a 
higher risk of asthma worsening as well as eosinophil activation, and 
in vitro experiments showed that Moraxellaceae induced epithelial cell 
damage and elevated the levels of the inflammatory factors IL-33 and 
IL-8 (McCauley et  al., 2019; Chun et  al., 2020). However, the 

FIGURE 8

Microbial composition and relative abundance at the phylum and genus levels. (A) Composition of the lung microbiota at the phylum level. 
(B) Composition of the lung microbiota at the genus level. (C) LEfSe result. The histogram shows that colonies with LDA values >2 are statistically 
different biomarkers. When the default LDA value is more than 2 and the p value is less than 0.05. (phylum [P], class [C], order [O], family [F], genus [G], 
and species [S]).
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significance and mechanism of action of alterations of the microflora 
are not fully understood.

5. Conclusion

In all, our study showed that the mouse suffered from postnatal 
hyperoxia exposure and early OVA sensitization in symptoms, 
respiratory pathology, alveolar lavage fluid cytokine levels, and lung 
microbiota during juvenile life, some of which behaved similarly to 
the classical asthma model. The findings of this study may provide a 
novel approach for the establishment of an asthma model using 
juvenile mice, and the detection of lung microbiota may also open 
new avenues for asthma research.
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Introduction: Previous studies have found that unique patterns of gut microbial 
colonization in infancy associated with the development of allergic diseases. 
However, there is no research on the gut microbiota characteristics of AR children 
in Chinese Mainland.

Objective: To investigate the changes of gut microbial of AR children in Chinese 
Mainland and evaluate the correlation between gut microbial and clinical indexes.

Methods: In this clinical study, fecal samples from 24 AR children and 25 healthy 
control children (HCs) were comparative via next generation sequencing of the 
V3-V4 regions of the 16S rRNA gene. Analyzed the relationship between clinical 
features and gut microbial using Spearman correlation.

Results: Compared to HCs, AR children showed significant decreases in Shannon 
index and significant increases in Simpson index at both the family and genera levels 
(all p <  0.05). In terms of bacterial composition, at the phylum level, AR children 
had higher abundance of Bacteroidetes than that in the HCs group (p <  0.05) and 
were significantly positively correlated with TNSS (p <  0.05). At the family level, AR 
children had higher abundance of Prevotellaceae and Enterobacteriaceae higher 
than that in the HCs group (all p <  0.05) and had a significantly positive correlation 
with TNSS, eosinophils (EOS) and total immunoglobulin E (tIgE) (all p <  0.05). At 
the genus level, reduced abundance of Agathobacter, Parasutterella, Roseburia 
and Subdoligranulum were also observed in the AR cohorts compared to HCs (all 
p <  0.05) and significantly negatively associated with TNSS, EOS, tIgE, QOL, and 
FeNO (all p <  0.05).

Conclusion: AR children in Chinese Mainland were characterized by reduced 
microbial diversity and distinguished microbial characteristics in comparison with 
HCs. The observations of this study offer proof that distinctive gut microbiota 
profiles were present in AR children and necessitate further investigation in the 
form of mechanistic studies.

KEYWORDS

allergic rhinitis, children, 16S rRNA gene sequencing, gut, microbiota

1. Introduction

Allergic rhinitis (AR) is a common allergic disease characterized by paroxysmal sneezing, 
nasal itching, nasal congestion, and runny nose caused by IgE-mediated immune responses to 
inhaled allergens (Ciprandi et al., 2015). The immune response involves inflammation of the 
mucosa, which is driven by the activation of type 2 helper T (Th2) cells (Bousquet J. et al., 
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2008). AR affects 10 to 40% of the world’s population, with a higher 
prevalence as high as 50% in some countries (Bousquet P. J. et al., 
2008; Brożek et al., 2017). The prevalence of AR among Chinese 
children has been reported to be 15.79%, and it continues to increase 
(Hu et  al., 2017). AR contributes to inefficiency at school, sleep 
problems, and reduces children’s chances of participating in outdoor 
activities (Devillier et al., 2016). Regretfully, the exact etiology of AR 
and its underlying biological mechanism are still unclear (Emeryk 
et  al., 2019). A growing number of studies in recent years have 
suggested that imbalances in microecology are related to the 
occurrence of allergic disease (Zimmermann et al., 2019; Barcik et al., 
2020; Shah and Bunyavanich, 2021). Microecology dysbiosis, 
especially in genetically susceptible hosts, may be a cofactor in the 
development of allergic diseases due to its role in undermining 
immune balance, including the proportion of effector T cells and 
regulatory T (Treg) cells (Salem et al., 2018).

In the 1980s, Strachan proposed the “hygiene hypothesis”, 
which suggests that children living in rural areas, having close 
contact with animals and drinking unpasteurized cow’s milk had a 
lower incidence of developing allergic diseases in the future (Huang 
et al., 2017). In 2015, the “microbiome hypothesis” was proposed, 
which suggested that the disruption of gut microbiome-mediated 
immune tolerance due to antibiotic use, infection, and other factors 
could eventually promote the development of the immune system 
towards allergy. The symbiosis between host and microbiome plays 
an essential role in maintaining immune homeostasis and human 
health, thus, changes in the gut microbiota are believed to be an 
important factor in the development of allergic disease (Mccoy and 
Köller, 2015).

Gut microbiota is in dynamic equilibrium and can regulate 
itself according to the change of environment. Children’s gut 
microbiota is less resistant and stable than adults and is sensitive to 
external factors such as the use of antibiotic and glucocorticoids 
(Fang et  al., 2021). Glucocorticoids have remarkable local anti-
inflammatory and anti-allergic effects and are the most effective 
drugs to treat allergic diseases in children, it could directly or 
indirectly affect gut microbial (Zhang et al., 2021; Liu et al., 2022). 
At the same time, antibiotics are widely used clinically, they could 
upset the balance of gut microbiota, leading to decline in microbial 
diversity and the overgrowth of bacteria such as Clostridium difficile 
(Ianiro et al., 2020).

With the development of the amplification and sequencing of 
the 16S rRNA gene, we can obtain the distribution map of microbial 
species presented in different allergic diseases (Su et al., 2021; Yuan 
et al., 2022). Currently, clinical studies have demonstrated alterations 
in the composition and function of the gut microbiome in adults and 
children with AR (Watts et al., 2021; Zhou et al., 2021). However, 
there is no study on the gut microbiome of children with AR in 
Chinese Mainland.

Therefore, in order to investigate the alters of children with AR 
in Chinese Mainland and evaluate the relationship between the gut 
microbiota and clinical indicators such as Total Nasal Symptom 
Score (TNSS), Visual Analog Scale (VAS), Quality of Life Score 
(QOL), Fractional exhaled nitric oxide (FeNO) value etc. 
We  conducted this study, which will contribute to a better 
understanding of the underlying biological mechanisms of AR, and 
help to develop more effective prevention and treatment strategies 
for AR in children.

2. Materials and methods

2.1. Study design

This prospective and cross-sectional observational study was 
conducted with ethics approval from the Ethics Committee of Xijing 
Hospital at the Fourth Military Medical University in Xi’an, China 
(KY20222169-F-1), and was registered with the Chinese Clinical Trial 
Registry (ChiCTR2200065166). The study enrolled subjects from the 
Department of Pediatrics at Xijing Hospital during the period of July 
to December 2022. All parents or guardians of the participants 
provided written consent, and the study was conducted in accordance 
with the ethical principles outlined in the Declaration of Helsinki.

2.2. Study population

This is a description of the diagnostic and inclusion/exclusion 
criteria used in a clinical study of participants. AR diagnosis relied on 
the ARIA guidelines, which includes both seasonal and perennial AR 
(Cheng et  al., 2018). After 1 month of treatment, a follow-up 
assessment was conducted to confirm the diagnosis of AR.

The inclusion criteria of AR group required children to have had 
a history of allergies in the past year, the presence of allergen-specific 
IgE antibody (sIgE) test ≥0.35 IU/mL and/or positive skin prick tests 
(SPT), aged 3-14 years, stools that appeared snake-shaped or banana-
shaped. The inclusion criteria of HCs group required children without 
allergic history, aged 3–14 years, and stools that appeared snake-
shaped or banana-shaped. The exclusion criteria of both groups were 
numerous and included as follows: using immunomodulatory 
medications in the past 12 months; using probiotics, prebiotics and 
synbiotics in the past 2 months; using antibiotics, local or systemic 
corticosteroids, antihistamines in the past 2 weeks; using laxatives or 
antidiarrheals in the past 1 week, having constipation, diarrhea or 
respiratory tract infection in the past week; having congenital heart 
disease, tuberculosis or tuberculosis contact history, mental illness 
history, autoimmune disease, gastrointestinal disease, and allergic 
asthma (Zhu et al., 2020; Zhou et al., 2021). The study participants 
were selected from the same geographic region and had similar 
dietary habits.

2.3. Stool sample collection

Before the start of the treatment, the parents of the study 
participants were provided with a fecal sample collection kit and dry 
ice, and were instructed on how to collect the stool sample. The 
collection instructions emphasized the importance of avoiding 
contamination of the samples with urine or water, and the samples 
were frozen immediately, and carefully transported to our laboratory 
using dry ice within 24 h. The samples were stored at a temperature of 
−80°C until they were processed (Chiu et al., 2019).

2.4. Total nasal symptom score

Four nasal symptoms (sneezing, nasal itching, rhinorrhea, nasal 
obstruction) were assessed using a four-point scale. The scale ranged 
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from 0 to 3, where 0 indicated the absence of symptoms, 1 indicated 
mild symptoms, 2 indicated moderate symptoms, and 3 indicated 
severe symptomss (Gevaert et al., 2022).

2.5. Visual analog scale

At the initial consultation, the children were requested to indicate 
the intensity of their allergic rhinitis symptoms using a scale ranging 
from 0 to 10. A score of 0 meant that the child was asymptomatic, 
while a score of 10 indicated that the symptoms were most severe 
(Eifan et al., 2010).

2.6. Quality of life score

Quality of life scores of AR children are shown in 
Supplementary Table S1. During the initial consultation, the child or 
their guardian was required to mark the applicable space in the table 
that reflected the impact of the disease on the child’s life in the past 
1–2 weeks. The quality of life scores in the supplementary table ranged 
from low to high, with higher scores indicating a worse quality of life 
(Okubo et al., 2020).

2.7. Microbiome analysis

To analyze the diversity and composition of the microbial 
community, DNA was extracted from fecal samples, the concentration 
and purity were measured using the NanoDrop One (Thermo Fisher 
Scientific, MA, United States). 16S rRNA genes of V3-V4 regions were 
amplified used specific primer 338F (5’-ACTCCTACGGGAGGCA 
GCAG-3′) and 806R (5’-GGACTACHVGGGTWTCTAAT-3′) with 
12 bp barcode. Primers were synthesized by Invitrogen (Invitrogen, 
Carlsbad, CA, United  States). Sequencing libraries were generated 
using NEBNext® Ultra™ II DNA Library Prep Kit for Illumina® (New 
England Biolabs, MA, United  States) following manufacturer’s 
recommendations and index codes were added. The library quality was 
assessed on the Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific, 
MA, United States). At last, the library was sequenced on an Illumina 
Nova6000 platform and 250 bp paired-end reads were generated 
(Guangdong Magigene Biotechnology Co., Ltd. Guangzhou, China).

Fastp (version 0.14.1, https://github.com/OpenGene/fastp) was 
used to control the quality of the Raw Data by sliding window, the 
primers were removed by using cutadapt software (https://github.
com/marcelm/cutadapt/) according to the primer information at the 
beginning and end of the sequence to obtain the paired-end Clean 
Reads. Paired-end clean reads were merged using usearch-fastq_
mergepairs (V10, http://www.drive5.com/usearch/), Fastp (version 
0.14.1, https://github.com/OpenGene/fastp) was used to control the 
quality of the Raw Data by sliding window(-W 4 -M 20) to obtain the 
paired-end Clean Tags.

Operational taxonomic units (OTUs) were generated using 
the UPARSE default clustering approach. Taxonomic information was 
annotated using the Silva database and the usearch -sintax 
tool. Alpha diversity was analyzed using three indicators: 
chao1 index, Shannon index, and Simpson index. All this 
indices in our samples were calculated with usearch-alpha_div (V10, 

http://www.drive5.com/usearch/). The differences between groups 
were analyzed by alpha diversity index using R software. If there were 
only two groups, student’s t-test or Wilcox rank sum test was selected.
Beta diversity was analyzed using the Bray-Curtis algorithm. PCoA 
was displayed by vegan package in R software. To identify biomarkers 
for each group, linear discriminant analysis (LDA) and linear 
discriminant analysis effect size (LEfSe) analysis were performed, 
setting LDA score ≥ 3.5 and obtained the biomarkers in different 
groups. All analyses were completed on the Magichand Cloud platform.

2.8. Statistical analyses

SPSS software (v.26.0) was used for the analysis of the baseline 
characteristics data. Continuous variables were reported as 
Mean ± SD, student t-test or Wilcoxon signed-rank test method was 
used for inter-group comparison; count data were reported as n (%), 
χ2 test or Fisher’s exact probabilities test was used for inter-group 
comparison. Correlation analysis between the clinical index and gut 
bacteria using Spearman’s correlation coefficient. p value < 0.05 was 
considered statistically significant.

3. Results

3.1. Characteristics of all participants

A total of 49 participants were enrolled in this study, including 24 
children with AR and 25 HCs. Table  1 presents the clinical 
demographics of the study. Basic natural characteristics such as age, 
gender, and BMI (Body Mass Index), birth history including term 
birth and cesarean delivery, feeding history including breastfeeding 
for at least 3 months, and living environment such as the presence of 
siblings, exposure to passive smoking, and exposure to pets did not 
show significant differences between the two groups (all p > 0.05). 
However, the number of maternal allergy was significantly higher in 
the AR group compared to the HCs (p < 0.05). All AR children had 
positive sIgE results, 83.3% of the AR children had seasonal allergies, 
and 87.5% are in acute attack.

3.2. Gut microbiota of AR children versus 
HCs

The 16S rRNA gene sequencing was performed on the Illumina 
Nova 6,000 platform. A total of 4,573,805 high-quality sequences 
were acquired from 49 samples, after quality control filtering and 
minimum sample OTU normalization, averaging 61,446 effective 
sequences per sample (Supplementary Table S2). The Venn diagram 
showed that the number of OTUs in the AR group was 3,134, while 
that in the HCs group was 3,450. There were 2,260 OTUs shared by 
both groups, 874 OTUs unique to the AR group, and 1,190 OTUs 
unique to the HCs group. The total number of observed OTUs in the 
AR group was lower than that in the HCs group (Figure 1).

3.2.1. Alpha-diversity
At the phylum level, there was no statistically significant 

difference between the two groups for both Chao1 index and 
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Shannon index (all p > 0.05, Figures  2A,B), but there was a 
statistically significant difference for the Simpson index (p = 0.058, 
Figure 2C). At the family level, there was no statistically significant 
difference between the two groups for the Chao1 index (p > 0.05, 
Figure 2D), but there was a statistically significant difference for 
both the Shannon and Simpson indices (all p < 0.05, Figures 2E,F). 
At the genus level, there was no statistically significant difference 
between the two groups for the Chao1 index (p > 0.05, Figure 2G), 
but there was a statistically significant difference for both the 
Shannon and Simpson indices (all p < 0.05, Figures  2H,I). The 
outcomes mentioned above suggest that there is no variation in 
species richness between the two categories at all levels. However, 
a significant divergence in evenness exists, and it becomes more 
explicit as the taxonomic hierarchy becomes more detailed 
(Supplementary Table S3).

3.2.2. Beta-diversity
Figure 3A shows the PCoA based on Bray–Curtis dissimilarity 

analysis. The PCoA1 from Adonis analysis showed that R2 = 0.052, 
p = 0.003, indicating a significant difference between the two groups 
(Figure 3B).

3.2.3. Microbial composition classification
The sequence information of the three taxonomic levels of 

phylum, family, and genus in the OTU table was counted to calculate 
the relative abundance of microbial communities at each taxonomic 
level. The taxa with relative abundance greater than 1% were selected 
to draw a relative abundance diagram. Student’s t-test or Wilcoxon 
rank sum test were used to compare the differences in microbial 
communities (Supplementary Table S4).

At the phylum level, Bacteroidetes, Firmicutes, Proteobacteria, 
Verrucomicrobia, and Actinobacteria were the dominant phyla in the 
two groups (Figure 4A). The relative abundance of Bacteroidetes in 
the AR group was significantly higher than that in the HCs group 
(p < 0.05, Figure 4B), while the relative abundance of Firmicutes in the 
AR group was lower than in the HCs group (p = 0.08, Figure 4C). In 
addition, the ratio of Firmicutes to Bacteroidetes also differed between 
the two groups (p = 0.057, Figure 4D).

At the family level, Bacteroidaceae, Lachnospiraceae, 
Ruminococcaceae, and Prevotellaceae were the dominant families in 
the two groups (Figure 5A). The relative abundance of Prevotellaceae 
and Enterobacteriaceae in the AR group was significantly higher than 
that in the HCs group (all p < 0.05, Figures 5B,D). While the relative 
abundance of Burkholderiaceae in the AR group was significantly 
lower than HCs (p < 0.05, Figure 5C).

At the genus level, Bacteroides, Faecalibacterium, Agathobacter, 
Prevotella_9, Alistipes, Parasutterella, Prevotella_2, Blautia, Roseburia 
and Subdoligranulum were the dominant genus in the two groups 
(Figure 6A). Among them, the relative abundance of Agathobacter, 
Parasutterella, Roseburia and Subdoligranulum in the AR group was 
lower than that in the HCs group (all p < 0.05, Figures 6B–E).

FIGURE 1

Venn plot. The total number of OTUs observed in the AR group was 
lower than that in the HCs group. AR, allergic rhinitis group; HCs, 
healthy control group.

TABLE 1 Clinical characteristics of participants.

HCs group AR group

Subject (n) 25 24

Age (years, Mean ± SD) 6.72 ± 2.56 7.42 ± 2.89

BMI(kg/m2, Mean ± SD) 17.36 ± 4.27 15.98 ± 3.58

Male n (%) 15 (60.0) 15 (62.5)

Term birth n (%) 24 (96.0) 22 (91.7)

Cesarean n (%) 11 (44.0) 13 (54.2)

Breastfeeding for at least 3 months 

n (%)

19 (76.0) 17 (70.8)

Maternal allergy n (%) 2 (8.0) 8 (33.3)*

Siblings n (%) 14 (56.0) 11 (45.8)

Passive smoking n (%) 13 (52.0) 6 (25.0)

Pets n (%) 5 (20.0) 4 (16.7)

Positive of sIgE n (%) 0 (0) 24 (100)*

Seasonal allergies n (%) 0 (0) 20 (83.3)*

Acute attack n (%) 0 (0) 21 (87.5)*

TNSS (Mean ± SD) 1.58 ± 1.17 5.96 ± 1.73*

  Sneezing 0.58 ± 0.50 1.75 ± 0.90*

  Rhinorrhea 0.50 ± 0.59 1.29 ± 0.55*

  Nasal itching 0.29 ± 0.46 1.21 ± 0.41*

  Nasal obstruction 0.21 ± 0.41 1.71 ± 0.62*

VAS (Mean ± SD) 0.64 ± 0.56 4.85 ± 2.22*

QOL (Mean ± SD) 0.88 ± 0.67 3.21 ± 2.62*

tIgE (IU/ml, Mean ± SD) <17.10 206.52 ± 154.13*

FeNO (ppb, Mean ± SD) 9.84 ± 3.40 18.91 ± 13.56*

AR, allergic rhinitis group; HCs, healthy control group; TNSS, total nasal symptom Score; 
VAS, visual analog scale; QOL, quality of life score; tIgE, total immunoglobulin E; FeNO, 
fractional exhaled nitric oxide *there is a statistical difference between the two groups, 
p < 0.05.
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3.2.4. LEfSe analyze
LEfSe analysis is one of the tools used for identifying and 

interpreting biological markers in high-dimensional data. It can also 
be applied to compare groups to identify species (or biomarkers) 

with significant differences in abundance between those groups. 
Figures 7A,B shows the differential bacterial taxa with LDA scores 
above 3.5. The relative abundance of Firmicutes, Lachnospiraceae, 
Agathobacter, Parasutterella, Roseburia, and Subdoligranulum was 

FIGURE 2

Alpha-Diversity analysis chart. The Alpha-Diversity indexes comparing including Chao1, Shannon and Simpson. (A) Chao1 index at the phylum level; 
(B) Shannon index at the phylum level; (C) Simpson index at the phylum level; (D) Chao1 index at the family level; (E) Shannon index at the family level; 
(F) Simpson index at the family level; (G) Chao1 index at the genus level; (H) Shannon index at the genus level; and (I) Simpson index at the genus level. 
AR  =  allergic rhinitis group; HCs, healthy control group. ns, no statistical difference between the two groups; *there is a statistical difference between 
the two groups, p  <  0.05.

FIGURE 3

Beta-Diversity Analysis Chart. The Beta-Diversity including PcoA and Adonis analysis. (A) PCoA analysis results based on Bray curtis and (B) PCoA1 
difference based on Adonis analysis. AR, allergic rhinitis group; HCs, healthy control group.
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higher in the HCs group than that in the AR group. However, the 
relative abundance of Bacteroidetes, Prevotellaceae, and 
Enterobacteriaceae was higher in the AR group compared to 
the HCs.

3.3. Association of gut microbiota related 
to clinical indicators

Spearman correlation analysis was performed to investigate the 
correlation between different bacterial taxa and clinical indicators at 
the different levels. At the phylum level, Bacteroidetes was positively 
correlated with TNSS (p < 0.05), while Synergistetes and Acidobacteria 
were negatively correlated with EOS, tIgE, TNSS, and FeNO (all 
p < 0.05) (Figure  8A). At the family level, Enterobacteriaceae was 
positively correlated with EOS, tIgE, TNSS, and FeNO; Prevotellaceae 
was positively correlated with EOS, tIgE, TNSS, and QOL (all 
p < 0.05), while Burkholderiaceae was negatively correlated with EOS, 
tIgE and TNSS (all p < 0.05) (Figure  8B). At the genus level, 
Parasutterella, Roseburia, Agathobacter, and Subdoligranulum were 

negatively correlated with EOS, tIgE, TNSS, QOL, and FeNO (all 
p < 0.05) (Figure 8C).

4. Discussion

An increasing amount of research suggests that gut microbiota 
dysbiosis was closely linked to the incidence and development of 
allergic diseases (Arrieta et al., 2015; Fujimura et al., 2016; Khadka 
et  al., 2021). However, only one past study investigated the link 
between gut microbiota and childhood AR, but this study is limited 
to the Taiwan region (Chiu et al., 2019). Considering that different 
regional environments may have an impact on microecology. The 
aims of this study was to investigate the alters of children with AR in 
Chinese Mainland and evaluate the relationship between the gut 
microbiota and clinical indicators.

In this research, we observed that the alpha diversity in the gut 
microbiota was decreased, beta diversity and gut microbiota structure 
were significantly changed in AR children compared to HCs. The 
conclusions of our study showed a more significant statistical 

FIGURE 4

The difference of gut microbiota at phylum level. (A) Community composition at the phylum level; (B) Inter-group differences of Bacteroidetes in 
phylum; (C) Inter-group differences of Firmicutes in phylum; and (D) Inter-group differences in the ratio of Firmicutes to Bacteroidetes. AR, allergic 
rhinitis group; HCs, healthy control group. *there is a statistical difference between the two groups, p  <  0.05.

FIGURE 5

The difference of gut microbiota at family level. (A) Community composition at the family level; (B)  Inter-group differences of Prevotellaceae in family; 
(C) Inter-group differences of Burkholderiaceae in family; (D) Inter-group differences of Enterobacteriaceae in family. AR, allergic rhinitis group; HCs, 
healthy control group. *there is a statistical difference between the two groups, p  <  0.05.
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difference compared to the previous ones (Chiu et al., 2019). This 
study mainly found that the occurrence of AR in children is 
associated with changes in gut microbiota diversity. As compared to 
HCs, the Shannon index in AR children was significantly reduced, 
particularly at the family and genus levels. Similar trends were 
observed with the Simpson index and OTU count. Reduced gut 
microbiota diversity weakens their ability to resist external 
interferences, and it is believed to be  an important indicator of 
whether the gut microbiota is stable or not (Bäckhed et al., 2012). 
Other studies also shown that people with allergic diseases have lower 
gut microbiota diversity than healthy ones. Hua et al. analyzed 16S 
rRNA gene data obtained from US public database and found that 
the increased incidence of allergic diseases in adults was positively 
correlated with the reduction in gut microbiota diversity (Melli et al., 
2016). Meanwhile, Bisgaard et al. reported that the decrease in gut 
microbiota diversity at 1 month and 12 months after birth increased 
the risk of AR in children in the first 6 years of life (Bisgaard et al., 
2011). All of the above studies suggest that a decrease of gut 
microbiota diversity may influence the development of 
allergic diseases.

This study also found that the gut microbiota composition of 
children with AR significantly differs from HCs at various levels. At 
the phylum level, there is a certain difference in the proportion of 
Bacteroidetes and Firmicutes between the two groups, with a higher 
relative abundance of Bacteroidetes in AR children. Similar findings 
of Bacteroidetes abundance in fecal samples of allergy sufferers have 
been reported in other studies. Data analysis from the American Gut 
Project revealed that the phylum Bacteroidetes was more abundant in 
adults with nut and pollen allergies than in healthy adults (Melli et al., 
2016). A study from Japan also showed that infants with high 
abundance of Bacteroidetes were more prone to developing allergic 
diseases after the age of 2 (Songjinda et al., 2007). Bacteroidetes and 
Firmicutes are the most common phyla in fecal microbiota, and they 
play important roles in gut health and immune regulation through 
the production of short-chain fatty acids (SCFAs) (Brody, 2020). In 
general, the presence of Bacteroidetes was often linked to a higher 
production of acetate and propionate, whereas the presence of 
Firmicutes was often linked to a higher production of butyrate (den 
Besten et al., 2013). Of all the SCFAs, butyrate is a key component in 

keeping the colon healthy by serving as a source of energy for colonic 
epithelial cells and regulating tight junction expression to preserve 
the integrity of the gut barrier (Rauf et al., 2022). Lack of butyrate can 
cause transfer of inflammatory molecules and antigens to the 
submucosa and the circulatory system, leading to localized and 
systemic inflammatory reactions. The prevalence of Bacteroidetes 
over Firmicutes may decrease the production of butyrate, thereby 
impacting the integrity of the gut barrier (Rauf et al., 2022) and the 
gut permeability of allergic disease patients is significantly higher 
than that of healthy controls (Benard et  al., 1996; Majamaa and 
Isolauri, 1996). This implies that alterations in the abundance of 
Bacteroidetes and Firmicutes have an impact on the incidence and 
progression of allergic diseases, prompting the need for more 
research to clarify the connection between the level of butyrate-
producing bacteria and intestinal permeability in patients with 
atopic diseases.

At the family level, there was a significant increase in the relative 
abundance of Enterobacteriaceae in the AR group. Enterobacteriaceae 
are Gram-negative facultative anaerobes, including intestinal bacteria 
such as Escherichia coli, Shigella, and Salmonella. Some strains of 
Enterobacteriaceae can adhere to the intestinal mucosa and stimulate 
immune reactions (Kim et  al., 2018). Studies have found that in 
patients with allergies, the quantity of Enterobacteriaceae increases 
significantly. This phenomenon could be  associated with the 
disturbance of the gut microbiota, leading to potential impacts on 
host immune and allergic responses (Zimmermann et  al., 2019). 
Because E. coli and Shigella have the same 16S rRNA gene sequence, 
it is difficult to identify the specific adherent Enterobacteriaceae 
species only by 16S sequencing. Therefore, we  will perform 
metagenomic sequencing in the future to determine the exact types 
of adherent Enterobacteriaceae.

In the AR group, the relative abundance of Subdoligranulum, 
Agathobacter, and Roseburia at the genus level was significantly 
lower when compared to healthy controls. Subdoligranulum, a 
member of the Ruminococcaceae family, can activate the neonatal 
Treg cells’ MyD88/ROR-γt pathway, thus effectively preventing 
food allergies (Duncan et  al., 2004). The newly discovered 
Agathobacter belongs to the Lachnospiraceae family (Ahn et al., 
2016) and Roseburia has become a potential health marker for gut 

FIGURE 6

The difference of gut microbiota at genus level. (A) Community composition at the genus level; (B) Inter-group differences of Agathobacter in genus; 
(C) Inter-group differences of Parasutterella in genus; (D) Inter-group differences of Roseburia in genus; (E) Inter-group differences of 
Subdoligranulum in genus. AR, allergic rhinitis group; HCs, healthy control group. **there is a statistical difference between the two groups, p  <  0.01.
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microbiota due to its anti-inflammatory properties (Tamanai-
Shacoori et  al., 2017). Subdoligranulum, Agathobacter, and 
Roseburia can all produce butyrate, promoting gut health by 
providing energy to host cells and maintaining the integrity of the 
gut barrier (Ahn et al., 2016; Deaver et al., 2018). The decrease in 
relative abundance of Subdoligranulum, Agathobacter, and 
Roseburia in children with AR may indicate a decrease in butyrate 
levels and gut barrier disruption.

The cellular mechanism behind AR primarily involves the 
differentiation of CD4+ T cells into Th2 cells. This results in an 
imbalance of the Th1/Th2 ratio, thus promoting B cell activation 
and class switching to IgE (Kulkarni et al., 2011). Additionally, it 
causes the differentiation of B cells into IgE-producing plasma cells, 
as well as mast cell and eosinophil activation to release inflammatory 
mediators (Wang et al., 1992; Iinuma et al., 2018). Previous studies 
have demonstrated that an imbalanced gut microbiota can activate 

FIGURE 7

LEfSe chart. LEfSe analysis showed differential taxa with LDA scores greater than 3.5 between two groups (A) linear discriminant analysis (LDA) 
distribution histogram (LDA  >  3.5, p  <  0.05) and (B) Cladogram. AR, allergic rhinitis group; HCs, healthy control group.
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innate and adaptive immune cells, which may contribute to the 
onset of atopic diseases in children (Fujimura et  al., 2016). In 
addition, SCFAs, which are metabolic products of gut microbiota, 
serve as mediators of communication between the immune system 
and gut microbiota (Milligan et  al., 2017). SCFAs facilitate the 

differentiation of T cells into both regulatory and effector T cells, 
maintaining the balance between anti-inflammatory/
pro-inflammatory responses, and promoting the establishment of 
immune tolerance (Park et  al., 2015). Our study discovered 
alterations of gut microbiota in AR children, particularly, a 
reduction in the prevalence of butyrate-producing bacteria. This 
finding possibly supports the conclusion that SCFAs can prevent 
allergic respiratory diseases through their effects on T cells (Cait 
et al., 2018).

This study has some limitations. First, the sample size is relatively 
small, as most of the children had already used corticosteroids or 
antihistamines before their visit to the hospital. Second, the 
classification level in this study is relatively high, mainly at the phylum, 
family, and genus levels. Therefore, further research is needed to 
explore the changes in gut microbiota at the species level in children 
with AR to provide more precise microbiota-based treatments in the 
future. Lastly, as the role of gut microbiota metabolites in diseases 
becomes increasingly important, future studies will also perform 
metabolomics to further understand the changes in gut microbiota 
metabolites in children with AR.

5. Conclusion

In summary, we  observed a close relationship between 
childhood AR and gut microbiota, confirming the changes in gut 
microbiota composition and diversity in children with 
AR. We believe that gut microbiota has the potential for diagnosis 
and treatment of childhood AR, and also provides some ideas for 
mechanism of AR.
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early neonates
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Shanghai, China, 2Department of Pediatric, The First A�liated Hospital of Nanjing Medical University,
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Introduction: The gut-lung axis has long been recognized as an important

mechanism a�ecting intestinal and lung immunity. Still, few studies have examined

the correlation between the intestinal and pharyngeal microbiota in early

neonates, especially when feeding patterns are one of the main drivers of

microbiota development.

Methods: To explore the composition and function of intestinal and pharyngeal

microbiota and to analyze the e�ect of limited formula feeding on the initial

microbiota colonization in early full-term neonates, we characterized the stool

and oropharyngeal microbiota of 20 healthy full-term newborns sampled on days

0 and 5–7 after birth using 16S rRNA gene sequencing. Based on the sequencing

results, a comparisonwasmade of the compositions and functions of the intestinal

and oropharyngeal microbiota for analysis.

Results and discussion: At the phylum level, Firmicutes, Actinobacteria,

Proteobacteria, and Bacteroidetes were the most abundant in both niches. At

the genus level, the species of pioneer bacteria were rich in the intestine and

oropharynx but low in abundance on day 0. On days 5–7, Bifidobacterium

(25.40%) and Escherichia-Shigella (22.16%) were dominant in the intestine, while

Streptococcus (38.40%) and Staphylococcus (23.13%) were dominant in the

oropharynx. There were eight core bacteria genera in the intestine and oropharynx

on days 5–7, which were Bifidobacterium, Escherichia-Shigella, Staphylococcus,

Streptococcus, Bacteroides, Parabacteroides, Rothia, and Acinetobacter. As

indicated by PICRUSt analysis, on days 5–7, the intestinal microbiota was more

predictive than the oropharyngeal microbiota in transcription, metabolism, cell

motility, cellular processes and signaling, and organismal system function in the

KEGG pathway. Compared to exclusive breastfeeding, limited formula feeding

(40–60%) had no significant e�ect on the neonatal intestinal and oropharyngeal

microbiota composition during the initial colonization period. Our results suggest

that the initial colonization of microbiota is closely related to the ecological

niche environment in the intestine and oropharynx, with their core microbiota

being closely correlated. We found that early limited formula feeding could

not significantly a�ect the initial colonization of microbiota in the intestine

and oropharynx.

KEYWORDS

intestinal microbiota, oropharyngeal microbiota, gut-lung axis, 16S rRNA sequencing,

neonate
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1. Introduction

It is well acknowledged that the human microbiome serves as

an important mediator of health and disease. The microbes from

different body sites can have different community compositions

and functions, and cross-niche connections between microbiota

represent an unstudied influence on the infant microbiota (Grier

et al., 2018). Studies have revealed that the microbiota in distal

body sites may have a direct or indirect effect on proximal organs,

as manifested in the evidence that intestinal microbiota can affect

lung immunity via the gut-lung axis (Reyman et al., 2021; Mindt

and DiGiandomenico, 2022; Stevens et al., 2022). The gut-lung axis,

typically characterized by cross-niche microbiota interactions, has

been extensively studied. On the one hand, intestinal microbial

components and metabolites affect the development of lung

diseases through the signaling pathways that regulate immune

responses; on the other hand, lung diseases, especially infectious

diseases, can cause dysbiosis to affect the intestine through immune

regulation (Dang and Marsland, 2019). However, the majority of

studies have focused on late neonates, infants, or older children,

resulting in few studies on the initial microbiota of early neonates

(Powell et al., 2019; Chiu et al., 2020; Coffey et al., 2020). Given

the importance of obtaining and establishing a healthy microbiota

for the symbiotic host-microbiota relationship, it is necessary that

a better understanding of the initial microbiota be acquired.

The intestine, the most enriched site of the human microbiota,

is easily sampled, making it widely studied. On the other hand,

studies on the lung are currently limited because of its low biomass

and difficulty of sampling. Further, the sampling is particularly

constrained in healthy newborns due to ethical factors and parental

compliance (Hufnagl et al., 2020; Stricker et al., 2022). The density

and diversity of the airway microbiome are known to vary with

the location within the airway. The oropharynx has the highest

density of microbiota in the upper and lower respiratory tract and,

therefore representative of the airway microbiome (Ma et al., 2021).

Investigating the composition and characteristics of

oropharyngeal microbiota is one of the common approaches

to exploring the microbiota of the respiratory tract. In the

current study, we used 16S rRNA sequencing to characterize the

colonization and distribution of the intestinal and oropharyngeal

microbiota in healthy early neonates. The aim was to elucidate

the timing of the initial action of the gut-lung axis and establish a

dynamically balanced microbiota early in the colonization of the

neonates carrying commensal bacteria so that we could identify

the targets for the primary prevention and interventions of their

respiratory disease.

Colostrum was expected to be one of the sources of the first

microbiota in the intestine and oropharynx in early neonates, as

indicated by previously reported evidence that the inoculation

of microbiota from breast milk to the infant’s intestine mainly

occurred during the colostrum period (Qi et al., 2022). The

problem, however, was that a number of mothers tended to have

an inadequate supply of breast milk in the early postpartum period

or had to temporarily add a partial supplement of formula to their

newborns as a feeding transition due to certain disease statuses.

Therefore, we also examined the effect of early limited formula

feeding on the initial intestinal and oropharyngeal microflora

composition in early neonates.

2. Methods

2.1. Study design and population

A total of 20 healthy term infants were enrolled who were

delivered between September 2021 and February 2022 at Shanghai

Pudong New Area Maternal and Child Health Hospital. The

inclusion criteria were as follows: (1) 37w≤ gestational age< 42w,

BW ≥ 2,500 g, vaginal delivery; (2) singleton; (3) Being healthy

during pregnancy and without maternal history of smoking,

alcohol abuse, and illicit drug use; (4) No perinatal risk factors

for infection and no history of antibiotic application during the

perinatal period; and 5) Both the mother and newborn without

a history of using probiotic or prebiotic preparation during the

perinatal period. The exclusion criteria were as follows: (1) A

history of asphyxia and intracranial hemorrhage at the birth

of the newborn; (2) The presence of congenital malformations

or inherited metabolic disorders in the newborn; (3) Newborn

with hyperbilirubinemia or any other new-onset disease during

the study period; (4) Incomplete collection of paired samples

or incomplete data of important clinical information; and (5)

Withdraw or refusal by the guardian to cooperate in the middle of

the process. Of the 1,262 newborns screened, 20 met the inclusion

and exclusion criteria.

The current study, approved by the Committee of Medical

Ethics of Shanghai Pudong New Area Maternal and Child Health

Hospital (Approval #: 20210615B), was registered in the Chinese

Clinical Trial Registry (Registration #: ChiCTR2200056782).

Each participant’s legal guardian submitted an informed

consent.

2.2. Collection, processing, and culture of
samples

Fecal and oropharyngeal swab samples were collected by a well-

trained pediatrician on day 0 and day 5–7, respectively. The first

meconium of 3–5 g and fresh feces the newborn excreted naturally

on day 5–7 were placed in sterile lyophilization tubes. Within 4–6 h

postnatal and on day 5–7, oropharyngeal samples were collected

with sterile oropharyngeal swabs with a tongue depressor to avoid

contamination from the surrounding items by an experienced

clinician. Three samples were collected from each newborn at a

time. A consistent methodology was adopted for the storage and

processing of all samples. The samples were stored at−40◦C before

being transferred to the temperature of −80◦C within 1 week until

DNA extraction.

2.3. Bacterial DNA extraction

Total genomic DNA was extracted from the fecal and

oropharynx swab samples using E.Z.N.ATM Mag-Bind Soil DNA

Kit (OMEGA, M5635-02), according to the manufacturer’s

instructions. The extracted DNA was quantified with Qubit 3.0

(Life, Q10212).
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FIGURE 1

The flowchart of participant enrollment.

2.4. PCR method and sequencing

The bacteria genomic DNA was amplified twice with

the primers of 341F (5’-CCTACGGGNGGCWGCAG-3’)

and 805R (5’-GACTACHVGGGTATCTAATCC-3’) based

on the V3-V4 variable region of the 16S rRNA gene. The

PCR amplification products were examined for quality

by electrophoresis on a 2% agarose gel before being

sequenced using the Illumina MiSeqTM/HiseqTM platform

for library construction.

2.5. Bioinformatics analysis

The raw sequences obtained from sequencing [Sangon

Biotech (Shanghai) Co., Ltd (China)] were quality-controlled

and optimized; the optimized sequences were clustered

into operational taxonomic units (OTU) at 97% similarity

level using Usearch (version 11.0.667) so that the OTU

representative sequences were obtained. The representative

sequences were picked for each OTU to be compared

using the RDP classifier (version 2.12) based on the RDP

database (http://rdp.cme.msu.edu/misc/resources.jsp) to

annotate the taxonomic information for each representative

sequence. To compute the alpha diversity, the OTU table

was rarified, and the Shannon index and Chao1 estimator

was calculated. The abundance of species in the samples was

counted at the phylum and genus levels before performing the

clustering analysis.

2.6. Clinical data collection

The clinical data were derived from the electronic medical

record review, which included the physical examination at

enrollment and the rest of hospitalization. Demographic

characteristics included gestational age, birth weight, sex,

delivery mode, Apgar scores at 1, 5, and 10min, antibiotic

exposure, probiotic or prebiotic exposure, maternal weight add,

and maternal age.
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2.7. Statistical analysis

The analyses were performed on SPSS 26 software, and the

R 3.6.0 software was used to produce Venn diagrams of species

distributions and the box line plots of variance tests for Chao1

and Shannon indices. Based on Bray Curtis distances, the principal

component analysis (PCA) was used to illustrate the beta diversity

between groups. GraphPad Prism 8.0 software was used for plotting

the relative abundance histograms and the core microbiota double

Y-axis graphs, and PICRUSt 1.1.4 software was used to predict the

functional potential of the intestinal and oropharyngeal microbiota.

STAMP 2.1.3 software was applied to the comparing of the

abundance of sample functions between S2 and T2 groups and the

differential taxa between feeding groups.

The normally distributed continuous variables were reported

as means ± standard deviations, using two independent samples

t-test, while Welch’s t-test was used when the variables were not

equal. The non-normally distributed continuous variables were

expressed as the median (Q1, Q3) and tested using non-parametric

tests. Comparisons were made between two groups using Mann-

Whitney U tests, and for comparing two groups with unequal

number variances, the Welch’s t-test was used. The differentially

abundant taxa were identified with the LefSe tool. Between groups,

similarity was analyzed using analysis of similarities (ANOSIM

analysis) along with the PERMANOVA test. The categorical data

were presented as n (%), and the χ
2 test or Fisher’s exact tests

were used for analysis. Bilateral p < 0.05 was considered to be

statistically significant.

3. Results

3.1. Characteristics of the study population

A total of 20 neonates were enrolled in this study. As

indicated in Figure 1, all participants were born out of vaginal

delivery, with their Apgar scores being 10 for 1, 5, and 10min.

According to different sampling sites and sampling time points,

the samples were divided into four groups: stool on day 0 (S1),

oropharyngeal swab on day 0 (T1), stool on day 5–7 (S2), and

oropharyngeal swab on day 5–7 (T2). A total of 40 pairs of stool and

oropharyngeal swab samples were collected from the 20 neonates,

which contained detectable bacterial rRNA without exception. The

clinical characteristics of the mother-neonate pairs are shown in

Table 1.

3.2. High-throughput sequencing situation

A total of 80 samples were derived from the 20 neonates, from

which 5,099,357 sequencing reads were obtained. After the filtering

process, 20% of the sequences were removed, leaving 4,031,740 final

valid sequences for subsequent analysis, with an average base length

of 421.99 ± 6.07 bp. The sequence depth was sufficient to obtain

a high degree of sequence coverage for all samples (mean: 0.998;

median: 0.999; range: 0.988–0.999). More OTUs were detected in

the oropharynx than in the intestine. On day 0, the percentage

of OTUs shared by the intestine and oropharynx was 57.50%. On

TABLE 1 Clinical characteristics of 20 neonates.a,b

Characteristics Exclusive
breastfeeding

(n = 8)

Limited
formula
feeding
(n = 12)

p-value

GA, days 276.63± 8.09 278.25± 3.62 0.607

BW, g 3322.50± 443.26 3516.25±

337.36

0.281

Male, n (%) 6 (75) 10 (83.33) 1.000c

Apgar score

1-min 10 10 1.000

5-min 10 10 1.000

10-min 10 10 1.000

Vaginal delivery, n 8 (100) 12 (100) 1.000

Antibiotic

exposure, n

0 0 1.000

Probiotic/Prebiotic

exposure, n

0 0 1.000

Maternal Weight

add, kg

13.00± 3.74 15.83± 3.738 0.114

Maternal Age, y 29.38± 4.24 30.00± 4.94 0.625

aGA, gestational age; BW, birth weight. bData are presented as n (%) or mean (±SD) unless

otherwise stated. cFisher’s precision probability test.

day 5–7, the percentage of OTUs shared between the intestine and

oropharynx was 34.19%; the OTUs shared by the two decreased

steadily with the time of birth (Figure 2).

3.3. Comparison of the microbial diversity
in di�erent ecological niches

3.3.1. Alpha diversity
To assess the differences in the diversity and abundance

of intestinal and oropharyngeal microbiota, we compared the

Shannon and Chao1 indices. On day 0, the differences in the

Shannon index (p= 0.3408) and Chao1 index (p= 0.1918) between

the intestine and oropharynx were not statistically significant. On

day 5-7, no significant difference was observed in the Shannon

index between the intestine and oropharynx (p= 0.1417), while the

Chao1 index was higher in the oropharynx than in the intestine (p

= 0.0051), with a statistically significant difference (Figures 3A, B).

3.3.2. Beta diversity
The ANOSIM analysis results showed that the between-group

differences of the intestinal and oropharyngeal microbiota were

greater than those of the within-group at the two time points and

that the subgroups were comparable (Figures 3C, D). To further

compare the differences in the overall microbiota composition

of the intestine and oropharynx, PCA analysis was performed

based on OTU levels. PERMANOVA analysis showed significant

differences in the composition of the intestinal and oropharyngeal
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FIGURE 2

The Venn diagram of operational taxonomic units (OTU) abundance in each group. The sequencing reads shared by S1 and T1 was 2,928 (A), and

shared by S2 and T2 was 810 (B) (S1: stool on day 0; T1: oropharyngeal swab on day 0; S2: stool on day 5–7; T2: oropharyngeal swab on day 5–7).

FIGURE 3

Comparison of the microbial diversity between the intestine (red) and oropharynx (blue). (A, B) The Chao1 and Shannon index was shown as

estimators. On day 0 and day 5–7, no significant di�erence was observed in the Shannon index between the intestine and oropharynx (A). On day 0,

the Chao1 index between the intestine and oropharynx was not statistically significant, while it was higher in the oropharynx than in the intestine,

with a statistically significant di�erence on day 5-7 (B). The Mann-Whitney U test was used between every two groups. ns p > 0.05, **p < 0.01 (S:

stool; T: oropharyngeal swab). (C, D) Principal component analysis (PCA) at the OTU level of each group. The horizontal and vertical axes indicate the

two selected principal component axes and the percentages indicate the value of the degree of the di�erences in sample composition by the

principal components; each sign represents an individual sample, and the points of di�erent colors or shapes indicate the samples of di�erent

groupings. The closer the points of the two samples, the higher the degree of similarity in the species composition of the two samples. The distance

between S2 and T2 (D) was further than S1 and T1 (C). The PERMANOVA test was used between each two groups.

microbiota on day 0 (R2 = 0.074, p = 0.001), and the differences

increased up to day 5–7 (R2 = 0.193, p= 0.001).

3.4. Comparison of the microbial structure
of the newborns in di�erent ecological
niches

3.4.1. The microbial composition of the intestine
and oropharynx at the phylum level

The analysis of the main dominant phyla at both sites—

Firmicutes, Actinobacteria, Proteobacteria, and Bacteroidetes

(Figure 4A)—showed that on day 0, the relative abundances

of Proteobacteria were 66.95 and 29.57% in the intestine

and oropharynx (p = 0.0001), respectively, with Firmicutes

4.83% and 11.67% (p = 0.0144), Actinobacteria 5.64% and

3.56% (p = 0.0256), and Bacteroidetes 3.74% and 5.43% (p

= 0.3942), respectively. On day 5-7, the relative abundance

of Proteobacteria was 26.07% and 4.84% in the intestine

and oropharynx (p = 0.0036), respectively, with Firmicuria

30.07% and 68.09% (p = 0.0010), Actinobacteria 29.93% and

5.64% (p = 0.0256), and Bacteroidetes 12.96% and 5.56% (p =

0.2976), respectively.

When compared with day 0, the relative abundance of

Firmicutes and Actinobacteria increased significantly (p < 0.0001,

p = 0.0207) while that of Proteobacteria decreased substantially
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FIGURE 4

Comparison of the microbial structure of the newborns in di�erent ecological niches. At the phylum level, both on day 0 and day 5–7, the relative

abundances of Proteobacteria, Firmicutes, and Actinobacteria in the intestine and oropharynx all showed statistically significant di�erences, while

Bacteroidetes showed no statistically significant di�erence (A). At the genus level, only Staphylococcus and Pseudomonas showed statistical

di�erences between the intestinal and oropharyngeal microbiota on day 0, but Streptococcus, Staphylococcus, Escherichia-Shigella, Pseudomonas,

Acinetobacter, and Bradyrhizobium showed statistical di�erences on day 5–7 (all with p < 0.05) (B). The Mann-Whitney U test was used between

every two groups. *, **, and *** represent p ≤ 0.05, ≤0.01, and ≤0.001, respectively. (C) The core microbiota in the intestine and oropharynx at the

genus level on day 5-7. Approximately 8 core microbiotas were observed in the intestine, while 16 core microbiotas were observed in the oropharynx.

There were 8 core microbiotas shared by both, such as Bifidobacterium, Escherichia-Shigella, Staphylococcus, Streptococcus, Bacteroides,

Parabacteroides, Rothia, and Acinetobacter. (D) Distinct bacterial taxa for the microbiota in the intestine and oropharynx at di�erent time points that

were identified by the LEfSe analysis. Green shaded areas indicate microbe orders to better describe the oropharyngeal microbiome from both time

points of the neonates; red shaded areas indicate microbe orders to better describe the fecal microbiome from both time points of the neonates;

The prefixes “p,” “c,” “o,” “f,” and “g” represents the annotated level of phylum, class, order, family, and genus; the genera with a linear discriminant

analysis (LDA) score >3 shown for the data sets. The higher the LDA score, the greater the influence of species abundance on the di�erence.

in the intestine (p = 0.0001) on day 5-7, producing statistically

significant differences. Similarly, the relative abundance of

Firmicutes increased significantly (p < 0.0001), while that of

Proteobacteria and Bacteroidetes decreased significantly in the

oropharynx (p = 0.0001, p = 0.0012), showing statistically

significant differences.

3.4.2. The microbial composition of the intestine
and oropharynx at the genus level

On day 0, the intestinal microbiota was mainly composed

of Pseudomonas (19.45%), unidentified_Enterobacteriaceae

(13.42%), Escherichia-Shigella (10.39%), Acinetobacter

(7.91%), and Bifidobacterium (4.13%). Meanwhile, the

oropharyngeal microbiota included Staphylococcus (6.98%),

unidentified_Enterobacteriaceae (6.90%), Bradyrhizobium

(6.06%), Acinetobacter (2.07%), and Bacteroides (1.68%).

On day 5-7, the intestinal microbiota was mainly

composed of Bifidobacterium (25.40%), Escherichia-Shigella

(22.16%), Bacteroides (10.76%), Streptococcus (10.72%),

and Staphylococcus (8.78%), while the oropharyngeal

microbiota had Streptococcus (38.40%), Staphylococcus

(23.13%), Bacteroides (4.64%), Gemella (3.13%), and

Bifidobacterium (2.63%).

Of the top ten genera with average relative abundance, only

Staphylococcus and Pseudomonas showed statistically significant

differences between the intestinal and oropharyngeal microbiota

on day 0 (p = 0.001, 0.005). By day 5–7, statistically significant

differences were observed between the intestinal and oropharyngeal

microbiota in terms of Streptococcus, Staphylococcus, Escherichia-

Shigella, Pseudomonas, Acinetobacter, and Bradyrhizobium

(all with p < 0.05), with an increase in differential genera

(Figure 4B).

The core microbiota was defined as the genus present

in ≥ 50% and average relative abundance above 10% of

the samples in each group (the samples of the intestine

and oropharyngeal swab) (Bach et al., 2020). On day 5–7,

8 core microbiotas were observed in the intestine, and 16
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FIGURE 5

Di�erent analyses of the metabolic function enrichment in S2 and T2. The left indicates the proportion of the relative abundances of di�erent

microbiota functions in the two groups; the middle indicates the proportion of di�erences in the relative abundance of microbiota functions within

the 95% confidence interval; the far right shows p; p < 0.05 indicates a significant di�erence, marked in red.

core microbiotas, in the oropharynx, with 8 core microbiotas

shared by both, such as Bifidobacterium, Escherichia-Shigella,

Staphylococcus, Streptococcus, Bacteroides, Parabacteroides, Rothia,

and Acinetobacter (Figure 4C).

3.4.3. Community structure di�erences between
the intestinal and oropharyngeal microbiota

The analysis of the microbiota of fecal and oropharyngeal

swab samples using the LEfSe tool to detect potentially significant

differences in the relative abundance of the intestine and

oropharyngeal microbiota revealed that there were significant

differences between S1 and T1 groups in five genera. Pseudomonas

were more abundant in S1, and Staphylococcus, Anaerococcus,

Corynebacterium, and Ralstonia were more abundant in T1. The

results further showed that the number of different bacteria

genera increased significantly in S2 and T2 groups; the

unclassified_Gammaproteobacteria and Escherichia_Shigella

were more abundant in S2 than in T2; Streptococcus,

Staphylococcus, Gemella, Rothia, Halomonas, Streptophyta,

Sphingomonas, Acinetobacter, Burkholderia, Pseudomonas,

Bradyrhizobium, and Bacillus were more abundant in T2 than in

S2 (Figure 4D).

3.5. The functional predictive analysis of the
intestinal and oropharyngeal microbiota

To determine the function of the initial microbiota, the

functional potential of the intestinal and oropharyngeal microbiota

was predicted on PICRUSt 1.1.4. On STAMP 2.1.3 software, the

functional abundance of S2 and T2 were compared. Through the

analysis of the metabolic pathways at the Kyoto Encyclopedia of

Genes and Genomes (KEGG) secondary taxonomic level, it was

found that the intestinal microbiota carried a higher gene function

in transcription; metabolism; biosynthesis of other secondary

metabolites; immune system; cell motility; nervous system; cellular

processes and signaling; glycan biosynthesis and metabolism, and

lower gene function in metabolic pathways such as metabolism of

terpenoids and polyketides; lipid metabolism; signaling molecules

and interaction; cell growth and death; xenobiotics biodegradation
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andmetabolism; nucleotide metabolism; and translation other than

the oropharyngeal microbiota (all with p < 0.05, Figure 5).

4. Discussion

The colonization and progressive diversification of primary

microorganisms in an infant’s gut play an important role in

establishing a symbiotic system of host-microbe interactions (Shi

et al., 2018). In the current study, we used 16S rRNA gene

sequencing technology to detect the microbiota composition and

differences in the intestine and oropharynx of full-term healthy

newborns. The results showed more microbiota categories in the

oropharynx than in the intestine. The microbial diversity was

similar in the intestine and oropharynx during this research period,

while the microbiota was richer on day 5–7 in the oropharynx,

consistent with the findings of Yang et al. (2021). The results of

the PCA analysis showed a more pronounced separation between

different samples of the intestine and oropharynx, suggesting a

large individual difference between samples within the group,

which may be related to the genetic and environmental factors of

the host.

The microbial composition analysis showed that Firmicutes,

Actinobacteria, Proteobacteria, and Bacteroidetes were the most

abundant taxa in the intestine and oropharynx at the time

points of both, which was consistent with the findings of

Bach et al. (2020) and Ibironke et al. (2020). However, the

composition of the microbiota produced a significant difference

between the two niches and time points. In the intestine, the

relative abundance of Proteobacteria was highest on day 0; the

relative abundance of Proteobacteria, Firmicutes, Actinobacteria,

and Bacteroidetes were approximately equal on day 5–7. In

the oropharynx, the relative abundance of Proteobacteria was

highest on day 0, followed by Firmicutes; by day 5–7, Firmicutes

was the absolutely dominant phylum. At the genus level, the

two ecological niches were rich in species and low in the

abundance of pioneer genera on day 0, with few differential

genera; the two ecological niches steadily showed their different

specific taxa on day 5–7, with Bifidobacterium (25.40%) and

Escherichia-Shigella (22.16%) predominating in the intestine. These

findings were in agreement with those previously reported by

Bäckhed et al. (2015). On day 5–7, Streptococcus (38.40%) and

Staphylococcus (23.13%) predominated in the oropharynx, and

these findings were consistent with those previously reported

by Maleki et al. (2020). Furthermore, between the two niches,

there existed more significantly different bacteria genera. These

findings suggested that the initial microbiota could be diverse

and low in abundance in the intestine and oropharynx of

the early neonates and that the microbiota of each ecological

niche could develop rapidly during the first week of life,

with the emergence of their specific dominant microbiota,

which is consistent with the findings of Pattaroni et al.

(2022).

According to a previous study, the abundance of specific

taxa in one body site exhibited strong associations with the

community types of the others (Grier et al., 2018). In this

study, all the core microbiota observed in the intestine were

shared with the oropharynx in the early neonates. Thus, we

hypothesized that the probiotics, which are capable of regulating

the intestinal microbiota, could also regulate the respiratory

microbiota and affect lung immunity. Further analyzing the

shared core microbiota, we found that the core dominant bacteria

differed between the intestine and the oropharynx; the intestine

had Bifidobacterium and Escherichia-Shigella. Bifidobacterium,

known to be a health-related microorganism for its role as

a probiotic (Reyman et al., 2019), promotes intestinal health

and protects against pathogens (Pan et al., 2021; Lin et al.,

2022) and is associated with a lower incidence of respiratory

infections and asthma (Wypych et al., 2019). The delay in

the establishment of Bifidobacterium may have a significant

impact on the early life and future health of infants. In the

oropharynx, Streptococcuswas the core dominant genus of bacteria.

Streptococcus is an early oropharyngeal colonizer and plays an

irreplaceable role in establishing the initial microbiota, and

is characterized by a heterogeneous population that includes

commensal bacteria and pathogens. The commensal streptococci

can produce hydrogen peroxide to inhibit the growth of pathogenic

microbiota, including methicillin-resistant Staphylococcus aureus

and Pseudomonas aeruginosa in the hospital, and regulate the

immune balance of colonization sites. Thus, far, researchers

have explored using commensal streptococci as probiotics to

regulate susceptibility to respiratory infections (Al-Shehri et al.,

2016; Clark, 2020). In addition, Lactobacillus, another known

probiotic, especially sIgA-bound Lactobacillus, has been reported

to possess the potential to interact with the host gut to regulate

homeostasis (Sun et al., 2019; Qi et al., 2021). The current study

showed no significant difference in the relative abundance of

Lactobacillus in the gut and oropharynx of early neonates (p =

0.3648, 0.1115), which may be one of the directions to explore

respiratory probiotics.

It has been well recognized that feeding patterns are one of

the main factors affecting the process of microbiota acquisition

and establishment in early neonates (Ruiz et al., 2019; Kaan et al.,

2021). For newborns, exclusive breastfeeding is the best way to

get the benefits of immunity and healthy outcomes. Compared

with mature milk, colostrum performs the main function of

immunity (Toscano et al., 2017) and has been called “liquid

gold” because it plays an irreplaceable role in the initiation of

a balanced immune system and the acquisition and colonization

of the initial microbiota during the early neonatal period. In

the current study, however, we found that quite a number of

mothers had insufficient breast milk in the early stage after

delivery, and they needed partial supplementation with formula

to help their newborns make a feeding transition. As shown

in the Supplementary material, when compared with exclusive

breastfeeding, early limited formula feeding (40–60%) during

the initial colonization period had no significant effect on the

composition of microbiota in the intestine and oropharynx

of the early neonates, which was consistent with the findings

of Bäckhed et al. (2015). Therefore, we hypothesize that the

anatomical niche itself is the most important explanatory variable

for the initial microbial community composition and that the

environment of the niche is the main driver of the local

microbiota colonization.

Our study suggested that the intestinal microbiota could

perform a higher gene function in transcription, metabolism,
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biosynthesis of other secondary metabolites, immune system,

cell motility, nervous system, cellular processes and signaling,

and glycan biosynthesis and metabolism. Meanwhile, the

oropharyngeal microbiota was more highly predictable in

such metabolic pathways as the metabolism of terpenoids

and polyketides, lipid metabolism, signaling molecules and

interaction, cell growth and death, xenobiotics biodegradation and

metabolism, nucleotide metabolism, and translation. It is evident

that the intestinal microbiota can affect the metabolic, immune,

and neurological functions of the human body, as previously

established with the regulation of the intestinal microbiota that

could function as one of the effective strategies for the prevention

and treatment of lung diseases (Sencio et al., 2020; Wang et al.,

2020). Based on the relevance and differences in the composition

and function of the intestinal and oropharyngeal microbiota, the

development of probiotic agents or antimicrobial therapies could

offer an approach to preventing or treating respiratory diseases.

Although the inclusion criteria were strictly controlled and the

intensity of formula addition was equal between the observation

groups, our study still contained some limitations. One limitation

arose from the relatively small number of samples. In addition, due

to ethical concerns over the collection of the lower respiratory tract

samples from healthy neonates, we failed to conduct a comparative

follow-up of the samples. Finally, the analysis was conducted only

at the genus level, which could be explained by the limitation of

detection techniques.

In conclusion, we succeeded in identifying the key early

neonatal intestinal and oropharyngeal strain categories, which

we believe can facilitate the establishment of a normal base

model for subsequent intervention studies. Furthermore, we

confirmed that early transition feeding with moderate amounts of

formula did not alter the initial colonization of the intestinal and

oropharyngeal microbiota.
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Maternal microbiota forms the first infant gut microbial inoculum, and perinatal 
factors (diet and use of antibiotics during pregnancy) and/or neonatal factors, 
like intra partum antibiotics, gestational age and mode of delivery, may influence 
microbial colonization. After birth, when the principal colonization occurs, the 
microbial diversity increases and converges toward a stable adult-like microbiota 
by the end of the first 3–5 years of life. However, during the early life, gut microbiota 
can be disrupted by other postnatal factors like mode of infant feeding, antibiotic 
usage, and various environmental factors generating a state of dysbiosis. Gut 
dysbiosis have been reported to increase the risk of necrotizing enterocolitis and 
some chronic diseases later in life, such as obesity, diabetes, cancer, allergies, 
and asthma. Therefore, understanding the impact of a correct maternal-to-infant 
microbial transfer and a good infant early colonization and maturation throughout 
life would reduce the risk of disease in early and late life. This paper reviews the 
published evidence on early-life gut microbiota development, as well as the 
different factors influencing its evolution before, at, and after birth, focusing on 
diet and nutrition during pregnancy and in the first months of life.

KEYWORDS

gut microbiota, breast-feeding, diet, delivery mode, colonization, pregnancy, infant, 
newborn

1. Introduction

The human body harbors trillions of microorganisms whose coordinated actions are 
believed to be important for human life. Such microbial cell populations reach their highest 
density in the gut compartment, where they collectively form a complex microbial community 
known as the gut microbiota, which develops over the first 3 years of life until it reaches its adult 
form (Milani et al., 2017). The gut microbiota is composed of a significant number of different 
bacteria, approximately 160 species per person per fecal sample, and this ecosystem plays an 
important role in human health (Rodríguez et al., 2015). Gut microbiota members may belong 
to any of the three domains of life, i.e., Archea, Bacteria, and Eucarya, and also includes viruses. 
The gut microbiota is dominated by two phyla, Bacteroidetes and Firmicutes, followed by 
Actinobacteria, Proteobacteria, Verrucomicrobia, Fusobacteria, and Cyanobacteria in lower 
proportions (González-Bermúdez et al., 2018). Bacteroidetes, which account for 90% of the gut 
microbiota, include bacteria belonging to the genus Bacteroides and Prevotella. Firmicutes is 
constituted by a large number of genera, the most important being Lactobacillus and 
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Clostridium, and Proteobacteria contains the genera 
Enterobacteriaceae. The main genus belonging to the Actinobacteria 
phylum in the human intestine is Bifidobacterium (Sebastián-
Domingo and Sánchez-Sánchez, 2018). These microorganisms are 
known to establish complex trophic relationships with each other and 
their human host, ranging from symbiosis to parasitism (Milani 
et al., 2017).

In general, during childhood, various behaviors of the infant such 
as skin-to-skin contact with the mother, the introduction of objects, 
as well as parts of the body in the mouth like hands and foots, 
especially during the stage of crawling, are actions that promote the 
exposure to microbes (Arrieta et  al., 2014). In addition to these 
actions, there are some windows of opportunity for microbiota 
modulation, from pregnancy to childhood, where the microbiota is 
more affected by environmental factors.

Until now, it was believed that during the first year of life, the 
infant gastrointestinal microbiota should evolve from being almost 
sterile, as the “sterile uterus paradigm” proposes, to a complex and 
varied community, with its composition and structure subjected to 
great variability (Funkhouser and Bordenstein, 2013). However, recent 
studies suggest that infants host an initial microbiome from the 
mother through the amniotic fluid (DiGiulio, 2012; Wang et al., 2013; 
Collado et al., 2016; Rehbinder et al., 2018), umbilical cord blood 
(Jiménez et al., 2005; Wang et al., 2013) and fetal membranes (Jones 
et al., 2009) and receive a maternal microbe supplementation through 
birth and breastfeeding. As a result, for the process of transmission 
and when it takes place, there are currently different theories among 
the scientific community, but there is a certain consensus on the main 
factors that can influence the transmission and subsequent 
colonization of the intestinal microbiota of the infant, with maternal 
diet during gestation, use of antibiotics including intrapartum 
antibiotics and type of delivery being the three main influential 
prenatal factors (Biasucci et al., 2008; Huurre et al., 2008; Mueller 
et  al., 2015a; Kuperman and Koren, 2016; Mirpuri, 2020; Taylor 
et al., 2023).

The gestation period is one of these critical windows and focusing 
on diet, maternal diet has been considered a key factor that could play 
an important role in the colonization process in several ways. One of 
these is because newborns are colonized with vaginal and rectal 
strains from the mother transiently during delivery; this maternal 
microbiota could be affected by the dietary pattern during pregnancy 
defining the maternal microbiota and therefore the colonization of the 
newborn (Jiménez et al., 2005).

For example, it has been shown that maternal diet and fetal 
immune development are related through changes in the mother’s gut 
microbiota (Kaplan et al., 2011; Li et al., 2014; Boutin and Finlay, 
2016; Chu et  al., 2016a; Mirpuri, 2020). Dietary changes during 
pregnancy may affect the microbial composition and diversity of the 
pregnant gut, as well as the production of short-chain fatty acids 
(SCFA). SCFA, propionate, acetate and butyrate, are the main 
metabolites formed by gut bacteria through the microbial 
fermentation of microbiota-accessible carbohydrates (MAC) and are 
the main source of energy for colon cells (Alsharairi, 2020a). Among 
many of their functions, these metabolites affect T lymphocytes and 
dendritic cells by binding to protein-coupled receptors and directly 
inhibiting histone deacetylases, which promotes the differentiation 
of T-helper cells (Th1, Th2; Stiemsma and Turvey, 2017; Panzer and 

Lynch, 2015). A diet low in MAC has been shown to reduce bacterial 
diversity and SCFA production, which may interfere with regulatory 
T-cell function and lead to inhibition of immunoglobulin A and G 
(IgA, IgG) production (Alsharairi, 2020a). Also, data from animal 
models suggests that gut microbiome transferred through the 
placenta produces several metabolites that act as important mediators 
in the development of fetal immunity (Gray et al., 2017). Therefore, 
understanding how the whole process of transmission, colonization, 
and microbial evolution takes place during the first months of 
neonatal life is crucial.

Another route by which maternal diet during pregnancy can lead 
to changes in the microbiota of the infant is through breast milk. 
Several authors have observed variations in breast milk microbiota 
and other important bioactive compounds due to the diet of the 
mother during pregnancy (review by Taylor et  al., 2023). This 
microbiota, present in breast milk, will be  another source of 
colonization during the infant’s early life and may therefore influence 
the colonization patterns and establishment of the infant’s 
gut microbiota.

To date, there are published studies that attempt to gather 
information on how the various factors mentioned above influence 
the gut microbiota of the infant (Funkhouser and Bordenstein, 2013; 
Milani et  al., 2017; Chong et  al., 2018; Selma-Royo et  al., 2019). 
However, publications focusing on diet (García-Mantrana et al., 2016; 
Chu et al., 2016a; Maher et al., 2020; Mirpuri, 2020; Miko et al., 2022; 
Taylor et al., 2023) have not covered the prenatal and postnatal period 
together and have not considered other modulatory factors that play 
an important role in the colonization process and development of the 
infant gut microbiota. All these aspects have been included in 
this review.

The present review is intended as a synopsis summarizing the 
different research and articles that focus on all these factors, with 
emphasis on diet. A critical appraisal of other research has been made 
with the aim to put them in context in an orderly, precise, and 
analytical manner while pointing out the similarities and differences 
in the literature reviewed.

2. Methods

A literature search was performed using the electronic databases 
PubMed/Medline and Scopus with no date limits, for the description 
of the “theory of colonization in the uterus” in a timeline format, and 
with date limits (from January 1, 2000 to July 5, 2023) for the analysis 
of prenatal and postnatal factors that influence the intestinal 
microbiota of the infant. The most relevant published studies were 
identified in an independently way by the authors.

The keywords used were (alone or in combination): colonization, 
meconium, amniotic fluid, uterus, sterile uterus paradigm, intestinal 
microbiota, pregnancy, lactation, diet, perinatal/postnatal, factors, 
antibiotics, gestational age, delivery, geographical, siblings, lifestyle, 
probiotics, dietary pattern, breastmilk, infant formula, weaning, 
complementary feeding, vegetarian diet, high fat diet, ketogenic diet, 
gluten-free diet, and infant gut microbiota. The search included 
reviews/systematic reviews, meta-analyses, randomized controlled 
trials/experimental studies, and observational studies (case, cross-
sectional, case–control, cohort reports) published in English.
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3. Transmission, colonization and 
evolution of the infant gut microbiota

3.1. Prenatal transmission and colonization: 
“The sterile womb paradigm” vs. “in-utero 
colonization hypothesis”

Until recently, the in-utero environment has been considered 
sterile under normal conditions, and the colonization process was 
thought to begin at birth when the infant is exposed to the microbiota 
of the mother and the environment (Koleva et al., 2015). According to 
this concept, microbes are acquired both vertically (from the mother) 
and horizontally (from other humans or the environment) during and 
after the birth (Perez-Muñoz et al., 2017).

Since the studies of Escherich (1989), who first describe the 
meconium (the earliest stool from an infant) to be  free of viable 
bacteria, the idea that term fetuses are sterile in utero has been widely 
accepted (Perez-Muñoz et al., 2017). A few years later, Tissier (1900) 
established that bacterial colonization of the newborn occurs when 
the newborn initiates transit through the birth channel via 
contamination by maternal vaginal and fecal bacteria. The process 
continues after delivery and progressively the intestinal lumen of the 
newborn becomes colonized by temporal microbiota. The abundance 
and variety suffer changes over time to culminate into a relatively 
stable microbial composition seen throughout adulthood (Jiménez 
et al., 2008). Most of the studies that established the sterile womb 
paradigm employed traditional culture-based methods and 
microscopy, which are still considered valid today despite these may 
fail to detect viable but non-cultivable microbes (Milani et al., 2017).

For more than a century, the hypothesis of Escherich was generally 
accepted even though other three additional independent studies 
conducted in 1927 (Burrage, 1927), 1934 (Hall, 1934), and 1936 
(Snyder, 1936), suggesting some microbial activity in meconium 
which supposed a conflict between both ideas.

After the early studies on the meconium discussed above, further 
microbiological research on this topic ceased for a period of over 60 
years (Koleva et al., 2015) until Jiménez et al. (2008). They reported 
100% (n = 21) of meconium to be  positive for bacteria by culture 
techniques and therefore rebut the non-sterility of infant meconium 
shown by earlier researchers. Two years later and using non-culture-
based techniques, Mshvildadze et al. (2010) provided further evidence 
on the presence of bacteria in meconium obtained from neonates born 
at 22 to 32 weeks gestational age. These authors detected microbial 
DNA in 91% of samples and denaturing gradient gel electrophoresis 
(DGGE) profiling revealed an association between prematurity and 
reduced meconium microbial diversity.

There is now a multitude of recent studies employing next-
generation DNA sequencing techniques that have challenged the 
traditional view of human microbiome acquisition. These studies 
propose that neither the fetus, the placenta, or the amniotic fluid are 
sterile, and that acquisition and colonization of the human 
gastrointestinal tract begins in utero, what is known as “in-utero 
colonization hypothesis” (Jiménez et al., 2008; Aagaard et al., 2014; 
Collado et al., 2016).

Madan et al. (2012), in a prospective longitudinal study, applied 
high throughput pyrosequencing of the hypervariable V6 region of the 
16S rRNA gene to understand the gut microbial colonization in 
prematurity; they found that meconium of all subjects (n = 6) was not 

sterile, being Lactobacillus, Staphylococcus and Enterobacteriaceae the 
predominant bacterial genera. Gosalbes et al. (2013) characterized 
meconium microbiota in 20 term newborns from a Spanish birth 
cohort, to assess whether it contributes to the future microbiota of the 
infant’s gastrointestinal tract, and to evaluate how it relates to lifestyle 
variables and atopic-conditions. Their conclusion was that the 
microbial pattern differed from the microbiota of feces, vagina, and 
skin from adults but was similar to that of young infant feces. Another 
conclusion of this study was that meconium microbiota has an 
intrauterine origin, which is influenced by maternal factors and may 
have consequences for childhood health.

A few years later, Moles et al. (2013) aimed to characterize the 
evolution of gut microbiota during the first 3 weeks of life of 14 
preterm neonates, including the meconium microbiota. The bacterial 
diversity and taxonomy were examined using culture-dependent and 
molecular techniques, including DGGE and Human Intestinal Tract 
Chip (HITChip) analysis of 16S rRNA amplicons. Both approaches 
showed that spontaneously released meconium of such neonates 
contains a specific microbiota that differs from those observed in early 
fecal samples (Rodríguez et  al., 2015). The phylum Bacilli and 
Firmicutes were the main bacteria groups detected in meconium, 
while Proteobacteria phylum was more abundant in fecal samples. 
Another study, carried out by Hu et al. (2013), aimed to assess if the 
bacterial community of meconium is affected by maternal diabetes 
status. Samples were collected from 23 newborns stratified by 
maternal diabetes status and the microbiome was profiled using multi-
barcode 16S rRNA sequencing followed by taxonomic assignment and 
diversity analysis. A diversified microbiota was found in all meconium 
samples, which was not affected by the mode of delivery, showing a 
lower species diversity, higher sample-to-sample variation, enrichment 
of Proteobacteria and reduction of Bacteroidetes compared to adult 
feces. The taxonomy analyses, among the meconium samples, 
suggested that the overall bacterial content in meconium significantly 
differed by maternal diabetes status. Specifically, in those samples of 
the diabetes group, the phyla Bacteroidetes and the genus 
Parabacteroides were enriched. Two years later, one study by Hansen 
et al. (2015), showed evidences of microbial presence in 66% (10 of 
15) of meconium samples, from 15 healthy full-term vaginally-
delivered infants. The taxa which predominated in meconium 
belonged to Bifidobacterium, Enterobacteriaceae, Enterococcaceae, and 
Bacteroides-Prevotella (Koleva et al., 2015).

Shi et al. (2018) used a metagenomic sequencing technique to 
characterize the meconium microbiome from a Chinese cohort of 
vaginally and C-section delivered infants (CSDI); the authors founded, 
in contrast to Hu et al. (2013) the meconium microbiome diversity 
was higher in vaginally delivered infants (VDI) than that in 
CSDI. Propionibacterium species were most abundant in the VDI, 
whereas the CSDI group had high levels of Bacillus licheniformis. 
Moreover, different modes of delivery affected the antibiotic resistance 
gene prevalence, what might influence the infant’s health later in life. 
In this sense, Dominguez-Bello et al. (2010) also studied the impact 
of birth mode on bacterial communities in a rectal swab obtained at 
birth. They also found that the meconium microbiota composition of 
full-term infants (FTI) was also influenced by the mode of delivery 
(Koleva et al., 2015).

Furthermore, Tapiainen et  al. (2018) investigated if maternal 
factors during pregnancy, such as the environment, influence the 
microbiome of the first stool more than immediate perinatal factors. 
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Regions of the bacterial 16S rRNA gene were sequenced to characterize 
the microbiome of the first-pass meconium samples (n = 212). With a 
relative abundance of 44 %, Firmicutes was the most abundant phyla, 
Proteobacteria, 28 %, and Bacteroidetes, 15 %. The diversity of 
microbiome was increased by the biodiversity of the home 
environment, whereas perinatal factors, such as the delivery mode or 
exposure to antimicrobials during the birth did not have any effect.

In summary, despite the fact that culture and molecular techniques 
in diverse publication have provided preliminary evidences for diverse 
groups of bacteria in meconium from both FTI and preterm infant, its 
origin remains unclear. Meconium microbial communities have low 
species diversity and high inter-individual variability, thus being very 
similar to early fecal microbiota (Hu et al., 2013; Moles et al., 2013). 
At the phylum level, meconium microbiota looks more closely to gut 
microbes of infants than of adults (Dominguez-Bello et al., 2010). 
Despite this similarity, when compared meconium with fecal samples 
at 3 and 12 months, meconium was found to be  less abundant in 
Bacteroides and Bifidobacterium species and therefore more likely to 
be  colonized with Escherichia-Shigella and Enterococcus (Bäckhed 
et al., 2015). Moreover, the high similarity between meconium and 
amniotic fluid microbes (Ardissone et al., 2014), and the fact that large 
quantities of amniotic fluid are swallowed by fetus in the last trimester 
of pregnancy (Gilbert and Brace, 1993), leads to the assumption that 
the meconium microbiota may have an intrauterine origin. As 
we reviewed in detail in the next section, these findings contradict the 
classic dogma whose main idea is that the newborn comes from a 
sterile environment and suggest that the establishment of intestinal 
microbiota is initiated in the prenatal gut (Koleva et al., 2015).

On the other hand, in two recently published papers (Dos Santos 
et al., 2021; Kennedy et al., 2021), the authors have compared the 
sequencing of meconium samples and negative controls (a swab 
exposed to operating theatre air during delivery, genomic prep 
reagents either exposed to PCR hood air during sample preparation 
or not exposed and PCR amplifications without added template DNA) 
traying to elucidate if meconium is sterile or not, and in both they 
observed no significant differences in the number of reads or 
taxonomic composition between negative controls and meconium, 
which again supports “the sterile womb paradigm.”

3.2. Origin of meconium microbiota and 
routes of transmission

Thanks to the new advances in sequencing and molecular 
technologies, it has been possible to study the microbiome of areas 
considered sterile. Some recent studies have provided evidences of the 
presence of microbes in placental tissue (Aagaard et  al., 2014), 
amniotic fluid (DiGiulio, 2012; Wang et al., 2013), umbilical cord 
blood (Jiménez et al., 2005), fetal membranes (Jones et al., 2009) and 
meconium (Hu et al., 2013; Moles et al., 2013; Collado et al., 2016; Shi 
et al., 2018) the existence of functional pathways that allow a bacterial 
exposure with the fetus during the stage of pregnancy (Koleva 
et al., 2015).

While vaginal microbes associated with preterm birth can get 
access to the uterine environment through an ascending route, the 
mechanisms by which gut bacteria reach this human niche (placenta, 
amniotic fluid and umbilical cord) are not well understood.

There are still many doubts about what could be the mechanisms 
by which intestinal bacteria gain access to the uterine environment. It 

has been suggested that gut microorganisms after translocation of the 
gut epithelium, are able to travel to the placenta through the 
bloodstream. It is known that one of the main roles of the intestinal 
epithelial barrier is to prevent microbial entry into the circulatory 
system, but dendritic cells can actively penetrate the intestinal 
epithelium to the intestinal lumen where bacteria are present, elevate 
these live bacteria and transport them through the body as they 
migrate to the lymphoid organs (Rodríguez et al., 2015).

Furthermore, bacterial species that are normally found in the 
human oral cavity have also been isolated from the amniotic fluid and 
probably these bacteria, during periodontal infections, may have 
access to the bloodstream thanks to the inflammation of the gums. 
The main bacterial species, with an oral origin, found in amniotic fluid 
are Fusobacterium nucleatum, Streptococcus spp., Bergeyella spp., 
Porphyromonas gingivalis, Rothia dentocariosa, and Filfactor alocis 
(Funkhouser and Bordenstein, 2013).

To test whether maternal gut bacteria can be transferred to fetuses 
in utero, two pioneer studies investigated if oral administration of a 
genetically labelled Enterococcus faecium to pregnant mice resulted in 
its presence in amniotic fluid and meconium of term off-spring after 
sterile c-section (CS; Jiménez et  al., 2005, 2008). In both studies, 
Enterococcus faecium genetically distinctive strain was detected by 
polymerase chain reaction in the intestinal lumen of pups delivered 1 
day prematurely by CS. Also, E. faecium with the genetic label was 
cultured from amniotic fluid and meconium of pups from inoculated 
mothers. In contrast, it could not be detected in the samples obtained 
from a non-inoculated control group.

On the other hand, other studies have concluded that there is no 
evidence of a placenta, amniotic fluid and/or early contact with 
microbes (Lauder et al., 2016; Rehbinder et al., 2018; Panzer et al., 
2023) and therefore, the in-utero colonization hypothesis continues to 
be the subject of debate (Selma-Royo et al., 2019). A review published 
by Perez-Muñoz et  al. (2017) concluded that current scientific 
evidence does not support the existence of microorganisms in the fetal 
healthy environment.

With new molecular and sequencing techniques, it has been 
possible to overcome the limitation of culture-based methods, but it 
is true that the data that support the in-utero colonization hypothesis 
must be  taken with extreme caution, because of particular 
methodological limitations. For example, the bacterial DNA detected 
may belong to non-viable microorganisms, that is, dead 
microorganisms which cannot be  detected by culture-based 
techniques. In the case of studies carried out in placenta this 
consideration is particularly important because it plays a key role in 
the elimination of microbes and other components that may 
be ubiquitous in the blood (Perez-Muñoz et al., 2017; Panzer et al., 
2023). Another important methodological issue is that the highly 
sensitive molecular techniques employed to study the low microbial 
biomass, may detect contaminating microbes and therefore produce 
false-positive results (Milani et al., 2017).

4. Microbial colonization and their 
evolution during the first months of 
life: how the establishment of the 
microbiota occurs?

It is from birth when the human microbial colonization process 
begins to a greater extent and continues to develop and modulate in 
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species abundance for about 3 years, until the microbiota becomes 
adult-like. A great number of trials in both animal models and 
humans, suggests that this period constitutes a critical window for 
immunological and physiological development (Arrieta et al., 2015).

For example, the intestinal-barrier plays an important role in the 
defense against infections, and nutritional, endocrine, and immune 
functions. Increased permeability may cause beneficial effects but also 
may enhance the uptake of microorganisms and foreign antigens, 
leading to risk of development of infection, inflammation and 
systemic hypersensitivity (Łoniewska et al., 2020). At birth, intestine 
is highly permeable and then drops sharply after delivery, which leads 
to a process known as “gut closure” during the first year of life. It has 
been shown that the use of antibiotics and vaginal delivery have been 
associated with an increase in the intestinal permeability during this 
period (Łoniewska et  al., 2020) and that Ruminococcus (torques 
group) might be  one of the microorganisms most involved in 
controlling paracellular permeability (Kaczmarczyk et al., 2021).

The great advances in metagenomic technologies during the last 
20 years have allowed us to know more accurately the composition of 
the intestinal microbiota since early infancy (Bäckhed et al., 2015; Hill 
et al., 2017; Murphy et al., 2017). Different genotype-based studies 
have provided definitive evidence of the transmission of specific 
microbes from mothers to the gut of their infants (Dominguez-Bello 
et al., 2010; Bäckhed et al., 2015; Asnicar et al., 2017). This concept of 
transmission between mother and infant is commonly known as 
vertical transmission or mother-newborn transmission (Figure 1). For 
example, Bäckhed et  al. (2015), using metagenomic sequencing, 
compared the microbial species in 98 newborns and their mothers and 
found that 135 of 187 taxonomically annotated MetaOTUs present in 
vaginally delivered newborns also were found in their own mothers 
including important species such as Escherichia/Shigella, 
Bifidobacterium longum, Enterococcus faecalis, Bacteroides fragilis, 
B. thetaiotaomicron, and Bilophila wadsworthia, reinforcing the 
concept of vertical transference. Also, Dominguez-Bello et al. (2010) 
demonstrated that neonates born vaginally have a microbiota 
resembling the vaginal microbiome, enriched with Lactobacillus and 
Prevotella species, although other bacteria, such as the 
Enterobacteriaceae family, including Escherichia or Klebsiella, are also 
present (Selma-Royo et al., 2019). On the contrary, Dos Santos et al. 
(2023) conducted a longitudinal, prospective cohort study of 621 
Canadian mother-newborn pairs and collected pre-delivery maternal 
vaginal swabs and infant stool samples at 10-days and 3-months of life. 
The aim was to evaluated the effect of maternal vaginal microbiome 
composition on the development of the infant stool microbiome. The 
authors concluded that maternal vaginal microbiome composition at 
delivery does not affect infant stool microbiome composition 
and development.

During vaginal delivery, the infant gut becomes colonized by 
maternal vaginal and fecal bacteria (Lactobacillus, Prevotella of the 
Bacteroidetes phylum, Sneathia of the Fusobacteria phylum; Jiménez 
et al., 2008). First colonizers, facultative anaerobes such as members 
of the Enterobacteriacea family, create an anaerobic environment in 
the intestinal lumen which allows the growth of strict anaerobes as 
Bifidobacterium spp., Clostridium, and Bacteroides (Koleva et al., 2015; 
Rodríguez et al., 2015). The neonatal gut microbiota is characterized 
by low bacterial diversity and higher inter-individual variability as well 
as a relative dominance of the phyla Proteobacteria and Actinobacteria 
(mainly comprised of Bifidobacterium genus). The microbiota become 

more diverse with the emergence and dominance of Firmicutes and 
Bacteroidetes as time after birth increases, resembling the adult 
composition and diversity approximately between 2 and 5 years of age 
(Yatsunenko et al., 2012; Bäckhed et al., 2015; Rodríguez et al., 2015).

A secondary route of maternal microbial transmission is 
breastfeeding. Breast milk provides a mix of nutrients and pro 
microbial and antimicrobial agents, which satisfies the nutritional 
requirements of the infant and confers protection against pathogens 
through the transmission of maternal antibodies (IgA) and other 
antimicrobial factors (Arrieta et al., 2014; Milani et al., 2017). Maternal 
microbial transmission occurs in two different ways, indirectly, via 
maternal milk factors that affect bacterial growth and metabolism 
such as human milk oligosaccharides (HMO), secretory IgA, and anti-
microbial factors and, directly, by the exposure of the neonate to the 
milk microbiota (van den Elsen et al., 2019).

Traditionally, through the use of culture-dependent techniques 
the presence of microbes in human milk has been confirmed. Most 
bacteria isolated from breast milk belong to Staphylococcus, 
Streptococcus, Lactobacillus, and Bifidobacterium spp., (Gomez-
Gallego et al., 2016). It has been described that an infant can consume 
approximately 800 ml/day of milk, leading to ingest between 105 and 
107 bacteria per day, with human milk constituting one of the main 
sources of bacteria to the breastfed infant gut (Fernández et al., 2013). 
However, the composition of breast milk microbiota is not stable over 
time. Various studies have been able to determine that there is an 
evolution throughout the period of breastfeeding. For example, 
Cabrera-Rubio et al. (2012) concluded that the colostrum microbiota 
has a higher diversity than mature milk, being dominated by Weissella, 
Leuconostoc (both lactic acid bacteria), Staphylococcus, Streptococcus, 
and Lactobacillus spp. One month later, the Staphylococcus level is 
dramatically reduced, and there are higher levels of Veillonella, 
Prevotella, Leptotrichia (typical inhabitants of the oral cavity), 
Lactobacillus, Streptococcus spp., and increasing levels of 
Bifidobacterium and Enterococcus spp. These techniques have 
confirmed the existence of a rich and diverse breast milk microbial 
community. Also, Ward et  al. (2013) carried on a shotgun 
metagenomics analysis of 10 pooled human milk samples by total 
DNA sequencing and reported that Proteobacteria (65 %) and 
Firmicutes (34 %) are the predominant phyla and Pseudomonas spp. 
(61.1%), Staphylococcus spp. (33.4%), and Streptococcus spp. (0.5%) are 
the predominant genera.

Some reviews summarize that human milk microbiota could 
derive from colonization from mother’s skin and the infant’s oral 
cavity during suckling because breast milk flows back into the 
mammary ducts, which provides a route for bacteria found in their 
infant’s oral cavity to enter the mammary gland. But a number of 
studies also support the entero-mammary pathway hypothesis, 
wherein bacteria from the maternal gut may reach the mammary 
glands via dendritic cells and macrophages (Fernández et al., 2013; 
Gomez-Gallego et  al., 2016; Milani et  al., 2017; van den Elsen 
et al., 2019).

In addition to shaping the composition of the microbiota, the 
practice of early feeding affects the metabolism of the microbiota. The 
microbiomes of newborns and breastfed are enriched in genes 
necessary for the degradation of HMO. HMO are the third largest 
component of breast milk and are structurally complex sugars unique 
to human breast milk. They are not digestible, promote the 
proliferation and growth of specific microorganisms, including 
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Bifidobacterium and Bacteroidetes, and the metabolism of these 
substrates resulted in the production of lactate and short-chain fatty 
acids (SCFA), which in turn increased the acidity of the surrounding 
environment, an important factor in preventing the invasion of 
pathogens. For all of that, HMO are considered a type of prebiotic and 
exert positive effects on health (Arrieta et al., 2014; Chong et al., 2018; 
van den Elsen et al., 2019).

Throughout the first year of life, gut bacterial diversity and 
richness continue to respond rapidly to changes in the infant diet. The 
first introduction of infants to solid foods occurs during weaning 
(complimentary feeding) when infants are exposed to a much larger 
array of non-digestible carbohydrates than those present in breast 
milk or formula. The presence of new substrates can significantly alter 
the gut microbiota, favoring the growth of polysaccharides fermenters 
such as Bacteroides, Clostridium, Ruminococcus, and Faecalibacterium 
(Arrieta et al., 2014; Vallès et al., 2014). During weaning the alpha 
diversity, concept that indicates how many different species could 
be  detected in a microbial ecosystem, increases, resulting in the 
replacement of Proteobacteria and Actinobacteria by Firmicutes and 
Bacteroidetes phyla as the dominant members of the infant microbiota 
(Fallani et al., 2011; Bergström et al., 2014; Laursen et al., 2016; Milani 
et al., 2017; van den Elsen et al., 2019).

Additionally, the introduction of solid foods also changes the 
metabolic function of the gut bacteria as genes involved in the 
degradation of sugars from breast milk are less needed and utilized. 
Instead, the microbiota adapts to the available energy source, and 
functionally matures to be able to degrade complex sugars and starch 
found in solid food (Bäckhed et al., 2015). By the end of the first year 
of life, the composition of the infant gut microbiota is more similar to 
the microbiota of an adult; however, a typical adult microbial profile 
is not established until 2-3 years of age (Yatsunenko et al., 2012). The 

development of such condition reaches a climax status represented by 
the establishment of a homoeostasis among all its members. A wide 
range of factors can cause shifts in this microbiota balance, thereby 
disrupting the gut microbiota homoeostasis and causing a state of 
dysbiosis. There is a controversy on the exact meaning of dysbiosis, 
simply because of the lack of an accurate description of a “normal” or 
healthy microbiota. Dysbiosis is usually associated with harmful 
effects and may have long-term consequences leading to disorders or 
diseases. The process of development and maturation of the intestinal 
microbiota is a dynamic and non-random process, in which both 
positive and negative interactions take place between the main 
microbial taxa (Milani et al., 2017). Therefore, more research is needed 
to clarify what specific components of a solid food diet play the biggest 
role in the development of the infant gut microbiota and how it will 
affect the child’s health in the long term.

5. Main influential factors in the 
microbial colonization

Human microbial colonization represents the de novo assembly of a 
complex microbial community, a process that is influenced by a number 
of different factors (both intrinsic and extrinsic) such as mode of delivery, 
type of feeding, and antimicrobial treatments. Also, as previously 
discussed, the diet during the pregnancy period and during the first years 
of life has an influence in this development. The mother’s age, as well as 
environmental and life style, and family genetics have also been reported 
to impact the infant microbiota (González-Bermúdez et  al., 2018). 
Various epidemiological studies have established a clear correlation 
between these factors that disrupt the gut microbiota during childhood, 
and immune and metabolic disorders later in life (Sevelsted et al., 2015; 

FIGURE 1

Schematic summary of the two main routes that comprise the vertical transmission or mother-newborn transmission. (A) Route linked to the type of 
delivery. (B) Route linked to breastfeeding. HMO: Human Milk Oligosaccharides.
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Milani et al., 2017). The following section highlights some perinatal, 
neonatal and postnatal factors that are thought to influence the 
development of infant gut microbiota (Figure 2).

5.1. Prenatal and perinatal factors

Prenatal factors during pregnancy can affect the maternal gut 
microbiota, which in turn can affect the infant gut colonization and 
even influence the future development and behavior of the infant.

5.1.1. Antibiotics during pregnancy
Regarding the use of antibiotics, initial epidemiological evidence 

indicates that disrupting microbial exchange through the use of 
antibiotics in pregnancy may increase offspring risk of some chronic 
diseases later in life, such as childhood obesity and asthma (Mueller 
et  al., 2015b). As many reviewed resume, inappropriate antibiotic 
usage may significantly disrupt the overall ecology of the gut 
microbiota, alter the abundance of resident gut bacteria, potentially 
lead the child toward certain diseases, and conferring antibiotic 
resistance in infancy (Arrieta et  al., 2014; Kumbhare et  al., 2019; 
Dierikx et al., 2020). In one of the previous studies carried out in mice, 
it was observed that prenatal antibiotics decrease the diversity and 
structure of the microbiota (Tormo-Badia et al., 2014).

Antibiotics treatment during pregnancy is widespread in Western 
countries, representing 80% of the medications prescribed at this 
stage. However, although antibiotic treatment can sometimes save 
lives, it can also have harmful consequences. The use of antibiotics in 
the prenatal period, has been associated with delayed colonization by 
some microbes especially Bifidobacterium and Lactobacillus species 
(Jauréguy et al., 2004; Westerbeek et al., 2006; Faa et al., 2013; Keski-
Nisula et al., 2013). Also, a study carried out by Mueller et al. (2015a) 
found that children exposed to prenatal antibiotics in the second or 
third trimester had 84% higher risk of obesity compared with 
unexposed children.

Stokholm et al. (2014) reported an increase in vaginal colonization 
by species of Staphylococcus due to the use of antibiotics during 
pregnancy and also observed a mayor colonization by Escherichia coli 
at women treated at the third trimester of pregnancy. All these 
alterations may have effects on the early microbial colonization of the 
neonate. However, according to more recent studies (Kamal et al., 
2019; Korpela, 2021), no significant differences in gut microbiota 
composition were found between infants exposed and unexposed to 
maternal antibiotic who born by C-section, but antimicrobial alters 
the gut microbiota in a significantly way in vaginally delivered infants.

During the perinatal period the main cause of antibiotic exposure 
is the use of intrapartum antibiotic prophylaxis (IPA) in over 30 % of 
total deliveries (Nogacka et  al., 2018). Mothers are given IPA as 
standard treatment for prevention of vertical transmission of Group 
B Streptococcus to neonates. This standard of care treatment is an 
opportunity to examine how antibiotics can affect the infant 
microbiome (Kim et al., 2019). It has been reported in recent studies 
that IPA affects the development of later microbiota in the newborn 
(Jauréguy et al., 2004; Keski-Nisula et al., 2013; Aloisio et al., 2014; 
Arboleya et al., 2015; Azad et al., 2016; Gonzalez-Perez et al., 2016). 
As Korpela (2021), the vaginally delivered infant’s gut microbiota 
pattern, whose mothers were exposed to IPA, was represented by an 
increase in Clostridia, Enterobacteria, Streptococci and pathogens 
species, and a decrease in Bifidobacteria.

More specifically, in a longitudinal prospective birth cohort, the 
bacterial community in early life of infants exposed to IPA were 
different from that infant who were not exposure at 10 days and 6 
weeks of age, and these differences disappeared at 12 weeks (Stearns 
et al., 2017). The authors observed that Actinobacteria had a delay 
pattern of colonization. Also, the time of exposure to treatment 
influences the pattern of colonization as in this study, there was a 
decrease of 7.2 % in the abundance of Bifidobacterium and a positive 
effect on the abundance of Clostridium for each hour of IPA 
administration during vaginal birth. Aloisio et al. (2016) observed 
significant differences in the microbial composition in newborns 
whose mothers received IPA during delivery, with increased level of 
Proteobacteria and a lower number of Actinobacteria and 
Bacteroidetes. A similar pattern and a higher abundance of 
Proteobacteria and Firmicutes was also observed by Nogacka et al. 
(2018). These findings underscore the fact that the consumption of 
antibiotics by mothers during pregnancy can affect the gut microbiome 
of the newborn, which in turn can affect the health and development 
of the infant. Therefore, this factor must be  carefully observed 
and controlled.

5.1.2. Consumption of probiotics and 
supplements

Despite the existence of a wide range of research conducted on the 
use of probiotics during pregnancy and the influence on breast milk 
microbiota, the data on how probiotics affect the offspring’s gut 
microbiota are very limited. The consumption of probiotics during 
gestation had been related with a lower risk of atopic disease or asthma 
in infants (Lahtinen et al., 2009; Ismail et al., 2013).

The study carried out by Lahtinen et al. (2009) is the only research 
found to date that study the consumption of probiotic by the mother 
during gestation up to the time of delivery, and their effect in the 
offspring gut microbiota. The authors employed an exclusively 
prenatal supplementation strategy and observed an increase in the 
prevalence of B. longum among the infants (at 90 days of life) whose 
mothers consumed probiotics during late pregnancy and a trend 
towards a higher increased prevalence of B. breve. These results are 
important because these findings are in line with the entero-
mammary hypothesis.

According to a recent systematic review conducted by Zaidi et al. 
(2021), consumption of probiotic during pregnancy and lactation was 
associated with the same beneficial bacteria colonization of the infant 
gut but with varying effects according to participant characteristics, 
type of supplement administered, and outcome measured. Also, this 
review concluded that nutritional supplementation with probiotic or 
vitamin D during pregnancy and lactation had very limited effects on 
the alpha and beta diversity of the breastmilk and infant gut 
microbiota (Zaidi et al., 2021). Regarding vitamin D supplementation, 
in the KOALA birth cohort (Talsness et  al., 2017), the authors 
observed limited associations between maternal vitamin D 
supplementation, 25-hydroxyvitamin D concentration, and the infant 
gut microbiome. Just a negative correlation between levels of maternal 
vitamin D and Bifidobacterium spp. was also reported.

5.1.3. Diet and nutrition during pregnancy
As discussed above, the maternal intestinal flora is the major 

source of a healthy microbiota for the newborn, and the diet during 
pregnancy may modify the proportion of different groups, and 
therefore, the pattern of colonization of the newborn in utero and 
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subsequently during delivery and early life. Moreover, the changes in 
the mother’s microbial composition can alter the abundance of genes 
that promote various metabolic processes during pregnancy (Gohir 
et al., 2015) also affecting the microbial composition of the newborn. 
Several previous studies, in addition to demonstrating a clear 
association between the diet and the intestinal microbiome, have also 
successfully revealed the important role of maternal dietary 
modulations, since they can influence changes in the infant’s intestinal 
microbiome (Table 1). Moreover, it has recently been reported that the 
maternal diet during pregnancy has a key impact on both the maternal 
and infant microbiota in a delivery mode-dependent manner (Chu 
et al., 2016b; Lundgren et al., 2018; Selma-Royo et al., 2021).

5.1.3.1. High fat diets
A high fat diet during pregnancy and its effects in offspring is one 

of the most studied patterns among researchers (Ma et al., 2014; Gohir 
et al., 2015; Chu et al., 2016b; Mann et al., 2018). Ma et al. (2014) 
concluded, in a primate model, that maternal consumption of high fat 
diet during pregnancy or post birth results in dysbiosis of the neonatal 
intestinal microbiome. They observed the dominance of Bacteroidetes 
and an increase in the abundance of Prevotella in the offspring’s gut 
(Ma et al., 2014). Chu et al. (2016b) carried out a study in humans and 
demonstrated that independently of the maternal body mass index, a 
high fat maternal diet reduced Bacteroides levels in the neonatal 
gut microbiome.

Some authors have focused their research on how intake or 
exposure to certain specific fats such as fish oil, polyunsaturated fatty 
acid (PUFA) and monounsaturated fatty acids (MUFA), or vitamins 
influence the microbiota. For example, Gibson et al. (2015) compared 
the intestinal microbiota among offspring of rats born to mothers fed 
either n-6 (PUFA), n-3 PUFA or control feed; the authors concluded 
that there is a general reduction in microbial richness due to maternal 

exposure to a diet rich in PUFA. It was also observed an increase in 
the level of Bacteroidetes in the gut microbiota of offspring born to 
mothers who had consumed a diet rich in fish oil and also a reduction 
of Enterobacteriaceae and Bifidobacteria spp. and an abundance of 
taxa of opportunistic pathogens like Bacteroides fragilis, Bilophila 
wadsworthia and Enterococcus faecium when compared to the control 
group (Gibson et al., 2015). However, Urwin et al. (2014) did not 
found significant effect on maternal or infant gut microbiota based on 
the consumption of salmon, rich in n-3 and n-6 PUFA. When the 
authors took into account the mode of feeding, they observed that 
formula-fed infants in the salmon group were associated with lower 
bacterial counts of the Atopobium cluster compared to controls, 
though this was not observed in breastfed infants (BFI).

Mandal et al. (2016) studied, in 60 women in the second trimester 
of pregnancy, the relationships between the intake of macro and micro 
nutrients from diet and their gut microbiota through the use of food 
frequency questionnaires and observed, after delivery, taxonomic 
differences. They concluded that some of the most important 
modulators of the mother’s gut microbiota are fats and fats soluble 
vitamins. Specifically, they observed that a higher dietary intake of 
fat-soluble vitamins, especially vitamin D, were associated with 
reduced microbial alpha diversity. In addition, vitamin D, mono 
unsaturated fat, cholesterol and retinol were associated with higher 
levels of Proteobacteria, a phylum known to be  associated with 
multiple pathogens and to have pro-inflammatory properties. On the 
other hand, the authors observed that saturated fats, vitamin E and 
proteins were associated with a relative reduction in Proteobacteria 
levels (Mandal et al., 2016).

Newly, Selma-Royo et al. (2021), in a nested cross-sectional study 
(MAMI cohort) observed that intake of saturated (SFA) and MUFA, 
is associated with both maternal and neonatal microbiota at the time 
of birth, in a delivery mode-dependent manner. Members of 

FIGURE 2

Main influential factors in the gut microbiota development. IPA: Intra partum antibiotic. SCFA: Short chain fatty acids. IBD: Infant bowel disease.
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Firmicutes in neonatal gut microbiota were positively associated with 
a high fat intake, more specifically SFA and MUFA, during pregnancy, 
and negatively associated with a high consumption of fiber, proteins 
from vegetable sources, and vitamins by the mother.

5.1.3.2. Very low-calorie ketogenic diet
The very low-calorie ketogenic diet (VLCKD) is a type of diet that 

is gaining much interest as a therapeutic approach to many diseases 
such as epilepsies (Lim et al., 2022; Zambrano et al., 2023). However, 
little is known about its effects during pregnancy on the mother’s or 
offspring’s gut microbiota and health. A few researchers have 
investigated the VLCKD, its possible influence on the gut microbiota 
of children and its therapeutic implications in asthma (Alsharairi, 
2020b), obesity (Alsharairi, 2021) and inflammatory bowel diseases 
(Alsharairi, 2022) but not in pregnant women or infants.

The VLCKD is characterized by a low carbohydrate, moderate 
protein, and high fat diet (Lim et al., 2022). This low carbohydrate 
intake changes the energy source from glucose to ketone bodies 
(acetoacetate and β-hydroxybutyrate) allowing to achieve nutritional 
ketosis. The VLCKD includes sources of dietary fiber, fats (high in 
PUFA, moderate in MUFA and low in saturated fats) and plant-based 
protein, which may influence the development of SCFA-producing 
bacteria, and therefore, lead to an anti-inflammatory state. 
Furthermore, ketone bodies play an important role in regulating gut 
homeostasis and gene expression through epigenetic modifications 
similar to butyrate (Alsharairi, 2020b, 2022).

Despite all the potential benefits of the VLCKD, it would 
be  premature to recommend this type of diet during pregnancy. 
Pregnancy is a period when nutritional requirements change 
according to the stage and where a shortage of macro- or 
micronutrients can trigger adverse health effects in both mother and 
offspring. At present, there is a paucity of high-quality clinical trials 
and prospective cohort studies to monitor changes in maternal gut 
microbiota composition during pregnancy and lactation following the 
VLCKD and their potential long-term effects on maternal and 
offspring health.

5.1.3.3. Vegetarian diet
Nowadays, plant-based and vegetarian eating pattern are very 

extended. This type of diet is related to lower risk of obesity, 
cardiovascular disease, cerebrovascular disease, diabetes mellitus, and 
chronic kidney disease in adults (Miko et al., 2022).

In relation to its role in the gut microbiota, the vegetarian diet, due 
to fiber content, could promote beneficial changes such as an increased 
synthesis of SCFA.

To date, there is limited information on how a vegetarian diet 
during gestation may affect the gut microbiota of the newborn. There 
are two studies that investigated the role of a vegetarian or fruit-rich 
diet during gestation on the gut microbiota of the infant and in both 
cases different results were observed. Lundgren et al. (2018) found a 
negative association between maternal diets high in fruits and 
vegetables and the beneficial microbe Bifidobacterium in vaginally 
born infants. On the other hand, Fan et al. (2021) studied the effects 
of high or low fruit and vegetable gestational intake on the infant gut 
microbiota and did not observe any change in the alpha diversity but 
the authors did observe a variation in the infant’s microbiome. 
Specifically, the counts of Propionibacteriales, Propionibacteriaceae, 
Cutibacterium, Tannerellaceae, Parabacteroides, and Lactococcus were 

higher in the microbiome of infants with high maternal vegetable and 
fruit consumption.

5.1.3.4. Probiotics food consumption
One of the nutritional recommendations for pregnant women 

is to increase the consumption of dairy products, including 
yogurt. Yogurt is a food produced by the bacterial fermentation of 
cow’s milk and it is considered a probiotic food since Lactobacillus 
bulgaricus and Streptococcus thermophilus are living in its 
preparation. Bisanz et al. (2015) assessed the influence of maternal 
consumption of probiotic yogurt with Lactobacillus rhamnosus 
GR-1 supplemented with Moringa plant on the infant microbiome 
and found an association between the maternal consumption of 
yogurt and an increase in the relative abundance of 
Bifidobacterium and a decrease in the relative abundance 
of Enterobacteriaceae.

Another food that is being consumed is Kefir. Kefir is a unique 
fermented dairy product that is produced by mixing lactic acid 
bacteria, acetic acid bacteria and yeast. Tunay and Kök (2022) 
investigated the possible effect of kefir consumption during gestation 
on the intestinal microbiota of the newborn and observed that had 
indeed transferred unique bacteria of kefir (Lactobacillus 
kefiranofaciens subsp. kefiranofaciens, Lentilactobacillus kefiri and 
Lentilactobacillus parakefiri) to the infant gut.

5.1.3.5. Sweetened consumption
The consumption of sweeteners is very popular among the 

population. Nowadays, there is a high concern, about the negative 
impact that high sugar intake has on health and maybe this is one of 
the reasons why the use of sweetener, such us aspartame, sucralose or 
acesulfame-K, it has become very popular. One of the main foods that 
include sweeteners in their list of ingredients are sweetened beverages.

Laforest-Lapointe et al. (2021) study if maternal consumption of 
artificially sweetened beverages during pregnancy is associated with 
modifications of infant gut bacterial community composition at 3-4 
months and 1 year of live and identified 4 microbiome clusters. From 
immature (Cluster 1) to mature (Cluster 4) and two deviated from this 
trajectory (Clusters 2 and 3). Alterations in infant gut bacterial 
taxonomy structure at the community level were associated with 
maternal artificially sweetened beverages consumption. A reduction 
of several Bacteroides sp. in Cluster 2 was also observed. The authors 
concluded that regular intake of artificial sweetened beverages during 
gestation resulted in a higher BMI of 1 year old infants, suggesting that 
infant gut microbiota and their metabolites could be involved.

5.1.3.6. Alcohol consumption
Today there is no doubt about the negative effects of alcohol 

consumption during pregnancy, both for mothers and newborns. The 
effect of alcohol consumption during pregnancy was reviewed recently 
by Kumbhare et al. (2019), concluding that it is associated with various 
disorders such as hepatic diseases in the newborn and 
premature delivery.

Moreover, the initial intestinal colonization of the infant can 
be affected by such changes, making it more predisposed to infections 
and diseases later in life. However, how alcohol consumption during 
pregnancy affect infant gut microbiota are rarely investigated.

Wang et al. (2021) examined the relationship of maternal diet 
and alcohol consumption during pregnancy with the infant gut 
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TABLE 1 Diet and nutrition during pregnancy: description of the studies.

References Year Type of 
study

Study 
population

Objective Methods Summary of major 
findings

High fat diet

Urwin et al. (2014) 2013 RCT 75 mothers and 38 

infants

To investigated whether 

increased salmon 

consumption during 

pregnancy, maternal 

weight gain during 

pregnancy or mode of 

infant feeding alter the 

markers of gut immune 

defence and 

inflammation.

Women were randomly 

assigned to continue 

consuming their 

habitual diet or farmed 

salmon from 20 weeks 

of pregnancy to 

delivery. Faecal 

samples were collected 

from the mothers at 38 

weeks of gestation and 

from their infants on 

days 7, 14, 28 and 84 

post-partum. 

Microbiota 

composition by FISH.

Infants in the salmon group: 

↓ Atopobium cluster 

(p = 0·097). This difference 

was significant in the FFI, 

but not in the EBFI.

Ma et al. (2014) 2014 CC (Primate 

model)

(4–9 females and 1–2 

males per group)

To examine the role of 

maternal diet during 

gestation and lactation 

in the establishment of 

the offspring 

microbiome.

CTD or HFD cohorts 

were designated 

randomly.

Microbiota: 16S rDNA 

of bacteria was 

amplified and 454 

sequencing.

HFD early exposure: ↑ 

levels of Bacteroidetes and 

absence of Spirochetes. 

These shifts were primarily 

due to a great decrease of 

Treponema and increased 

relative abundance of 

Prevotella.

HFD during pregnancy or 

post birth results in 

dysbiosis of the neonatal 

intestinal microbiome and 

partially corrected by low-

fat, control diet after 

weaning.

Gibson et al. (2015) 2015 CC (Rats 

model)

9 offspring per diet 

experiment.

How in utero exposure 

to fish oil, rich in n-3 

PUFA, caused abnormal 

intestinal reparative 

responses to mucosal 

injury through 

differences in intestinal 

microbiota.

Gut microbes, using 

qPCR, was compared 

between rat pups born 

to dams fed either n-6 

PUFA, n-3 PUFA or 

control feed.

Diets rich in either n-3 

PUFA or n-6 PUFA ↓ 

bacterial density, ↓ 

Firmicutes/Bacteroidetes 

ratio and ↓ several 

dominant microbes in the 

offspring’s gut. Excess n-3 

PUFA was associated with 

blooms of potentially 

pathogenic microbes.

Chu et al. (2016b) 2016 PC 163 mother- infant pairs To ascertain whether a 

maternal HFD similarly 

alters the neonatal and 

infant gut microbiome 

in early life.

Stool and meconium 

from neonates at 

delivery and at 6 weeks 

of age. Microbiota: 16S 

rRNA gene sequencing 

and analysis.

A notable relative depletion 

of Bacteroides in the 

neonates exposed to a 

maternal HFD until 6 weeks 

of age.

(Continued)
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TABLE 1 (Continued)

References Year Type of 
study

Study 
population

Objective Methods Summary of major 
findings

Selma-Royo et al. 

(2021)

2021 Nested cross-

sectional study

73 mother- infant pairs To ascertain the 

possible associations 

between maternal 

dietary intake during 

pregnancy and neonatal 

microbiota at birth.

Maternal-neonatal 

microbiota profiling at 

birth was assessed by 

16S rRNA gene 

sequencing. FFQ to 

collet maternal nutrient 

intake during 

pregnancy

Maternal diet is associated 

with both maternal and 

neonatal microbiota at the 

time of birth, in a delivery 

mode-dependent manner. 

Maternal fat intake (↑SFA & 

MUFA) → ↑ Firmicutes in 

neonatal microbiota. Fibre, 

proteins from vegetable 

sources and vitamins → ↓ 

Firmicutes in neonatal 

microbiota.

Vegetarian diet

Lundgren et al. (2018) 2018 PC 145 mother-infants pairs To examine the 

association of maternal 

diet during pregnancy 

with the infant gut 

microbiome 6 weeks 

post-delivery.

Maternal prenatal diet: 

FFQ. Infant gut 

microbiota: Sequencing 

of the 16S rRNA V4-

V5 hypervariable 

region and stratified 

analyses by delivery 

mode.

↑ fruit intake →↑ 

probability of high 

Streptococcus/ Clostridium 

group among infants born 

vaginally. Maternal dairy 

intake: →↑ probability of 

Clostridium in infants born 

by C-sections. Additional 

associations between 

maternal diet and infant 

intestinal microbes in both 

delivery mode strata.

Fan et al. (2021) 2021 PC 39 mother-infants pairs To study the effects of 

high or low fruit and 

vegetable gestational 

intake on the infant 

microbiome.

Mothers: Complete 

3-day dietary record 

and received 

postpartum follow-up. 

Infant gut microbiota: 

The 16S rRNA gene 

sequence at 2 months.

Infant gut microbiome 

clustered differently for high 

and low maternal fruit and 

vegetable consumption. 

↑vegetable and fruit intake- 

↑ Propionibacteriales, 

Propionibacteriaceae, 

Cutibacterium, 

Tannerellaceae, 

Parabacteroides, and 

Lactococcus.

Probiotics food consumption

Bisanz et al. (2015) 2015 CC 56 pregnant women in 

Tanzania (26 received 

yogurt daily; 30 

untreated during the last 

two trimesters and for 1 

month after birth)

To study if maternal 

consumption of a 

Moringa-supplemented 

probiotic yogurt during 

pregnancy had an 

impact on gestation and 

health parameters in 

newborns.

Infant gut microbiota: 

analyzed using 16S 

rRNA gene sequencing.

Maternal diet: dietary 

recalls were recorded.

Yogurt → ↑relative 

abundance of 

Bifidobacterium + ↓ 

Enterobacteriaceae in the 

newborn feces.

(Continued)
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microbiota in Chinese mother-infant dyads. Alcohol intake leaded 
to a significantly lower abundance in Faecalibacterium genus 
compared with those without alcohol drinking. These bacteria have 
been shown an intestinal anti-inflammatory effect. Besides, 
Megamonas genus was abundant in infant exposed to alcohol 
consumption mothers. Nonalcoholic fatty liver disease, the most 
chronic liver disease in children and adolescents, is positively 
related to Megamonas in infant gut. However, it has been taken into 
account that more researches are needed to explore these 
relationships in a larger birth cohort.

In general, all these studies emphasize that maternal diet during 
pregnancy is a very influential factor in the development of the 
intestinal microbiota of both the mother and the newborn, and 
therefore, a key in the health of the infant during the first years of life.

5.1.4. Gestational Age
One of the most important perinatal factors in the establishment 

of the infant gut microbiota is the gestational age. The World Health 
Organization (WHO; UNICEF and WHO, 2010) defined preterm 
births as those occurring before 37 completed weeks of gestation and 
usually have very low birth weight. During the pregnancy period, 
microbial diversity within the vaginal microbiota decreases, while 
members of Lactobacillus species increase, potentially reinforcing 
their protective function. However, infections caused by bacteria, 
viruses, and fungi during the pregnancy period have been considered 
a cause of intrauterine growth restriction and preterm birth. Certain 
infectious agents can reach the amniotic fluid, establishing an intra-
amniotic infection and initiating an inflammatory response at the 
maternal and fetal tissues, which promotes pre-labor rupture of 

TABLE 1 (Continued)

References Year Type of 
study

Study 
population

Objective Methods Summary of major 
findings

Tunay and Kök (2022) 2022 CC 30 lactating mothers (15 

consumed kefir for 30 

days; 15 volunteers 

(placebo group).

To investigate the 

vertical transmission of 

Lactobacillus 

kefiranofaciens subsp. 

kefiranofaciens, 

Lentilactobacillus kefiri, 

Lentilactobacillus 

parakefiri from mother 

to infant via consuming

natural kefir.

Infant stool samples: 

DNA was characterised 

using qRT-PCR.

The mothers who consume 

the kefir for 30 days had 

indeed transfer of those 

unique bacteria of kefir in 

the human milk and infant 

stool.

Sweetened consumption

Laforest-Lapointe et al. 

(2021)

2020 PC 100 (based on maternal 

ASB consumption: 50 

non-consumers and 50 

daily consumers).

To study if maternal 

consumption of ASB 

during pregnancy is 

associated with 

modifications of infant 

gut bacterial 

community 

composition.

Infant microbiota (at 

3-4 months and 1 

year): 16S rRNA gene 

sequencing.

4 microbiome clusters were 

identified: from immature 

(Cluster 1) to mature 

(Cluster 4) and two deviated 

from this trajectory 

(Clusters 2 and 3). Maternal 

ASB consumption was 

associated with community-

level shifts in infant gut 

bacterial taxonomy 

structure and depletion of 

several Bacteroides sp. in 

Cluster 2.

Alcohol consumption

Wang et al. (2021) 2021 PC 29 mother–child dyads 

were enrolled in central 

China (10 alcohol 

consumption during 

pregnancy).

To explore the effect of 

alcohol consumption 

and maternal diet 

during pregnancy on 

maternal and infant’s 

gut microbiota.

Fecal samples of 

newborns: The V3-V4 

regions of 16S rRNA 

sequences were 

analyzed. A self-

administrated 

questionnaire about 

simple diet frequency 

in the past week was 

completed by mothers 

before childbirth.

Alcohol consumptio affect 

β-diversity) in newborns.

↑ alcohol consumption ↑ 

Megamonas in newborns.

The diet was not associated 

with both maternal and 

infant’s gut microbiota.

PC: Prospective cohort study; CC: cases-controls study; RCT: ramdomized controlled trial; FFQ: food frequency questionaire; HMOs: human milk oligosacharides; HFD: high fat diet; SFA: 
saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; HPLC/MS: high performance liquid chromatography-mass spectrometry; ASB: artificially 
sweetened beverages; EBFI: exclusive breast fed infants; FFI: formula fed infants.
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membranes and preterm birth (Ruiz et  al., 2016). Bacterial 
communities characterized by high levels of Atopobium, Gardnerella 
and Ureaplasma as well as lower levels of Lactobacillus spp. or a higher 
presence of Candida albicans have been found to be correlated with 
premature deliveries (Ruiz et al., 2016).

Preterm infants (PTI) have to overcome serious health challenges. 
In most cases, and depending on the degree of prematurity, PTI have 
a degree of immaturity in the digestive system and respiratory, 
immune and neurological problems. Because of that, hospitalization 
is necessary for the application of treatments such as intensive use of 
antibiotics and other medications, and/or even the use of artificial 
respiration and feeding such as sterile parenteral nutrition 
(Henderickx et al., 2019). Also, in most cases the births of premature 
infants are usually by CS and therefore they never come in contact 
with the mother’s vaginal microbiome. All these factors can interfere 
in the process of colonization and the correct development of the gut 
microbiota, resulting in an unusual establishment and a different or 
deviating composition with increased colonization by 
pathogenic microorganisms.

The pattern of colonization in PTI is characterized by a reduction 
in bacterial diversity (Rougé et al., 2010; Moles et al., 2013; Henderickx 
et  al., 2019). Several authors have compared the gut microbial 
colonization in preterm and full-term infants (FTI) and reporting that 
PTI showed a reduced level of strict anaerobes such as Bifidobacterium, 
Bacteroides, and Atopobium, and high levels of facultative anaerobes 
like Enterobacter, Lactobacillus and Enterococcus. It was also observed 
an increased abundance of Enterobacteriaceae family and 
Staphylococcus, and a higher colonization by pathogens, such as 
Klebsiella (Mshvildadze et al., 2010; Rougé et al., 2010; Arboleya et al., 
2012, 2015). Additionally, Hill et  al. (2017) in the INFANTMET 
cohort (using 16S rRNA amplicon Illumina sequencing and 
bacteriological culture) observed that at the phylum level 
Proteobacteria and Firmicutes dominates PTI when compared to 
FTI. As a result of the alterations in the composition of the intestinal 
microbiota, differences have also been observed in the main microbial 
metabolites, the SCFA, whose concentration in feces is higher in FTI 
than in premature neonates (Arboleya et al., 2012).

As it has been mentioned previously, the infant’s microbiota is not 
only composed by bacteria, but also of non-pathogenic viruses or 
archaea. In this respect, Rao et al. (2021) studying the forces that shape 
the dynamics of microbiome assembly in preterm neonates, observed 
that there was an inverse correlation between bacterial and fungal 
loads in the infant gut. Specifically, the authors found that interactions 
between different kingdoms may influence assembly. For example, 
Candida albicans, a fungal species, inhibited multiple dominant 
genera of gut bacteria.

5.1.5. Mode of delivery
The mode of delivery has been recognized as an important driver 

of the early gut microbiota composition and have a major impact on 
the type of microbiota acquired during birth by the newborn. Several 
studies have shown that human neonatal microbiota across all body 
habitats (skin, oral, nasopharyngeal, and gut) is influenced by their 
mode of delivery (Penders et  al., 2006; Biasucci et  al., 2008; 
Dominguez-Bello et al., 2010). During the labor and immediately after 
birth, microbes from the mother and surrounding environment 
colonize the gastrointestinal tract of the infant leading to the 
development of a dense complex microbiota, being the first major 

exposure of the neonate to microbes (Munyaka et al., 2014; Korpela, 
2021).Vaginal delivery infants (VDI) come into contact with the 
maternal vaginal and fecal microbiota, which results in neonatal gut 
colonization by vagina-associated microbes such as Lactobacillus, 
Escherichia, Bacteroides, Bifidobacterium, Streptococcus spp. and 
Prevotella (Penders et al., 2006; Dominguez-Bello et al., 2010; Fallani 
et al., 2010; Azad et al., 2013; Laursen et al., 2015). In contrast, children 
born by caesarean section (CS) are also exposed to their mother’s 
microbiota, but initial exposure is most likely to non-maternally 
derived environmental isolates from equipment, air, and other infants, 
with the nursing staff serving as vectors for transference 
(Staphylococcus, Corynebacterium, Propionibacterium; Biasucci et al., 
2008; Dominguez-Bello et al., 2010; Munyaka et al., 2014).

According to the numbers provided by the WHO, in Spain more 
than 25 % of births are performed by CS and globally, the number of 
CS has grown from 12 % in the year 2000 to 21 % in 2015 over the 
world (Betran et al., 2016). The early colonization patterns of CSDI 
differ greatly from children born vaginally and being less diverse 
(Biasucci et al., 2008; Dominguez-Bello et al., 2010; Matamoros et al., 
2013; Arrieta et al., 2014; Jakobsson et al., 2014). In particular, it was 
demonstrated that CSDI had minor amounts of Bifidobacteria 
(Dominguez-Bello et al., 2010; Azad et al., 2013), Escherichia -Shigella, 
and absence of Bacteroides (Fallani et al., 2010; Jakobsson et al., 2014) 
while were enriched with Clostridium (cluster I), Clostridium difficile, 
Staphylococcus species (Penders et al., 2006) and higher amounts of 
Klebsiella (Dogra et al., 2015). In contrast, VDI were characterized by 
Bifidobacteria (Hansen et al., 2015), predominantly B. longum and 
B. catenulatum species (Biasucci et al., 2008; Dogra et al., 2015) and 
vaginal-related microbes such as Lactobacillus, Prevotella, and 
Sneathia (Penders et al., 2006; Biasucci et al., 2008; Dominguez-Bello 
et al., 2010).

Also, Jakobsson et al. (2014) showed that the gut microbiota of 
CSDI at 24 months of age is less diverse than those delivered vaginally. 
The authors hypothesize that this drop in diversity may be due to 
delayed colonization of the gut by Bacteroidetes until 1 year of age. 
These differences between vaginally and CSDI gradually decrease, but 
remain more heterogeneous than VDI up to 12 months of life. In one 
recent research, focused on the long-term impact of delivery mode on 
gut microbiota development over the first 4 years of life, it has been 
found that Lachnospiraceae was dominant in CSDI while 
Parabacteroides was found to be  more unique to VDI at one and 
2 years of age; however, by the fourth year, Lachnospiraceae and other 
Clostridium spp. became more dominant in these VDI (Fouhy 
et al., 2019).

The differences observed in the microbiota between VDI and 
CSDI have been associated with the protective effect of vaginally 
delivered labor, particularly since it has been suggested that CS has 
long-term health implications. In fact, CS has been associated with an 
increased risk of immune disorders such as asthma (Ege et al., 2011; 
Roduit et al., 2009; Thavagnanam et al., 2008), allergy (Bager et al., 
2008), type 1 diabetes (Cardwell et al., 2008), as well as an increased 
risk of overweight (Tun et al., 2018), a higher risk of development of 
inflammatory bowel disease (Bager et al., 2012) or an enhanced risk 
for developing celiac condition (Koletzko et  al., 2018). Moreover, 
different modes of delivery affected the antibiotic resistance gene 
prevalence, that might influence the infant’s health later in life (Shi 
et al., 2018). The cause of this could be an inadequate development of 
the immune system since in several studies it has been observed that 
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CSDI have a much lower level of Th1-related chemokines in their 
blood, which may be  translated into less protection (Munyaka 
et al., 2014).

On the other hand, there are some authors who have not observed 
any association between CSDI and type 1 diabetes or the development 
of celiac disease (Sevelsted et al., 2015; Koletzko et al., 2018). Despite 
these studies, it can be  concluded that the relevance of early gut 
microbiota in the maturation and development of the host’s immune 
system is supported by the finding that the mode of delivery influences 
the health status through adulthood, while the effects on gut 
microbiota composition decrease after the first year of life (Milani 
et  al., 2017). The most accepted explanation for the association 
between mode of deliver and the development of diseases is the gut 
microbial dysbiosis, but it is necessary to carry out more research to 
adequately support this hypothesis.

5.2. Postnatal factors

Some of the most important postnatal factors, that may influence 
the gut microbiota composition of a growing neonate are the mode of 
infant feeding, the introduction to solid food, environment and 
lifestyle, the use of antibiotics and host genetics.

5.2.1. Infant feeding during the first months of life

5.2.1.1. Breast milk vs. infant formula
Mostly, breast milk (BM) is the first food to which the newborn is 

exposed, and it is during breastfeeding when one of the most 
important links between the mother and the newborn is formed. 
Although nowadays infant formulas (IF) are products increasingly 
similar to BM, large differences continue to be  observed. This is 
because BM has a very complex composition mainly due to the 
presence of various growth factors and enzymes, and also this 
composition changes over time (colostrum, transitional milk and 
mature milk; Scholtens et al., 2009; Bezirtzoglou et al., 2011; Cabrera-
Rubio et al., 2012; Guaraldi and Salvatori, 2012; Andreas et al., 2015). 
It has been reported, that BM and more specifically its bioactive 
compounds, such as HMO, probiotics polyamines, lactoferrin, 
nucleotides and whey proteins affect different biological processes, 
intervening in the optimal physical and intellectual development of 
the child, as well as in the reduction of the incidence of future diseases 
(Turfkruyer and Verhasselt, 2015; Oddy, 2017; Moossavi et al., 2018), 
as Kumbhare et al. (2019) and Porro et al. (2023) reviewed. For this 
reason, WHO recommends exclusive breastfeeding of infants up to 
6 months due to the considerable potential to improve child health 
and wellbeing (UNICEF and WHO, 2010).

The differences in the gut microbial composition between the 
infants who has been fed with BM and those who have been fed with 
IF are well documented (O’Sullivan et al., 2015; van den Elsen et al., 
2019) and Table  2 summarizes the main studies carried out to 
understand how diet and nutrition may have an influence on influent 
the infant gut microbiota during the first months of life.

The gut microbiome in formula fed infants exhibits higher 
diversity than that of BFI because the latter are exposed to different 
carbohydrates, bacteria, and nutrients, causing different microbial 
colonization patterns of the gut. In this context, different publications 
have reported that stools of BFI contain higher levels of 

Bifidobacterium species (phyla Actinobacteria), being the most 
prevalent B. breve, B. longum, B. dentium, B. infantis and 
B. pseudocatenulatum (Harmsen et al., 2000; Bäckhed et al., 2015). 
Also, BFI’s stools contain higher levels of Lactobacillus and lower 
levels of potential pathogens than those infants feeding with IF. Infants 
exclusively feed with IF were more often colonized by Staphylococci, 
Bacteroides, Clostridium species, Enterococci, Enterobacteria, and the 
genus Atopobium (Penders et  al., 2006; Fallani et  al., 2010; 
Bezirtzoglou et  al., 2011; Guaraldi and Salvatori, 2012; Gritz and 
Bhandari, 2015; Azad et al., 2016; Martin et al., 2016).

As mentioned earlier, a different pattern of colonization also 
implies differences in microbiota metabolism and therefore SCFA 
levels (Porro et al., 2023). Exclusive breastfeeding has been associated 
with lower absolute concentrations of total SCFA, Acetate, Butyrate, 
Propionate, Valerate, Isobutyrate, and Isovalerate, and higher 
concentrations of lactate. Further, the relative proportion of acetate 
was higher with exclusive breastfeeding compared to infants feed with 
Infant formula (Bridgman et al., 2017).

5.2.1.2. Complementary feeding
Although it is well established that early infant feeding has a major 

influence on the establishment of the gut microbiota, very little is 
understood about how the introduction of first solid food and the 
gradually replace of the milk-base diet influences the infant 
gut microbiota.

The introduction of solid foods is an important dietary event 
during infancy that causes profound shifts in the gut microbial 
composition towards a more adult-like state (Penders, 2017; 
Homann et al., 2021; Schwab, 2022). One of the reasons why this 
profound change occurs may be due to the progressive decrease in 
the consumption of breast milk during the complementary feeding 
stage and consequently of its components (HMOs and bacteria). In 
addition, with the introduction of solid foods, the diversity and 
complexity of dietary carbohydrates increases, leading to an 
increase in the abundance of carbohydrate-degrading bacteria in 
the months after switching to solid foods (Schwab, 2022). All this 
leads to a transition process in which the fermentative capacity 
increases after weaning, and which takes several months to 
complete. This increase in fermentative capacity produces 
substantial changes not only in the intestinal microbiota, but also 
in its metabolites, SCFAs. Specifically, butyric acid is the SCFA with 
most dramatic higher levels after the introduction of solid foods 
together with bacteria that produce it.

As Laursen et al. (2017), a large number of longitudinal studies 
have showed a significant change in microbial composition around the 
stage of introduction to solid foods and cessation of milk-base diet.

Bergström et al. (2014) carried out a large Danish cohort (“SKOT 
study”) to study the fecal microbiota of 330 infants at 9, 18 and 36 
months of age. The authors observed, during the period characterized 
by transition from breastfeeding/formula feeding to family diet, that 
a complementary feeding induces replacement of a microbiota 
characterized by Lactobacilli, Bifidobacteria, and Enterobacteriaceae 
towards a microbiota dominated by Clostridium spp. and Bacteroides 
spp. On the other hand, since the microbiota is influenced by the age 
at which the novel foods are introduced, its composition was also 
pronouncedly influenced by the time of cessation of breastfeeding.

Fallani et al. (2011) in a European cohort formed by 531 infants 
from five different countries, observed similar results and demonstrate 
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that, regardless of differences in geographic location, antibiotic use, 
delivery mode and milk feeding practices, there are consistent changes 
in the microbial composition of infants. Specifically, was observed a 
decrease in Bifidobacteriaceae, Enterobacteriaceae and Clostridiaceae 
while increasing in Ruminococcaceae and Lachnospiraceae species, 
starting at 6 weeks up to 4 weeks after introduction of solid food.

These results are in agreement with those found by Thompson 
et al. (2015) who also observed an increase in the diversity of the 
intestinal microbiota of infants both in exclusively BFI and 
non-exclusively BFI (n = 10) after introduction of solid foods. The 
authors observed a higher diversity and species richness in 
non-exclusively BFI compared with exclusively BFI. On the other 
hand, the pattern of exclusively BFI gut microbiota showed 
increased proportions of Bifidobacterium and a decrease in 
abundance of Bacteroidetes and Clostridiales with respect to non- 
exclusively BFI.

Laursen et al. (2016) observed a decrease in saccharolytic bacteria, 
such as members of Bifidobacteria genus, and an increase in 
Lachnospiraceae, which are associated with breast milk. These changes 
were correlated with a higher protein intake. On the other hand, 
ingestion of fiber was demonstrated to be associated with higher levels 
of Prevotellacea. Interestingly, two species that are absent or present at 
very low levels during early infancy, Faecalibacterium prausnitzii and 
Akkermansia muciniphila, increase in abundance to adult levels at 12 
months and 24 months, respectively, (Milani et al., 2017). Both species 
are being widely studied because they are considered to promote a 
correct state of health in adulthood. Interestingly, the microbiota 
composition in African and European infants is very similar until the 
introduction of solid foods, indicating the dominant role of diet over 
other variables in shaping the microbial composition of the gut in 
early life (van den Elsen et al., 2019).

More recently, Homann et al. (2021) characterized the infant gut 
microbiota of 24 healthy, full-term infants, belonging from two 
different countries and concluded that introducing a high variety of 
first foods may increase alpha diversity and stabilize the gut 
microbiome early in life.

5.2.2. Probiotic consumption in early life
Nowadays, the consumption of probiotics by infants during 

lactation and in the first years of life is very widespread as they are 
considered to have a collaborative role in solving different digestive 
problems. In this respect, Korpela et al. (2018) observed that probiotics 
had a strong overall impact on the infant gut microbiota composition, 
but the effect depended on the infant’s diet. Only breastfed infants 
showed the expected increase in Bifidobacteria and reduction in 
Proteobacteria and Clostridia. In the placebo group, both birth mode 
and antibiotic use were significantly associated with altered microbiota 
composition and function, particularly reduced Bifidobacterium 
abundance. In the probiotic group, the effects of antibiotics and birth 
mode were either completely eliminated or reduced. These indicate 
that it is possible to correct undesired changes in microbiota 
composition and function caused by antibiotic treatments or caesarean 
birth by supplementing infants with a probiotic mixture together with 
at least partial breastfeeding.

5.2.3. Environment and lifestyle
Geographical location has been described as a relevant 

environmental factor that may have an impact on human microbiota. 

Different ethnogeography populations have distinct genetic 
backgrounds, dietary patterns, and cultural practices.

For example, De Filippo et  al. (2010) compared the fecal 
microbiota of children from a rural African village of Burkina Faso 
and that of European urban infants, residents in Florence, Italy (EU). 
The reason to select these two populations was that the diet of the 
children from Burkina Faso is characterized by the consumption of 
grains, legumes and high-fiber diet of vegetables with the absence of 
processed food and furthermore, it represents a society similar to that 
of early human colony at the Neolithic era. EU children have a western 
diet, which is characterized by a high consumption of animal fats, 
sugars and a greater caloric intake. Gut microbiota from Burkina Faso 
children were dominated by Bacteroidetes and showed a depletion in 
Firmicutes population. In addition, a significantly high levels of SCFA 
were found.

Subsequently, further studies have continued investigating and 
comparing the differences between developing vs. developed countries 
including a large cohort of pediatric and adult samples from the 
Amazonas of Venezuela, rural Malawi and urban United States areas. 
Bacteroides predominated in the North American samples, whereas 
Prevotella predominated in Malawian and Venezuelan samples 
(Yatsunenko et al., 2012). As well as, there were many more differences 
in the samples from USA than between Malawian and Venezuelan 
microbiota mainly in children older than 3 years of age.

Three years later, Lin et al. (2013) observed the same Prevotella-
Bacteroides split when the authors compared American children living 
in wealthy neighborhoods with children living in a Bangladesh slum. 
Another research comparing southeaster African and northern 
European infants reported a different bacterial composition, 
containing higher abundance of the Prevotella-Bacteroides group and 
the Bifidobaterium genus in African children (Grzeskowiak 
et al., 2012a).

In Spain, Echarri et  al. (2011) evaluate the microbiota of 40 
breastfed FTI from two different Spanish locations, one in the 
northern Atlantic coast and the other in the south-east Mediterranean 
coast, at different times (fecal samples were collected at 8, 30 and 90 
days of life). The authors showed a high inter-individual variability on 
the levels of the different microbial groups. However, despite this 
variability their results showed statistically significant higher levels of 
Bacteroides and Staphylococcus (at 8 days of age) and lower levels of 
Enterobacteriaceae in infants from the Mediterranean coast than in 
infants from northern Spain. Similar levels of Enterococcaceae, 
Clostridia XIVa and IV clusters, Atopobium, Bifidobacterium and 
Lactobacillus were found between both groups at 90 days of life. When 
sampling times were not taken into account, lower counts of 
Lactobacilli and higher counts of C. leptum group, as well as 
significantly higher levels of Bacteriodes and Staphylococcus were 
observed in infants from the south of the country compared to those 
from the north coast.

These differences have also been observed in comparative studies 
of colonization patterns between different countries belonging to the 
same continent. For example, it has been reported that infants from 
Northern areas from Europe have higher levels of Bifidobacterium 
spp. and some Clostridium spp. and Atopobium spp., while Southern 
European infants had a higher abundance of Eubacteria, 
Lactobacillus, and Bacteroides (Fallani et  al., 2010). Also, other 
authors have showed significant differences between the gut 
microbiota of European infants from different countries 
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TABLE 2 Diet and nutrition during first months of life: description of the studies.

References Year Type of 
study

Study 
population

Objective Methods Summary of 
major finding

Breast milk vs infant formula

Harmsen et al. (2000) 2000 CC 12 newborn infants (6 

BFI and 6 FFI).

Novel molecular 

identification methods 

were used to verify the 

data obtained by 

traditional culture 

methods and to 

validate the culture 

independent FISH 

technique.

6 fecal samples 

obtained during the 

first 20 days of life. 

Microbial 

compositions analysis: 

culturing on specific 

media and by FISH.

In all BFI, Bifidobacteria 

become dominant and the 

minor components were 

mainly Lactobacilli and 

Streptococci. FFI similar 

amounts of Bacteroides 

and Bifidobacteria 

(approximately 40%) and 

often contained 

Staphylococci, Escherichia 

coli, and Clostridia.

Penders et al. (2006) 2006 PC 1,032 infants at 1 month 

of age.

To examine the 

contribution of a broad 

range of external 

factors to the gut 

microbiotic 

composition in early 

infancy.

qPCR assays for the 

enumeration of 

Bifidobacteria, 

Escherichia coli, 

Clostridium difficile, 

Bacteroides fragilis 

group, Lactobacilli, 

and total bacterial 

counts.

Exclusively FFI ↑ E coli, C 

difficile, Bacteroides and 

Lactobacilli, compared 

with BFI.

Fallani et al. (2010) 2010 PC 606 infants (age 6 

weeks).

To assess the impact of 

geographic area, mode 

of delivery, feeding 

method, and antibiotic 

treatment on the fecal 

microbiota of infants 

from 5 European 

countries with different 

lifestyle characteristics.

Fecal samples analyzed 

by FISH + flow 

cytometry using a 

panel of 10 rRNA 

targeted group- and 

species-specific 

oligonucleotide 

probes.

Factors collected with 

questionnaires.

Bifidobacteria dominated 

the microbiota of BFI, 

whereas FFI ↑ 

proportions of Bacteroides 

and members of the 

Clostridium coccoides and 

Lactobacillus sp.

Bezirtzoglou et al. 

(2011)

2011 CC 12 healthy vaginally 

delivered newborn 

infants (6 BFI and 6 

FFI)

To evaluate the 

microbiota in 

newborns vaginally 

delivery under 

different types of 

feeding using 

molecular tools.

FISH: molecular 

evaluation of the 

microbiota in vaginaly 

delivery newborns. 

Eleven probes/probe 

combinations for 

specific groups of 

faecal bacteria.

BFI: ↑ numbers of 

Bifidobacterium 

compared to FFI. After 

FFI: microbiota more 

diverse and ↑Atopobium, 

↓Bifidobacterium 

followed by ↑ Bacteroides.

Azad et al. (2016) 2013 PC 198 healthy term infants 

from the CHILD Study.

To determine the 

impact of IPA on infant 

gut microbiota, and to 

explore whether 

breastfeeding modifies 

these effects.

Maternal information: 

hospital records and 

breastfeeding was 

reported by mothers. 

Infant gut microbiota: 

Illumina 16S rRNA 

sequencing of faecal 

samples at 3 and 12 

months.

Microbiota differences 

were especially evident 

following IPA with 

emergency CS, with some 

changes (increased 

Clostridiales and 

decreased Bacteroidaceae) 

persisting to 12 months, 

particularly in non-BFI.

(Continued)
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TABLE 2 (Continued)

References Year Type of 
study

Study 
population

Objective Methods Summary of 
major finding

Ardissone et al. (2014) 2015 PC 49 EBF newborns (who 

were also vaginally 

delivered and ceased BF 

between 4 and 12 

months).

To characterized the 

gut microbiome during 

the first year of life and 

assess the impact of 

mode of delivery and 

feeding on its 

establishment.

Study relative 

abundances of all 

MetaOTUs and 64 

MetaOTUs (27 of 

which were novel 

species) were selected 

as markers for gut 

microbiota age.

At 1 week: type of feding 

not affect the newborn 

microbiome. At 4 months: 

EBFI ↑ levels of L. 

johnsonii/L.gasseri, L. 

paracasei/L. casei, and B. 

longum (probiotics 

properties). FFI ↑ levels of 

Clostridium difficile, 

Granulicatella adiacens, 

Citrobacter spp., 

Enterobacter cloacae, 

Bilophila wadsworthia.

FFI enriched in B. 

adolescentis consistent 

with its positive to 

negative correlation with 

B. longum from newborn 

to 4 months.

Martin et al. (2016) 2016 PC 108 healthy neonates 

until the first half year 

of life.

To study the 

composition of the 

microbiota in early life 

and the evolution of 

the microbial 

community during the 

first 6 months of life.

Microbial 

composition: 

measuring 33 different 

bacterial taxa by 

qPCR/RT qPCR. 

Information regarding 

gender, place and 

mode of birth, 

presence of siblings or 

pets; feeding pattern 

and antibiotic use was 

collected by using 

questionnaires.

Type of feeding influence 

the colonization of 

Bifidobacterium, 

Lactobacillus and 

Bacteroides at species level 

and over time. B. animalis 

subsp. lactis presence was 

found to be dependent 

solely on the type of 

feeding, indicating that it 

might not be a common 

infant gut inhabitant.

Ruiz et al. (2016) 2017 CC 163 infants (at 3–5 

months of age)

To investigate 

differences in fecal 

SCFAs and 

intermediate 

metabolites in infants 

according to 

breastfeeding status

Mothers reported 

infant feeding 

practices using 

standardized 

questionnaires 

administered at 3, 6, 

and 12 months 

postpartum. Samples 

were analyzed using 

NMR spectroscopy.

EBFI: ↓ total SCFAs and ↑ 

lactate. ↑ relative 

proportion of acetate.

EBFI were four times 

more likely to have a 

higher proportion of 

acetate relative to other 

SCFAs in their gut. This 

association was 

independent of birth 

mode, IPA, infant sex, 

age, recruitment site, and 

maternal BMI or 

socioeconomic status.

(Continued)
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TABLE 2 (Continued)

References Year Type of 
study

Study 
population

Objective Methods Summary of 
major finding

Complementary feeding

Bergström et al. (2014) 2011 PC 605 infants To determine the 

impact of weaning on 

the faecal microbiota 

composition of infants 

from five European 

countries which have 

different lifestyle 

characteristics and 

infant feeding 

practices.

Faecal samples were 

collected 

approximately 4 weeks 

after the introduction 

of first solid foods and 

before weaning (6 

weeks of age). Gut 

microbiota: FISH and 

flow cytometry using a 

panel of 10 rRNA 

targeted group- and 

species-specific 

oligonucleotide 

probes.

"After weaning 

→Bifidobacterium, 

Clostridium coccoides 

group and Bacteroides 

were predominant. The 

initial feeding method 

influenced the 

Clostridium leptum group 

and Clostridium difficile + 

Clostridium perfringens 

species.

BFI: Bifidobacteria 

dominated the faecal 

microbiota.

FFI: ↑proportions 

Bacteroides and the C. 

coccoides group. "

Laursen et al. (2016) 2014 PC 330 infants (at 9, 18, and 

36 months after birth)

To determine 

nutritional parameters 

and measures of 

growth and body 

composition in relation 

to the observed 

development in 

microbiota 

composition.

Use of qPCR targeting 

31 selected bacterial 

16S rRNA gene targets 

representing different 

phylogenetic levels.

Weaning period (9–18 

months): replacement of a 

microbiota characterized 

by Lactobacilli, 

Bifidobacteria, and 

Enterobacteriaceae with a 

microbiota dominated by 

Clostridium spp. and 

Bacteroides spp. The 

composition of the 

microbiota was most 

pronouncedly influenced 

by the time of cessation of 

breastfeeding.

Thompson et al. (2015) 2015 PC 49 stool samples 

collected of 9 infants (5 

male, 4 female)

To examine differences 

in the intestinal 

microbiome between 

four feeding groups; 

EBFI before 

introduction of solid 

foods, non-EBFI before 

introduction of solid 

foods, EBFI after 

introduction of solid 

foods (EBFI+S), and 

non-EBFI after 

introduction of solid 

foods (non-EBFI+S).

Bacterial 16S rRNA 

amplicon sequencing 

was performed.

"EBFI: ↑ proportions of 

Bifidobacterium, ↓ 

Bacteroidetes and 

Clostridiales than non-

EBFI.

Introduction of solid 

foods had a marginal 

impact on the 

microbiome of EBFI. In 

contrast, over 200 

bacterial gene categories 

were overrepresented in 

non-EBFI+S compared to 

non-EBFI."

(Continued)
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(Grześkowiak et  al., 2012b). For example, between German and 
Finnish infants, where German infants showed a higher abundance 
of the Bacteroides-Prevotella group and Akkermansia muciniphila 
while the proportion of Bifidobacterium spp. was higher in the 
Finnish infants (Grześkowiak et al., 2012b).

In addition to the geographical location, family structure and 
lifestyle may influence the model of colonization in infant gut 
microbiota and have also been describe as a relevant environmental 
factor (Rodríguez et al., 2015). Despite this, it is necessary to establish 
more decisive evidence about the effects of family structure, size, and 
birth order in the pattern of colonization (Fouhy et al., 2012).

Infants without siblings, who were recruited from the Child, Parent 
and Health: Lifestyle and Genetic Constitution (KOALA) Birth Cohort 
Study, had slightly lower numbers of Bifidobacteria, compared with 
infants with older siblings (Penders et al., 2006). These results agree 
with those reported by Adlerberth et al. (2007) in another research as 
part of the ALLERGYFLORA study. In this publication, infants with 
older siblings had lower proportions of Enterobacteria, other than 
Escherichia coli, as well as Clostridia, in the gut, but also a higher 
anaerobe/facultative anaerobe ratio. In a recent study performed with 
a Danish cohort, the presence of older siblings was shown to 
be  associated with increased gut microbial diversity and richness 
during early childhood, while the presence of household pets had less-
pronounced effects on the gut microbiota (Laursen et al., 2015).

Overall, geographical location (dietary patterns and lifestyle in a 
specific area and family structure (siblings) seems to affect gut 
microbiota colonization during early life, although more studies are 
needed to determined more accurately the factors that influence or 
contribute to a greater extent.

5.2.4. Antibiotics during early life
Antibiotic usage in early life can also disrupt the normal pattern 

of colonization, affecting the growth of otherwise dominant bacterial 
phyla in the human gut (Reyman et al., 2022). These alterations can 
remain for long periods of time, spanning months and even years with 
partial or complete recovery (Kumbhare et al., 2019) and leading to a 
greater susceptibility to numerous diseases later in life (Johnson et al., 
2005; Penders et  al., 2006; Fallani et  al., 2010; Chu et  al., 2015; 
Rasmussen et al., 2018) such as asthma (Kozyrskyj et al., 2007; Metsälä 
et al., 2015).

Yassour et al. (2016) carried out a longitudinal study to investigate 
changes in the gut microbiome from 39 infants, half of whom received, 
during the first 3 years of life, multiple courses of antibiotics. The 
microbiota of antibiotic-treated children was less diverse in terms of 
both bacterial species and strains, with some species often dominated 
by single strains. In addition, they observed short-term composition 
changes between consecutive samples from children treated 
with antibiotics.

TABLE 2 (Continued)

References Year Type of 
study

Study 
population

Objective Methods Summary of 
major finding

Sevelsted et al. (2015) 2016 PC 227 infants [born either 

of a random sample of 

healthy mothers 

(n = 114), or of obese 

mothers (n = 113)]

To elucidate the impact 

of (i) maternal obesity 

and (ii) dietary factors 

on infant gut 

microbiota 

development, 

associations between 

specific features of the 

gut microbiota and 

dietary factors were 

investigated with a 

focus on breastfeeding 

and complementary 

diet composition.

"Infant gut 

microbiotas: 16S rRNA 

amplicon sequencing. 

Gut microbiota data 

were compared to 

breastfeeding patterns.

Infant diet: individual 

dietary recordings."

Infant gut microbial 

composition and alpha 

diversity were thus 

strongly affected by 

introduction of family 

foods with high protein 

and fiber contents. 

Specifically, intake of 

meats, cheeses, and 

Danish rye bread, rich in 

protein and fiber, were 

associated with increased 

alpha diversity.

Homann et al. (2021) 2021 PC 24 healthy, full-term 

infants from the Baby, 

Food & Mi and LucKi-

Gut cohort

To evaluate the 

relationship between 

nutritional choices at 

the time of 

introduction to solid 

foods and gut bacterial 

dynamics in a cohort 

of full-term, vaginally 

born, and healthy 

infants.

"Infant diet: Caregivers 

provided food diaries.

Stool samples: one 

sample before the 

introduction of solids, 

and multiple samples 

were collected after the 

introduction of solids.

Infant gut microbiota: 

16S rRNA amplicon 

sequencing"

"↑ dietary diversity → ↑ 

Microbial richness + ↑ 

diversity

↑ daily dietary diversity ↑ 

Bifidobacterial taxa ↓ 

Veillonella"

EBFI: exclusive breast fed infants; FFI: formula fed infants; MFI: mix fed infants; BFI: breast fed infants; MCP: methyl-accepting chemotaxis proteins; PC: prospective cohort study; CC: cases-
controls study; SCFA: short chain fatty acids; qPCR: quantitative polimerase chain reaction; NMR spectroscopy: nuclear magnetic resonance spectroscopy; FISH: fluorescence in situ 
hybridisation; IPA: maternal intrapartum antibiotic prophylaxis.
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Additionally, Korpela et  al. (2016) observed in 2–7-year-old 
Finnish children (n = 142; sampled at two time points) that the use of 
macrolides is associated with changes in microbial composition, 
reducing diversity and metabolism of the microbiota that also proves 
to be durable. Specifically, after 1 year of administration of finishing 
antibiotics treatment, the authors observed the restoration in the levels 
of Bifidobacterium and Bacteroides and antibiotic resistance and also 
concluded that Penicillins imprints a weaker mark on the microbiota 
in comparison with macrolides (Korpela et al., 2016). Finally, Reyman 
et al. (2022) observed, in 147 infants exposed to antibiotics in their 
first week of life, a decreased abundance of Bifidobacterium spp. and 
increased abundance of Klebsiella and Enterococcus spp. compared to 
controls. Also, regarding the type of antibiotic employed, the authors 
observed that Amoxicillin + Cefotaxime show the largest effect on 
microbial composition and also in anti-microbial resistance gene 
profile. In contrast, Penicillin + Gentamicin had minor effects 
(Reyman et al., 2022).

Another factor to consider is the duration of antibiotic treatment. 
About this theme, one study has investigated how short (≤ 3 days) or 
long treatments (≥ 5 days) may influence gut microbiota of infants in 
early life. Zwittink et al. (2018) observed a depletion in infant gut 
Bifidobacterium levels after a short treatment with antibiotics until the 
third week of life. In long treatments, this depletion in Bifidobacterium 
remains decreased up to 6 weeks postpartum. In both type of 
treatments with antibiotics, Enterococcus became the dominant genus 
of the microbial community. These results are in line with other 
authors (Tanaka et al., 2009; Martin et al., 2016; Fouhy et al., 2019). 
Specifically, Martin et al. (2016) observed a slightly depletion in total 
bacterial counts and also decreased levels of Bifidobacterium and 
Staphylococcus in infants who received antibiotics.

All these results suggest that the first moths of life are indeed a 
critical window where the infant gut microbiota could be influenced 
by the use of antibiotics and linking these changes with later diseases. 
However, more research is necessary to understand the impact of 
antibiotic treatment and their long-term effects. Moreover, issues 
related with the increasing number of pathogenic strains and their 
antibiotic resistance should be considered because of both are growing 
due to the ever-increasing use of antibiotic.

6. Conclusion

Although there is no consensus about prenatal colonization 
through microbial transmission between mother and child, there does 
exist a broad agreement on the main factors that may influence the 
transmission and subsequent colonization of the infant’s intestinal 
microbiota. Prenatal factors such as consumption of antibiotics and 
diet during pregnancy can affect the maternal gut microbiota and their 
metabolites, as well as breast milk composition, which in turn can 
affect infant colonization and even influence offspring’s future 
development and health.

Focusing on the diet during pregnancy, and summarizing the 
different bibliographical sources consulted, while this review has 
outlined significant advances in our understanding of the role of diet 
during pregnancy in the development of infant gut microbiota, large 
gaps still exist. Despite all the studies carried out, both in humans and 
in animal models, with the aim of determining the role of the 
consumption of macro and micro-nutrients during pregnancy and 
how it affects the infant gut microbiota, the wide differences in 

methodology and in the results observed do not allow us to obtain a 
clear conclusion. However, as other authors have indicated, alcohol 
consumption should be totally restricted during the gestation period, 
not due to possible changes in the intestinal microbiota of the child, 
but due to its adverse effects on mother’s and offspring’s health.

On the other hand, as previously mentioned, pregnancy is a stage 
with specific nutritional needs which also change throughout the 
gestation period. Modifications in the diet can lead to the restriction 
of certain macro or micronutrients, thus leading to altered health 
states of both the mother and the offspring. For example, ketogenic 
diets that restrict the consumption of carbohydrates, the main source 
of glucose, have not been studied in pregnant women and its short- 
and long-term effects are unknown.

The first moths of life are also a critical window where the infant 
gut microbiota could be influenced by postnatal factors, such as the 
use of antibiotics, environment and lifestyle agents and of course the 
infant diet, being linked these changes with later diseases. Regarding 
feeding during the first years of life, accumulating evidence from 
human observational and animal studies suggests that diet during the 
first months of life, and more specifically breastfeeding may influence 
the offspring microbiota in a good way. The breastfed infants seem to 
present higher levels of Bifidobacterium species and lower levels of 
Bacteroides, Clostridium, Enterococcus, Enterobacteriaceae, 
Atopobium and potential pathogen species, comparing with formula 
fed infants. Regarding the introduction of first solid foods and the 
gradually replacement of milk-based diets, a large number of 
longitudinal studies have shown a significant change in microbial 
composition, characterized by dominance of complex carbohydrate-
degrading bacteria although additional studies with larger sample size 
would be required.

Finally, we consider it necessary to take into account two issues. 
On the one hand, the procedure of development and maturation of 
the intestinal microbiota is a dynamic and non-random process, in 
which both positive and negative interactions occur between the main 
microbial taxa. On the other hand, it is not a single factor, but a wide 
range of factors acting together, that can cause changes in this balance, 
thus altering the homeostasis of the intestinal microbiota and causing 
the so-called state of dysbiosis. All this makes it difficult for the 
scientific community to reach a solid conclusion about which factors 
are really influencing the colonization pattern and evolution of the 
intestinal microbiota of the infant and its repercussions on future 
health, generating the need to carry out more studies that can help to 
know and understand in more detail these relationships, taking into 
account more than one as a whole and study their effects in the short 
and long term.
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Glossary

BFI Breastfed infant

BM Breastmilk

CS Caesarean section

CSDI Caesarean section delivered infant

FID Flame ionization detector

FTI Full term infant

HMO Human milk oligosaccharides

IF Infant formula

IPA Intra partum antibiotic

MAC Microbiota-accessible carbohydrates

MUFA Monounsaturated fatty acids

PTI Pre-term infant

PUFA Polyunsaturated fatty acids

SCFA Short chain fatty acids

VDI Vaginally delivered infant

VLCKD Very low caloric ketogenic diet

WHO World Health Organization
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Background: Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder 
characterized by deficits in social interaction, repetitive behavior and language 
impairment, and its worldwide prevalence has been found to be  increasing 
annually in recent years. Till now, ASD is uncurable as its pathogenesis remains 
unknown. However, studies on both animals and humans have demonstrated 
that fecal microbiota transplantation (FMT) may ameliorate the symptoms of ASD, 
as well as gastrointestinal symptoms. Nonetheless, there is still no agreement 
regarding the optimal dosage or duration of FMT treatment for individuals with 
ASD.

Methods: This clinical study is a double-blind, randomized, interventional trial 
conducted at a single center. The aim is to investigate the safety and efficacy of a 
pediatric formulation of FMT for ASD. A total of 42 children between the ages of 
3–9 with ASD will be randomly assigned in a 2:1 ratio to either an FMT treatment 
group (n  =  28) or a placebo group (n  =  14), forming cohort 1. Additionally, 30 
healthy children of similar age and gender will be recruited as the control group 
(cohort 2). Cohort 1 will be assessed using a variety of scales, including the Autism 
Behavior Checklist, Childhood Autism Rating Scale, Social Responsiveness Scale, 
Gastrointestinal Symptom Rating Scale, Children’s Sleep Habits Questionnaire, 
and Psychoeducational Profile (Third Edition). These assessments will evaluate 
the effectiveness of FMT in reducing core symptoms and comorbidities (such 
as gastrointestinal symptoms and sleep disturbances) in children with ASD. The 
study will use metagenomic and metabolomic sequencing to assess changes 
in the composition and structure of the intestinal flora and its metabolites in 
blood, urine, and feces following treatment. Furthermore, the study will evaluate 
the acceptability of the FMT formulation by participants’ legal guardians and 
investigate differences in the intestinal flora and metabolism in the FMT group 
before and after treatment compared to 30 healthy children.

Clinical trial registration: https://www.chictr.org.cn/, identifier 
ChiCTR2200058459.
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1. Introduction

Autism Spectrum Disorder (ASD)1 is a complex 
neurodevelopmental disorder characterized by core features such as 
social deficits, stereotyped behaviors, and language impairments 
(Coretti et  al., 2018). Over the past 20 years, there has been a 
significant rise in the prevalence of ASD, with the current rate in the 
US estimated to be 1 in 44 children according to the 2021 CDC report, 
posing a significant challenge to both public health and families. In 
addition to genetic factors, gut microbes and their metabolites have 
become a popular area of research in recent years (Qi et al., 2021). The 
human gut contains approximately 40 trillion bacteria, which is 5–10 
times more than the total number of cells in the body. This microbial 
population also has approximately 150 times more genes than the 
human body, often called the “second brain” of the body (Sun et al., 
2019). It is reported that people with ASD often suffer from a 
combination of gastrointestinal symptoms such as constipation and 
diarrhea, as well as altered gut microbiology, mainly in the form of 
abnormal bacteria and metabolites (Rose et al., 2018). For individuals 
with ASD, gastrointestinal symptoms aggravate their sleep problems, 
and conversely inadequate sleep quality and quantity also aggravate 
their ASD symptoms (Cortese et al., 2020). In addition, children with 
ASD who suffer from sleep disorders also suffer from imbalances in 
their gut flora (Han et al., 2022).

The gut microbiota is highly specific, which can lead to varying 
conclusions among different studies regarding the gut microbiota 
characteristics in individuals with ASD. Research has shown that 
compared to healthy individuals, children with ASD tend to have a 
deficiency of beneficial gut bacteria. Further, there is higher level of 
Bacteroidetes, Firmicutes, and Actinobacteria at the phylum level in 
children with ASD. At the genus level, children with ASD tend to have 
higher level of Prevotella, Faecali bacterium and Bacteroides while 
having lower levels of Akkermansia and Bifidobacterium longum 
(Ristori et al., 2019; Iglesias-Vazquez et al., 2020; Zou et al., 2020). 
Patients with both severe ASD and high Bacteroidetes have 
significantly higher total short-chain fatty acids (Qi et al., 2021), and 
in pregnant rats, it was found that abnormalities in these total short-
chain fatty acids could lead to ASD-like behavior in their offspring 
(Alharthi et al., 2022). Patients with ASD exhibit abnormal levels of 
plasma tryptophan and glutamate and their respective metabolites. 
Also, both tryptophan and glutamate, along with their metabolites, 
have significant impacts on brain development (Montanari et  al., 
2022). Microorganisms in the gastrointestinal tract play a crucial role 
in regulating amino acid digestion, absorption, synthesis and 
metabolism and also have an impact on the central nervous system of 
the host (Lin et al., 2017). Tryptophan plays an important role in the 
pathogenesis of ASD (Wang et al., 2020). Changes in gut microbiota 
can impact tryptophan metabolism, and the administration of 
probiotics can facilitate the conversion of tryptophan to serotonin, 
also known as 5-hydroxytryptamine (Kong et al., 2022). Short-chain 
fatty acids found in the gut can down-regulate the expression of the 
Neurexins gene and increase the production of catecholamines, 
ultimately leading to improved ASD symptoms in rats (Nankova et al., 
2014). Gut microbes produce signaling molecules that promote the 

1 https://www.cdc.gov/ncbddd/autism/articles.html

synthesis of neurotransmitters such as serotonin, dopamine, and 
gamma-aminobutyric acid. Furthermore, studies have shown that 
Bifidobacterium longum can improve neuroinflammation resulting 
from tryptophan abnormalities in rats with Autism Spectrum 
Disorder (ASD) (Liu et al., 2021). The bidirectional communication 
between gut microbes and the central nervous system forms a 
“microbe-gut-brain axis (Bonaz et  al., 2018), which may regulate 
neurodevelopment and neurodegenerative diseases, including Autism 
Spectrum Disorder, anxiety and depression, Alzheimer’s disease, and 
Parkinson’s disease, through metabolic, vagal, and immune modalities 
(Fattorusso et al., 2019; Ansari et al., 2020). Although the mechanism 
linking gut microbes to the pathogenesis of ASD remains unknown, 
studies have shown that mice transplanted with gut flora from 
children with autism develop autistic symptoms (Sharon et al., 2019). 
Therefore, bacterial and metabolic markers may play a significant role 
in the pathogenesis of ASD, but further research is necessary to 
identify these markers.

Fecal microbiota transplantation (FMT) is a procedure that 
involves transferring fecal microorganisms from a healthy individual 
to a patient’s gastrointestinal tract, with the aim of improving the 
intestinal microecology and treating the disease (Liu et al., 2022). 
Studies have shown that FMT can improve symptoms of ASD, as well 
as gastrointestinal symptoms and intestinal microecology (Tan et al., 
2021). The intestinal microecology is diverse and complex, and FMT 
contains around 1,000–1,150 functional bacteria that colonize the host 
gut more efficiently than prebiotics or probiotics (Vendrik et al., 2020). 
Although no serious adverse events have been identified in studies of 
FMT for ASD, clinical adverse effects such as fever and allergies have 
been observed in children with ASD treated with FMT (Zhao et al., 
2019). Therefore, the efficacy and safety of FMT need to be further 
evaluated. More research is needed to understand how FMT improves 
ASD symptoms by altering intestinal flora and metabolites (Xu et al., 
2021). Additionally, there is still no consensus on the optimal dose or 
duration of FMT for the treatment of ASD. This study is a double-
blind randomized controlled trial with the primary aim of assessing 
the improvement of ASD symptoms with FMT. By analyzing the 
correlation between changes in the scale of autism-related symptoms 
and gut flora and metabolites in a reasonable grouping, sample size, 
dosing method and treatment phase, we sought to identify the unique 
bacterial and metabolic markers of ASD that may provide additional 
evidence for the “microbial-gut-brain axis” and the treatment of ASD 
symptoms with FMT. This study will have important implications for 
treating patients with ASD associated with gut 
microecological dysbiosis.

This is a double-blind randomized controlled trial aimed at 
assessing the effectiveness of FMT in improving symptoms of ASD 
(Figure  1). The main objective of this study is to evaluate the 
effectiveness of the FMT technique in improving symptoms in 
children with ASD and to identify the core symptoms of ASD that can 
be improved by FMT. Additionally, there are four secondary aims: (1) 
to compare changes in the composition of gut flora in children with 
ASD before and after FMT, (2) to compare differences in gut flora 
between children with ASD and healthy children, (3) to assess the 
safety of the FMT pediatric formulation in children with ASD, and (4) 
to evaluate the acceptability of the FMT pediatric formulation to 
children with ASD and their legal guardians. The exploratory aim of 
the study is to identify changes in the metabolomics of children with 
ASD before and after receiving FMT.
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2. Methods and analysis

2.1. Study design

This is a single-center, double-blind, double-modeled, 
randomized, interventional clinical study aiming at exploring the 
efficacy and safety of FMT formulation on an interventional treatment 
of children with ASD. The degree of improvement in their symptoms 
will be  assessed using several scales. Additionally, changes in the 
composition and structure of their intestinal flora and metabolites of 
the flora in their blood, urine and feces before and after treatment will 
also be assessed by macro-genomic sequencing and metabolomics. 
The study will also evaluate the differences in the gut flora of children 
with ASD and healthy children and the acceptability of FMT pediatric 
preparations by children with ASD and their legal guardians.

The primary endpoint of the study is the change from baseline in 
Childhood Autism Rating Scale (CARS) scores in children with ASD 
after 12 and 24 weeks of treatment. The secondary endpoints are the 
variations in assessment scales, and gut flora and included five 
main points:

 (1) Variations in scores from baseline in the Social 
Responsiveness Scale (SRS), Autism Behavior Checklist 
(ABC), Psychoeducational Profile Third Edition (PEP3), 
Gastrointestinal Symptom Rating Scale (GSRS), and 
Children’s Sleep Habits Questionnaire (CSHQ) after 12 and 
24 weeks of treatment;

 (2) Variations in gut flora characteristics (including alpha-diversity, 
flora composition, beta-diversity, colonizing bacteria, 
differential bacteria, and metabolic pathway function) in 
children with ASD after treatment compared to baseline 
and donors;

 (3) Differences in intestinal flora characteristics (including alpha-
diversity, flora composition, beta-diversity, differential bacteria, 
and metabolic pathway function) between children with ASD 
(baseline) and healthy children;

 (4) The incidence of adverse events during the treatment of 
children with ASD;

 (5) Variations in the FMT acceptance scale scores for participants 
with ASD and their legal guardians.

The patients will be divided into two cohorts: Cohort 1 will 
include 42 children aged 3–9 years diagnosed with ASD, while 
Cohort 2 will include 30 healthy children aged 3–9 years. The sex 
ratio and age range of children enrolled in Cohort 1 and Cohort 2 
will be kept roughly the same. In Cohort 1, subjects who meet the 
entry criteria will undergo a two-week screening visit after the legal 
guardian signs the informed consent. They will then be randomly 
allocated to either the trial or control group in a 2:1 ratio. Children 
in the trial group will undergo rehabilitation and FMT, while the 
control group will receive rehabilitation and placebo. All children 
will undergo a 12-week treatment period following the completion 
of bowel preparation and followed up for 12 weeks, during which 
they will receive only rehabilitation. A homogenous rehabilitation 
scheme will be performed on all the ASD children in Cohort 1. The 
study participants will be discharged at week 25 after the end visit. 
In Cohort 2, after the legal guardian signs the informed consent, 
they will undergo a physical examination, assessment of vital signs, 
and various laboratory examinations within two weeks to confirm 
their health status. Blood, urine, and fecal samples will be collected 
within one week, and the children will be discharged. Metabolomics 
analysis will be  performed on blood and urine samples, while 
macro-genomic sequencing and metabolomics analysis will 
be conducted on fecal samples.

FIGURE 1

An experimental FMT treatment group (n  =  28) and a placebo group (n  =  14) are set up, with healthy children (N  =  30) as controls. A series of scales and 
metagenomic and metabolomic sequencing of blood, urine, and feces will be used to compare the results of the three groups.
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2.2. Inclusion/exclusion criteria

The study participants in each cohort will meet all inclusion 
criteria to be eligible for this trial. For cohort 1, the patients will:

 (1) have a diagnosis of autism as outlined by a child psychiatrist 
according to the Diagnostic and Statistical Manual of Mental 
Disorders (5th edition) and positive results on both the Autism 
Diagnostic Observation Schedule and Autism Diagnostic 
Interview-Revised assessments;

 (2) age 3–9 years, regardless of gender;
 (3) not have immunodeficiency disorders;
 (4) provide signed ICF by participants’ legal guardians who fully 

understand the study;
 (5) have an ABC score ≥ 62 at the time of screening;
 (6) meet two of the following scale scores at the time of screening: 

Childhood Autism Rating Scale (CARS) score ≥ 38; Social 
Responsiveness Scale (SRS) score ≥ 75.

For cohort 2, the patients will:

 (1) age 3–9 years;
 (2) have a male to female ratio as close to cohort 1 as possible;
 (3) provide signed ICF by participants’ legal guardians who fully 

understand the study;
 (4) have normal physical examination, vital signs and important 

laboratory test results.

Subjects meeting any of the following exclusion criteria will not 
be allowed to participate.

 (1) Use of probiotics, antibiotics, antifungal, prebiotic and other 
drugs affecting the intestinal microflora in a planned way 
within the last 3 months or in the following 6 months.

 (2) Diagnosis of intestinal obstruction (including partial 
obstruction), or severe ulcerative damage to the bowel;

 (3) Diagnosis of an immunodeficiency disorder or autoimmune 
disease, including but not limited to rheumatoid arthritis, 
systemic lupus erythematosus, ankylosing spondylitis, 
desiccation syndrome, Hashimoto’s thyroiditis, toxic diffuse 
goiter, autoimmune hemolytic anemia, idiopathic 
thrombocytopenic purpura, Crohn’s disease, psoriasis, 
glomerulonephritis, nephrotic syndrome;

 (4) A previous history of severe food or drug allergy;
 (5) A history of severe fever and/or severe infection within 7 days 

prior to enrolment;
 (6) Renal insufficiency and hepatic dysfunction, for instance, 

alanine aminotransferase level > 1.5 times the normal upper 
limits, aspartate aminotransferase level > 1.5 times the normal 
upper limits, or serum creatinine level > 1.5 times the normal 
upper limits;

 (7) Be in an immunosuppressed state (i.e., presence of a neoplastic 
disease or organ transplantation) underwent or 
undergoing chemotherapy;

 (8) Diagnosed with inflammatory bowel disease, celiac disease, 
irritable bowel syndrome or eosinophilia, oesophagitis, 
eosinophilic gastroenteritis or similar conditions;

 (9) Diagnosis of blindness, deafness, cerebral palsy, etc.;

 (10) Participation in another clinical study or an interventional 
clinical study with non-conventional rehabilitation within 
4 weeks prior to enrolment;

 (11) A previous history of HIV, hepatitis B virus, hepatitis C virus 
or syphilis infection, or a parent with HIV infection;

 (12) A treatment of intra-abdominal surgery (excluding 
appendectomy or cholecystectomy) within the past 60 days 
prior to screening and/or planned invasive surgery/
hospitalization during the study period;

 (13) Presence of certain prominent symptoms, including but not 
limited to stereotyped repetition, aggression, self-injury, 
vandalism, severe emotional behavioral problems and extreme 
hyperactivity, and requiring pharmacological treatment as per 
the principal investigator assessment;

 (14) Poor compliance (i.e., therapeutic drinks taken at less than 
80%), using the following formulas to estimate:

 • Dose = total dose - remaining dose;
 • Adherence rate (a quantitative indicator of adherence) = (dose 

taken/total amount) x 100%.

2.3. Sample size estimation

For Cohort 1, a total of 42 subjects will be randomized in a 2:1 
ratio (28 in the trial arm: 14 in the control arm) to provide sufficient 
statistical power for determining the effectiveness of FMT in 
improving CARS scores compared to placebo. It is anticipated that, 
after 25 weeks of treatment, the mean reduction in CARS scores for 
the FMT group will be 5 points. Additionally, using a one-sided alpha 
level of 5 and 80% power, the proposed sample size will be able to 
detect the expected differences between the two groups. Considering 
a 15% dropout rate, the final sample size for Cohort 1 is expected to 
be 42 cases.

For Cohort 2, a sample size of 30 cases is considered sufficient to 
compare gut flora differences between children with ASD and 
healthy children.

2.4. Randomization and blinding

The Interactive Web Response System (IWRS) will be used to 
randomize subjects in Cohort 1. Prior to enrollment, a random coding 
table will be generated by non-blinded statisticians using the SAS 9.4 
randomization process and imported into IWRS. The IWRS will 
be accessed by investigators using their respective codes, and eligible 
subjects will be assigned a unique drug number in IWRS and will 
receive the study drug corresponding to the drug number. Subjects 
who have been randomized, regardless of whether they are receiving 
study medication or not, cannot be reassigned to other subjects if the 
study is terminated for any reason.

Cohort 1 will be performed in a double-blind manner. From the 
time of randomization, their treatment will be blinded, as well as the 
investigator, study team and anyone involved in the trial until the 
database is locked. The study drugs will also be blinded by non-blinded 
personnel not involved in this study, according to a drug 
randomization coding list provided by non-blinded statisticians. The 
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computer program generating the randomization codes and the 
randomization code sheet will be used as a blinded base and kept 
securely by the unblinded team. The blinding will be kept strictly 
confidential until the final blinding, except in the circumstances such 
as emergency unblinding or suspected unexpected serious adverse 
reactions, in which case individual blinding may be performed by 
designated project personnel. Blinding personnel involved in the 
execution of the trial will not be  informed of any of the subject’s 
blinding status until final blinding is completed, except in cases of 
emergency blinding.

2.5. Interventions

2.5.1. Test drug
The drug in this study will be  XBI-061, and the placebo will 

be XBI-061 placebo, both having the same appearance, smell, weight 
and available in two sizes: 6 mL/bottle and 0.6 mL/bottle, containing 
1 × 1010 to 1 × 1011 live bacteria and 1 × 109 to 1 × 1010 bacteria, 
respectively. The ASD children in the placebo group will receive the 
same dose every time as the treatment group. One bottle of the 
bacterial liquid or placebo will correspond to approximately 70 mL of 
the therapeutic drink. Based on the volume the child can tolerate, the 
bacterial liquid or placebo will be removed from the cold refrigerator, 
dissolved in a therapeutic drink, shaken well, and 
immediately consumed.

2.5.2. Experimental flow

2.5.2.1. Cohort 1
The study flow for Cohort 1 will be divided into seven phases: 

screening period, bowel preparation, first treatment dose, 
intensive treatment, maintenance treatment, follow-up, and exit 
(Figure  2). The patients will undergo stool and urine sample 
collection, relevant examinations, and scale assessments (Table 1). 
During the screening period (D-21 ~ D-7), the eligible ASD 
patients will be assessed based on the implemented scales and 
complete all required examinations, and the baseline data will 
be recorded. In the bowel preparation phase (D-6 ~ D-1), patients 
in both the trial and control groups will undergo bowel 
preparation with oral rifaximin suspension or rifaximin mimetic 
for five days at 0.1 g each time, four times daily, followed by one 
day of polyethylene glycol bowel cleansing. The first treatment 
dose (D1 ~ D7) will involve administering a total of approximately 
700 mL of the therapeutic drink (containing 66 mL of bacterial 
liquid or placebo) orally over 3 to 5 consecutive days of the week, 
depending on the subject’s acceptance of the therapeutic drink 
and the volume available for each dose. Intensive treatment 
(D8 ~ D28) will involve an intensive dose of approximately 60 mL 
of the treatment drink (containing 6 mL of bacterial fluid or 
placebo) once a week for 3 weeks. During the maintenance 
treatment phase (D29 ~ D84), once weekly doses of approximately 
10 mL of the treatment drink (containing 0.6 mL of bacterial 
liquid or placebo) will be administered for 8 weeks. During the 
follow-up period (D85 ~ D169), the subjects will receive the same 
rehabilitation as during the treatment period. They will 
be  discharged at week 25 after completion of the end-visit 
examination (D170). Throughout the treatment period, they will 

be asked to adhere to the “Dietary Manual for People with Autism 
Receiving FMT Therapy” as closely as possible, with a legal 
guardian completing a weekly dietary record form.

2.5.2.2. Cohort 2
After the legal guardian signs the ICF, during the screening period 

(D-14 to D0), the patient’s demographic information (including date 
of birth, age, sex, and ethnicity), medical and treatment history, allergy 
history, vital signs (such as temperature, blood pressure, heart rate, 
and respiratory rate), physical examination, height and weight 
measurements, as well as data from routine blood, blood biochemistry, 
urine and fecal tests will be collected and evaluated to determine the 
patient’s health status.

After the legal guardian signs the ICF, the screening period (D-14 
to D0) will involve collecting demographic data (such as birth date, 
age, gender, and nationality), important medical history, treatment 
history, and allergy history of the subjects. Vital signs, including 
temperature, blood pressure, heart rate, respiratory rate, physical 
examination, height and weight measurements, as well as data from 
routine blood, blood biochemistry, urine and fecal tests, will also 
be recorded to determine the patient’s health status.

During the sampling period (D1 to D7), one stool sample will 
be collected for macroeconomic and metabolomic analysis, and one 
urine sample and a blood sample will also be collected for metabolomic 
analysis (Table 2 and Figure 2), following which they will be eligible 
for discharge.

2.6. Statistical analysis

Bioinformatics and statistical analyses will be  conducted by 
professionals using specialized software tools. Analysis of clinical scale 
results will involve comparing changes in ABC, CARS, SRS, GSRS, 
CSHQ and PEP3 scales before and after FMT. Differences in scale 
results between pre- and post-treatment and control groups will also 
be assessed. To analyze gut flora and metabolites, we will examine 
alpha-diversity, beta-diversity, bacterial symbiotic networks, and 
metabolome analysis using the R language MetaboAnalystR package. 
This package will enable the quantification of metabolite content and 
the identification of characteristic metabolites. Mann–Whitney U and 
Kruskal-Wallis tests will be used to analyze differences in gut flora and 
metabolites between groups. To explore the correlation between gut 
flora, metabolites, and improvements in ASD symptoms, 
gastrointestinal symptoms, and sleep symptoms, we  will use 
Spearman’s correlation test.

3. Risk prevention and management

A randomized, double-blind study with N = 52 patients suffering 
from irritable bowel syndrome evaluated the safety and efficacy of oral 
FMT capsules. It revealed that diarrhea was the only statistically 
significant adverse event, and no serious adverse events (SAEs) were 
observed (Halkjaer et al., 2018). Other FMT-related studies found that 
nausea and diarrhea were the most common adverse events associated 
with oral FMT capsules. However, these symptoms are generally self-
alleviating and do not require treatment. When completing the 
adverse event form, all relevant information will be  collected, 
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including the adverse event and associated symptoms, time of 
occurrence, severity, duration, correlation with the bacterial liquid/
placebo, action taken, and final outcome. The supervisor will confirm 
that the adverse events are reported within the specified period in 
accordance with relevant laws and regulations, the trial protocol, 
ethics committee, and sponsor’s requirements. In the event of an 
adverse event, the investigator will closely observe the subject. In the 
case of SAEs, subsequent FMT will be immediately discontinued.

 1. If a severe allergic reaction occurs, standard anti-allergy 
measures will be taken, and medication will be administered if 
there are no contraindications.

 2. If an inflammatory bowel disease attack occurs, standard 
treatment measures for inflammatory bowel disease attacks 
should be taken, including stool and blood sample collection. 
Traceability testing and analysis should be  initiated 
immediately to determine the cause of the attack.

 3. In the event of a severe infection, blood cultures and stool tests 
will be  performed immediately to identify the causative 
organism and the most effective antimicrobial agent. Broad-
spectrum antibacterial drugs and supportive therapy will 

be administered while awaiting test results, which may help to 
boost the patient’s resistance.

 4. If a serious infection or any other emergency related to the 
FMT intervention occurs during the trial, immediate action 
will be taken. Blood and stool samples will be collected from 
the subject for pathogen detection and analysis to trace the 
source of the causative pathogen before administering any 
antimicrobial agent

4. Ethics and dissemination

This study has been approved by the Ethics Committee of 
Shanghai Sixth People’s Hospital in December 2021 and registered 
with the China Clinical Trials Center (registration number: 
ChiCTR2200058459). The investigator will explain the study’s 
background, pharmacological characteristics of the study drug, trial 
protocol, and potential benefits and risks of participating in the trial 
to each subject’s legal guardian and obtain written informed consent 
before enrolling the subject. Good Clinical Practice and 

FIGURE 2

Overall process of the clinical trial.
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TABLE 1 Inspection schedule for cohort 1.

Parameters Baseline Bowel 
preparation

Treatment period Follow-up

First dose 
treatment

Intensive 
treatment

Maintenance treatment

Time window D-21 ~ D-7 D-6 ~ D-1 D1 ~ D7 D8 ~ D28 D29 ~ D42 D43 ~ D56 D57 ~ D71 D71 ~ D84 D85 ~ D169

Informed consent X

Inclusion and 

exclusion criteria
X

Demographic dataa X

Medical and 

treatment history
X

Height X

Weight X X X

Vital signsb X X X

Allergy history X

Health checkup X X X

Routine blood test X X X

Blood biochemistry X X X

Urinalysis X X X

Fecal routine X X X

Fecal sample 

collectionc
X X X X X

Urine sample 

collectionc
X X X X X

Blood sample 

collectionc
X X X

Bowel preparation X

FMT X

CARS X X X X X

SRS X X X X X

GSRS X X X X X

ABC X X X X X

CSHQ X X X X X

PEP3 X X X X X

rehabilitation 

training
X

Acceptance surveyd X X X

Diet Record X

Adverse event 

record

X

Combined 

medication record

X

FMT, Fecal Microbiota Transplantation; CARS, Childhood Autism Rating Scale; GSRS, Gastrointestinal Symptom Rating Scale; ABC, Autism Behavior Checklist; PEP3, Psychoeducational 
Profile(Third Edition); SRS, Social Responsiveness Scale; CSHQ, Children’s Sleep Habits Questionnaire.
1 Demographics: date of birth, age, sex, ethnicity.
2 Vital signs: temperature, blood pressure, heart rate (pulse), respiratory rate.
3 Sample collection:
aStool sample collection: Stool samples will be collected for macro-genome sequencing and metabolomic analysis during the screening period, every fortnight after the start of treatment for 
macro-genome sequencing, and every four weeks for metabolomic analysis until the end of the study.
bUrine sample collection: Urine samples will be collected for metabolomic analysis during the screening period and every four weeks from the start of treatment until the end of the study.
cBlood sample collection: Blood samples will be collected for metabolomic analysis during the screening period, at the end of treatment (week 13), and at the end of the study (week 25) for 
metabolomic analysis and safety data collection in the blood.
dAcceptance questionnaires: Part A and Part B questionnaires will be completed by legal guardians only during the screening period; Part A and Part B questionnaires will be received by 
subjects and/or legal guardian at the end of the first dose of treatment, booster treatment and maintenance treatment, respectively, (see appendix for details).
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International Council for Harmonization of Technical Requirements 
for Pharmaceuticals for Human Use guidelines will be followed by 
the investigator and all participants. A dedicated team, independent 
of the Clinical Research Center project team, will manage and 
monitor the study. Participating subjects will be legally covered by 
insurance. The study’s results will be published in medical journals 
or conferences, while the subjects’ information will be  kept 
confidential as required by law. The subjects’ personal information 
will not be disclosed except as mandated by relevant laws. Patient 
information will be  accessed by government authorities and 
hospital ethics committees when required.

5. Discussion

ASD is a complex and heterogeneous disease with multiple 
phenotypes. Its underlying cause is unknown, and no curative 
drugs or treatments are currently available. However, increasing 
evidence from animal studies and clinical research supported a 
link between the microbe-gut-brain axis and ASD (Cryan et al., 
2019; Martinez-Gonzalez and Andreo-Martinez, 2020). 
Gastrointestinal symptoms are a common complication in 
children with ASD, with affected children four times more likely 
to experience symptoms such as diarrhea, constipation, and 
abdominal pain than non-ASD children (Patusco and Ziegler, 
2018). Some of these symptoms, such as reflux and vomiting, can 

disrupt the daily activities of children with ASD and are often 
accompanied by other symptoms, such as an imbalanced intestinal 
flora, increased intestinal permeability, inflammation, and food 
allergies (Buie et al., 2010).

Furthermore, there were evidences suggesting that FMT may 
be effective in improving both ASD behavior and gastrointestinal 
symptoms by improving intestinal microecology. Preclinical 
experiments have shown that FMT could improve autistic behavior, 
and fecal bacteria from wild mice have been found to improve 
autistic behavior, metabolic levels, memory, and social skills in ASD 
mice (Li et al., 2020). Kang et al. used FMT in combination with 
antibiotics, omeprazole and Movi Prep therapeutic drinks, which 
increased the abundance of Bifidobacterium, Prevotella, and 
Desulfovibrio, leading to improvements in ASD and gastrointestinal 
symptoms that lasted for at least 8 weeks (Kang et al., 2019) which 
also led to changes in serum and intestinal metabolites (Kang et al., 
2020). Li et al. found that FMT improved gastrointestinal symptoms 
and ASD symptoms, promoted a shift in the intestinal flora of 
children with ASD to that of typical neurological children, and 
significantly altered serum levels of neurotransmitters (Li et al., 
2021). Additionally, Zhao et al. found that FMT was statistically 
different in improving gastrointestinal symptoms and ASD 
symptoms, improved gut microbiology, and caused only mild, 
transient adverse events in 29.2% of patients (Zhao et al., 2019). 
These studies demonstrate that FMT is a safe and effective treatment 
that contains at least 1,000–1,150 functional bacteria (Zhang et al., 
2012), making it an ideal treatment option for improving gut 
microecology and the effectiveness of treatment for ASD.

Although FMT has been shown to effectively improve the 
symptoms of ASD, there is still no consensus on the optimal dose 
and treatment regimen for FMT in ASD patients (De Angelis et al., 
2015). Chen et  al. used an individualized daily intake of fecal 
bacteria (Chen et al., 2022). Our study will use standard bacterial 
fluids administered in three phases: first-dose treatment, intensive 
treatment, and maintenance treatment. Prior to treatment, 
antibiotics were used to clean the bowel, making this the first study 
to use bacterial fluids in three phases of treatment, which has 
significant implications for the further development of clinical 
applications of FMT. The critical period after antibiotic use was likely 
the most favorable for colonizing the gut by foreign bacteria (Kang 
et  al., 2019). Therefore, our study’s first week of treatment will 
involve a high bacterial dose, followed by three weeks of intensive 
treatment and eight weeks of maintenance treatment. The bacterial 
liquid in this study will be dissolved in drinks, making it easier for 
children with ASD to swallow, which will increase the acceptability 
of FMT treatment. This study hypothesizes that FMT will target 
specific ASD symptoms, gastrointestinal symptoms and sleep 
symptoms, and aim to identify the bacteria and metabolites 
associated with improved symptoms. This study is a double-blind 
randomized controlled trial, but some limitations still exist. Firstly, 
the sample size might be small, with only 42 patients enrolled in this 
study. Further expansion of sample size will need to demonstrate the 
efficacy of fecal microbiota transplantation fluid for autism. 
Secondly, future trials will group children with ASD according to 
different core symptoms to explore the precise targeting of FMT 
treatment for ASD symptoms and compare the effects of FMT 
treatment within and between groups. Thirdly, a longer follow-up 
time will enable better observation of the duration of improvement 

TABLE 2 Inspection schedule for Cohort 2.

Parameters Baseline Sample 
collection period

Time windows D-14 to D0 D1 to D7

Informed consent X

Inclusion and exclusion 

criteria

X

demographic data1 X

Medical and treatment 

history

X

Vital signs2 X

allergy history X

health checkup X

routine blood test X

Blood biochemistry X

Urinalysis X

Fecal routine X

Fecal sample collection3 X

Urine sample collection3 X

Blood sample collection3 X

1 Demographics: date of birth, age, sex, ethnicity.
2 Vital signs: temperature, blood pressure, heart rate (pulse), respiratory rate.
3 Stool sample collection: Stool samples will be collected for macro-genome sequencing and 
metabolomic analysis during the screening period.
3 Urine sample collection: Urine samples will be collected for metabolomic analysis during 
the screening period.
3 Blood sample collection: Blood samples will be collected for metabolomic analysis during 
the screening period.
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in ASD symptoms and the safety and efficacy of FMT. This study will 
have only one follow-up and willnot track the long-term impact of 
FMT on children with ASD. Fourthly, besides diet, probiotics and 
other factors, there are many factors affecting gut microbiota. This 
study will not fully consider the mixed factors affecting gut 
microbiota, such as living habits, age, etc.
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Early life stress induces irritable 
bowel syndrome from childhood 
to adulthood in mice
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Background: Irritable bowel syndrome (IBS) is one of the most common functional 
gastrointestinal disorder. Traditionally, early life stress (ELS) is predisposed to IBS in 
adult. However, whether ELS induces IBS in early life remains unclear.

Methods: Separated cohort studies were conducted in neonatal male pups of 
C57BL/6 mice by maternal separation (MS) model. MS and non-separation mice 
were scheduled to be  evaluated for prime IBS-phenotypes, including visceral 
hypersensitivity, intestinal motility, intestinal permeability, and anxiety-like 
behavior. Ileal contents and fecal samples were collected and analyzed by 16S 
rRNA gene sequencing and bacterial community analyses. Subcellular structures 
of intestinal epithelial, such as epithelial tight junctions and mitochondria, were 
observed under transmission electron microscopy.

Results: MS induced visceral hypersensitivity and decreased total intestinal 
transit time from childhood to adulthood. In addition, MS induced intestinal 
hyperpermeability and anxiety-like behavior from adolescence to adulthood. Besides, 
MS affected intestinal microbial composition from childhood to adulthood. Moreover, 
MS disrupted intestinal mitochondrial structure from childhood to adulthood.

Conclusion: The study showed for the first time that MS induced IBS from early 
life to adulthood in mice. The disrupted intestinal mitochondrial structure and 
the significant dysbiosis of intestinal microbiota in early life may contribute to the 
initiation and progress of IBS from early life to adulthood.

KEYWORDS

irritable bowel syndrome, early life stress, brain-gut-microbiota axis, maternal 
separation, visceral hypersensitivity

Introduction

Irritable Bowel Syndrome (IBS) is a functional gastrointestinal disorder, newly called 
“disorders of the gut-brain interaction,” which was characterized by recurrent episodes of 
abdominal pain/discomfort and bowel habit changes (Botschuijver et al., 2019; Han et al., 2022; 
Brierley et al., 2023), with high prevalence both in childhood and adulthood worldwide (Sperber 
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et  al., 2021). With recurrent symptoms and without particularly 
effective treatments, IBS significantly affects the quality of life, and 
mental and physical health of patients (Black and Ford, 2020; Sperber 
et  al., 2021; Li et  al., 2023). Despite the major global effort, the 
mechanism underlying the pathogenesis of IBS remains unknown 
(Mishima and Ishihara, 2021). Brain-gut axis dysfunction and visceral 
hypersensitivity are two of the main characteristics of IBS, while 
intestinal hyperpermeability, abnormal gastrointestinal motility, 
activation of the intestinal mucosal immune response, low-grade 
intestinal inflammation, and somatic and psychological disorders may 
also be involved in the pathophysiological processes (Xiao et al., 2021; 
Tesfaye et al., 2023). In recent years, more attention has been focused 
on the role of early life stress (ELS) in the pathogenesis of IBS. A large 
number of pre-clinical and clinical studies have shown that ELS can 
result in persistent changes in the central stress response systems, 
heightened visceral hypersensitivity, enhanced intestinal motility, shifts 
in gut microbiota composition, elevated anxiety-and depressive-like 
behaviors, and increase predisposition to developing IBS in adulthood 
(Riba et  al., 2018; Ju et  al., 2020; Low et  al., 2020; Rincel and 
Darnaudéry, 2020; Collins et al., 2023; Petitfils et al., 2023; Lee and 
Jung, 2024). Early life is an important period for the development of 
the central nervous system (CNS), gut, and gut microbiota (Osadchiy 
et al., 2019; Ratsika et al., 2021). ELS can disrupt this critical period and 
may contribute to the etiology of several neurodevelopmental 
disorders, such as IBS (Osadchiy et  al., 2019; Tao et  al., 2022b). 
Accordingly, ELS may impact the brain-gut-microbiota axis before 
adulthood. However, whether ELS can result in IBS in children and 
adolescents is not yet understood.

Maternal separation (MS) is a classic animal model of IBS, which 
effectively mimics ELS (Riba et al., 2018; Wong et al., 2019; Huang 
S. T. et al., 2021; Tao et al., 2022a). Using MS model, some of the 
pathogeneses of IBS were widely studied, such as visceral 
hypersensitivity (Wu et al., 2020; Huang S. T. et al., 2021; Wang et al., 
2022; Tao et al., 2022a), intestinal hyperpermeability (Kuti et al., 2020; 
Torres-Maravilla et al., 2022), intestinal dysmotility (Bülbül and Sinen, 
2021), intestinal dysbiosis (Rincel and Darnaudéry, 2020; Park et al., 
2021), and anxiety-like and depressive-like behaviors (Zhou et  al., 
2022; Favoretto et  al., 2023). Also, Riba et  al. (Riba et  al., 2018) 
systematically studied the influence of MS on the function of the 
intestine, mimicking IBS’s main features, including intestinal 
hyperpermeability, visceral hypersensitivity, microbiota dysbiosis, bile 
acid malabsorption, and low grade inflammation in the intestine. 
Results suggested that MS is a suitable model for IBS. These studies 
mainly focused on the effect of MS on adult rodents; however, few 
studies paid attention to the influence of MS on young rodents. One 
study reported that MS rats showed significant visceral hypersensitivity 
from the post-weaning period to adult (Yi et al., 2017). Moreover, our 
previous study using a novel distention balloon to evaluate visceral 
hypersensitivity found that MS induced visceral hypersensitivity in 
post-weaning mice (Tao et al., 2022a). Together, these results suggested 
that visceral hypersensitivity in the early life, such as post-weaning 
period, might play a more meaningful pathophysiologic role in the 
formation of adult IBS. Therefore, to dynamically explore the potential 
effect of MS on early life to adulthood may provide a new vision of the 
pathogenesis of IBS, and thus may develop new therapeutic targets 
for IBS.

Accordingly, we conducted separated cohort studies of mice to 
investigate the hypothesis that ELS induced prime phenotypes of IBS, 
such as visceral hypersensitivity, intestinal hyperpermeability, 

abnormal gastrointestinal motility, intestinal dysbiosis, and anxiety-
like behavior, from childhood to adulthood.

Materials and methods

Study design

Twenty pregnant C57BL/6 mice of 13 days gestation age were 
purchased from the Laboratory Animal Center of Zhejiang University. 
They were individually housed and maintained on a 12-h light–dark 
cycle (turned on at 9: 00 am and turned off at 9:00 pm) with access to 
food and water ad libitum. To avoid the effects of stress on dams, litters 
were not disturbed on the first one day after delivery. Female pups were 
euthanized on postnatal day (PND) 2 by decapitation after being 
anesthetized with 2% isoflurane. To avoid the effects of estrogen, only 
male pups (n = 82) were used. Number the entire litters of mice from 1 
to 20 and generate random numbers using an Excel spreadsheet. Arrange 
them in ascending order based on the random numbers. Assign the first 
6 random numbers to cohort 1, numbers 7–13 to cohort 2, and numbers 
14–20 to cohort 3. After grouping, each cohort was further divided into 
MS groups and non-separation (NS) groups using the same method. The 
schematic of the study design was shown in Figure 1. Protocols for 
animal research were preapproved by the Zhejiang University Ethics 
Committee for Animal Research (ethics review number: ZJM20230025).

Maternal separation

MS was implemented as previously described (Riba et al., 2018; 
Wong et al., 2019; Tao et al., 2022a). For the protocol of MS please 
refer to the Supplementary data.

Abdominal withdrawal reflex

Abdominal withdrawal reflex (AWR) score was evaluated by 
colorectal distension (CRD) on mice at PND 25, 40 and 70 according 
to the previous study with some modifications (Yu et al., 2012; Zhang 
Y. et al., 2020; Tao et al., 2022a). For the protocol of AWR please refer 
to the Supplementary Data.

Total intestinal transit time

The total intestinal transit time (TITT) was measured by carmine 
red as previous study used (Schmitt et al., 2017). Briefly, carmine red 
(1390-65-4, MedChemExpress) was given by gavage to mice fasted 
for 6 h (10 mg/mL of water, 10 μL/g body weight). The TITT was 
measured by the time between ingestion of carmine red and first 
appearance of the dye in feces.

Intestinal paracellular permeability

Intestinal paracellular permeability was evaluated by the intestinal 
permeability of fluorescein isothiocyanate-dextran (FITC-D) 4 kDa as 
previous studies described with some modifications (Toubal et al., 
2020; Ye et al., 2021). For the detailed protocol please refer to the 
Supplementary data.
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Animal behavior experiments

Animal behavior experiments were implemented during the dark 
phase of the diurnal cycle in the Laboratory Animal Center of 
Zhejiang University. Mice were placed in the experiments room 0.5 h 
ahead of experiments for environmental adaptation.

Open-field test

Open-field test (OFT) was tested as previous study (Chen et al., 
2021). For the protocol of OFT please refer to the Supplementary data.

Elevated plus maze

The protocol of elevated plus maze (EPM) was previous described 
(Zhang H. et al., 2020). For the protocol of EPM please refer to the 
Supplementary data.

Transmission electron microscopy

The protocol of transmission electron microscopy (TEM) was 
previous reported (Ye et al., 2021). Briefly, ileal fresh tissues about 
0.5–1 cm were fixed overnight in 2.5% glutaraldehyde at 4°C. After 
rinsed three times for 10 min each with PBS, tissues were fixed with 
1% osmium tetroxide for 1 h. Then, the specimens were rinsed in 
distilled water 10 min each for three times, followed by stained 
with 2% aqueous uranyl acetate for 30 min. The samples were 
subjected to dehydration in an ethanol gradient series: 50%, 70%, 
and 90% ethanol, each for 15 min, followed by 100% ethanol for 
20 min treatments in shaking table (60 rpm). Then samples were 
treated with 100% acetone twice for 20 min each. Embedding: pure 
acetone + embedding solution (1:1) was incubated for 2 h at room 
temperature, pure acetone + embedding solution (1:3) was 
incubated for 2 h at room temperature, and then the solution was 
replaced with pure embedding solution and was embedded at 
37°C. After polymerization, 90 nm thick sections were cut using an 
ultra-microtome (LEICA EM UC7, Leica, United States). Finally, 

FIGURE 1

Experimental overview and methodology of the study. The study investigates whether early-life stress induced irritable bowel syndrome during early 
life stages, including childhood and adolescence, and persists into adulthood. To simulate early-life stress, we established a maternal separation model. 
Newborn mice were randomly divided into three cohorts: PND 25–30 representing childhood, PND 40–45 representing adolescence, and PND 70–75 
representing adulthood. Within each age group, neonatal mice were further randomly divided into maternal separation groups and non-separation 
groups. Each MS group was experiencing maternal separation at PND 2–14. Both MS and NS groups were weaned at PND 22. Both gut functional and 
behavioral parameters were evaluated at specific predetermined times. Fecal samples and ileal contents were collected for microbial community 
analysis by 16S rRNA sequencing. Intestinal tissues were collected and subcellular structures of intestinal epithelial were observed under transmission 
electron microscopy. (A): Study cohort; (B): Experimental sequence. Animals were scheduled to be evaluated for intestinal parameters and behavior, 
and then to be sacrificed. (C): Sampling. NS, non-separation; MS, maternal separation; CRD, colorectal distention; TITT, total intestinal transit time; IP, 
Intestinal permeability; OFT, pen field test; EPM, elevated plus maze; TEM, Transmission Electron Microscopy.
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samples were observed by 120kv TEM (Tecnai G2 Spirit 120 kV, 
Thermo FEI).

Mitochondrial measurement

Mitochondria morphology within TEM images was analyzed with 
ImageJ, encompassing mitochondrial length, width, and area, followed 
previously published approaches (Lam et al., 2021). Mitochondrial 
cristae were evaluated by a cristae score: 0, no well-defined cristae; 1, 
more than 50% of the mitochondrial area lacks cristae; 2: more than 
25% of the mitochondrial area lacks cristae; 3: many irregular cristae 
covering over 75% of the area; 4: Many regular cristaer (Eisner 
et al., 2017).

Microbiota analysis

Ileal contents and fecal DNA extraction, 16S rRNA gene 
sequencing, and bacterial community analysis.

For materials and methods, please refer to the Supplementary data.

Statistical analyses

The distribution of data was analyzed by Shapiro–Wilk normality 
test. Normally distributed data is represented using the 
mean ± standard deviation (SD), whereas non-normally distributed 
data is represented using the median and interquartile range (IQR). 
Two sets of normally distributed data are analyzed using a Student’s 
t-test, while non-normally distributed data are analyzed using 
non-parametric tests. For AWR, two-way repeated-measures ANOVA 
followed by Bonferronis multiple-comparisons test was used. All data 
were analyzed by IBM Statistical Package for the Social Sciences 
(SPSS), version 23 (IBM Corporation). p < 0.05 was considered 
statistically significant.

Results

ELS induced visceral hypersensitivity from 
childhood to adulthood

AWR vs. threshold
The CRD threshold of AWR score 1, 2, 3, and 4 at PND 25 was 

significantly lower in MS compared to NS (p < 0.0001, respectively) 
(ELS × pressure) with Bonferronis multiple-comparisons test, 
interaction: F (3, 80) = 2.99, p < 0.05; and it had significant main effect 
of ELS: F (1, 80) = 191.2, p < 0.0001; also significant main effect of 
pressure: F (3, 80) = 160.2, p < 0.0001 (Figure 2A). Besides, the CRD 
threshold of AWR score 1, 2, 3, and 4 at PND 40 was significantly 
lower in MS compared to NS (p < 0.000, respectively) (ELS × pressure) 
with Bonferronis multiple-comparisons test, interaction: F (3, 
88) = 7.27, p < 0.001; and it had significant main effect of ELS: F (1, 
88) = 354.2, p < 0.0001; also significant main effect of pressure: F (3, 
88) = 217.2, p < 0.0001 (Figure 2C). In addition, the CRD threshold of 
AWR score 1, 2, 3, and 4 at PND 70 was significantly lower in MS 
compared to NS (p < 0.0001, respectively) (ELS × pressure) with 

Bonferronis multiple-comparisons test, interaction: F (3, 84) = 10.70, 
p < 0.0001; and it had significant main effect of ELS: F (1, 84) = 387.7, 
p < 0.0001; also significant main effect of pressure: F (3, 84) = 202.7, 
p < 0.0001 (Figure 2E).

AWR vs. pressure
The AWR scores at 10 mm Hg, 20 mmHg, 30 mmHg, 40 mmHg, 

50 mmHg, 60 mmHg, and 70 mmHg at PND 25 were significantly 
higher in MS compared to NS (p < 0.0001, respectively) 
(ELS × pressure) with Bonferronis multiple-comparisons test, 
interaction: F (7, 160) = 80.57, p < 0.0001; and it had significant main 
effect of ELS: F (1, 160) = 1,361, p < 0.0001; also significant main effect 
of pressure: F (7,160) = 1,364, p < 0.0001) (Figure 2B). However, there 
was no difference of AWR score at 80 mmHg pressure of CRD between 
MS and NS at PND 25 (p > 0.05) (Figure 2B). The AWR scores at 
10 mm Hg, 20 mmHg, 30 mmHg, 40 mmHg, 50 mmHg, 60 mmHg, 
and 70 mmHg at PND 40 were significantly higher in MS compared 
to NS (p < 0.0001, respectively) (ELS × pressure) with Bonferronis 
multiple-comparisons test, interaction: F (7, 176) = 140.9, p < 0.0001; 
and it had significant main effect of ELS: F (1, 176) = 4,111, p < 0.0001; 
also significant main effect of pressure: F (7,176) = 3,329, p < 0.0001) 
(Figure  2D). However, there was no difference of AWR score at 
80 mmHg pressure of CRD between MS and NS at PND 40 (p > 0.05) 
(Figure 2D). The AWR scores at 10 mm Hg, 20 mmHg, 30 mmHg, 
40 mmHg, 50 mmHg, and 60 mmHg at PND 70 were significantly 
higher in MS compared to NS (p < 0.0001, respectively) 
(ELS × pressure) with Bonferronis multiple-comparisons test, 
interaction: F (7, 168) = 872.4, p < 0.0001; and it had significant main 
effect of ELS: F (1, 168) = 12,901, p < 0.0001; also significant main effect 
of pressure: F (7,168) = 6,200, p < 0.0001) (Figure 2F). However, there 
was no difference of AWR score at 70 and 80 mmHg pressure of CRD 
between MS and NS at PND 70 (p > 0.05) (Figure 2F).

ELS promoted intestinal motility from 
childhood to adulthood

The TITT in MS was significantly shorter than NS at PND 26 
(102.70 ± 7.83 min VS 121.9 ± 12.97 min, p < 0.0001, Figure  2G), at 
PND 41 (99.42 ± 18.88 min VS 128.3 ± 20.62 min, p < 0.01, Figure 2H) 
and at PND 71 (86.33 ± 10.76 min VS 135.6 ± 45.43 min p < 0.01, 
Figure 2I), respectively.

ELS increased intestinal paracellular 
permeability from adolescence to 
adulthood

Compared to NS, fluorescence intensity of FITC-Dextran in 
serum in MS was significantly higher at PND 42 (7.37 ± 1.13 VS 
1.94 ± 0.05, p < 0.001, Figure  3D) and PND 72 (24.99 ± 4.24 VS 
3.86 ± 0.33, p < 0.001, Figure 3G), respectively. However, there was no 
significant difference of fluorescence intensity of FITC-Dextran in 
serum between MS and NS at PND 27 (p > 0.05) (Figure 3A). TEM of 
intestine tissue revealed that the epithelial tight junctions were 
loosened and the gap widened in MS compared to NS at PND 45 
(256.4 ± 38.47 nm VS 12.27 ± 1.67 nm, p < 0.001, Figure 3F) and PND 
75 (249.5 ± 32.70 nm VS 17.30 ± 2.21 nm, p < 0.001, Figure  3I). 
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However, there was no significant different junctional gaps between 
MS and NS at PND 30 (p > 0.05) (Figure 3C).

ELS disrupted intestinal mitochondrial 
structure

Intestinal mitochondrial structure was observed under TEM. The 
mitochondria were disarranged, irregular in size and shape, and 
displaying cristae vacuolation in MS (Figures 4B,D,F) (marked with red 
arrows and red dotted box) compared to NS (Figures 4A,C,E) (marked 
with white arrows and white dotted box). Mitochondrial morphology in 
electron microscope images was analyzed using ImageJ. Compared to NS, 

MS exhibited significantly longer mitochondrial length at PND 30 
(1.63 ± 0.32 μm vs. 0.85 ± 0.14 μm, p < 0.05) (Figure 4G). Additionally, the 
mitochondrial area was significantly larger in MS compared to NS at PND 
30 (1.20 ± 0.38 μm2 VS 0.35 ± 0.13 μm2, p < 0.05, Figure 4I). However, there 
was no significant difference in mitochondrial width between MS and NS 
(1.02 (0.67, 1.03) VS 0.55 (0.35, 0.72), p > 0.05) at PND 30, Figure 4H). 
There was significant difference in mitochondrial length in MS compared 
to NS at PND 75 (0.91 ± 0.13 μm vs. 0.50 ± 0.13 μm, p < 0.05, Figure 4O). 
Similarly, the mitochondrial area was significantly larger in MS than in 
NS at PND 75 (0.65 ± 0.056 μm2 VS 0.20 ± 0.09 μm2, p < 0.01, Figure 4Q). 
However, there was no significant difference in mitochondrial width 
between the two groups at PND 75 (0.72 ± 0.21 μm VS 0.46 ± 0.08 μm, 
p < 0.05, Figure 4P). In addition, there were no significant differences in 

FIGURE 2

Early life stress induced visceral hypersensitivity and promoted intestinal motility from childhood to adulthood. (A,B): impact of early life stress on 
visceral sensitivity at PND 25. (C,D): impact of early life stress on visceral sensitivity at PND 40. (E,F): impact of early life stress on visceral sensitivity at 
PND 70. (G–I): impact of early life stress on intestinal motility at PND 26, 41, and 71, respectively. AWR, abdominal withdrawal reflex; CRD, colorectal 
distention; NS, non-separation; MS, maternal separation; PND, postnatal day; ns, no significance; **p  <  0.01; ***p  <  0.001; ****p  <  0.0001.
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FIGURE 3

Early life stress induced intestinal hyperpermeability from adolescence to adulthood. (A,D,G): impact of early life stress on intestinal hyperpermeability 
assessed by FITC-Dextran at PND 27, 42 and 72, respectively. (B,E,H): Intestinal epithelium was observed by transmission electron microscope at PND 
30, 45, and 75, respectively. (C,F,I): junctional gaps in the images of transmission electron microscope were measured by ImageJ at PND 30, 45, and 
75, respectively. FITC, fluorescein isothiocyanate; NS, non-separation; MS, maternal separation; PND, postnatal day; ns, no significance; ***p  <  0.001; 
****p  <  0.0001. The white arrow indicated tight junctions between intestinal epithelial cells.
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FIGURE 4

Early life stress disrupted intestinal mitochondrial structure. (A,B): impact of early life stress on intestinal mitochondrial structure at PND 30; (C,D): 
impact of early life stress on intestinal mitochondrial structure at PND 45; (E,F): impact of early life stress on intestinal mitochondrial structure at PND 
75. (G,H,I): mitochondrial measurement, including length, width, and area, at PND 30, respectively. (K,L,M): mitochondrial measurement, including 
length, width, and area, at PND 45, respectively. (O,P,Q): Mitochondrial measurement, including length, width, and area, at PND 70, respectively. 
(J,N,R): cristae score at PND 30, 45, and 70, respectively. The white arrow indicated normal morphology of mitochondria and the white dotted box 

(Continued)
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indicated well-organized mitochondrial arrangement in intestinal epithelial cells, with normal mitochondrial cristae morphology. The red arrow and 
red dotted box indicated irregular mitochondrial size and morphology in intestinal epithelial cells, with the formation of mitochondrial cristae 
vacuolation. NS, non-separation; MS, maternal separation; PND, postnatal day; ns, no significance; *p  <  0.05; **p  <  0.01.

FIGURE 4 (Continued)

terms of mitochondrial length, width and area between MS and NS at 
PND 40 (p > 0.05, Figures  4K,L,M, respectively). Notably, the cristae 
scores were significantly lower in MS group compared to NS group at 
PND 30 (1.67 ± 0.58 VS 4.0 ± 0.00, p < 0.01, Figure 4J), 45 (1.67 ± 0.58 VS 
4.0 ± 0.00, p < 0.01, Figure 4N), and 75 (1.67 ± 0.58 VS 4.0 ± 0.00, p < 0.01, 
Figure 4R).

ELS induced anxiety-like behavior from 
adolescence to adulthood

There were no differences in the performance of OFT (Figures 5A,B) 
at PND 28 and of EPM (Figures 5C,D) at PND 29 between MS and NS 
groups (p > 0.05, respectively). However, there were significant differences 
in the performance of OFT, including shorter travel distance, lesser 
percent time in center, and lesser center entries in MS compared to NS 
groups at PND 43 (p < 0.01, respectively) (Figures 5E,F). Also, there were 
significant differences in the performance of EPM, including shorter open 
arm distance (p < 0.05), decreased open arm time (p < 0.05), and lesser 
open arm entries (p < 0.01) respectively, in MS compared to NS groups at 
PND 44 (Figures 5G,H). Likewise, there were significant differences in the 
performance of OFT, including shorter travel distance (p < 0.01), lesser 
percent time in center (p < 0.01) and lesser center entries (p < 0.001), 
respectively, in MS compared to NS groups at PND 73 (Figures 5I,J). Also, 
there were significant differences in the performance of EPM, including 
shorter open arm distance, decreased open arm time, and lesser open arm 
entries in MS compared to NS groups at PND 74 (p < 0.01, respectively) 
(Figures 5K,L).

Impact of ELS on microbial composition of 
ileal contents at genus level

Concerning the genus level, Burkholderia-Caballeronia-
Paraburkholderia, Brevundimonas, Bradyrhizobium, Clostridiales_
vadinBB60_group_unclassified, Acidiferrobacteraceae_unclassified, 
Lachnospiraceae_unclassified, Sphingopyxis, Actinobacteria_
unclassified, Phreatobacter, Helicobacte were significantly more 
enriched in the MS group compared to NS group (Figures 6A,B). On 
the contrary, the abundance of Lactobacillus, Parvibacter, 
Enterorhabdus, Dubosiella, and Clostridiales_Family_IV._Incertae_
Sedis_unclassified was significantly decreased in the MS group 
compared to NS group (Figures 6A,B). Furthermore, the abundance 
of Ruminococcus_1 was significantly decreased and the abundance of 
Methylobacterium was significantly enriched in the MS group 
compared to the NS group at the genus level (Figures 6C,D).

Impact of ELS on microbial composition of 
fecal samples at genus level

At genus level, ELS remarkably affect microbial composition of 
fecal samples from PND 30, PND 45, to PND 75. AS shown in 

Figure  7, We  observed that the MS group had a higher relative 
proportion of Oxyphotobacteria_unclassified at PND 30 
(Figures  7A,B), a higher relative enrichment of Prevotellaceae_
UCG-001, Tyzzerella, Rikenellaceae_RC9_gut_group, Paraprevotella, 
Erysipelotrichaceae_unclassified, Eubacterium_ventriosum_group, 
Candidatus_Saccharimonas, Butyricicoccus, Alistipes at PND 45 
(Figures  7C,D), and a higher relative abundance of Kineothrix, 
Blautia, Bifidobacterium, Duncaniella at PND 75 (Figures 7E,F) than 
that of NS group. However, we found that compared to NS group, MS 
group had a lower relative composition of Kineothrix, Eisenbergiella, 
GCA-900066575, Ruminiclostridium, Oscillibacter, A2, and 
Lachnospiraceae_UCG-006 at PND 30 (Figures 7A,B), a lower relative 
component of Gastranaerophilales_unclassified, Mollicutes_RF39_
unclassified, Muribaculum Dehalobacterium, Christensenellaceae_
unclassified, Blautia, at PND 45 (Figures 7C,D) and a lower relative 
proportion of Prevotellaceae_UCG-001 and Lachnospiraceae_
UCG-010 at PND 75 (Figures 7E,F).

Discussion

This study investigated the impact of ELS on the main phenotypes 
of IBS, such as visceral hypersensitivity, hyperpermeability, intestinal 
dysmotility, intestinal dysbiosis, and anxiety-like behavior from 
childhood to adulthood. Most importantly, this study showed for the 
first time, that ELS induced IBS from early life to adult in mice.

Numerous previous basic studies reported that neonatal pups 
experience of ELS was predisposed to IBS in adulthood (Rincel and 
Darnaudéry, 2020; Tao et al., 2022b). However, seldom study focused on 
the impact of ELS on the early life. A large number of clinical evidence 
indicated that early life adverse event increased the risk for IBS in adult 
(Burke et al., 2017; Ju et al., 2020; Low et al., 2020). Chang et al. investigated 
different types of early adverse life events before age 18 years and their 
association with IBS and demonstrated that IBS patients had a higher 
prevalence of general trauma, physical punishment, emotional abuse, and 
sexual events, compared with controls (Bradford et  al., 2012). 
Furthermore, ELS was even correlated with symptom severity of IBS 
(Park et al., 2016). These clinical studies indicated that ELS play a crucial 
role in the initiation and progression of IBS. One cannot help but wonder 
when did ELS cause IBS? Gut microbiota and brain development begin 
during the prenatal period and continue throughout adulthood, 
particularly the first 3 years of life representing a critical developmental 
period. Disruptions in development can influence interaction between 
these two systems and may contribute to the pathogenesis of 
neurodevelopmental disorders such as IBS (Borre et al., 2014; Ratsika 
et al., 2021; Chen et al., 2022). Therefore, there is reason to believe that 
ELS will disrupt the vital developmental window and may present IBS-like 
alterations in early life. Indeed, one study supported the idea that ELS 
caused visceral hypersensitivity from the post-weaning period to adult in 
rats (Yi et al., 2017). Furthermore, our previous study reported that ELS 
induced visceral hypersensitivity in post-weaning mice (Tao et al., 2022a). 
The results indicated that ELS caused IBS-like phenotype in early life. 
However, beyond these two studies, no other documented study focused 
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on the influence of ELS on IBS-like phenotypes in early life. Accordingly, 
the profound significance of our study was that it was the first study to 
comprehensively investigate the influence of ELS on the prime IBS-like 
phenotypes in early life. Also, our study provided convincing evidence 
that ELS induced IBS from early life to adult.

In this study, a significant observation was the impact of ELS on 
the structural integrity of intestinal mitochondria. The mitochondria 
exhibited evident disruptions in their usual architecture, which 
included disorganized arrangement, irregular variations in size and 
shape, and notably, the presence of cristae vacuolation (Figure 4). This 
significant result indicated that intestinal mitochondrial dysfunction 
may play an important role in the prosses of ELS induced IBS. Normal 
mitochondrial function is essential for intestinal epithelial cell 
homeostasis. Mitochondrial function emerges as a key player in cell 
fate decisions and in coordinating cellular metabolism, immunity, 
stress responses and apoptosis (Rath et al., 2018; Guerbette et al., 2022). 
Preclinical evidence demonstrated that alterations in mitochondrial 
function and structure are linked to both early stress and systemic 
biological dysfunction. In addition, early clinical studies supported that 
increased mitochondrial DNA content and altered cellular energy 
demands may be present in individuals with a history of ELS (Zitkovsky 
et al., 2021). Evidence from rodent models suggested that mitochondria 
exhibited structural and functional changes, such as decreased 

respiratory enzymatic activity or mitochondrial membrane potential, 
was associated with long-term or excessive exposure to stress, resulting 
in an impaired capacity for energy production (Picard and McEwen, 
2018; Zitkovsky et al., 2021). Furthermore, chronic psychosocial stress 
induced epithelial hyperpermeability and visceral hypersensitivity and 
disturbing mitochondrial activity throughout the intestine (Vicario 
et  al., 2012). Therefore, the ELS induced visceral hypersensitivity 
(Figure 2), and intestinal hyperpermeability (Figure 3) in early life at 
the present study may be  associated with the dysfunction of 
mitochondria in early life in intestinal epithelium (Figure 4). Further 
studies specifically investigating these interactions are warranted. 
Notably, fluorescence intensity of FITC-D in MS was higher than NS 
at PND 27, but the difference had no statistical significance (Figure 3A). 
Subsequent TEM revealed that epithelial tight junctions were loosened 
and the gap widened in MS compared to NS at PND 30, but the 
differences were not statistically significant (Figures  3B,C). These 
results implied that intestinal paracellular permeability was mild 
increased caused by ELS, but not increased enough to allow biological 
macromolecules such as FITC-D, entrance. These results also indicated 
that although the dysfunction of mitochondria was induced by ELS in 
childhood, the impairment of intestinal barrier function is not severe. 
On the other hand, work in animal models supported a causal 
association between mitochondrial dysfunction and changes 

FIGURE 5

Early life stress induced anxiety-like behavior from adolescence to adulthood in mice. (A,E,I): track diagram of OFT; (C,G,K): track diagram of EPM; 
(B,F,J): performance in OFT at PND 28, 43, and 73, respectively; (D,H,L): performance in EPM at PND 28, 43, and 73, respectively. ns, no significance; 
NS, non-separation; MS, maternal separation; PND, postnatal day; OFT, open field test; EPM, elevated plus maze. *p  <  0.05; **p  <  0.01; ****p  <  0.0001.
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FIGURE 6

Impact of early life stress on microbial community of ileal contents at genus level from PND 30 to PND 75. (A,C) Bubble plot showed the significant 
difference of microbial abundance of ileal contents between MS and NS at Genus level at PND 30 and PND 75, respectively. (B,D) Sankey diagram 
showed significant differences of taxonomy abundance of microbial community of ileal contents between MS and NS at PND 30 and PND 75, 
respectively. The upregulated microbial abundance was marked with red, while the downregulated microbial abundance was marked with green. 
Arabic numeral (1–10) represented different Genus. Genus names that were abbreviated by their first three or four letters in Sankey diagram could 
be found in Bubble plot.
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FIGURE 7

Impact of early life stress on microbial community of fecal samples at genus level from PND 30 to PND 75. (A,C,E): bubble plot showed the significant 
difference of microbial abundance of fecal samples at genus level at PND 30, 45, and 75, respectively. (B,D,F): Sankey diagram showed significant 
differences of taxonomy abundance of microbial community of fecal samples between MS and NS at PND 30, 45, and PND 75. The upregulated 
microbial abundance was marked with red, while the downregulated microbial abundance was marked with green. Arabic numeral (1–10) represented 
different Genus. Genus names that were abbreviated by their first three or four letters in Sankey diagram could be found in Bubble plot.
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representative of psychopathology, such as anxiety or depressive-like 
behaviors (Hollis et  al., 2015; Kasahara et  al., 2016). MS induced 
behavioral abnormalities in rats were associated with mitochondrial 
dysfunction in brain (Khorjahani et  al., 2020). Recently, clinical 
investigations have revealed that significant interactions of 
mitochondrial respiratory and the inflammatory in the development 
of anxiety and depression (Liu et al., 2023). We found that MS mice 
presented anxiety-like behavior at adolescence and adulthood, but not 
at childhood (Figure  5). These results suggest that behavioral 
abnormalities induced by ELS may be relatively mild during the early 
stages of life. Furthermore, the association between abnormal 
mitochondrial function in the intestines and behavioral anomalies 
implies that the impact of ELS on intestinal mitochondrial function 
during early life, such as childhood, might also be subtle. This would 
also imply that the impact of ELS on intestinal function in early life 
might be  reversed by effective treatment. Therefore, further 
investigations are much warranted to determine whether early 
treatment, such as restoring mitochondrial function, can reverse ELS 
induced IBS-like alterations. However, confirming these hypotheses 
would require further research.

Intestinal dysbiosis plays an important role the pathogenesis of 
IBS (Canakis et al., 2020; Petitfils et al., 2023; Zhou et al., 2023). Early 
life is the critical window for the development of gut microbiota, gut 
and brain (Laursen et  al., 2021; Ratsika et  al., 2021). Therefore, 
disturbance of this process, such as caused by ELS, may have a high 
predisposition to the development of IBS in adulthood (Wu et al., 
2020). We found that MS affected the composition of both ileal and 
fecal microbiota (Figures  6, 7), suggesting MS affected intestinal 
microbiota community from early life to adulthood. Importantly, MS 
significantly reduced the ileal genus abundance of beneficial bacteria, 
such as Lactobacillus (Zhang Q. et al., 2021), Parvibacter (Liu et al., 
2021), Enterorhabdus (Pagliai et al., 2020), Dubosiella (Yuan et al., 
2021), and remarkably increased the genus increment of harmful 
bacteria, such as Burkholderia-Caballeronia-Paraburkholderia, at PND 
30 (Figures 6A,B). Lactobacillus and Dubosiella were short-chain-fatty 
acids (SCFAs) producing bacteria. The reduction in abundance of 
Lactobacillus and Dubosiella may indicate the decreased synthesis of 
SCFAs level in ileum. SCFAs were important fuels for intestinal 
epithelial cells (IEC) and regulate IEC functions through different 
mechanisms to modulate their proliferation, differentiation as well as 
functions of subpopulations such as enteroendocrine cells, to impact 
gut motility and to strengthen the gut barrier functions as well as host 
metabolism (Yao et al., 2020; Martin-Gallausiaux et al., 2021). Stanton 
et  al. found that MS rats had significantly lower ratios of SCFAs 
producers (Egerton et al., 2020). Additionally, animal exposure to 
prolonged restraint significantly reduced SCFAs, and Lactobacillus in 
the gut was significantly reduced (Maltz et al., 2018). Furthermore, low 
SCFAs were reported to be associated with visceral hypersensitivity in 
rats (Zhang J. D. et al., 2021). Therefore, the intestinal dysbiosis in early 
life observed in our MS mice might play an important role in the 
initiation of IBS. Thus, further studies were warranted. On the other 
hand, the relative abundance of genus Methylobacterium in ileum 
displayed significantly higher in MS than NS at PND 75 
(Figures  6C,D). Methylobacterium was shown to be  related to 
constipation (Cao et al., 2017). Matsumoto, et al. indicated that genera 
of Methylobacterium was significantly higher in the constipation-
predominant IBS compared to diarrhea-predominant IBS (Matsumoto 
et al., 2021). The pathogenic mechanism by which Methylobacterium 

leads to IBS may be related to its ability to trigger intestinal immune 
and inflammatory responses (Sun et  al., 2021). The role of 
Methylobacterium in the implication of MS induced IBS requires 
further exploration. In addition to ileum dysbiosis caused by MS, the 
microbial community of fecal samples was also disturbed from the 
early life to adulthood (Figure  7). For example, the abundance of 
oxyphotobacteria_unclassified was upregulated in MS compared to 
NS. Moreover, the abundance of Lachnospiraceae_UCG-006, 
Oscillibacter, Ruminiclostridium, GCA-900066575 was downregulated 
in MS compared to CT at PND 30. Besides, various harmful bacteria 
were enrichment in fecal samples at PND 45, such as Candidatus_
Saccharimonas (Cruz et al., 2020), Prevotellaceae_UCG-001(Ibrahim 
et  al., 2019), Rikenellaceae RC9 gut group (Emami et  al., 2021), 
Tyzzerella (Huang J. et al., 2021), Paraprevotella (Yoon et al., 2021), 
Eubacterium_coprostanoligenes_group (Wei et al., 2021), and the acetic 
acid production bacteria, such as Alistipes (Xu et al., 2021). It reported 
that Alistipes was enriched in post inflammatory irritable bowel 
syndrome (PI-IBS) (Song et al., 2020). In pediatric patients with IBS, 
a greater frequency of pain correlated with an increased abundance of 
the genus Alistipes (Saulnier et al., 2011). The results demonstrated 
that Alistipes may play a role in MS induced IBS in early life. Moreover, 
the abundance of genus Erysipelotrichaceae_unclassified was also 
higher in MS than NS, which was correlation with obesity (Oh et al., 
2021). By contrast, some beneficial bacteria, including 
Gastranaerophilales_unclassified (Wu et al., 2021), Dehalobacterium 
(Gu et al., 2020), Christensenellaceae (Brandsma et al., 2019), Blautia 
(Wang et  al., 2019), Muribaculum (McNamara et  al., 2021), were 
reduced in MS compared to NS. Gastranaerophilales have been 
identified as the primary producers of indole, which can subsequently 
be  converted into indolepropionic acid. Indolepropionic acid is 
recognized for its anti-inflammatory properties in both the 
gastrointestinal tract and the peripheral system (Rosario et al., 2021). 
A reduction in Dehalobacterium has been linked to the development 
of inflammation (Chen et  al., 2023). The aboundance of 
Christensenellaceae has shown a positive association with microbial 
metabolites related to intestinal barrier function (Zhao et al., 2022). 
The role of Blautia, or its products, in modulating intestinal epithelium 
health has been highlighted (Rashidi et al., 2022). Moreover, recent 
research indicated that Muribaculum exhibited a negative correlation 
with plasma TNF-α and colon inflammatory gene expression (TNF-α), 
while showing a positive correlation with colon tight junction genes 
(OCLN and CLDN1) (Yang et al., 2023). Likewise, MS significantly 
affect the composition of microbiota in fecal samples at PND 75. At 
the genus level, the beneficial bacteria, including Prevotellaceae_
UCG-001 (Hu et al., 2020) and Lachnospiraceae_UCG-010 (Han et al., 
2021), were downregulated, while the bacteria, such as Kineothrix (Xie 
et al., 2021), Blautia (Wang et al., 2019), Bifidobacterium (Liu et al., 
2021), Duncaniella (Chang et  al., 2021) were upregulated. 
Prevotellaceae_UCG-001 was widely known as a probiotic for superior 
SCFAs production capacity. A decrease in its abundance has been 
linked to depression (Zhang Z.-W. et  al., 2022) and intestinal 
inflammation (Wu et al., 2023). On the other hand, the abundance of 
Lachnospiraceae_UCG-010 was found to be significantly reduced in the 
fecal samples of patients with IBS, while it was observed to be increased 
in healthy individuals (Zhuang et al., 2018). Study revealed that higher 
levels of Lachnospiraceae_UCG-010 were associated with improved 
intestinal barrier function and a reduction in intestinal lesion scores 
(Kan et  al., 2021). Taken together, MS leads to dysbiosis in fecal 
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samples from early life to adulthood in mice. These findings suggest 
that early-life exposure to MS disrupts the balance of intestinal 
microbiota. The observed dysbiosis in the gut microbiota during early 
life could potentially play a role in the onset and development of 
MS-induced IBS. Further studies are required to fully elucidate the 
mechanisms underlying this relationship.

IBS is a highly prevalent, chronic disorder that significantly reduces 
patients’ quality of life (Lacy et al., 2021). At present, the pathogenesis 
of IBS remains elusive and the treatments for IBS are unsatisfactory (van 
Orten-Luiten et al., 2022; Gao et al., 2023). Therefore, other line of 
thought may be needed, namely to investigate the initiation and process 
of IBS. Our results suggested that MS induced IBS in early life. 
Therefore, when investigating the pathogenesis of IBS, it is necessary to 
extend the research timeline to the earlier stages of life, which also 
represents a crucial developmental window for the brain-gut-microbiota 
axis (Leyrolle et al., 2021). While we did not delve into the potential 
mechanisms underlying the induction of IBS by ELS, our findings 
suggest that mitochondrial dysfunction in the intestinal epithelium and 
dysbiosis of the gut microbiota might play crucial roles in ELS-induced 
IBS. The interplay between mitochondria and gut microbiota holds a 
vital significance in maintaining intestinal physiological balance. Under 
normal circumstances, intestinal epithelial cells plays a vital role in 

maintaining the hypoxic environment in the intestinal lumen, 
facilitating the prevalence of obligate anaerobic microbiota, which is 
dependent of mitochondrial oxidative phosphorylation (Litvak et al., 
2018). On the other hand, these microbes contribute essential 
metabolites like SCFAs to supply nutrients for gut epithelial cells 
(Takihara and Okuda, 2023). In addition, SCFAs are potentially effective 
modulators for mitochondria function (Zhang Y. et al., 2022). Microbial 
communications with intestinal epithelial mitochondria might modify 
mitochondrial structural characteristics and metabolic capabilities. This 
abnormal interaction could trigger inflammasome activation, 
potentially disrupting epithelial hypoxia and affecting the structure of 
the gut microbiota (Zhang Y. et  al., 2022). Interestingly, we  found 
disrupted intestinal mitochondrial structure and the significant 
dysbiosis of intestinal microbiota in early life. Therefore, microbiota-
mitochondria crosstalk dysfunction may be involved in the pathogenesis 
and initiation of IBS induced by ELS (Zhang Y. et al., 2022). Further 
research is needed to validate this hypothesis. The hypothetical 
mechanism of the potential role of microbiota-mitochondria crosstalk 
dysfunction in the pathogenesis of ELS-induced IBS is summarized in 
Figure 8.

In conclusion, this study shows for the first time that ELS induces 
IBS from early life to adulthood in mice. The disrupted intestinal 

FIGURE 8

The hypothetical mechanism of the potential role of microbiota-mitochondria crosstalk dysfunction in the pathogenesis of ELS-induced IBS. ELS, early 
life stress; IBS, irritable bowel syndrome; IEC, intestinal epithelial cells; SCFAs, short-chain-fatty acids.
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mitochondrial structure and the significant dysbiosis of intestinal 
microbiota in early life may contribute to the initiation and progress 
of IBS from early life to adulthood. A noteworthy implication of our 
study is that it paves the way for new insights into pathogenetic 
investigation of IBS and contributes to develop novel therapeutic 
targets for IBS in future investigations.
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As society ages, the number of patients with spinal degenerative diseases (SDD) is 
increasing, posing a major socioeconomic problem for patients and their families. 
SDD refers to a generic term for degenerative diseases of spinal structures, 
including osteoporosis (bone), facet osteoarthritis (joint), intervertebral disk 
degeneration (disk), lumbar spinal canal stenosis (yellow ligament), and spinal 
sarcopenia (muscle). We propose the term “gut-spine axis” for the first time, given 
the influence of gut microbiota (GM) on the metabolic, immune, and endocrine 
environment in hosts through various potential mechanisms. A close cross-talk is 
noted between the aforementioned spinal components and degenerative diseases. 
This review outlines the nature and role of GM, highlighting GM abnormalities 
associated with the degeneration of spinal components. It also summarizes the 
evidence linking GM to various SDD. The gut-spine axis perspective can provide 
novel insights into the pathogenesis and treatment of SDD.

KEYWORDS

gut microbiota, gut dysbiosis, spinal degenerative disease, inflammation, gut-spine axis, 
gut-bone axis

1. Introduction

With an increasing aging population in society, the number of patients with spinal 
degenerative diseases (SDD) has been on the rise, with a reported annual prevalence of 27.1% 
for SDD in the United States (Parenteau et al., 2021). SDD refers to a generic term for diseases 
caused by the degeneration of spinal structures. Examples of combinations of spinal structures 
and their degenerative diseases include osteoporotic vertebral fractures (OVF) in bones, facet 
joint osteoarthritis (OA) in cartilages, intervertebral disk degeneration (IVDD) in the 
intervertebral disk (IVD), lumbar spinal canal stenosis (LSS) in ligaments, and spinal sarcopenia 
in muscles. Furthermore, osteoporosis, facet joint OA, IVDD, LSS, and spinal sarcopenia tend 
to coexist, as their incidence increases with age (Parenteau et al., 2021), adversely affecting each 
other’s pathology and forming a negative spiral cycle.

Several studies have reported risk factors, including aging, heavy labor (mechanical stress), 
trauma, genetics, obesity, and metabolic syndrome, for SDD (Puenpatom and Victor, 2009; 
Yoshimura et al., 2012; Imajo et al., 2015; Chen et al., 2019; Guss et al., 2019; Azzini et al., 2020; 
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Kuo et al., 2020; Parenteau et al., 2021; Li et al., 2022). The pain and 
paralysis caused by SDD have become a major problem that affects the 
patient’s life and work and imposes a significant economic burden on 
the patient, family, and society (Imajo et al., 2015). The causes of SDD 
remain poorly understood, and understanding their causes can 
be critical for prevention and treatment. The progressive degeneration 
of spinal structures has been attributed not only to biomechanical 
injury or stress but also to biochemical stressors that can adversely 
affect the regular activity of cells and tissues in spinal structures. These 
risk factors, independently or complexly linked, contribute to the 
complex interplay between mechanical and biochemical factors that 
lead to the etiology of SDD.

Metabolic syndrome involves multiple physiological systems that 
are directly related to the presence of four major clusters: insulin 
resistance, obesity, vascular pathology, and dyslipidemia (Azzini 
et  al., 2020). Metabolic syndrome induces “meta-inflammation,” 
characterized by persistent, low-grade systemic inflammation caused 
by metabolic stress, which places biochemical stress on systemic 
tissues (Azzini et al., 2020). In particular, in metabolic syndrome, 
chronic low-level inflammation mediated by macrophages occurs in 
the liver, visceral fat, pancreas, colon, brain, and musculoskeletal 
tissues and is implicated in the development of various diseases 
(Azzini et al., 2020). In addition, chronic low-level persistent tissue 
inflammation that occurs with aging, also referred to as 
“inflammaging,” has been reported to be  associated with the 
development of osteoporosis (Benoist, 2003; Ibáñez et al., 2019; Zaiss 
et al., 2019), IVDD (Benoist, 2003; Franceschi and Campisi, 2014; 
Sadowska et al., 2018; Li et al., 2022), OA (Berthelot et al., 2019; De 
Sire et al., 2020; Favazzo et al., 2020; Gracey et al., 2020; Qaiyum 
et al., 2021; Zaiss et al., 2021; Motta et al., 2023; Romero-Figueroa 
et al., 2023), and sarcopenia (Picca et al., 2018; Ticinesi et al., 2019; 
Kuo et al., 2020; Przewłócka et al., 2020). The gut microbiota (GM), 
a complex of intestinal bacterial populations, is responsible for a 
series of metabolic, immune, structural, and neurological functions, 
including metabolic homeostasis, immune system development and 
maturation, resistance to infection, and neurotransmitter production 
(Biver et  al., 2019). Recent studies have highlighted important 
regulatory functions of GM in neuroendocrine and immune 
functions through the activity of microbiome and its metabolites and 
its involvement in disease processes in various organs inside and 
outside the gut (such as brain, kidney, liver, heart, musculoskeletal) 
(Biver et  al., 2019). GM is also involved in the development and 
progression of inflammatory diseases such as obesity and metabolic 
syndrome. GM disruption has emerged as a hidden risk factor 
inducing the production of inflammatory cytokines and bacterial 
metabolites, which may be  involved in the pathophysiological 
mechanisms of musculoskeletal diseases, including SDD (Biver 
et al., 2019).

Although the gut-brain axis is the best-known term for this 
cross-talk between GM and the gut and distant organs, data 
supporting the important role of GM in spinal conditions and its 
involvement in the onset and progression of SDD have been 
obtained. A gut-bone axis (Ibáñez et al., 2019; Zaiss et al., 2019), 
gut-joint axis (Berthelot et al., 2019; De Sire et al., 2020; Favazzo 
et al., 2020; Gracey et al., 2020; Qaiyum et al., 2021; Zaiss et al., 
2021; Romero-Figueroa et al., 2023), gut-disk axis (Li et al., 2022), 
and gut-muscle axis (Picca et al., 2018; Ticinesi et al., 2019; Kuo 
et al., 2020; Przewłócka et al., 2020) have also been proposed, with 
possible association between GM and SDD-related pain (Tonelli 
Enrico et  al., 2022). Furthermore, studies have also reported a 
relationship between GM and adolescent idiopathic scoliosis (Shen 
et  al., 2019) and ankylosing spondylitis (Guggino et  al., 2021). 
Given the close relationship between GM and SDD based on the 
common factors of immunity, metabolism, and inflammation, 
we can hypothesize the involvement of GM in the degeneration of 
spinal structures, with GM being a potential mechanism for the 
development of SDD.

We propose the novel and comprehensive concept of the “gut-spine 
axis” for the first time, as knowledge about the “gut-spine cross-talk,” 
which summarizes the relationship of GM with spinal structures (bone, 
cartilage, disks, ligaments, and muscle) and the impact of GM on pain 
can improve our understanding of the etiology of SDD and contribute 
to development of treatment strategies for SDD. This review outlines 
the nature and role of GM and GM abnormalities associated with the 
degeneration of spinal structures and also summarizes the evidence 
linking GM to various SDD. For a broader, more flexible, and more 
comprehensive organization, we employed a narrative review approach 
and analyzed several important articles regarding the relationship 
between SDD and GM published in peer-reviewed scientific journals. 
This study outlines the reports supporting the presence of a gut-spine 
axis in the etiology of SDD.

2. Gut microbiota and host interaction

2.1. Characteristics of GM

Surprisingly, the large intestine contains more than 70% of all the 
microorganisms in the human body (Jandhyala et  al., 2015). GM 
refers to the diverse collection of microorganisms, including 
commensal, symbiotic, and pathogenic species, that reside in the 
intestine (Jandhyala et al., 2015). The intestine, being a multicellular 
organ acquired at birth, exists as a distinct entity yet has clearly 
co-evolved with the human genome. It interacts with the host and 
exerts various influences on it through communication and other 
mechanisms (Qin et al., 2010). Although there are more than 1,000 
species of bacteria and 1014 bacterial cells in the human gut (Chen 
et al., 2022b), detection of most anaerobic bacteria has been difficult 
using culture techniques. In recent years, a new sequencing 
technology, known as high-throughput “next-generation sequencing” 
(NGS) of microbial DNA, has emerged as a leading approach to better 
characterize the human microbiota (Chen et al., 2022b). GM samples 
for analysis are collected from the stool. Microbiome profiling is often 
performed by sequencing 16S rRNA gene amplicons in a culture-
independent method or by shotgun sequencing (metagenomics) of 
the entire microbiome. As a result, GM has gained significant attention 

Abbreviations: DISH, diffuse idiopathic skeletal hyperostosis; GM, gut microbiota; 

IVD, intervertebral disk; IVDD, intervertebral disk degeneration; LPS, 

lipopolysaccharide; LSS, lumbar spinal canal stenosis; NGS, next-generation 

high-throughput microbial DNA sequencing; OA, osteoarthritis; OPLL, ossification 

of posterior longitudinal ligament; OVF, osteoporotic vertebral fractures; SASP, 

senescence-associated secretory phenotype; SCFA, short-chain fatty acids; SDD, 

spinal degenerative diseases.
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due to advancements in NGS technology. The importance of GM’s 
diversity, composition, and functional characteristics in shaping 
human health has been widely acknowledged.

Under normal physiologic conditions, GM plays a fundamental 
role in various aspects of host physiology. This includes functions such 
as nutrition and metabolism, maintaining the integrity of the gut 
barrier to prevent pathogen invasion, and supporting immune 
responses. In contrast, disruption of these roles may contribute to 
inflammation, pain, and development of various diseases (Jandhyala 
et al., 2015).

2.2. Role of GM in nutrition, metabolism, 
and immunomodulation related to SDD

GM provides the host with vital functions, including the 
fermentation of dietary fiber and indigestible polysaccharides, leading 
to the production of biotransformed bile acids that regulate calcium 
absorption. Additionally, GM is involved in the synthesis of vitamins 
B and K, as well as the production of essential and nonessential amino 
acids, short-chain fatty acids (SCFA) (i.e., acetic acid, propionic acid, 
and butyric acid), and neurotransmitters (including some precursors) 
(Ibrahim et al., 2022, p. 191; Chen et al., 2022b; Figure 1A). GM is 
often referred to as an endocrine organ capable of influencing the 
function of distant organs and systems, given the involvement of GM 
in the production of metabolites (Clarke G. et al., 2014).

Naturally, the absorption of calcium and the production of 
vitamin K and amino acids, both of which involve GM, are essential 

for musculoskeletal health (Chen et al., 2022b). In addition, because 
GM secretes estrogen-regulating enzymes, aberrations in GM, such as 
low diversity of GM, may lead to a decrease in circulating estrogen 
level (Baker et al., 2017). Estrogen deficiency at menopause is a major 
cause of postmenopausal osteoporosis, with excessive osteoclast 
formation and bone resorption stimulation due to estrogen deficiency 
at menopause leading to rapid bone loss (D’Amelio et  al., 2008). 
Decreased estrogen levels increase the production of inflammatory 
and osteoclastogenic cytokines, leading to osteoporosis. There is 
speculation that postmenopausal women, who lose the 
immunosuppressive effects of estrogen, may experience greater bone 
loss due to an increased inflammatory state caused by an unfavorable 
GM composition (Baker et al., 2017). Thus, the interaction between 
GM and estrogen influences the composition of GM and the response 
of host tissues, including bone, to GM (Baker et al., 2017). Thus, the 
interaction between GM and estrogen is also referred to as the 
“estrogen-gut microbiome axis” (Baker et al., 2017).

The analgesic, anti-inflammatory, antinociceptive, and 
neuroprotective effects of the B vitamins have been widely 
documented. Among the B vitamins, vitamin B12 is known to 
be effective in reducing back pain and nerve pain (Tonelli Enrico 
et al., 2022).

SCFA are largely secreted in the colon by GM through anaerobic 
fermentation of dietary fiber and have a critical role in regulating 
intestinal inflammation and epithelial barrier function. In addition, 
SCFA enters the bloodstream and further contributes to the regulation 
of systemic inflammation (Tonelli Enrico et al., 2022). Besides the 
immune system controlling inflammation, SCFA influences various 

FIGURE 1

The gut-spine axis: a model of intestinal epithelial damage signaling that may regulate degeneration of spinal structures. (A) Gut microbiota and 
dysbiosis: GM supplies the host with essential functions such as the synthesis of short-chain fatty acids (SCFA), vitamins, nutrients, and 
neurotransmitters (including some precursor substances). When leaky gut syndrome occurs, which results in altered GM composition and GM 
dysbiosis, the intestinal barrier is compromised, altering physiological and metabolic functions and disrupting immune, endocrine, vascular, and 
nervous system responses, resulting in bacteremia, bacterial-derived compounds (LPS), and cytokines circulating along the bloodstream to systemic 
tissues. (B) Spinal degenerative diseases (SDD): osteoporosis, IVDD, facet OA, and LSS. GM dysbiosis-derived metabolites, bacteremia, and 
inflammatory cytokines can result in local and systemic responses that may cause SDD. This figure was adapted and modified from the figure by Li 
et al. (2022) and was created using BioRender.com. This content is available under Creative Commons Attribution 4.0 International License (https://
link.springer.com/article/10.1007/s00586-022-07152-8). IVDD, intervertebral disk degenerative disease; OA, osteoarthritis; LSS, lumbar spinal canal 
stenosis; SCFA, short-chain fatty acids; LPS, lipopolysaccharide.
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aspects of metabolism, including bone metabolism, glucose 
metabolism, brown adipose tissue activation, liver mitochondrial 
function regulation, whole body energy homeostasis, appetite, and 
sleep regulation (Lucas et  al., 2018). Neurotransmitters such as 
dopamine, serotonin, leptin, noradrenaline, glutamate, and GABA can 
be directly produced by GM or indirectly regulated by GM (Tonelli 
Enrico et al., 2022).

At least 50% of dopamine is produced in the gut and has 
regulatory functions in systemic inflammation and chronic pain 
through its involvement in immunity responses (Vidal and Pacheco, 
2020). A previous study has reported that 90% of serotonin is 
produced in the intestinal tract and that circulating serotonin of 
intestinal origin inhibits bone formation and decreases bone mass 
(Yadav et  al., 2008). The GM was shown to regulate intestinal 
chromaffin cells that modulate serotonin production in the gut (Yadav 
et al., 2008). Serotonin also regulates physiological functions related 
to pain (Malinova et al., 2018). Leptin, an adipocyte-specific hormone, 
regulates bone formation, while GM positively regulates systemic 
levels of leptin and is involved in bone metabolism (Charnay 
et al., 2000).

Noradrenaline is also responsible for pain and inflammation 
(Tonelli Enrico et al., 2022). Glutamate and GABA function as major 
excitatory and inhibitory neurometabolites, respectively, in the central 
nervous system and play various important physiological roles, 
including processing and regulation of pain (e.g., inflammation; 
Tonelli Enrico et al., 2022).

Consecutively, vitamin B, SCFA, and neurotransmitters are 
involved in the immune response and regulate pain and inflammation. 
Therefore, GM-related changes in nutrition and metabolites can 
impact musculoskeletal health, reduce anti-inflammatory effects 
globally, and lower pain tolerance through the gut-brain axis. These 
factors may contribute to the development of SDD and 
SDD-related pain.

Conversely, lipopolysaccharide (LPS) from gram-negative 
bacteria, a metabolite derived from GM, is an inflammatory 
metabolite that acts on macrophages, which maintain tissue 
homeostasis and exert pro-inflammatory effects (Burcelin et al., 2013). 
LPS enters the systemic circulation through the intestinal tract and 
bloodstream to induce low-level systemic inflammation. LPS levels are 
known to be elevated in chronic inflammatory diseases such as obesity 
(Burcelin et al., 2013), metabolic syndromes (Burcelin et al., 2013), 
osteoporosis (Wu et al., 2021), OA (Huang and Kraus, 2016), and 
IVDD (Lisiewski et al., 2022).

Therefore, while some molecules produced by intestinal bacteria 
are beneficial, others are harmful and can affect endocrine cells in the 
gut, the enteric nervous system, intestinal permeability, and the 
immune system (Ohlsson and Sjögren, 2015). Meanwhile, GM 
composition and function may have beneficial or detrimental effects 
on the degeneration of spinal structures (such as bones, cartilage, 
disks, ligaments, and muscles) and pain associated with SDD (Charles 
et al., 2015; Chen et al., 2022b; Figure 1B).

2.3. Dysbiosis of GM

2.3.1. Change in GM composition
GM is acquired at birth, derived almost exclusively from the 

mother (Das and Nair, 2019; Chen et al., 2022a). In the case of healthy 

people, the characteristic features of GM are a state of dynamic 
homeostasis defined by the richness and diversity of GM compositions 
and by its stability and resilience to withstand various types of 
disturbances (Das and Nair, 2019). The richness and diversity of GM 
compositions can be altered by environmental factors (such as aging) 
and lifestyle factors (such as diet, sleep, and exercise; Ohlsson and 
Sjögren, 2015; Fei et al., 2021; Figure 2).

2.3.2. Effects of aging on GM composition
Since GM composition continues to change in an age-dependent 

pattern from infancy to old age as GM co-evolves with the host (Chen 
et al., 2022a), organismal aging is inevitably accompanied by changes 
in GM. GM in older adults is characterized by reduced diversity and 
stability, decreased expression of genes producing SCFA, reduced 
ability to degrade glycoconjugates, enhanced proteolytic function, and 
at the genus level, enrichment of Proteobacteria (including many 
members of opportunistic pathogenic bacteria), and an increased 
proportion of the Bacteroidetes and Clostridium genera (Buford, 2017). 
Notably, reduced diversity of GM may correlate with “frailty index,” 
an indicator of biological age and a predictor of healthy life expectancy 
(Ke et al., 2021).

Furthermore, aging not only affects the composition of GM but 
also is associated with changes in the gut lumen and barrier function, 
including shrinkage of the protective mucus layer of the gut, loss of 
gut tight junction proteins, and increased permeability of the epithelial 
barrier (Elderman et al., 2017). Several lines of evidence in this regard 
suggest that low-level systemic inflammation has recently been 
recognized as a phenomenon associated with older adults (Konturek 
et al., 2015; Borghesan et al., 2020). Meanwhile, in healthy centenarian 
GM, the anti-inflammatory effect of Faecalibacterium spp. is strong, 
and blood LPS level is low, indicating that Faecalibacterium spp. may 
be suppressing host inflammation (Park et al., 2015).

In recent years, a cellular senescence-centric view of the aging 
process has emerged. Cellular senescence results in senescent cells 
(SCs), which exhibit age-dependent accumulation in tissues and 
organs of various mammalian species, including rodents and primates 
(Sharma, 2022). The surviving senescent cells develop a senescence-
associated secretory phenotype (SASP), which secretes various 
inflammatory cytokines and promotes chronic inflammation and 
carcinogenesis (Tuttle et al., 2021). Low levels of chronic inflammation 
occur in older adults, which has been partly attributed to cellular 
senescence (Herbig et  al., 2006). Increased SC burden with aging 
destroys tissue structure and function and is emerging as an important 
factor in increasing disease risk and mortality in older adults (Burd 
et  al., 2013). Osteoporosis, sarcopenia, IVDD, and OA have been 
reported as musculoskeletal diseases associated with SASP (Burd 
et al., 2013; Khosla et al., 2020; Tuttle et al., 2021).

Increased age-related oxidative/inflammatory stress contributes 
to SC accumulation, and the application of antioxidants has been 
shown to inhibit cellular senescence both in vitro and in vivo 
(Kumar et  al., 2019; Varela-Eirín et  al., 2020). Therefore, it is 
conceivable that neutralizing oxidative/inflammatory stressors may 
attenuate or delay SC development and accumulation. In a 
landmark study, removing SC load in aging tissues delayed the 
onset and severity of age-related conditions (Baker et al., 2011). 
Since then, several natural and synthetic compounds that selectively 
target SC, called “senolytics,” have been identified. Clinical trials 
based on senolytics have already shown promising results in 
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countering the harmful effects of aging (Baker et al., 2011; Kumar 
et al., 2019; Varela-Eirín et al., 2020).

Various metabolites of GM are known to exert strong anti-
inflammatory and antioxidant properties and may be useful in the 
prevention of inflammatory and tumorigenic environments associated 
with aging (Chang et al., 2014; De Marco et al., 2018; Wang et al., 
2018; Riaz Rajoka et al., 2019; Chung et al., 2020; Rossi et al., 2020; 
Sharma, 2022). In contrast, GM dysbiosis can also cause chronic 
inflammatory stress throughout the body, which may promote cellular 
senescence. GM dysbiosis may also affect SDD via cellular senescence. 
Thus, GM is closely related to human aging, and changes in GM may 
predict the development and prognosis of SDD.

2.3.3. Effects of lifestyle (i.e., diet, sleep, exercise) 
on GM composition

Diet, sleep, and exercise are three key components of a healthy 
lifestyle that can affect GM composition and function (Ohlsson and 
Sjögren, 2015; Fei et al., 2021; Figure 2). Diets can significantly change 
GM composition depending on nutrients. This can be attributed to the 
fact that nutrients can alter the GM microenvironment, including GM 
composition, metabolism, and the host’s immune response (Li 
et al., 2016).

Sleep length has been demonstrated to have a significant effect on 
the composition and function of GM (Fei et al., 2021). Short sleep 
duration promotes GM abnormalities (less diversity of gut bacteria 
and fewer anti-inflammatory gut bacteria), which may affect chronic 
inflammation-related diseases (Benedict et al., 2016; Poroyko et al., 
2016; Reynolds et al., 2017; Fei et al., 2021).

Sleep disruption has been reported to affect physical, mental, and 
emotional functioning, in addition to hormonal and metabolic 
disturbances (Fei et  al., 2021). Possible causes include increased 
inflammatory markers (Leproult et al., 2014), increased sympathetic 
nervous system activity, abnormal cortisol rhythms, and changes in 
appetite-regulating hormones and food intake (Spiegel et al., 1999), all 

of which contribute to the risk of diabetes and obesity. Given the 
association between diseases associated with sleep disorders and 
diseases derived from abnormalities in the GM, the adverse health 
effects observed in sleep disorders may be partly due to gut bacteria 
(Fei et al., 2021).

Physical activity (including exercise) has been shown to produce 
positive changes in the qualitative and quantitative composition and 
metabolic function of GM and provide health benefits to the host in 
animal models (Li et al., 2016; Poroyko et al., 2016; Reynolds et al., 
2017) and humans (Clarke S. F. et al., 2014). Athletes generally have a 
high diversity of GMs with anti-inflammatory properties and a high 
capacity for SCFA synthesis compared to sedentary controls (Barton 
et al., 2018; Ticinesi et al., 2019). In studies including both younger 
and older adults, the expression of Bifidobacterium spp. and 
Faecalibacterium prausnitzii involved in SCFA production, which 
potentiates anti-inflammatory effects, increased after exercise 
implementation (aerobic and resistance training), and the 
concentration of butyrate in the stool increased (Allen et al., 2018; 
Erlandson et al., 2021). Regular exercises have been shown to benefit 
older adults, especially those who are overweight, by maintaining the 
stability (composition and function) of the intestinal microbiota (Zhu 
et al., 2020). The utility of exercise in preventing and treating SDD is 
not limited to the typical rehabilitative effects, such as improved 
muscle function, pain relief, and improved range of motion, but also 
to the synergistic effects of improving GM composition and function 
with improved health benefits for the host.

2.3.4. Causes and effects of GM dysbiosis
Aging, dietary changes, smoking and alcohol consumption, 

disease, antibiotic treatment, and pathogens can alter GM 
composition, leading to dysbiosis, defined as detrimental changes in 
bacterial composition, diversity, and function (Zheng et al., 2020). 
Dysbiosis can lead to imbalances in metabolic and immune regulatory 
networks that usually suppress intestinal inflammation, leading to 

FIGURE 2

Gut dysbiosis and spinal degenerative diseases. Gut dysbiosis and SDD have common risk factors and treatments that can interact with each other. 
OPLL, ossification of the posterior longitudinal ligament; DISH, diffuse idiopathic skeletal hyperostosis.
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inflammation, tissue destruction, and disease development (Kinashi 
and Hase, 2021).

The so-called “leaky gut syndrome,” which is characterized by 
altered permeability of the intestinal wall to antigens, is an example of 
dysbiosis, leading to systemic inflammation and abnormal immune 
response (Kinashi and Hase, 2021). When leaky gut syndrome, an 
example of dysbiosis, occurs, GM loses its protective capacity, the 
intestinal barrier is compromised, diffusion of bacterial-derived 
compounds is enhanced, and metabolite and cytokine expression is 
altered (Ohlsson and Sjögren, 2015; Kinashi and Hase, 2021). 
Therefore, it is not impossible for dysregulated circulatory 
inflammatory cytokines to reach spinal structures (bones, cartilage, 
disks, ligaments, and muscles; Figures 1A,B, 2) and disrupt normal cell 
signaling and metabolic activity.

In ophthalmology, GM dysbiosis reportedly causes chronic 
low-grade inflammation, which is characteristic of inflammatory 
conditions with increased intestinal permeability and increased 
production of IL-6, IL-1β, TNF-α, and VEGF-A, ultimately leading to 
exacerbation of pathological angiogenesis in choroidal 
neovascularization (Andriessen et al., 2016). Similar mechanisms may 
exist in the pathological angiogenesis of various diseases, including 
SDD. Dysbiosis, with an altered composition of GM, can alter gut wall 
permeability and physiological and metabolic functions, and disrupt 
immune, endocrine, vascular, and nervous system responses, 
ultimately leading to: diseases characterized by immune dysregulation 
(allergies, autoimmune diseases, inflammatory; Miyauchi et al., 2023), 
metabolic diseases (diabetes, metabolic syndrome; Guss et al., 2019), 
cardiovascular diseases (coronary artery disease; Jie et  al., 2017), 
neurodegenerative diseases (autism; Cryan et  al., 2019), cancer 
(stomach, lung, colon; DeStefano Shields et al., 2021; Sepich-Poore 
et  al., 2021), and even SDD such as osteoporosis, facet joint OA, 
IVDD, and LSS (Ohlsson and Sjögren, 2015; Azzini et  al., 2020; 
DeStefano Shields et al., 2021; Kinashi and Hase, 2021; Li et al., 2022; 
Lisiewski et al., 2022; Figure 2).

Furthermore, the reduced number of myeloid progenitor cells in 
sterile mice suggests that the metabolites of intestinal bacteria affect 
immune cells in the bone marrow (Khosravi et al., 2014). The human 
spine has 26 vertebrae that are the source of immune cells. GM 
dysbiosis can cause abnormal immune cell formation in the spinal 
bone marrow, leading to systemic inflammation and back pain (Nouh 
and Eid, 2015). To summarize, the role and relevance of GM in the 
pathogenesis of a group of age-related chronic inflammation-related 
diseases is an important emerging phenomenon that should not 
be overlooked.

2.3.5. Are the spinal structures (disks, joints) 
sterile?

Culture-independent approaches such as 16S rRNA sequencing 
and shotgun metagenomics have expanded our ability to identify all 
bacteria, confirming the presence of bacteria at sites previously 
considered sterile (Ozkan and Willcox, 2019). As a result, microbiomes 
are present in sites outside of joint environments traditionally thought 
to be sterile, including the reproductive tract, sperm, fetus, breast, and 
eye (Ardissone et al., 2014; Ozkan and Willcox, 2019).

During the neovascularization phase in OA, there is evidence that 
bacteria and bacterial products have a greater tendency to enter 
cartilage and subchondral bone from the blood; this is particularly 
notable as these areas are typically less vascularized (Pesesse et al., 

2011). Certainly, the microbiome is present in knee and hip OA 
(Dunn et al., 2020). In addition, a systematic review reported the 
presence of various bacteria in degenerated and Modic change-altered 
IVD (Granville Smith et al., 2022).

In dysbiosis, due to the impaired barrier function of the intestinal 
wall and immune system, some GM may migrate from the intestinal 
tract to the bloodstream and cause transient bacteremia (Fine et al., 
2020), allowing some GM to settle directly in the joints or allowing 
leukocytes and macrophages (Miller et al., 2020) to reach the joints 
and IVD as “Trojan horses” for the bacteria (Alverdy et al., 2020). This 
may result in the migration of some GM in the subchondral bone 
marrow and deep in the cartilage or disks, which may directly 
contribute to the deformity changes (Chisari et al., 2021; Rajasekaran 
et al., 2022). Chronic inflammation and adverse immune effects due 
to GM dysbiosis and bacteremia may also contribute to postoperative 
infection for SDD.

3. Gut-spine axis

GM influences host metabolism, immunity, the endocrine 
environment, and the gut-brain-bone axis. It also affects spinal 
structures (bone, cartilage, disks, ligaments, and muscles) through a 
variety of potential mechanisms (Behera et al., 2020; Seely et al., 2021; 
Figures 1A,B).

GM dysbiosis affects the health of spinal structures through the 
following three mechanisms: (1) nutrition, including calcium, amino 
acids, and vitamin K; (2) immune regulation related to estrogen, 
SCFA, and systemic inflammation; and (3) neurotransmitters such as 
serotonin and leptin that have been demonstrated to affect bone 
metabolism, ultimately causing an imbalance between osteoblasts and 
osteoclasts (Chen et al., 2022b). Additionally, increased inflammatory 
stress associated with GM dysbiosis promotes the senescence of spinal 
musculoskeletal cells and the accumulation of various SCs at spinal 
structures (Borghesan et al., 2020; Sharma, 2022). SCs may cause local 
and systemic inflammation via SASP and contribute to the 
development of the following SDD: osteoporosis for senescent 
osteocytes and osteoblasts, OA for senescent chondrocytes, and IVDD 
for senescent nucleus pulposus cells (Borghesan et al., 2020; Sharma, 
2022). This chapter outlines the nature and role of GM and dysbiosis 
associated with the degeneration of spinal structures (bone, cartilage, 
ligaments, disks, and muscles) and contributing to the development 
and progression of SDD and SDD-derived pain.

3.1. Gut-bone axis: osteoporosis and 
hyperostotic diseases

SDD related to bone metabolism includes OVF and hyperostotic 
diseases [i.e., ossification of posterior longitudinal ligament (OPLL) 
and diffuse idiopathic skeletal hyperostosis (DISH)] (Figure  3). 
Osteoporosis and hyperostotic diseases have an immune-
inflammatory mechanism involved in their pathogenesis (Zaiss et al., 
2019; Mader et al., 2021; Kawaguchi, 2022). Bone is an organ that 
depends on the dynamic balance between osteoblasts and osteoclasts 
to maintain normal function.

Inflammatory diseases involve several inflammatory cytokines 
that play a role in regulating osteoblasts and osteoclasts, and immune 
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activity is considered a significant risk factor for osteoporosis (Arron 
and Choi, 2000). The term “osteoimmunology” describes the close 
interaction between the immune system and bone metabolism and the 
role of immune cells or immune-related factors in the regulation of 
skeletal development (Takayanagi, 2021).

In recent years, the effects of GM on bone tissue have been 
confirmed in animals lacking GM (Axenic mice), in animals fed 

GM-modifying antibiotics and diet, and in humans (Ibáñez et al., 
2019). In addition, the presence of osteoporosis is associated with the 
composition and diversity of GM components (Wang et al., 2017; Ling 
et al., 2021).

Regarding osteoimmunology, GM dysbiosis has been reported to 
contribute to osteoporosis (Wang et al., 2017; Ibáñez et al., 2019; Ling 
et al., 2021) but may also affect hyperostosis diseases. Hyperostotic 
diseases such as OPLL and DISH exhibit a strong association with 
obesity, type 2 diabetes mellitus, and the complications of metabolic 
syndrome, which are characterized by systemic low-grade 
inflammation related to aging (Mader et al., 2021; Kawaguchi, 2022). 
In addition, OPLL has been reported to be associated with leptin and 
chronic inflammation (Kawaguchi, 2022). As mentioned, GM 
dysbiosis affects bone metabolism in association with low levels of 
chronic inflammation-related diseases and the neurotransmitter 
leptin, suggesting that it could be a pathological factor not only in 
osteoporosis but also in hyperostotic diseases such as OPLL. Thus, the 
term “gut-bone axis” (Zaiss et al., 2019) indicates that GM is associated 
with bone metabolism via nutrient absorption, inflammation 
immunity, and neurotransmitters, suggesting a strong association 
between GM dysbiosis and osteoporosis and hyperostotic diseases 
such as DISH and OPLL. As our understanding of the gut-bone axis’ 
pathophysiology improves, GM could emerge as a potential treatment 
option for bone metabolism disorders and low back pain. However, to 
the best of our knowledge, no epidemiological studies have reported 
on the association between GM and bone-related SDD such as 
osteoporotic spinal vertebral fractures or hyperostotic diseases.

3.2. Gut-joint axis: OA and facet joint 
syndrome

OA caused by cartilage degeneration in facet joints has been 
proposed as a facet joint syndrome among SDD (Du et  al., 2022; 
Figure  4). The “gut-joint axis” has been established based on the 
possibility of cross-talk between the gut and joint (Berthelot et al., 
2019; De Sire et al., 2020; Chisari et al., 2021; Qaiyum et al., 2021).

Unfortunately, no reports have shown an association between 
facet joint syndrome and GM. However, based on the correlation 
between GM and lower-extremity OA, we  believe that the 
association between GM and facet joint syndrome could 
be analogous. Obesity and metabolic syndrome are risk factors for 
OA not only in the load-bearing joints of the lower extremities but 
also in non-load-bearing joints (wrist and temporomandibular 
joints), indicating that systemic chronic low-level inflammation 
may play a role in its development (Puenpatom and Victor, 2009; 
Yoshimura et al., 2012). Although mechanical and genetic factors 
have classically been shown to play a major role in the development 
of OA, a growing number of reports indicate that low levels of 
inflammation play an important role in the development and 
progression of OA (Puenpatom and Victor, 2009; Yoshimura et al., 
2012). Low levels of inflammation have been associated with 
obesity/metabolic syndrome as well as aging, diet, and 
postmenopausal women (estrogen deficiency), all of which are 
strongly associated with both OA and GM dysbiosis (Li et al., 2016).

Based on common factors between OA and GM dysbiosis, it 
seems reasonable that GM dysbiosis is associated with the 
development of OA. It has been suggested that OA patients show 

FIGURE 3

Example of thoracic ossification of the posterior longitudinal 
ligament (OPLL) in a 53-year-old obese male with type 2 diabetes 
mellitus. The spinal canal is markedly narrowed by thoracic OPLL, 
with inability to walk. (A) Sagittal computed tomography (CT) of the 
whole spine. (B) Sagittal CT of the thoracic spine. This is a case from 
our institution.

FIGURE 4

Myelography computed tomography (CT) in lumbar axial view. The 
red arrow indicates facet degeneration and osteophyte. This is a case 
from our institution.

238

https://doi.org/10.3389/fmicb.2023.1290858
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Morimoto et al. 10.3389/fmicb.2023.1290858

Frontiers in Microbiology 08 frontiersin.org

significant GM dysbiosis, revealing a shift in pathogenic 
microorganisms associated with OA (Huang and Kraus, 2016; Favazzo 
et al., 2020). In addition, because microbes are present in knee and hip 
OA, occult or subclinical bacterial infections resulting from 
bacteremia due to GM dysbiosis may accelerate OA (Dunn et al., 
2020). Thus, the concept of the “gut-joint axis” can be applied to facet 
OA, a subset of SDD. However, further research is required to establish 
the relationship between the gut-joint axis and facet OA in both basic 
and clinical settings.

3.3. Gut-disk axis: IVDD

The IVD comprises three interrelated structures—namely, the 
central gelatinous nucleus pulposus, the outer annulus fibrosus, and 
the upper and lower cartilaginous endplates (Li et al., 2022). Vascular 
invasion into the IVD, which is generally considered the largest 
non-vascularized structure in the human body, may be detected in 
IVDD (Li et al., 2022).

While IVDD is multifactorial, chronic uncontrolled low-grade 
inflammation is progressively implicated in its etiology (Li et  al., 
2016). The microenvironment of a healthy IVD is vulnerable to 
immune surveillance functions (playing the role of sentry) because it 
has a blood-disk barrier, such as the blood–brain barrier in the central 
nervous system that keeps the IVD immunodominant and provides 
protection against systemic infection. Hypoxia and a lack of immune 
surveillance in the IVD create ideal conditions for the growth of 
anaerobic bacteria in degenerated disks (Wedderkopp et al., 2009). 
These bacteria growing on the IVD can recruit more inflammatory 
cells (e.g., T cells, B cells, dendritic cells, macrophages) via the release 
of inflammatory factors (e.g., IL-6, TNFα; Schirmer et  al., 2016). 
Hence, a damaged IVD can become an ideal site for the growth and 
proliferation of microbes that evade humoral and cellular immunity, 
as well as the spread of harmful microbiome metabolites (Li et al., 
2022). Therefore, GM dysbiosis has been suggested to possibly cause 
GM and GM metabolites to migrate into the bloodstream and IVD, 
causing or exacerbating IVDD (Li et al., 2022).

Rajasekaran et al., 2020 evaluated 24 lumbar IVDs and reported 
that the microbiome composition of healthy IVD differed from that 
of degenerative and herniated IVD. Thus, the concept of gut-disk axis 
(Li et al., 2022) is emerging, which may play an important role in 
IVDD and low back pain.

3.4. Gut-ligament axis: lumbar spinal 
stenosis

In addition to facet joint OA and IVDD, thickening of the yellow 
lumbar ligament is the leading cause of LSS pathogenesis (Figure 5), 
and an inflammation-related scar mechanism has been suggested for 
the thickening of the lumbar ligament (Sairyo et al., 2007). Although 
an association has been shown between LSS and diabetes, 
hypertension, and metabolic syndrome, all of which have been closely 
associated with GM dysbiosis (Fujita, 2021), no reports have shown 
an association between LSS and GM. However, IVDD and facet OA, 
which are factors of LSS, have a relationship with GM. Furthermore, 
the association of LSS with chronic inflammation-related conditions 
such as diabetes and metabolic syndrome, as well as inflammation 
observed in ligament thickening among LSS patients, indicates a 

potential connection between LSS and GM, suggesting the possibility 
of a gut-ligament axis in LSS.

3.5. Gut-muscle axis: spinal sarcopenia

Sarcopenia is defined as a progressive and systemic loss of skeletal 
muscle mass, strength, and function, according to the European 
Working Group on Sarcopenia in Older People (Cruz-Jentoft et al., 
2019). GM dysbiosis can affect muscle mass and function via 
inflammation, immunity, protein metabolism, SCFA metabolism, and 
mitochondrial dysfunction, thereby leading to sarcopenia in the spine 
and ultimately affecting host physiology (Picca et al., 2018). In several 
studies exploring the correlation between GM and skeletal muscle, 
significant differences in GM diversity and composition were observed 
in sarcopenia cases, and a gut-muscle axis has been proposed to 
indicate cross-talk between the two (Picca et al., 2018; Ticinesi et al., 
2019; Kuo et al., 2020; Przewłócka et al., 2020). The number of adult 
spinal deformities due to spinal sarcopenia (loss of erector spinae) is 
increasing, and its involvement with GM is an interesting topic of 
investigation (Kuo et al., 2020).

3.6. Impact of GM on SDD-derived pain

The main symptoms of SDD include low back pain and pain or 
numbness in the upper and lower extremities of nerve origin. Since 
GM is involved in the production of SCFA, neurotransmitters 

FIGURE 5

T2-weighted magnetic resonance imaging (MRI) sagittal image of 
the lumbar spine. The green arrowhead indicates normal 
intervertebral disk, the yellow arrowhead indicates intervertebral 
degenerated disk, and the white arrowhead indicates hypertrophic 
yellow ligament. This is a case from our institution.
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(including some precursors), and vitamins that regulate inflammation 
and pain (Benedict et al., 2016; Yan and Charles, 2017; Barton et al., 
2018; Lucas et al., 2018), it is plausible that it is strongly involved in 
SDD-derived pain.

GM produces the neurotransmitters involved in pain modulation 
and analgesia (including some precursors)–namely, dopamine, 
serotonin, noradrenaline, glutamate, and GABA (Liu et al., 2020). In 
addition, the analgesic effects of B vitamins produced by GM are 
explained by their anti-inflammatory, antinociceptive, and 
neuroprotective effects (Buesing et  al., 2019). The association of 
abnormal GM composition has also been demonstrated in patients 
with low back pain (Dekker Nitert et al., 2020), fibromyalgia (Minerbi 
et al., 2019), chronic pain (Freidin et al., 2021), knee OA (Boer et al., 
2019), hand OA (Wei et al., 2021), and peripheral neuropathic pain 
(Ellis et al., 2022), suggesting that abnormal GM composition may 
be involved in individual differences in pain sensitivity. However, GM 
composition abnormalities have not been validated for 
SDD-related pain.

In addition, analgesics may be used in cases of pain of SDD origin; 
however, GM strongly interacts with certain drugs, affecting their 
response and effectiveness (Vich Vila et al., 2020). Especially in cases 
of long-term opioid use, it has been inferred that adverse changes in 
GM composition (dysbiosis) can occur and cause predisposition to 
opioid tolerance (Akbarali and Dewey, 2017). Therefore, 
understanding the cross-talk between GM and SDD-derived pain may 
be helpful in understanding the pathogenesis of SDD. In addition, 
understanding the effect of GM on analgesics used for SDD may 
explain individual differences in analgesic efficacy and prognosis.

3.7. Summary of reports related to GM and 
spinal musculoskeletal diseases, including 
SDD

Table 1 presents a summary of the association between GM and 
spinal musculoskeletal diseases, including SDD (Yang et al., 2016; 

Wang et al., 2017; Wen et al., 2017; Shen et al., 2019; Rajasekaran et al., 
2020; Kang et al., 2021; Ling et al., 2021).

As a combination of specific microbiota abundance and SDD, 
Blautia and osteoporosis (Wang et  al., 2017; Ling et  al., 2021), 
Prevotella and Intervertebral disk disease (Rajasekaran et al., 2020), 
and Adolescent idiopathic scoliosis (Shen et  al., 2019), 
Spondyloarthritis (Wen et al., 2017).

SDD usually first results from degeneration of IVD and facet 
joints, i.e., IVDD or facet OA develops. As a result, the stabilizing 
function between intervertebral bodies is impaired, which leads to the 
formation of bony spurs around intervertebral bodies and facet joints, 
and the thickening of the yellow ligament, resulting in LSS, including 
lumbar spondylolisthesis. In addition, spinal sarcopenia and OVF can 
accelerate the pathology. Moreover, SDD-related pain derived from 
IVDD, facet OA, LSS, and OVF impairs activity, further aggravating 
GM dysbiosis, sarcopenia, and osteoporosis. Thus, osteoporosis, 
IVDD, facet OA, LSS, and spinal sarcopenia coexist, adversely 
affecting not only SDD but also GM dysbiosis, leading to a negative 
spiral. With the advent of an aging society, understanding the 
pathophysiology, prevention, and treatment of SDD will become 
increasingly important. We  have discussed that GM affects all 
pathologies of SDD and SDD-derived pain. Investigating the profile 
of GM in the progression of SDD could help identify patients with 
rapidly progressive SDD and improve our understanding of the 
pathogenesis of SDD.

4. Gut microbiota modulation as 
treatment for SDD

Given the worldwide prevalence of SDD, there is a critical need 
for effective disease-modifying treatment strategies to alleviate 
symptoms and slow SDD progression.

GM communicates with the distant spinal structures via various 
axes, such as the gut-bone axis, gut-joint axis, gut-disk axis, 
gut-ligament axis, and gut-muscle axis. Bacteremia and chronic 

TABLE 1 Gut microbiota and spinal musculoskeletal diseases.

Area Spinal musculoskeletal 
diseases

Characteristics of gut microbiota Evidence

Bone Osteoporosis Positive correlation: Actinobacillus, Blautia, Oscillospira, Bacteroides, Phascolarctobacterium Ling et al. (2021)

Osteoporosis Higher proportion of Blautia and Parabacteroides and lower proportion of Ruminococcaceae 

UCG-002

Wang et al. (2017)

Joint Facet joint osteoarthritis No report

Disk Intervertebral disk disease More frequently or specifically: Pseudomonas veronii, Pseudomonas stutzeri, Streptococcus 

anginosus, Prevotella pallens, Avibacterium gallinarum, Enterobacter cowanii

Many known human pathogens such as Prevotella tannerae, Halomonas nitritophilus, and 

Streptococcus alactolyticus

Rajasekaran et al. 

(2020)

Muscles Sarcopenia Reduced microbial diversity, with an increased level of Lactobacillus and decreased levels of 

Lachnospira, Fusicantenibacter, Roseburia, Eubacterium, and Lachnoclostridium

Kang et al. (2021)

Others Adolescent idiopathic scoliosis The Prevotella genus showed considerable increase in proportion. Shen et al. (2019)

Spondyloarthritis A significantly increased abundance of Prevotella melaninogenica, Prevotella copri, and 

Prevotella sp. C561 and decreased representation of Bacteroides spp.

Wen et al. (2017)

Ankylosing Spondylitis Porphyromonas gingivalis, Klebsiella pneumoniae, Klebsiella aerogenes, and Bacteroides 

vulgatus are associated with pathogenesis

Yang et al. (2016)
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low-level inflammation caused by GM dysbiosis adversely affect spinal 
structures (bones, cartilage, disks, ligaments, and muscle) and 
contribute to the onset and progression of SDD, including 
osteoporosis, IVDD, and OA. Conversely, restoring GM dysbiosis 
through therapeutic intervention may restore physiological regulation 
through various axes and prevent the onset and progression of SDD 
(Figure 2).

GM has attracted attention as a promising target for therapeutic 
strategies because it can be modified by lifestyle modifications such as 
dietary interventions, sleep and exercise, fecal transplants, and future 
microbiome-targeted therapies (Kolasinski et al., 2020).

4.1. Lifestyle interventions (diet, sleep, 
exercise) for GM dysbiosis may improve 
SDD

Given the association between GM dysbiosis and SDD and 
chronic inflammation, GM dysbiosis may be  involved in the 
development and progression of SDD. As discussed in Chapter 2 
(Li et al., 2022), a healthy lifestyle (including factors such as diet, 
sleep, and exercise) improves GM composition (increases “good” 
bacteria) and may improve GM dysbiosis. An improvement in GM 
dysbiosis may also alleviate inflammation, inhibit the degeneration 
of spinal structures, and relieve pain via SCFA or 
neurotransmitters. The interaction between lifestyle (diet, sleep, 
exercise) and GM has contributed to our understanding of the role 
of lifestyle in the prevention and treatment of chronic 
inflammation-related diseases, including SDD, in which GM 
dysbiosis plays a significant role. Notably, dietary interventions 
involving prebiotics and probiotics have shown promising effects 
in managing osteoporosis and OA via GM modulation (Vitetta 
et al., 2013; Zhang et al., 2022a).

Prebiotics are non-digestible food components such as 
dietary fiber and oligosaccharides. Prebiotics stimulate the 
growth and/or activity of beneficial bacteria in the digestive tract 
in ways that are beneficial to health, induce SCFA synthesis, 
affect cell growth and differentiation, hormone production, and 
inflammation regulation, and have a beneficial effect on the host 
(Vitetta et al., 2013; Zhang et al., 2022a). Probiotics consist of live 
microorganisms, typically lactic acid bacteria that modulate 
protease-activated receptor expression in epithelial cells, 
gastrointestinal smooth muscle cells, and capsaicin-sensitive 
neurons to regulate gastrointestinal mucosal barrier function and 
inflammation (Vitetta et  al., 2013; Zhang et  al., 2022a). As a 
result, they play an important role in the homeostasis of healthy 
GM by promoting epithelial barrier function and reducing 
dysbiosis, stimulating the production of antimicrobial substances 
and immunoglobulins, and inhibiting the production of bacterial 
toxins, thereby promoting host immune responses and anti-
inflammatory pathways (Vitetta et al., 2013; Zhang et al., 2022a).

Both prebiotics and probiotics have been reported to have anti-
inflammatory effects, promote calcium and vitamin D absorption, 
reduce osteoclast differentiation, and protect the bone and cartilage. 
They have also shown beneficial effects on osteoporosis and OA 
(Table 2; Abrams et al., 2005; Jones et al., 2013; Vitetta et al., 2013; Lei 
et al., 2017; Takimoto et al., 2018; Lyu et al., 2020; Paul et al., 2021; 

Zhang et al., 2022a). Nevertheless, no reports on their effects on IVD 
or LSS have yet been published.

Regarding exercise interventions, focusing on the “gut-muscle” 
axis and spinal sarcopenia, GM has been shown to improve skeletal 
muscle mass and function, while exercise affects GM composition 
(Locantore et  al., 2020). In addition, the gut-spine axis can 
be  considered as a result of treatment for spinal structures 
degeneration (bones, cartilage, disks, ligaments, and muscles), in 
which improvement in exercise level leads to improvement in GM 
composition. This positive spiral relationship between exercise, GM, 
and spinal structures could be  useful in the prevention and 
treatment of SDD.

Sleep disturbances promote GM dysbiosis (decreased intestinal 
bacterial diversity and anti-inflammatory intestinal bacteria), which 
induces systemic chronic inflammation, which has been reported to 
be a risk factor for chronic inflammation-related diseases (diabetes 
and obesity). Chronic inflammation has been associated with the 
onset and progression of SDD; therefore, the association between 
sleep disturbances and SDD cannot be ruled out. Conversely, healthy 
sleep can be expected to contribute to SDD improvement. However, 
no studies have reported on the effects of sleep on the development or 
progression of SDD or its preventive effects.

GM also plays an important role in drug metabolism, which may 
influence drug efficacy (Vich Vila et al., 2020). Hence, GM modulation 
through lifestyle modification may enhance the efficacy of analgesics 
and contribute to drug reduction. Drug reduction is a critical issue in 
SDD patients, mostly older individuals because polypharmacy is also 
a significant problem. Regulation of GM through lifestyle 
improvement may also be effective in this regard.

Maintaining a healthy lifestyle is well understood to be based on 
good nutrition, regular exercise, and adequate sleep. However, only 
few studies have investigated the correlation between a healthy lifestyle 
and SDD in the field of spine surgery.

The GM-mediated therapeutic effect of lifestyle interventions is 
both a new perspective on SDD treatment and effective for 
SDD. Large-scale clinical trials on lifestyle interventions are required.

4.2. Fecal microbiome transplant

FMT is a method of improving certain medical conditions such 
as GM dysbiosis-related diseases of three types of inflammation: acute 
inflammation (e.g., Clostridioides difficile infection), chronic 
inflammation (e.g., chronic Crohn’s disease and ulcerative colitis), and 
chronic low-grade inflammation by delivering specially prepared stool 
material from a healthy donor to the patient (i.e., recipient) and 
restoring the balance of the intestinal bacterial community (Wang 
et al., 2022; Zhang et al., 2022b).

In contrast to applications targeting single microorganisms, such as 
probiotics and prebiotics, FMT maintains the integrity of GM and 
metabolites during the entire process, thus preserving the original 
function of GM to the maximum extent possible, significantly improving 
GM-related diseases and restoring gut microenvironmental homeostasis 
more rapidly and efficiently (Zhang et al., 2022b). While physiological 
disturbances due to disease can alter the composition and abundance of 
GM, GM dysbiosis can, on the other hand, induce or exacerbate disease, 
and FMT can be expected to prevent or alleviate disease conditions.
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The potential regulatory mechanisms involving the FMT are to 
reestablish a normal intestinal environment and to correct 
disturbances in the intestinal microbiota. It is believed to potentially 
restore the intestinal mucosal barrier, improve intestinal permeability, 
restore imbalances in intestinal metabolites (SCFA, indole derivatives, 
vitamins, cholic acid, polyamines), and regulate immune responses 
(Zhang et al., 2022b).

FMT has been performed and validated for GM dysbiosis-related 
diseases in (1) Gastrointestinal diseases: Bacterial intestinal infection 
(Clostridioides difficile infection), inflammatory bowel disease (Crohn’s 
disease and ulcerative colitis), and irritable bowel syndrome, (2) Liver 
Diseases: Severe alcoholic hepatitis, primary sclerosing cholangitis, 
and liver cirrhosis, (3) Brain diseases: Autism spectrum disorder, 
Parkinson’s disease, multiple sclerosis, Alzheimer’s disease, and 
epilepsy, (4) Metabolic diseases: Diabetes, obesity, metabolic 
syndrome, and gout, (5) Cancer: Melanoma, and gastroesophageal 
cancer, (6) Skin diseases: alopecia and atopic dermatitis (Wang et al., 
2022; Zhang et al., 2022b).

Spinal musculoskeletal disorders in which FMT has been reported 
to be  effective are inflammatory, immune, or metabolic diseases: 
osteoporosis (Zhang et al., 2022b), psoriatic arthritis (Selvanderan 
et al., 2019), and axial arthritis (Mahajan et al., 2020). For other SDD 
(OA, IVDD, LSS, spinal sarcopenia) for which the effects of FMT have 
not yet been reported, GM dysbiosis may increase the risk of 
development and progression, and further normalization of GM 
composition and function may contribute to prevention, treatment, 
and symptom improvement.

5. Conclusion and perspective

The close relationship between GM and spinal structures (bones, 
cartilage, disks, ligaments, and muscles) due to common factors such 

as immunity, metabolism, and inflammation has been described by 
the terms gut-bone axis, gut-joint axis, gut-disk axis, gut-ligament 
axis, and gut-muscle axis.

Bacteremia and chronic low-level inflammation caused by GM 
dysbiosis have been found to adversely affect spinal structures and 
contribute to the development and progression of SDD, including 
osteoporosis, LSS, IVDD, spinal sarcopenia, and SDD-derived pain. 
Since GM-derived neurotransmitters may regulate the excitability of 
neurons in the peripheral nervous system and nociceptors involved in 
the onset of SDD-derived pain, GM may modulate the pathogenesis 
and therapeutic effects of SDD. This close association between GM 
and SDD led us to propose the gut-spine axis.

Scientific progress is often driven by the clear demarcation of 
research areas; however, to understand the complex and 
multifaceted nature of SDD, it is necessary to integrate the 
findings of various disciplines, such as spinal anatomy, 
immunology, microbiology, aging, and more. The perspective 
provided by GM research is a good example of such 
interdisciplinary integration and may not only provide a new 
framework for understanding these biological systems but may 
also offer many valuable insights into the development of 
effective therapies for the treatment of SDD (new disease-
modifying therapies that intervene in GM). New biomarkers 
associated with inflammation and gut dysbiosis may predict the 
development of SDD and monitor the effectiveness of therapeutic 
interventions. Chronic inflammation and adverse immune effects 
due to GM dysbiosis and bacteremia (joint and IVD are not 
always sterile) may also contribute to postoperative 
infection of SDD.

However, the literature on the relationship between GM and SDD 
is scarce due to various issues such as cost, time, and declining 
participation, suggesting that there is an existing knowledge gap 
between the two. While a healthy lifestyle (diet, sleep, exercise) and 

TABLE 2 Prebiotics and probiotics for musculoskeletal diseases in human.

Prebiotics/Probiotics Area Musculoskeletal diseases Comments Evidence

Prebiotics

Bone

Osteoporosis Prebiotic short- and long-chain inulin type fructans 

significantly increases calcium absorption and 

enhances bone mineralization

Abrams et al. (2005)

Probiotics

Bone Osteoporosis Bacillus subtilis C-3102 (C-3102), total hip BMD 

improved

Takimoto et al. (2018)

Osteoporosis Lactobacillusreueri

NCIMB 30242 increases mean

circulating 25-hydroxyvitamin D

Jones et al. (2013)

Osteoporosis Lactobacillus reueri reuteri

NCIMB 30242 increases the mean

circulating 25-hydroxyvitamin D level

Jones et al. (2013)

Joint Osteoarthritis Lactobacillus casei strain Shirota:

a positive effect of improvement in knee OA

Lei et al. (2017)

Rheumatoid arthritis Lactobacillus casei 01 improved

the inflammation status

Paul et al. (2021)
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FMT may improve GM dysbiosis and consequently contribute to SDD 
improvement, few reports exist on this issue, and large-scale studies 
are therefore needed.

Preventive medicine is important because increasing SDD is an 
urgent problem in an aging society. Preventive medicine is divided into 
three categories: primary prevention (health promotion, anti-aging 
medicine, prevention of diseases), secondary prevention (early detection, 
early treatment, prevention of aggravation), and tertiary prevention 
(rehabilitation, prevention of recurrence). GM is strongly related to all 
these SDD prevention aspects. The Nobel Prize-winning discovery of the 
bacterium Helicobacter pylori as the primary cause of gastritis and peptic 
gastritis was a game changer in diagnosis and treatment, radically shifting 
the management of peptic ulcers from surgical treatment to antibiotics 
and acid secretion inhibitors (Rajasekaran et al., 2020).

A better understanding of GM could be the catalyst for a new 
game changer in the prevention, diagnosis, and treatment of SDD, 
with GM as the axis. The established association between GM and 
spinal structures (gut-spine axis) supports the feasibility of a new 
approach to the prevention, diagnosis, and treatment of SDD.
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Introduction: Disruptions of the gut microbiota of preterm infants admitted to

the neonatal intensive care unit (NICU) during the first 2 weeks of life are of

critical importance. These infants are prone to various complications, including

necrotizing enterocolitis (NEC) and sepsis. Studying the gut microbiota will

improve outcomes in preterm infants. In the present study, we examined the

gut microbiota of preterm infants admitted to the NICU in the first month of life.

Methods: Neonates admitted to the NICU were recruited, and stool samples

were collected weekly from the seventh day of the infant’s life until the 30th day

of life. DNA was extracted using a DNeasy Powersoil DNA isolation kit. 16S rRNA

gene sequencing targeting the V3–V4 region was performed using the MiSeq

platform. Sequenced reads were processed on DADA2 pipeline to obtain an

amplicon sequence variant (ASV) table. All bioinformatic and statistical analyses

were performed using different packages in the R statistical framework.

Results: Fourteen preterm infants were recruited, and 48 samples were

collected. Alpha diversity metrics, observed ASV count, and Shannon index were

found to have no differences in any clinical variables. Permutational multivariate

analysis of variance (PERMANOVA) showed discrimination of neonates by

gestational age and administration of probiotics. Differential abundance analysis

showed a decreased abundance of Bifidobacterium Breve in extremely preterm

infants (gestational age <28 weeks) compared to moderate preterm infants

(gestational age 29–32 weeks). Supplementation with probiotics decreased

Acinetobacter and increased Bifidobacterium in the gut of preterm neonates

regardless of gestational age.

Conclusion: Gestational age and probiotic supplementation alter the gut

microbiota of preterm infants admitted to the NICU.
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1 Introduction

Preterm infants have an immature gut and immune system.
Several factors, including mode of delivery, sex, breast milk,
intrapartum antibiotics, and antenatal corticosteroids, have been
shown to alter preterm microbiota.

Delayed intestinal bacterial colonization and frequent
antibiotic exposure in the early neonatal period cause the
acquisition of antibiotic-resistant bacteria among preterm infants
admitted to the neonatal intensive care unit (NICU) (Bargheet
et al., 2023). Transmittance of pathogenic bacterial species occurs
through apparatuses used in the NICU, environmental surfaces
and nursing workspaces (Vongbhavit et al., 2022). Several studies
showed that the NICU environment shapes the neonatal gut
microbiota (Hartz et al., 2015; Brooks et al., 2018). All these
factors contribute to the risk of sepsis and various degrees of
systemic inflammation as well as cause gut microbiota dysbiosis
in premature neonates. These factors also increase the risk for
the development of necrotizing enterocolitis (NEC) and increase
mortality.

Gut microbiota of infants admitted to NICU are more complex
in resource-poor settings of low- and middle-income countries
(LMICs) (Dhaded et al., 2022). India contributes to a high preterm
birth rate and mortality among LMICs. Studying the gut microbiota
will help to improve outcomes and develop newer intervention
strategies in preterm infants born in LMICs.

The aims of this study are (1) to evaluate the gut microbiota
of extremely preterm infants and moderate preterm infants in the
first month of life in the NICU and (2) to evaluate the impact of
gestational age (GA), probiotic supplementation, and morbidities,
including sepsis and NEC, on the gut microbiota of preterm infants.

2 Materials and methods

2.1 Data and sample collection

We recruited preterm infants born at gestational age between
26 and 32 weeks with a birth weight of less than 1500
grams and a postnatal age of less than 72 h. This study
was conducted between September 2022 and March 2023.
Infants with congenital malformations, expected life expectancy
of less than a week, and lack of parental consent were
excluded from the study. Demographic details of the mothers
were extracted from medical records, and neonatal information
were collected prospectively until discharge. Infants received
the probiotic Darolac (Lactobacillus acidophilus, Lactobacillus
rhamnosus, Bifidobacterium longum, and Saccharomyces boulardii).
One gram of probiotics mixed with expressed breast milk was
given to infants for an average of 10 days once food tolerance
was achieved. None of the mothers participating in the study had
administered probiotics during the recruitment period.

Once infants received probiotics administration, the following
collected samples were labeled as probiotic groups. Samples from
infants who had not received probiotics before or at the time of
collection were labeled as the non-probiotics group.

Mothers were informed about the study before enrolling their
babies, and sterile containers were provided for stool sample

collection. Fecal samples were collected weekly from the seventh
day until the 30th day in the NICU and neonatal nursery. Stool
samples were collected in sterile containers and immediately stored
in the freezer compartment of the refrigerator. Samples were
transported to the laboratory within 24 h and stored at −80◦C until
further processing. This study was conducted in accordance with
the Declaration of Helsinki. The research protocol was approved
by the Institutional Ethics Committee (IEC).

2.2 DNA extraction and sequencing

Genomic DNA was extracted from 150 milligrams of stool
samples using DNeasy PowerSoil Pro Kit (Qiagen Inc., Germany).
DNA concentration and purity were assessed on 1% agarose gels.
The DNA concentration was quantified using a Qubit DNA HS
assay (Invitrogen, Cat. no. Q32854). First, amplicon generation was
performed for the 16S rRNA region covering 1500 bp, followed by
a second amplicon generation targeting the V3-V4 region (460 bp)
in a nested PCR approach (Kameoka et al., 2021). PCR products
were run on 2% agarose gel electrophoresis for detection. All
amplified PCR products were then cleaned (1 × ) using AMPure
XP beads (Beckman Coulter, Cat. no. A63882). DNA library
preparation was performed using the NEBNext Ultra DNA Library
Prep Kit for Illumina (New England Biolabs, Cat. no E7370L).
All prepared libraries were verified for fragment distribution by
a capillary electrophoresis instrument (5300 Fragment Analyzer
System, Agilent). Pooled libraries were loaded onto the MiSeq
platform (Illumina Inc., USA) for 16S rRNA gene sequencing in a
2 × 250 bp paired-end format.

Barcodes and adapters were removed from raw sequences, and
demultiplexed fastq files were generated. Trimmed sequences were
imported to the DADA2 sequence processing pipeline to generate
an amplicon sequence variant (ASV) table (Callahan et al., 2016).
Taxonomy was assigned to the ASVs using a naïve Bayes classifier
against a SILVA database version 138. After ASV filtering, we
obtained 4,356,624 sequencing reads belonging to 6370 ASVs. Each
sample was rarefied to 90763 reads to obtain an even sampling
depth and used for all downstream analyses. As part of data pre-
processing, samples that had ASV taxa counts below 20% were
removed, and the remaining samples were used for downstream
analysis. Raw sequences were deposited at the NCBI Sequence Read
Archive under the Bioproject accession number PRJNA1048725.

2.3 Microbiota diversity, composition,
and statistical analysis

Alpha diversity metrics, including observed ASV and Shannon
index, were calculated using the Phyloseq package (McMurdie and
Holmes, 2013). A one-way ANOVA test was used to compare
diversity indices between samples collected weekly. The Wilcoxon
rank-sum test was used to compare diversity indices between the
preterm, probiotic, and NEC groups. A phylogenetic tree was
constructed using the DECIPHER and Phangorn (v.2.4.0) packages
in R (Schliep, 2011; Murali et al., 2018). Beta diversity metrics, Bray-
Curtis, Jaccard, and weighted UniFrac distances were calculated
from centered log-ratio (CLR)-transformed ASV counts using the
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vegan package in R. Permutational multivariate analysis of variance
(PERMANOVA) was performed to test statistical significance by
fitting distance data and metadata with 999 permutations. Gut
microbiota intergroup variability was visualized on the ordination
plot using non-metric multidimensional scaling (NMDS) and
a weighted UniFrac method to calculate the distance between
samples.

Differential abundances of microbiota between groups were
performed by linear discriminant analysis (LDA) effect size
(LEfSe) analysis, and the DESeq2 package in R (Segata et al.,
2011; Love et al., 2014). An alpha-value of 0.05 was chosen
as the significance cutoff and Benjamini-Hochberg adjusted
FDR p-values were used for the DESeq2 method. For LEfSe
analysis, data were normalized for the CPM method, and the
run_lefse function was performed in the microbiomeMarker
package with a default setting of LDA 2. Statistically significant
associations between microbial traits and clinical covariates
were identified using Microbiome Multivariable Association with
Linear Models (MaAsLin2) (Mallick et al., 2021). Analysis
was adjusted for postnatal age, and a q-value threshold of
0.25 was considered significant. Bioinformatics analysis and
statistical analysis were performed in R software using various
packages, including DADA2, Phyloseq, Vegan, MicrobiomeMarker,
and ggplot2.

3 Results

The demographic characteristics of the study participants are
shown in Table 1. Fourteen preterm infants were recruited, and
48 stool samples were collected (Supplementary Figure 1 for
graphical representation). All mothers received antenatal steroids.
Only one received antibiotics before delivery and ceftazidime,
imipenem, and amikacin were administered for a week. Three
infants developed NEC and they were at stage 2A, 2B, and 3B at
the time of enrollment.

TABLE 1 Demographic details of the subjects.

Variables n = 14

Gestational age (week), mean ± SD 29.3 ± 1.9

Sex (male/female) 6/8

Birth weight (g), mean ± SD 1044 ± 290

No. (%) of vaginal delivery 5 (35.7%)

No. (%) of early-GA subjects (≤28 weeks) 6 (42.9%)

No. (%) of mothers with PPROM 4 (28.6%)

No. (%) of mothers with preeclampsia 5 (35.7%)

No. (%) of mothers receiving antenatal corticosteroids 14 (100%)

APGAR score at 1 min median (IQR) 7 (6–8)

APGAR score at 5 min median (IQR) 8 (7–9)

No. (%) of neonates receiving antibiotic 14 (100%)

No. (%) of infants with NEC 3 (21.4%)

No. (%) of infants with Sepsis 3 (21.4%)

PPROM, preterm premature rupture of membranes.

3.1 Alpha- and beta-diversity of preterm
infants

The observed ASV and Shannon indices measured to assess
microbial richness and evenness showed no difference between
weeks (Figure 1). To assess the impact of microbiota changes on
gestational age, preterm infants born between 26 and 28 weeks were
classified as extremely preterm, and neonates born between 29 and
32 weeks were labeled as moderate preterm infants. The observed
ASV and Shannon index values did not differ between extremely
preterm and moderate preterm infants or between preterm infants
with and without probiotic supplementation (Supplementary
Figure 2). Although there was no statistical significance between
the NEC and non-NEC groups, a trend could be observed in
the Shannon index (Supplementary Figure 3). This indicates
that preterm infants with NEC harbor more ASV and bacterial
communities.

PERMANOVA analysis on distances calculated from Bray-
Curtis and Jaccard showed that microbiota composition in
preterm infants was influenced by gestational age, probiotics and
development of NEC (Table 2 and Supplementary Table 1).
PERMANOVA based on the weighted UniFrac method showed
significance for gestational age and probiotics but not for NEC
(Supplementary Table 2). Non-metric multidimensional scaling
(NMDS) plotted with weighted UniFrac distances probiotic
supplementation discriminated samples based on gestational
age and probiotic (Figure 2). Bray-Curtis and Jaccard were
based on abundance (ASV count) and presence or absence of
ASV, respectively. The weighted UniFrac method is based on
phylogenetic diversity. Therefore, the results obtained from the
Bray-Curtis and Jaccard measurements differ from the weighted
UniFrac results for NEC.

3.2 Taxa associated with gestational age,
probiotics, and NEC

LEfSe and DESeq2 methods were used to identify microbial
communities in significant variables in PERMANOVA. LEfSe
analysis revealed a high abundance of Bifidobacterium breve
and a low abundance of Lactobacillales at the order level in
moderate preterm infants compared to extremely preterm infants
(Figure 3). The DESeq2 method identified a high abundance of
Bifidobacterium breve, Bifidobacterium longum, and Bacteroides
thetaiotaomicron in the moderate preterm infant group, whereas
an increased abundance of the Finegoldia magna and Acinetobacter
genera was observed in extremely preterm infant neonates
(Figure 4 and Supplementary Table 3).

LEfSe analysis showed a significantly reduced abundance
of the Acinetobacter genus and Firmicutes phylum and an
increased abundance of Enterobacterales in probiotic-treated
preterm infant samples compared with non-probiotic-treated
samples (Supplementary Figure 4). Similar observations were
noted in DESeq2 analysis, which revealed an increased abundance
of Bifidobacterium longum and Bacteroides thetaiotaomicron as well
as a decreased abundance of the genus Klebsiella in probiotic-
supplemented samples compared to samples without non-probiotic
samples (Figure 5 and Supplementary Table 4).
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FIGURE 1

Alpha diversity metrics observed ASVs (A) and Shannon diversity (B) in the first 4 weeks of life of preterm infants.
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TABLE 2 Permutational multivariate analysis of variance (PERMANOVA) analysis performed based on Bray-Curtis dissimilarity distance.

Df Sums of Sqs MeanSqs F. Model R2 Pr (>F)

Week 3 0.38978848 0.12992949 0.61482323 0.0315773 0.865

Probiotics 1 0.93290101 0.93290101 4.41446506 0.07557558 0.006

Preterm 1 0.87076903 0.87076903 4.12045804 0.07054219 0.006

NEC 1 0.4864281 0.4864281 2.30176605 0.0394062 0.04

Week: probiotics 3 0.61236171 0.20412057 0.96589362 0.04960826 0.467

Week: preterm 3 0.6767952 0.2255984 1.06752618 0.0548281 0.388

Probiotics: preterm 1 0.45692388 0.45692388 2.16215279 0.03701603 0.063

Week: NEC 2 0.57552906 0.28776453 1.36169481 0.04662439 0.191

Probiotics: NEC 1 0.54415463 0.54415463 2.57492657 0.04408271 0.036

Preterm: NEC 1 0.45902333 0.45902333 2.1720873 0.03718611 0.025

Week: probiotics: preterm 3 0.8354806 0.27849353 1.31782469 0.06768342 0.184

Week: probiotics: NEC 2 0.22058684 0.11029342 0.52190581 0.01787004 0.896

Residuals 25 5.2832053 0.21132821 NA 0.42799967 NA

Total 47 12.3439472 NA NA 1 NA

Statistically significant variables are highlighted in bold.

FIGURE 2

Non-metric multidimensional scaling (NMDS) plot generated using weighted UniFrac distances. Each sample is represented by one dot, blue color
represents samples of Extremely pre-term infants, red color represents samples of moderate pre-term infants and shaped according to the
administration of probiotics. Inner and outer circles separate the samples based on probiotic supplementation and gestational age, respectively.

Differential taxa analysis using LEfSe found significantly
increased abundance levels of Finegoldia magna in NEC compared
to non-NEC preterm infants (Supplementary Table 5). The
DESeq2 results showed a decreased abundance of Bifidobacterium
longum, Bacteroides thetaiotaomicron, Staphylococcus epidermidis,

and Serratia genera in NEC compared to non-NEC preterm infants
(Figure 6 and Supplementary Table 6).

A linear model multivariate analysis adjusted for postnatal
age confirmed that both gestational age and probiotics
significantly altered the gut microbiota of infants in our cohort

Frontiers in Microbiology 05 frontiersin.org251

https://doi.org/10.3389/fmicb.2024.1329926
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-15-1329926 February 5, 2024 Time: 17:0 # 6

Devarajalu et al. 10.3389/fmicb.2024.1329926

FIGURE 3

LEfSe analysis shows significant bacterial abundance between extremely preterm infants (26–28 weeks) and moderate preterm infants
(29–32 weeks). Bacterial abundance shown only to significant corresponding Taxa level.

FIGURE 4

DESeq2 analysis shows significant bacterial abundance between
extremely preterm infants (<29 weeks) and moderate preterm
infants (29–32 weeks). Mean and standard error of ASV count
shown in x-axis.

(Supplementary Table 7). None of the covariates, including
sepsis and NEC, were associated with bacterial counts. This
confirmed the findings of LEfSe and DESeq2 analysis, which
showed an decreased abundance of Bifidobacterium breve in
extremely preterm infants compared to moderate preterm infants.
Supplementation with probiotics increased Lacticaseibacillus
and decreased the abundances of Klebsiella and Acinetobacter in
preterm infants.

FIGURE 5

DESeq2 analysis shows significant bacterial abundance between
samples after probiotic administration in infants and before/no
probiotic administration in infant samples. Mean and standard error
of ASV count shown in x-axis.

4 Discussion

Here, we evaluated factors affecting the gut microbiota of
preterm infants admitted to the NICU in the first month of
life. To the best of our knowledge, this is the first study to
examine gut microbial communities in preterm infants in India.
The present study found that the gestational age of preterm
infants, supplementation of probiotics, and development of NEC
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FIGURE 6

DESeq2 analysis shows significant bacterial abundance between
preterm infants with and without NEC. Mean and standard error of
log10 ASV count shown in x-axis.

modulated the gut microbiota of preterm neonates during the
first month of life.

The results of the present study are consistent with previous
observations that gestational age and probiotics are major
determinants of gut microbiota maturation in preterm infants
(Bargheet et al., 2023). Bacterial changes associated with gestational
age could be due to the introduction of oral feeding, mainly
mothers’ milk and donor milk. Human milk contains human
milk oligosaccharides (HMOs), which are complex sugars that are
substrates for the growth of Bifidobacterium and Bacteroides genera
in the infant’s gut. Bifidobacterium increases the production of
acetate and lactate, thereby decreasing luminal pH, which is one
of the mechanisms to prevent fatal infections.

In our center, infants are fed probiotics mixed with expressed
breast milk or donor milk. Both probiotics and human milk
together increased the levels of Bifidobacterium. We did not find
any association between nil per os (NPO) and the duration of
NICU stay on microbiota changes using linear model multivariate
analysis (data not shown). Thus, MaAsLin2 analysis showed
that gestational age and probiotics independently altered the gut
bacterial composition in preterm infants.

In India, Acinetobacter baumannii and Klebsiella pneumoniae
are the most common pathogens detected in the organs of
deceased premature infants (Ghanchi et al., 2023). These bacteria
are associated with frequent nosocomial outbreaks in the NICU
and are responsible for neonatal morbidity and mortality. In
our study, administration of probiotics showed a reduction in
Acinetobacter and Klebsiella counts. We have shown that probiotic
supplementation increases the abundance of Bifidobacterium
longum and Bacteroides thetaiotaomicron. These bacterial species
were decreased in infants with NEC compared to those without
NEC. Both bacteria have genes for the catabolism of HMO
and are mutualistic in the infant gut (Marcobal et al., 2011).
Monocolonization of B. thetaiotaomicron promotes intestinal
microvasculature through Paneth cells (Stappenbeck et al., 2002).
Microbial communities in the preterm gut modulate intestinal

maturation and differentiation of epithelial cell lineages (Yu et al.,
2016). Thus, probiotic supplementation promotes the enrichment
of beneficial microbes in preterm neonates admitted to the NICU.

Commensal gut bacteria, Finegoldia magna, have previously
been detected in fecal samples from very low birth weight neonates
(Brooks et al., 2014). An increased count of F. magna in stool
samples of NEC infants was observed in the current study and a
previous metagenome- and metaproteomics-based study (Brown
et al., 2018). In addition, F. magna is detected in the amniotic fluid
of women with preterm prelabor rupture of membranes (DiGiulio
et al., 2010). Future studies are needed to determine the association
between F. magna and NEC as well as the role of the inflammatory
response in preterm delivery.

Limitations of this study include being unable to evaluate
the impact of antibiotic exposure. All infants invariably received
antibiotics while being admitted to the NICU, and 95% of them
received broad-spectrum antibiotics, including meropenem and
colistin. First-week samples were not available for six infants. An
infant with NEC underwent surgical resection in the second week
of life, and subsequent samples were not collected.

The current observational study using multiple statistical
methods demonstrated that gestational age and probiotic
supplementation influences the gut microbiota of preterm infants.
Moderate preterm infants (>29 GA weeks) were associated with
increased Bifidobacterium breve and reduced Acinetobacter
compared with extremely preterm infants (<28 weeks).
Probiotic supplementation increased Bifidobacterium and
B. thetaiotaomicron and reduced the abundance of Acinetobacter
as well as Klebsiella in infants admitted to the NICU. Finally,
using limited samples, we showed a reduction in beneficial
microbes in the gut of preterm infants with NEC. In conclusion,
both gestational age and probiotic supplementation alter the gut
microbiota of preterm infants admitted to the NICU.
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Background: Several studies have pointed to the critical role of gut microbiota 
(GM) and their metabolites in Hirschsprung disease (HSCR) pathogenesis. 
However, the detailed causal relationship between GM and HSCR remains 
unknown.

Methods: In this study, we  used two-sample Mendelian randomization (MR) 
analysis to investigate the causal relationship between GM and HSCR, based on 
the MiBioGen Consortium’s genome-wide association study (GWAS) and the 
GWAS Catalog’s HSCR data. Reverse MR analysis was performed subsequently, 
and the sensitivity analysis, Cochran’s Q-test, MR pleiotropy residual sum, outlier 
(MR-PRESSO), and the MR-Egger intercept were used to analyze heterogeneity 
or horizontal pleiotropy. 16S rDNA sequencing and targeted mass spectrometry 
were developed for initial validation.

Results: In the forward MR analysis, inverse-variance weighted (IVW) estimates 
suggested that Eggerthella (OR: 2.66, 95%CI: 1.23–5.74, p  =  0.01) was a risk 
factor for HSCR, while Peptococcus (OR: 0.37, 95%CI: 0.18–0.73, p =  0.004), 
Ruminococcus2 (OR: 0.32, 95%CI: 0.11–0.91, p  =  0.03), Clostridiaceae1 (OR: 
0.22, 95%CI: 0.06–0.78, p  =  0.02), Mollicutes RF9 (OR: 0.27, 95%CI: 0.09–
0.8, p =  0.02), Ruminococcaceae (OR: 0.16, 95%CI: 0.04–0.66, p =  0.01), and 
Paraprevotella (OR: 0.45, 95%CI: 0.21–0.98, p =  0.04) were protective factors for 
HSCR, which had no heterogeneity or horizontal pleiotropy. However, reverse 
MR analysis showed that HSCR (OR: 1.02, 95%CI: 1–1.03, p =  0.049) is the risk 
factor for Eggerthella. Furthermore, some of the above microbiota and short-
chain fatty acids (SCFAs) were altered in HSCR, showing a correlation.

Conclusion: Our analysis established the relationship between specific GM 
and HSCR, identifying specific bacteria as protective or risk factors. Significant 
microbiota and SCFAs were altered in HSCR, underlining the importance of 
further study and providing new insights into the pathogenesis and treatment.
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1 Introduction

Hirschsprung disease (HSCR) is one of the most common forms 
of neurocristopathy in children, an intestinal peristaltic disorder 
showing obstruction and proximal megacolon that affects 1 in 5,000 
human births. The pathogenesis is generally characterized by 
aganglionosis in the distal intestine (Gui et al., 2017; Fu et al., 2020). 
Most patients with heritable variation are diagnosed by rectal biopsy 
in the neonatal period due to significant constipation; however, a 
subset of children (~20%) develop symptoms until early childhood or 
even adolescence (De Lorijn et  al., 2005). Surgery is the primary 
treatment method, but commonly gives rise to medical complications, 
such as enterocolitis (~35% after surgery), soiling, anastomotic 
stricture, or leak with abscess and chronic constipation, threatening 
crucially the growth and development of children (Heuckeroth, 2018).

It is well known that HSCR primally arises from genetic factors, 
such as RET, EDNRB, RARB, GATA2, and SOX10 mutations. Recently, 
increasing reports indicate that abnormal intestinal microenvironment 
contributed to the HSCR pathogenesis, especially gut microbiota (GM; 
Obata and Pachnis, 2016; Kuil et al., 2021; Vincent et al., 2023). The 
GM begins to colonize after birth, and changes significantly from the 
neonatal period to early childhood, which coincides with the 
development of the enteric nervous system (ENS; Backhed et al., 2015; 
Gritz and Bhandari, 2015; Yassour et al., 2016; Stewart et al., 2018). 
Some researchers transplanted fecal bacteria into the nerve-free colon 
and found that the GM played a positive role in ENS development 
(Obata and Pachnis, 2016). Meanwhile, 16S rDNA sequencing and 
targeted mass spectrometry were used to develop a detailed profile of 
how the gut microbiome and its metabolites benefited the aganglionosis 
animal model (Soret et al., 2020; Tian et al., 2023). However, it remains 
to be investigated to determine whether and which GM has a causal 
relationship with HSCR.

Mendelian randomization (MR) is a new statistical method that 
can explore the causal relationship between exposed factors and 
disease. MR follows Mendelian’s second law and relies on independent 
random assignment of genetic variants during meiosis to achieve 
randomization effects similar to randomized controlled trials (RCTs), 
which can effectively overcome the confounding factors (Ma et al., 
2023; Vincent et al., 2023; Yan et al., 2023; Zanoaga et al., 2023). MR 
has been widely used to analyze the causal relationship between GM 
and spinal arthropathy (Lai et al., 2023), ophthalmic disease (Li and 
Lu, 2023), tumors (Jiang et al., 2023), psychiatric disorders (Zeng 
et al., 2023), and circulatory system disease (Dai et al., 2023). However, 
the relationship between GM and HSCR has rarely been studied based 
on MR methods.

In this study, a two-sample MR analysis was performed using 
pooled statistics from the genome-wide association study (GWAS) of 
MiBioGen and the GWAS Catalog to assess the causal relationship 
between GM and HSCR, which could provide new insights into the 
potential pathogenesis of how GM contributes to HSCR and the 
assignment of effective treatment strategies.

2 Methods

2.1 Overall study design

This study utilized pooled-level genetic data to conduct a 
bidirectional, two-sample MR analysis, aiming to test for the association 

between GM and HSCR. In order to reduce bias and obtain reliable 
results, we tried to satisfy the following three hypotheses when using MR 
analysis: (1) Correlation hypothesis: instrumental variables (IVs) are 
closely related to exposure; (2) Exclusivity hypothesis: IVs do not affect 
outcomes by other means; and (3) Independence hypothesis: IVs are not 
affected by confounding factors (Davies et al., 2018; Figure 1).

2.2 Data sources

Genetic variation for GM comes from the largest genome-wide 
meta-analysis of GM composition published by Kurilshikov et al. 
(2021) and MiBioGen Consortium (n.d.). They collected genome-
wide genotypes and 16S fecal microbiome data from 18,340 
individuals across 24 cohorts based on the MiBioGen consortium. 
A total of 196 taxa have been included in the study, classified under 
5 biological categories: phylum, class, order, family, and genus. It 
should be  noted that participants of European origin were 
exclusively considered, and 15 GM taxa (unknown family or genus) 
without specific species names were excluded from the analysis. 
GWAS summary statistics for HSCR were downloaded from the 
NHGRI-EBI GWAS Catalog (Sollis et al., 2023) on 10 November 
2023 for study GCST005289 (Fadista et al., 2018). This study used 
the phenotype of HSCR and combined the most extensive collection 
of sporadic Hirschsprung cases to date, including 586 cases and 
5,620 controls of European ancestry, which combined data from 
Denmark, the U.S., Finland, and Sweden. In the process of data 
analysis, strict quality control was carried out on the samples 
(Fadista et al., 2018).

2.3 Selection of instrumental variables in 
forward MR analysis

The following selection criteria were used to choose the IVs: (1) 
single-nucleotide polymorphisms (SNPs) associated with each genus at 
the locus-wide significance threshold (p < 1.0 × 10−5) were selected as 
potential IVs (Li et  al., 2023); (2) 1000 Genomes project European 
samples data were used as the reference panel to calculate the linkage 
disequilibrium (LD) between the SNPs, and among those SNPs that had 
R2 < 0.001 (clumping window size = 10,000 kb), only the SNPs with the 
lowest p-values were retained (Fan et al., 2023); (3) SNPs with minor allele 
frequency (MAF) ≤ 0.01 were removed; and (4) when palindromic SNPs 
existed, the forward strand alleles were inferred using allele frequency 
information. (5) In order to control bias caused by IVs, the strength of 
each IV was evaluated using the formula F = β2/SE2 to calculate the 
F-statistic, where β represents the effect size of SNP on exposure, and SE 
represents the standard deviation of SNP on exposure (Burgess et al., 
2011). If the corresponding F-statistic was >10, it was considered that 
there was no significant weak instrumental bias (Burgess et al., 2011). 
Power calculations were conducted with the online Power Calculator Tool 
(Burgess, 2014; Online sample size and power calculator for Mendelian 
randomization with a binary outcome, n.d.).

2.4 Mendelian randomization analysis

MR is a statistical analysis method used for causal inference. It 
uses genetic variation as an IV to deduce the causal relationship 
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between exposure and outcome, which can effectively avoid the 
influence of confounding bias in traditional epidemiological studies 
(Emdin et al., 2017). In this study, we analyzed the potential causal 
relationship between GM and HSCR with two-sample MR and 
strictly reduced the effect of confounders. The MR analysis process 
is shown in Figure 2. In the process of analyzing causal correlation, 
we  used a variety of methods to evaluate it, including inverse-
variance weighted (IVW; Burgess et  al., 2017), MR-Egger test 
(Bowden et  al., 2015), weighted median (WM), weighted mode 
(WMO), simple mode, and MR-PRESSO. The IVW method uses a 
meta-analysis method to combine Wald estimates of each SNP to 
summarize GM’s overall estimate of HSCR. If there is no horizontal 
pleiotropy, the IVW results are highly effective. MR-Egger tests the 
existence of the intercept term and uses it to evaluate pleiotropy. If 
the intercept term is very close to zero, then the MR-Egger 
regression model is very close to IVW, but if the intercept term is 
very different from zero, it indicates that there may be horizontal 
pleiotropy between these IVs. The WM is a method of considering 
the weight of the data when calculating the median, which can 
be used when the weight of the data should be considered more. The 
WMO takes into account the weights of the data points and is able 
to give a suitable mode if there are duplicate values with different 
weights. The simple mode can be used when each data point in the 
data set is weighted equally. MR-PRESSO improves the accuracy of 
causal associations by detecting and removing outliers. In the 
present study, we used the IVW method as the primary analysis 
method, while other methods were used to evaluate the stability of 
our results.

Heterogeneity was examined using Cochran’s Q-test, and a 
p-value of <0.05 was considered heterogeneous. The horizontal 
pleiotropy of IVs was measured by the MR-Egger intercept term. 
Meanwhile, MR-PRESSO was used to analyze pleiotropy further and 
pick out outliers in IVs. In addition, to identify potential heterogeneous 
SNPs, the “leave-one-out” analysis was performed by omitting each 
instrumental SNP in turn, aiming to verify the reliability and stability 
of the causal association (Chen et al., 2022).

To further evaluate whether there is a causal relationship between 
intestinal flora and HSCR, we  performed a reverse MR analysis. 
Bacteria with a significant causal association with positive MR were 
selected as outcome variables, and HSCR was used as exposure for 

reverse MR analysis. The analysis methods and SNP selection 
conditions were consistent with those of positive MR.

False discovery rate (FDR) correction was conducted by applying 
the q-value procedure, with a FDR q-value of <0.1 (Storey and 
Tibshirani, 2003). Genera of GM and HSCR were considered to have 
a suggestive association when p < 0.05 but q ≥ 0.1 and a significant 
association when p < q < 0.05.

2.5 16S rDNA sequencing

To characterize the bacterial community taxonomically, 
we performed 16S rDNA amplicon sequencing. First, genomic DNA 
was extracted from feces using the QIAamp Fast DNA Stool Mini Kit. 
Illumina-compatible primers (338F, 5′-ACTCCTACGGGAGGC 
AGCAG-30; 806R, 5′-GGACTACHVGGGTWTCTAAT-30) were 
then used to amplify the 16S rDNA V3–V4 regions by conventional 
PCR (Tian et al., 2023). The amplification products were subjected to 
gel purification prior to quantification by QuantiFluor-ST. After 
reverse transcription, the cDNA library was processed by 
fragmentation, end repair, and A-tailing using the TruSeq DNA 
PCR-free sample preparation kit. Then, the pooled library was run and 
sequenced on the NovaSeq600. According to QIIM, the effective Tags 
were obtained after chimera picking and quality filtering. Clustering 
by Uparse v7.0.1001 was performed to generate a list of open reference 
operational taxonomic units (OTUs) with an identity of 97%. The 
taxonomic assignment was subsequently achieved with the SSU rRNA 
database (Tian et al., 2023).

2.6 Targeted mass spectrometry

A targeted mass spectrometry assay was developed to detect the 
short-chain fatty acid (SCFA) levels in feces. Briefly, acetic, 
propionic, butyric, isobutyric, valeric, isovaleric, and hexanoic acids 
were purchased from Sigma Aldrich, as standard solutions with 10 
concentration gradients (0.02, 0.1, 0.5, 1, 2, 5, 10, 25, 50, and 100 μg/
mL). The sample was mixed with 50 μL of 15% phosphoric acid, 
10 μL of 75 μg/mL of isohexanoic acid (internal standard), and 
140 μL of diethyl ether, homogenated for 1 min, then centrifuged at 

FIGURE 1

Overview of the study design. SNPs, single-nucleotide polymorphisms.
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FIGURE 2

Flow chart of forward MR analysis. MR, Mendelian randomization; IVs, instrumental variable; IVW, inverse-variance weighted; SNPs, single-nucleotide 
polymorphisms.
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15,000 g at 4°C for 10 min. Next, the supernatant was collected for 
the test. The Agilent HP-INNOWax column was used for split 
injection, and the sample volume was 1 μL, the split injection ratio 
was 10:1, the inlet temperature was 250°C, the ion source 
temperature was 230°C, the transmission line temperature was 
250°C, and the quadrupole temperature was 150°C. The 
programmed temperature increased from 90°C to 120°C at 10°C/
min, next to 150°C at 5°C/min, and finally, to 250°C at 25°C/min 
for 2 min. The helium carrier gas flow rate was 1.0 mL/min. Mass 
spectrometry conditions included an electron bombardment 
ionization (EI) source, SIM scanning mode, and electron energy of 
70 eV. The samples and standard solutions of SCFAs were measured 
by MS. The area under the curve for standard SCFA solution 
normalized to the internal standard was used as a single point on 
that SCFA standard curve. A standard curve for each SCFA was 
established based on the concentration gradient and served to 
calculate the concentration of this SCFA in the samples. All the 
samples were measured repeatedly, at least six times (Tian 
et al., 2023).

2.7 Statistics

R software (version 4.3.1) and GraphPad Prism (version 8.0.1) 
were used to conduct the statistical analysis. We performed MR by the 
TwoSampleMR (version 0.5.7), MR-PRESSO (version 1.0; Verbanck 
et al., 2018), q-value (version 2.34.0; Storey and Tibshirani, 2003), and 
ggplot2 (version 3.3.3) R packages. Normally distributed data were 
presented as means standard error of the mean (SEM), and 
non-normally distributed data were presented as medians 
(interquartile range). Depending on the distribution and variances, a 
two-tailed Student’s t-test was applied to compare differences between 
groups. Significance was set at a p-value of <0.05. All figure panels 
represent data independently repeated at least three times, yielding 
similar results.

3 Results

3.1 Selection of instrumental variables in 
forward MR analysis

According to the selection criteria for IVs, 2,699 SNPs 
(p < 1.0 × 10−5) were selected for 196 intestinal flora in our MR analysis 
process. Details of all SNPs are provided in Supplementary Table S1.

3.2 MR analysis

IVW estimates were employed as the primary MR assay, and 
seven intestinal flora significantly associated with HSCR were 
identified. As shown in Figure 3, Eggerthella (OR: 2.66, 95%CI: 1.23–
5.74, p = 0.01) was associated with an increased risk of HSCR, while 
Peptococcus (OR: 0.37, 95%CI: 0.18–0.73, p = 0.004), Ruminococcus2 
(OR: 0.32, 95%CI: 0.11–0.91, p = 0.03), Clostridiaceae1 (OR: 0.22, 
95%CI: 0.06–0.78, p = 0.02), Mollicutes RF9 (OR: 0.27, 95%CI: 0.09–
0.8, p = 0.02), Ruminococcaceae (OR: 0.16, 95%CI: 0.04–0.66, p = 0.01) 
and Paraprevotella (OR: 0.45, 95%CI: 0.21–0.98, p = 0.04) were 

associated with reduced risks of HSCR. We corrected all p-values  
with FDR, and the Q-values were all greater than 0.05 
(Supplementary Table S2). The other four methods are consistent with 
the direction of the IVW beta value (Figure 4).

3.3 Sensitivity analysis

Among these seven causal associations, the F-statistics of the IVs 
ranged from 17.42 to 32.26, eliminating the bias of weak IVs 
(Supplementary Table S3). As shown in Table 1, Cochran’s Q-test 
showed no significant heterogeneity for these IVs (p > 0.05; 
Supplementary Table S4), the MR-Egger regression intercept analysis 
found no horizontal pleiotropy (p > 0.05; Supplementary Table S5), 
and the MR-PRESSO test showed no outliers (global test p > 0.05; 
Supplementary Table S6). Moreover, after correcting the outliers, there 
is still no pleiotropy, which is supplemented by the MR-Egger 
regression intercept analysis. Subsequently, by drawing scatter plots 
(Figure  4) and leave-one-out plots (Figure  5), we  did not find 
significant outliers for all IVs.

3.4 The result of reverse MR analysis

Reverse MR analysis showed that HSCR was associated with an 
increased abundance of Eggerthella (Supplementary Table S7; 
Figure 4), while no significant causal association was found with the 
other six bacteria (Supplementary Table S7). Cochran’s Q-test showed 
no significant heterogeneity in the IVs of HSCR (p > 0.05; 
Supplementary Table S8). Meanwhile, the analysis results of MR-Egger 
and MR-PRESSO (p > 0.05; Supplementary Table S8) show that 
horizontal pleiotropy is insignificant.

3.5 Detection of microbiota and 
short-chain fatty acids

To investigate the alteration of the significant intestinal flora in 
HSCR, 16S rDNA sequencing was employed. Compared with the 
control, the relative abundance of Clostridiaceae (P: 0.002), 
Ruminococcus (P: 0.0003), and Paraprevotella (P: 0.00003) was 
significantly decreased (p < 0.05), while Eggerthellaceae was increased 
without statistical significance (p < 0.1) in HSCR. There were no 
significant changes in Ruminococcaceae (P: 0.671) or Peptococcus (P: 
0.185; Figure 6A; Supplementary Tables S9, S10).

According to MR and the difference analysis, Clostridiaceae and 
Ruminococcus, as protective flora, showed a significant decrease in 
HSCR, and were reported as the producers of SCFAs (Vojinovic et al., 
2019; Wu et al., 2023). Thus, we performed metabolically targeted 
mass spectrometry for SCFAs in fecal samples. Compared with the 
control, acetic, propionic, and butyric acid levels were lower in the 
HSCR group, while caproic acid levels were higher (Figure  6B; 
Supplementary Tables S11, S12). We further analyzed the correlation 
between significant flora and SCFAs. In the HSCR group, 
Ruminococcaceae was negatively correlated with acetic acid (R: 
−0.998, P: 0.041), while Clostridiaceae was positively correlated with 
isobutyric acid (R: 1.000, P: 0.002), and Ruminococcus was positively 
correlated with acetic acid (R: 1.000, P: 0.001; Figure  6C; 
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Supplementary Table S13). However, in the control group, only 
Paraprevotella was negatively associated with acetic acid (R: −1.000, 
P: 0.012; Figure 6D; Supplementary Table S14).

These results suggested that the protective flora alternation was 
closely associated with SCFA levels in the intestinal microenvironment 
of HSCR patients.

4 Discussion

HSCR is characterized by abnormal structure and function of the 
ENS, which is supposed to be dominated by genetic factors (Montalva 

et al., 2023). HSCR occurs unusually in infants who delay or have no 
meconium excretion; it is also diagnosed in preschool children 
(Parathan et al., 2020). There is further development and maturity of 
ENS after birth (Radenkovic et  al., 2018), during which the GM 
colonizes and changes significantly (Stewart et al., 2018), indicating 
the microbiota is correlated with HSCR pathogenesis. Studies have 
shown that the abnormal intestinal microenvironment contributed 
crucially to the HSCR pathogenesis, especially gut GM, but without 
details (Obata and Pachnis, 2016; Vincent et al., 2023). In this study, 
we performed bidirectional two-sample MR to analyze the causal 
relationship between GM and HSCR, as well as 16S rDNA sequencing 
and targeted mass spectrometry to characterize the bacterial 

FIGURE 3

Mendelian randomization analysis of gut microbiota and Hirschsprung disease. OR, odds ratio; 95% CI, 95% confidence interval; MR, Mendelian 
randomization; SNPs, single-nucleotide polymorphisms.
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community taxonomically and metabolically. We  found that 
Eggerthella was associated with an increased risk of HSCR, and HSCR 
was identified to promote Eggerthella flora colonizing the intestine. 

Meanwhile, Peptococcus, Ruminococcus, Clostridiaceae, Mollicutes 
RF9, Ruminococcaceae, and Paraprevotella were identified as 
protective factors for HSCR, of which the relative abundance of 

FIGURE 4

Scatter plots for bidirectional MR analyses of the causal effect of gut microbiota on Hirschsprung disease. SNPs, single-nucleotide polymorphisms; MR, 
Mendelian randomization.

TABLE 1 Sensitivity analysis between gut microbiota and Hirschsprung disease.

Bacterial taxa Heterogeneity test Pleiotropy test

MR-Egger_P MR-IVW_P Egger-intercept_P MR-PRESSO_P

Genus Peptococcus 0.83 0.8 0.31 0.79

Genus Ruminococcus2 0.39 0.48 0.93 0.53

Family Clostridiaceae1 0.27 0.34 0.66 0.40

Order Mollicutes RF9 0.31 0.39 0.86 0.41

Genus Eggerthella 0.76 0.83 0.98 0.86

Genus Ruminococcaceae 0.83 0.8 0.35 0.84

Genus Paraprevotella 0.28 0.31 0.53 0.31

IVW, inverse-variance weighted.
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Clostridiaceae, Ruminococcus, and Paraprevotella in HSCR was 
significantly decreased and was correlated with SCFAs.

The development of the ENS is a gradual process, going through 
key developmental stages and gradually maturing in the few years 
after birth (Gershon and Ratcliffe, 2004; Nagy and Goldstein, 2017; 
Radenkovic et al., 2018; Parathan et al., 2020). Coincidentally, the GM, 
as a major factor in the intestinal microenvironment, begins to 
colonize immediately after birth, with significant changes from the 
neonatal period to early childhood (Backhed et al., 2015; Gritz and 

Bhandari, 2015; Yassour et al., 2016; Stewart et al., 2018). This may 
explain why many patients do not have obvious symptoms in early life 
but occur intestinal obstruction in childhood or even adolescence and 
are diagnosed with HSCR by internal diameter biopsy (Barnes et al., 
1986; Wheatley et al., 1990; Pemmada et al., 2023). Some studies have 
shown that people with HSCR have different GM than healthy 
children, and the microbiota diversity is lower (Yan et al., 2014; Li 
et al., 2016; Neuvonen et al., 2018). For HSCR, some protective flora 
and its metabolites may promote enteric neural stem cells phenotype, 

FIGURE 5

Leave-one-out plots for the bidirectional MR analysis of the causal effect of gut microbiota on Hirschsprung disease. MR, Mendelian randomization; 
SNPs, single-nucleotide polymorphisms.
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thereby ameliorating the intestinal motivity due to innate genetic 
mutations (De Vadder et al., 2018; Tian et al., 2023). Conversely, risk 
factors related to GM may lead to chronic inflammation and affect 
local intestinal immunity, even intestinal glial cell maturation (Obata 
and Pachnis, 2016; Behzadi et  al., 2024), which all contribute to 
the HSCR.

SCFAs are one of the main metabolites of GM. In our MR results, 
some SCFA-producing bacteria, such as Peptococcus (Wang H. et al., 
2023), Ruminococcus2 (Wu et al., 2023), Clostridiaceae1 (Vojinovic 
et al., 2019), and Ruminococcaceae (D'Amato et al., 2020; Zhou et al., 
2022) were identified to be protective to HSCR, some of which in 
HSCR was significantly decreased, and were correlated with SCFAs. 
Animal studies suggested that SCFAs could independently stimulate 
the enteric neural stem cell phenotype, thereby improving enteric 
neural disorders (Fung et al., 2021; Tian et al., 2023; Wang L. et al., 
2023). Recent studies revealed that SCFA promoted enterochromaffin 
cells (ECs) to secrete 5-hydroxytryptamine (5-HT; Atarashi et al., 
2013; Furusawa et al., 2013; Reigstad et al., 2015; Yano et al., 2015), 
which is regulated by the calcitonin selective reuptake transporter 
(SERT) of epithelial cells and plays crucial roles in enteric 
neuroregeneration and neuroprotection (Bian et al., 2007). Intestinal 
SERT is expressed lower in children compared to adults, and therefore 

5-HT is more available in the early stages of ENS development and 
maturity (Bian et al., 2007). Additionally, SCFAs specifically increase 
the proportion of excitatory cholinergic neurons in the colon and 
regulate motor function (Soret et al., 2010). Moreover, Ruminococcus2 
and Clostridiaceae1 participate in the metabolism of cholic acid 
(Tanaka et al., 2020; Wang et al., 2020; Molinero et al., 2022), which 
can activate the G-protein-coupled bile acid receptor (TGR5; Lin et al., 
2023). Secondary bile acids have been shown to stimulate secretion of 
5-HT, glucagon-like peptide 1 (GLP-1), and calcitonin gene-related 
peptide (CGRP), all of which significantly regulate the ENS and 
intestinal motility (Bampton et al., 2002; Kidd et al., 2008; Alemi et al., 
2013). These results suggested that the flora (Peptococcus, 
Ruminococcus, Clostridiaceae, and Ruminococcaceae) with 
metabolite SCFAs and bile acids contribute to ENS development and 
functional maturation, which play a potential protective role and 
thereby reduce the risk of HSCR.

Eggerthella was the only significant factor both in the MR and the 
reverse MR analyses. In our study, Eggerthella colonization increased 
the risk of HSCR, and the HSCR patients were more conducive to 
Eggerthella survival, which was consistent with 16S rDNA sequencing. 
According to a recent study, Eggerthella could induce intestinal Th17 
activation (Alexander et al., 2022), while the pro-inflammatory factor 

FIGURE 6

Detection of microbiota and short-chain fatty acids. (A) Relative abundance of GM. (B) Level of SCFAs in feces. (C) Correction analysis of GM and 
SCFAs in the HSCR group. (D) Correction analysis of GM and SCFAs in the control group. HSCR, Hirschsprung disease; GM, gut microbiota; SCFAs, 
short-chain fatty acids. Cor, correlation coefficient. Data were represented as means ± SEM (n  =  3 biological replicates per group). *p  <  0.05, **p  <  0.01, 
and ***p  <  0.001.
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IL-17 significantly inhibited the proliferation and migration and 
induced apoptosis of enteric neural stem cells (Tian et al., 2023). This 
implies that Eggerthella may contribute to HSCR by promoting the 
release of inflammatory factors. In reverse, HSCR patients may 
promote Eggerthella colonization. This finding provides new clues 
about the etiological mechanism of HSCR and helps clinical antibiotic 
selection to prevent and cure Hirschsprung-associated 
enterocolitis (HAEC).

Moreover, whether and how the microbiome induces HSCR 
during pregnancy remains unclear. It is reported that the mother’s GM 
changes significantly during pregnancy (Goltsman et al., 2018) and 
plays a vital role in fetal health (Di Simone et al., 2020). One animal 
study confirmed that maternal GM metabolites circulated between the 
mother and fetus, such as SCFAs, regulate placental growth and blood 
vessel formation (Pronovost et  al., 2023). Furthermore, the 
inflammatory factors produced by the mother’s gut flora impacted 
early fetal development (Apostol et al., 2020). Therefore, it is much 
more valuable to explore how the above six protective GMs reduce the 
risk of HSCR during pregnancy, just as the Eggerthella increases the 
risk of HSCR.

This study has some limitations because aggregated data were used 
rather than raw data, it was not possible to group by fetal, neonatal, and 
infantile analyses. Therefore, we cannot determine at which growth 
stage the gut flora most significantly contributes to HSCR, which also 
prevents us from further exploring the details of the causal association 
between GM and HSCR. For sensitivity analysis and pleiotropy testing, 
there seems to be a need for more genetic variants as IVs. Therefore, 
SNPs in the MR analysis failed to reach the traditional GWAS 
significance threshold (p < 5.0 × 10−8). With the gradual improvement 
of GWAS data, it is suggested that future MR studies can be stratified 
based on pre-birth and post-birth studies to obtain more precise and 
complete results. Furthermore, MR has the advantage of evaluating the 
direct effect of exposure factors on the outcome, while intermediate 
effects or effects via other pathways may be  ignored (Sekula et al., 
2016). All the above may limit the full understanding of the causal 
chain, which needs to be investigated further.

5 Conclusion

In conclusion, our bidirectional two-sample MR study 
demonstrates a causal association between GM and HSCR. Specifically, 
Peptococcus, Ruminococcus, Clostridiaceae, Mollicutes RF9, 
Ruminococcaceae, and Paraprevotella are protective factors against 
HSCR, while Eggerthella may increase the risk for HSCR. Moreover, 
reverse MR also confirmed that HSCR was a risk factor for Eggerthella. 
16S rDNA sequencing and targeted mass spectrometry presented 
significant alteration of Clostridiaceae, Ruminococcus, and 
Paraprevotella, as well as correlation with SCFAs, which underline the 
importance of further study and provide new insights into the 
pathogenesis and treatment. However, the details need further study.
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Objective: In this study, we  investigated the characteristics of the intestinal 
microbiota of preterm infants, and then analyzed the effects of probiotics 
supplementation on intestinal microbiota in preterm infants.

Methods: This study enrolled 64 infants born between 26 and 32  weeks 
gestational age (GA) and 22 full-term infants. 34 premature infants received oral 
probiotic supplementation for 28  days. Stool samples were obtained on the first 
day (D1) and the 28th day (D28) after birth for each infant. Total bacterial DNA 
was extracted and sequenced using the Illumina MiSeq Sequencing System, 
specifically targeting the V3-V4 hyper-variable regions of the 16S rDNA gene. 
The sequencing results were then used to compare and analyze the composition 
and diversity index of the intestinal microbiota.

Results: There was no significant difference in meconium bacterial colonization 
rate between premature and full-term infants after birth (p > 0.05). At D1, the 
relative abundance of Bifidobacterium, Bacteroides, and Lactobacillus in the 
stool of preterm infants was lower than that of full-term infants, and the relative 
abundance of Acinetobacter was higher than that of full-term infants. The 
Shannon index and Chao1 index of intestinal microbiota in preterm infants are 
lower than those in full-term infants (p < 0.05). Supplementation of probiotics 
can increase the relative abundance of Enterococcus and Enterobacter, and 
reduce the relative abundance of Escherichia and Clostridium in premature 
infants. The Chao1 index of intestinal microbiota decreased in preterm infants 
after probiotic supplementation (p < 0.05).

Conclusion: The characteristics of intestinal microbiota in preterm infants 
differ from those in full-term infants. Probiotic supplementation can reduce the 
relative abundance of potential pathogenic bacteria and increase the abundance 
of beneficial microbiota in premature infants.
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intestinal microbiota, preterm infants, full-term infants, probiotic, 16s rDNA 
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Introduction

Preterm birth is defined as childbirth occurring before 37 
completed weeks of gestation. An estimated 15 million babies are born 
prematurely each year on a global scale (Walani, 2020). With the 
widespread use of respiratory support techniques, nutritional support 
methods, and anti-infective strategies in neonatal intensive care units, 
the survival rate of preterm infants has been improved, but 
complications associated with preterm birth remain the leading cause 
of mortality in children under 5 years of age (GBD 2015 Child 
Mortality Collaborators, 2016). Preterm infants with a gestational age 
of less than 32 weeks have a higher risk of mortality and complications, 
and these preterm infants are reported to have a survival rate of less 
than 80% before hospital discharge (Saigal and Doyle, 2008; Ministry 
of Health Malaysia, 2015). Therefore, appropriate treatment in the 
early life of premature infants is of great significance to reduce 
complications and promote the survival rate of premature infants.

The intestinal microecology is gradually established after birth. 
The intestinal microbiota is composed of bacteria, fungi, archaea, 
protists, viruses, etc., among which bacteria are the main microbial 
category constituting the intestinal microbiota, which is called 
intestinal microbiota (Human Microbiome Project Consortium, 
2012). It is currently accepted that the intestinal microbiota consists 
of approximately 500 to 1,000 distinct species. Many of these species 
are difficult to culture in a laboratory setting, though innovative 
techniques are being developed to address this issue (Lewis et al., 
2021). There are about 20,000 human genes, whereas there are about 
1,000 species of bacteria in the intestines, each with 2,000 genes, for 2 
million genes, equivalent to 100 times the total number of human 
genes (Gilbert et al., 2018).

Therefore, the intestinal microbiota is regarded as an additional 
organ of the body and has a significant role in human health and disease 
(Munyaka et al., 2014; Robertson et al., 2019). It is generally believed 
that the uterus is a sterile environment and the colonization of intestinal 
microbiota commences after birth. However recent research findings 
have indicated that bacteria may be present in the placenta, umbilical 
cord, and amniotic fluid, so bacterial exposure may begin before 
delivery (Aagaard et al., 2014). However, some studies have pointed out 
that there is insufficient evidence for the theory of colonization of 
intestinal microbiota before delivery (Perez-Muñoz et  al., 2017). 
Although the source of initial intestinal microbiota colonization in 
infants is still controversial, delivery mode, gestational age, feeding 
mode, and environment are important factors affecting intestinal 
microbiota colonization in early infants (Vandenplas et al., 2020).

Over the past few years, a plethora of studies have demonstrated 
that the composition of infant intestinal microbiota exerts an influence 
on children’s growth and development (Li et al., 2019; Robertson et al., 
2019). They have been linked with various diseases such as neonatal 
necrotizing enterocolitis (NEC; Baranowski and Claud, 2019), 
childhood obesity (Liu et  al., 2021), asthma (Barcik et  al., 2020), 
hypertension (Verhaar et al., 2020), diabetes (Iatcu et al., 2021), and 
other diseases in adulthood. Previous studies have shown that the 
colonization of beneficial bacteria in the intestinal microbiota is delayed 
in preterm infants, while they have a higher number of potentially 
pathogenic bacteria (Westerbeek et al., 2006). Although clinical studies 
have shown the potential of probiotics in reducing the incidence of 
NEC (Duffield and Clarke, 2019), only limited studies have 
simultaneously conducted longitudinal microbiota profiling to assess 

the influence of supplementation on the composition of gut microbiota. 
Nonetheless, interventions aimed at “normalizing” the gut microbiota 
of preterm infants remain an attractive approach to enhancing health 
and mitigating the risk of disease (Stewart et al., 2018).

In this study, we took preterm and term infants as our main focus 
to analyze the characteristics of intestinal microbiota. Additionally, 
we  looked at the effect of intestinal microbiota after probiotics 
supplementation in premature neonates. The study provides more 
evidence for the clinical treatment idea of probiotic supplementation 
in early life to reduce complications and promote long-term health in 
preterm infants.

Patients and methods

Study participants

The subjects used in this study were selected from a patient 
biobank database by the West China Second University Hospital of 
Sichuan University. Premature infants who were born and admitted 
to the neonatal intensive care unit of West China Second Hospital of 
Sichuan University between December 2019 and May 2021 were 
enrolled. Inclusion criteria were: preterm infants [gestational age less 
than 32 weeks or full-term infants (born at 37–42 weeks gestational 
age)]; appropriate-for-gestational age (with birth weight between the 
10th and the 90th centile; Cheng et al., 2020). Exclusion criteria were 
as follows: infants with congenital malformations; intrauterine growth 
retardation; neonatal hypoxic–ischemic encephalopathy; 
immunodeficiency or severe infectious diseases; mother’s antibiotic 
therapy for more than 3 days within 2 weeks before delivery; the 
mother or the neonate used probiotics or prebiotics during perinatal 
period; and the guardian does not agree to participate or withdraws 
from the study. The following information was obtained from the 
medical records: duration of ruptured membranes; prenatal antibiotic 
use; delivery mode; GA; birth weight; gender; antenatal steroid 
treatment, Apgar scores, Neonatal Resuscitation, feeding, Neonatal 
sepsis, and so on. The study protocol was approved by the medical 
ethics committee of the West China Second Hospital of Sichuan 
University, and written informed consent was obtained from the 
parents or guardians of the neonates (Yang et al., 2021).

Probiotic supplementation

34 premature infants received oral probiotic supplementation for 
28 days and 30 premature infants did not receive probiotic 
supplements. Probiotics therapy was given using XFLOR® with a daily 
dose of 1 capsule/d (China Huaxi Biotech Co. Ltd). Each capsule 
contains Lactobacillus rhamnosus (SGL06) 2.5 billion, Lactobacillus 
acidophilus (SGL11) 2.5 billion, Lactobacillus reuteri (SGL01) 1.5 
billion, Bifidobacterium (SGB03) 500 million, Lactoferrin, 100 mg.

Sample collection and data processing

Stool samples were obtained from baby diapers using sterile test 
tubes on both Day 1 (D1) and Day 28 (D28). Following collection, 
these samples were promptly placed in a − 20°C refrigerator until 
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further processing. Library construction using (the NEB Next Ultra 
DNA Library Prep Kit) kit. Total bacterial DNA was isolated and then 
sequenced using the Illumina MiSeq Sequencing System based on the 
V3-V4 hyper-variable regions of the 16S rDNA gene. The test program 
was not modified. Subsequently, the sequencing results were used to 
compare and analyze the composition and the diversity index of the 
intestinal microbiota such as Shannon and chao1. The sequencing 
service was conducted by Beijing Novogene Genomics Technology 
Co. Ltd., based in China.

Statistical analysis

GraphPad Prisms 9 software was used for chart drawing and data 
analysis. Continuous variables have been presented as means ± 
standard deviations, while categorical data were presented as ratios or 
percentages. Differences in continuous variables were assessed using 
the non-parametric Wilcoxon rank-sum test and Fisher’s exact tests 
were used to analyze categorical variables. A value of p less than 0.05 
was considered statistically significant.

Results

Demographic and clinical information

64 preterm infants and 22 full-term infants were enrolled in this 
study (Table 1). There are statistical differences in gestational age, birth 
weight, and Apgar scores between the premature and full-term infant 
groups (p<0.05). There were no significant differences in the incidence 
of premature rupture of membranes, prenatal antibiotic use, delivery 
mode, and gender between the preterm and full-term groups. In our 
single-center study, preterm infants in the probiotic group and not 
probiotic group were approximately matched by gestational age, sex, 
delivery method, and sample collection time. There were no significant 
differences in gestational age, birth weight, delivery mode, gender, the 
incidence of premature rupture of membranes, use of prenatal 
antibiotics, antenatal steroid treatment, Apgar scores, Neonatal 
Resuscitation, feeding, and Neonatal sepsis.

Bacterial colonization of meconium

We collected fecal samples on the first day (D1) and 28th day 
(D28) after birth. The 16S rRNA gene V3-V4 hypervariable region of 
all bacteria in meconium was sequenced using Illumina NexSeq high-
throughput sequencing technology, and bacteria that could amplify 
16S rRNA were considered bacterial colonization. The bacterial 
colonization rate is the percentage of the number of meconium 
samples in which 16S rRNA was amplified (Turunen et al., 2021). At 
D1, 30 fecal samples were collected from infants in the preterm group 
(D1p), and 16S rDNA was amplified from 17 samples. The 
colonization rate of meconium was 56.7% (17/30) in preterm infants. 
22 meconium samples were collected from infants in the full-term 
group (D1f), and 16S rDNA was amplified from 16 samples. The 
colonization rate of meconium was 72.7%(16/22) in term infants. At 
D28, because some subjects withdrew from the study, 20 fecal samples 
were collected from the premature group (D28p) and 21 samples from 

the premature probiotic group (D28p + P), and 16S rDNA was 
amplified from all the samples. A total of 93 samples were processed 
for sequencing and sequencing data were successfully obtained from 
74 samples (Table 2). There was no significant difference in bacterial 
colonization rate between the preterm group and the full-term group 
on the first day after birth (56.7% vs. 72.7%; p > 0.05; Figure 1).

Composition and diversity analysis of 
intestinal microbiota

At the phylum level, the preterm infants (D1p) group has 
microbiota enriched in Firmicutes (52.7%), Proteobacteria (39.1%), 
and Actinobacteriota (6.9%), as compared to full-term infants (D1f) 
group with microbiota dominated by Firmicutes (41.9%), 
Proteobacteria (41.4%), and Actinobacteria (12.4%; Figure 2A). The 
D1p group had a lower relative abundance of Bacteroidetes than that 
in the D1f group (0.6% vs. 2.5%; p < 0.05). The D1p group also had a 
lower relative abundance of Desulfobacterota and Verrucomicrobia (p 
< 0.05; Figure 2B). At the genus level, The D1p group was dominated 
by Staphylococcus (38.0%), Enterococcus (8.1%), Klebsiella (7.2%), 
Enterobacter (4.3%), and Streptococcus (2.8%), as compared to D1f 
group with microbiota dominated by Staphylococcus (17.4%), 
Ralstonia (14.5%), Bifidobacterium (10.1%), Streptococcus (6.2%), and 
Klebsiella (4.0%; Figure 2C). The relative abundance of Bifidobacterium 
in the D1p was significantly lower compared to the D1f group (0.2% 
vs. 10.1%; p<0.05). Moreover, the relative abundance of Bacteroides 
and Lactobacillus in the D1p group was also notably lower than that 
in the D1f group (p < 0.05; Figure 2D).

Both the Shannon index and Chao1 index in the D1p group were 
found to be lower than those in the D1f group (p < 0.05; Figure 2E). 
To compare the overall composition of the microbiota, PCoA was 
conducted at the OTU level. The PCoA results revealed a significant 
difference in microbiota composition between the D1p group and the 
D1f group (p < 0.05; Figure 2F).

Composition and diversity analysis after 
probiotic supplementation

At the phylum level, the premature probiotic (D28p + P) group has 
microbiota enriched in Proteobacteria (48.6%), Firmicutes (46.5%), 
and Actinobacteriota (4.6%), as compared to premature (D28p) group 
with microbiota dominated by Firmicutes (53.6%), Proteobacteria 
(43.5%), and Actinobacteria (1.6%). There was no significant difference 
in the intestinal microbiota between the two groups at the phylum 
level (Figure  3A). At the genus level, The D28p + P group was 
dominated by Enterococcus (27.2%), Klebsiella (18.4%), Enterobacter 
(9.3%), Staphylococcus (7.9%), and Streptococcus (3.2%), as compared 
to D28p group with microbiota dominated by Clostridium (27.1%), 
Klebsiella (14.8%), Escherichia (12.4%), Enterococcus (9.8%), and 
Staphylococcus (5.5%), and Streptococcus (5.4%; Figure  3B). The 
relative abundance of Enterococcus and Enterobacter in the D28p + P 
group was higher than that in the D28p group (p < 0.05). Moreover, 
the D28p + P group had a lower relative abundance of Escherichia and 
Clostridium compared to the D28p group (p < 0.05; Figure 3C).

The Chao1 index of the D28p + P group was significantly lower 
than that of the D28p (p < 0.05; Figure 3D). Furthermore, the PCoA 
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results indicated a significant difference in microbiota composition 
between the D28p + P group and the D28p group (p < 0.05; 
Figure 3E).

Discussion

Intestinal microbiota colonization is a complex and dynamic 
process. The origin of meconium bacteria is not fully understood, but 
there is growing evidence to suggest that the development of 
microbiota may commence before birth through microbial transfer 
across the placental barrier (Ardissone et al., 2014; Rackaityte et al., 
2020). In our study, the colonization rate of meconium was 56.7% in 
preterm infants and 72.7% in term infants. This result is concordant 
with the theory that the colonization process is initiated prior to the 
rupture of membranes and birth. While this study suggests that the 
neonatal gut could be potentially colonized with bacteria before birth, 
it is important to confirm this finding using a culture-based approach. 
Furthermore, the precise mechanism of maternal-to-fetus microbiome 
interactions and their impact on delivery outcomes are yet to be fully 
understood and require further investigation.

Previous studies have demonstrated that there are significant 
differences between preterm infants and term infants in their intestinal 
microbiota characteristics, notably delayed colonization, reduced 
number of bacterial species, and lower levels of diversity and 
abundance (Arboleya et al., 2015; Pammi et al., 2017). Furthermore, 
preterm infants are more susceptible to colonization by facultative 
anaerobes (Escherichia, and Klebsiella) that have potential pathogenic 
effects. They also have reduced levels of commensal strictly anaerobic 
organisms such as Bifidobacterium, Bacteroides, and Clostridium 
(Gritz and Bhandari, 2015). In our study, the relative abundance of 
bacteroides in the preterm group was lower than that in the term 
group. Bacteroidetes are metabolically competent and associated with 
obesity in adults, and their relative abundance increases with age 
(Bäckhed et al., 2015). We have also found that the relative abundance 
of Bifidobacterium is also lower in the preterm group. Bifidobacterium 
is an important taxon especially during the early days of life, as it is 
frequently the most prevalent genera in the infant intestines and 
performs crucial functions in preserving homeostasis. Previous 
studies have suggested that Bifidobacterium colonization occurs in 
infants with a gestational age of more than 32 weeks (Butel et al., 2007).

When compared to term infants, the intestinal microbiota of 
preterm infants consistently exhibits reduced microbial diversity 
(Henderickx et al., 2019). In our study, intestinal microbiota alpha 
diversity (Shannon index and Chao1 index) of preterm infants was 
significantly lower compared to full-term infants. We have also found 
that the composition of the gut microbiota in preterm infants also 
differs significantly from that of full-term infants. In summary, the 
preterm group frequently displays atypical patterns of bacterial 
colonization, dominated by potentially pathogenic bacteria genera 
such as Klebsiella, Escherichia, and Clostridium. These infants also tend 
to have lower levels or absence of beneficial genera such as 

TABLE 1 Clinical characteristics of neonates ( x  ± s, %).

Clinical characteristics Full-term 
group (n  =  22)

Preterm group 
(n  =  30)

Preterm 
probiotic group 

(n  =  34)

Full-term vs. 
preterm 
group p

Preterm vs. 
preterm probiotic 

group p

GA (weeks) 39.1 ± 1.0 29.2 ± 1.2 28.7 ± 0.9 0.03 0.05

Birth weight (g) 3,321 ± 186 1,238 ± 170 1,251 ± 202 0.02 0.06

Delivery Vaginal 12(54.5%) 12(40.0%) 12(35.3%) 0.33 0.76

Cesarean 10(45.5%) 18(60.0%) 22(64.7%)

Gender Male 9(40.9%) 14(46.7%) 15(44.1%) 0.22 0.46

Female 13(59.1%) 16(53.3%) 19(55.9%)

Premature rupture of membranes 3(13.6%) 10(33.3%) 11(32.4%) 0.71 0.82

Maternal antibiotics* 3(13.6%) 7(23.3%) 13(38.2%) 0.76 0.84

Antenatal steroid treatment - 25(83.3%) 31(91.2%) - 0.75

Apgar scores 1 min 9.4 ± 0.9 7.3 ± 2.0 6.8 ± 1.5 <0.001 0.24

5 min 10 ± 0 8.8 ± 1.2 8.4 ± 0.8 <0.001 0.33

10 min 10 ± 0 9 ± 1.0 8.7 ± 0.7 0.001 0.32

Neonatal resuscitation - 29(96.7%) 32(91.4%) - 0.93

The time of enteral feeding starting - 2.6 ± 1.5 2.1 ± 1.0 - 0.08

Time of full enteral feeding day - 21.9 ± 15.2 27.8 ± 18.0 - 0.06

Breastfeeding 22(100%) 13(43.3%) 22(64.7%) 0.75 0.87

Neonatal sepsis - 6(20%) 12(35.3%) - 0.58

*Mother’s intrapartum antibiotic therapy (duration < 3 days).

TABLE 2 The result of 16S rDNA was amplified from samples.

Group Number of 
samples

Non-sterile Sterile

D1f 22 16 6

D1p 30 17 13

D28p 20 20 0

D28p + P 21 21 0
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Bifidobacterium, which is the dominant genera in the intestines of 
full-term infants (Dahl et al., 2018; Shao et al., 2019).

Distinct differences can be observed in the intestinal microbiota 
composition and structure between preterm infants and full-term 
infants on the first day following birth. Whether the difference in 

intestinal microbiota is related to the difference in prognosis is still 
unclear. Since microbiota development is associated with infant gut 
maturity, especially in very preterm infants, there is a risk of delayed 
microbiota development and therapeutic intervention may 
be  required. One of the approaches to promote gut microbiota 

FIGURE 1

Comparison of bacterial colonization rate in meconium between premature infants and full-term infants.

FIGURE 2

Intestinal microbiota composition and comparison between preterm and full-term infants on the first day after birth. (A) Composition of intestinal 
microbiota at the phylum level. (B) Comparison of intestinal microbiota at the phylum level. (C) Composition of intestinal microbiota at the genus level. 
(D) Comparison of intestinal microbiota at the genus level. (E) Comparison of the microbiota biodiversity, the Shannon index, and Chao1 were shown 
as estimators. (F) PCoA plot based on OTU abundance. Each point represents the intestinal microbiota of a subject.
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colonization during the early days of life is by oral administration of 
commensal infant bacteria through probiotic supplementation (Hill 
et al., 2014). There has been level 1 evidence summarizing the effect 
of probiotic supplementation: it has been showed to reduce incidences 
of NEC, sepsis, and all-cause mortality in preterm infants (Dermyshi 
et al., 2017; Berrington and Fleming, 2019). It is worth noting, despite 
the positive findings in some studies, one of the largest trials 
conducted in the UK failed to show benefit from probiotic 
supplementation (Costeloe et  al., 2016). The results of the study 
showed that probiotic supplementation increased the relative 
abundance of Enterococcus, Enterobacter, and Bifidobacterium in 
preterm infants while decreasing the relative abundance of Escherichia 
and Clostridium. Hence probiotic supplementation leads to an 
increase in the relative abundance of beneficial bacteria and a decrease 
in the relative abundance of harmful bacteria in preterm infants. 
Although probiotic supplementation increased the relative abundance 
of beneficial bacteria in the intestine, the actual supplemented bacteria 
did not become the dominant bacteria in the intestinal microbiota. 
The possible reason is that the immature intestinal development of 
preterm infants is selective for the colonization of bacteria, or the 
dominant bacteria in the intestinal tract of preterm infants 

(Staphylococcus and Enterococcus) inhibit the colonization of 
supplementary bacteria. Earlier studies have suggested that 
colonization of the gut from probiotic supplementation may vary 
depending on factors such as the specific strains used, the mode of 
administration, the dosage used, and the inclusion of prebiotics (Suez 
et al., 2019). In conclusion, probiotics supplementation improved the 
composition of intestinal microbiota in preterm infants, increased the 
relative abundance of beneficial bacteria, and decreased the relative 
abundance of potential pathogenic bacteria.

To sum up, the characteristics of intestinal microbiota in preterm 
infants differ from those in full-term infants. Probiotic 
supplementation has been shown to reduce the relative abundance of 
potential pathogenic bacteria and increase the relative abundance of 
beneficial microbiota in premature infants.

Data availability statement
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FIGURE 3

Intestinal microbiota composition and comparison between preterm and full-term infants on the 28th day after birth. (A) Composition of intestinal 
microbiota at the phylum level. (B) Composition of intestinal microbiota at the genus level. (C) Comparison of intestinal microbiota at the genus level. 
(D) Comparison of the microbiota biodiversity, the Shannon index, and Chao1 were shown as estimators. (E) PCoA plot based on OTU abundance. 
Each point represents the intestinal microbiota of a subject.
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The gut microbiota plays an important role in the disease progression of 
inflammatory bowel disease. Although probiotics are effective against IBD, not 
many studies have investigated their effects on gut microbiota composition 
and immunomodulation in mouse colitis models. Our study aimed at the 
therapeutic effects of Lacticaseibacillus paracasei BNCC345679 for the first time 
and explored its impact on gut microbiome dysbiosis, inflammatory cytokines, 
related miRNAs, VCAM-1, oxidative stress, intestinal integrity, and mucus barrier. 
We found that oral intervention of L. paracasei BNCC345679 affects recovering 
beneficial microbial taxa, including lactobacillus spp. and akkermansia spp., 
followed by improved body weight, DAI score, and inflammatory cytokines. L. 
paracasei BNCC345679 mitigated oxidative stress and increased the expression 
of intestinal integrity proteins MUC2 and ZO-1. These results suggested that L. 
paracasei BNCC345679 has the capacity to reduce DSS-induced colitis and has 
the potential as a supplement for the mitigation of IBD.

KEYWORDS

DSS-induced colitis, dysbiosis, microRNA, gut microbiota, gut inflammation, 
probiotics, Lacticaseibacillus paracasei BNCC345679

1 Introduction

IBD is a set of inflammatory gut disorders and is a worldwide complication, specifically 
affecting those who consume an excessive Western diet. However, underlying etiology and 
complete disease pathogenesis remain elusive. Genetic and environmental factors, eating habits, 
abnormal intestinal barrier, and immunological functions, as well as gut dysbiosis, are some of 
the main factors thought to be involved in the initiation and disease recurrence (Molodecky 
et al., 2012). One of the most frequently employed in vivo models for ulcerative colitis is dextran 
sulfate sodium (DSS)-induced colitis in mice, characterized by increased permeability, leading 
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to the disruption of the mucous layer, increased levels of immunological 
molecules, and subsequently abnormal epithelial barrier function 
(Alemany-Cosme et al., 2021; Haneishi et al., 2023).

Gut microbiota has a well-recognized and pivotal part in the 
recurrence and pathogenesis of UC. Dysbiosis and disturbances in the 
gut disrupt the host and microbes’ interaction, causing changes in the 
colonic epithelium and promoting inflammation by regulating 
cytokine activity, leading to disease susceptibility. UC and reduced gut 
microbiota diversity have a notable association with each other. 
Moreover, critical commensal or symbiotic species are necessary to 
maintain immune homeostasis. Despite the clear association between 
UC and the gut microbiome, the causative or consequential relationship 
between dysbiosis and the disease remains unclear (Buttó and Haller, 
2016). One probable mechanism is that the primary damage of the 
crucial intestinal epithelial barrier allows opportunistic invasive 
bacterial species. Consequently, stimulation of the immunological 
responses occurs which leads to inflammation and later to enormous 
intestinal tissue damage or colitis (Guenther et al., 2016). This initiation 
of inflammation and colon tissue destruction can then result in the 
activation of utilizing combined non-specific and specific immune 
systems, and the body releases adhesion molecules, resulting in flaring 
up the inflammatory response. Dysbiosis may also cause oxidative 
stress, host defense modulation, and increased or decreased production 
of bacterial metabolites produced due to dysbiosis. Oxidative stress is 
one of the key indicators of UC. The lack of antioxidants leads to 
intestinal damage and inflammation by increasing pro-inflammatory 
factors (Vargas Robles et al., 2016).

Additionally, microRNAs are associated with the gut microbial 
populations and are considered crucial players in IBD pathogenesis 
and thus associated with IBD and colitis (Wang and Chen, 2019). 
These miRNAs exhibit functions as essential factors and regulators of 
colonic infection, influencing the immune response and mucus 
barrier. It is assumed and has been previously investigated that some 
probiotics regulate the effect of microbial signals on the immune 
response by regulating the expression of associated miRNA. Most 
likely, strategies based on targeting the microbiota may lead to implied 
immunomodulatory effects (Algieri et al., 2021).

Recently, many studies have presented the effects of different 
probiotics in both animal models and humans because they are 
considered safe and can be well tolerated, if used adequately. The 
results have revealed their effects on maintaining normal intestinal 
flora and immunomodulatory activity (Zhang et  al., 2019). 
Lactobacillus spp. are one of the frequently used probiotics for 
gastrointestinal disorders. They have verified efficacy, genetic stability, 
host safety, and the ability to sustain their survival while passing 
through the gastrointestinal tract (Jang et al., 2019). For instance, 
L. casei, L. paracasei, and L. rhamnosus, among other several strains, 
are widely recognized and have been used as safe probiotics in many 
food and agriculture-related products because of their promising 
health promoting properties (Hill et al., 2018). Moreover, the efficacy 
of probiotics to fine-tone human health is strain-specific (Gill and 
Guarner, 2004) where our focused strain has yet to be previously 
investigated for its efficacy to colitis. There is still no specific 
knowledge about the effect of L. paracasei BNCC345679  in the 
amelioration of colitis through the modulation of gut microbiome and 
associated miRNAs. Considering these limitations, our study objective 
was to examine the intestinal anti-inflammatory properties and 
possible mechanisms of L. paracasei BNCC345679 in a murine DSS 

model of colitis. In this study, we  have focused on regulating the 
probiotic role of L. paracasei BNCC345679, with genes associated with 
redox imbalance, redness, and gut zonula occludens proteins. 
We further evaluated the impact of the strain on the gut microbiome 
and the immune response, with a special spotlight on the five selected 
miRNA expressions associated with colitis.

2 Materials and methods

2.1 Sample preparation

Lacticaseibacillus paracasei BNCC345679 was obtained from the 
General Microbiological lab China and isolated from fermented 
probiotic yogurt. It is a facultative aerobe having the growth time of 
72 h and optimum temperature of 37°C. Colony structure was humid, 
round, convex-shaped, opaque colored, with the size of 1–2 mm. To 
activate the bacterial strains, the well-known medium MRS 
accompanied with 0.5 g/L L-cysteine (Shanghai Yuanye Biotechnology 
Co., Ltd.) was used to culture the lyophilized stock, which was 
suspended initially and diluted in PBS. The culture was grown in an 
anaerobic environment and incubated. The bacterial broth was 
subjected to centrifugation. To prepare the oral dosage, the residual 
media from the centrifuged bacterial broth were removed and swept 
three times with PBS, and then, the pellets were re-suspended for 
repeated dosages every day. The colony-forming unit (CFU) was 
measured and optimized for oral delivery using the colony counting 
technique. A volume of 0.2 mL of suspension was orally gavage daily 
to the mice; the suspension contains approximately 109 CFU/mL of the 
bacterial strain in PBS.

2.2 Probiotic treatment of animals

In this study, 21 male C57JBL/6 mice (49 days old) were used. The 
mice were supplied an ad libitum normal diet and autoclaved water 
for 1 week to enable them to adapt to the new environment. The mice 
were housed at 25°C animal rooms with half a day in brightness and 
the other half in darkness. Later on, mice were characterized into three 
clusters, i.e., control, DP, and DSS (DSS + L. paracasei), (n = 7), housed 
in individual cages per group, and given the applicable treatments. The 
normal group received autoclaved water and oral gavage of 0.2 mL 
daily PBS, while the DSS group received 3% DSS salt dissolved in 
drinking water together with 0.2 mL of PBS. The DP group had access 
to 3% DSS dissolved in drinking water and were daily gavage with 
0.2 mL of approximately 109 CFU/mL L. paracasei BNCC345679. Oral 
gavage was administered for the duration of approximately 4 weeks, 
whereas DSS regime was from 3 weeks to 4 weeks straight for 7 days. 
The mice were weighed every morning throughout the DSS treatment, 
and their disease severity was recorded through an adopted disease 
activity index (DAI) score.

2.3 Colitis induction and evaluation

Mice were subjected to 3% (w/v) DSS salt for 7 days to induce 
acute colitis (Wirtz and Neurath, 2007). In brief, 3% DSS were added 
to the drinking water, and mice were allowed to have it. A freshly 
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prepared DSS solutions were given to the mice on a daily basis. Mice 
were observed daily, and DAI was evaluated frequently during DSS 
administration using a modified disease scoring system which 
includes stool consistency, weight loss, and hematochezia. An occult 
blood kit was used to detect blood in the feces. Supplementary Table S1 
shows standards for the scoring scale. The mice were euthanized, and 
blood was collected and stored for cytokines and other related 
parameters analysis. Colon was carefully isolated from each mouse, 
measured, and photographed. The fecal contents were carefully 
collected and kept at −80 Degree Centigrade for follow-up microbial 
diversity analysis. The animal study was reviewed and approved by the 
Bioethical Committee of Southwest Medical University, Luzhou, 
under the approval number: SWMU 202/0049.

2.4 Staining

The gut system is a protected covering of a mucous layer known 
as glycoprotein, which is released by secretory granules of mucous 
cells present in the intestinal crypt. These granules and mucin 
glycoprotein, of which MUC2 is the primary indicator produced, were 
detected through Alcian blue by staining mucin contents. Alcian blue 
staining was used to see the amount of disruption in the colonic 
mucosal surface, as reported by Steedman (1950).

2.5 Evaluation of MPO, MDA, and SOD

The efficiency of a crucial indicator for inflammatory cell infiltration, 
myeloperoxidase (MPO), oxidative stress parameter malondialdehyde 
(MDA), and antioxidant enzyme superoxide dismutase (SOD) in the 
colon was assessed with a locally available kit, and the manufacturer’s 
advices were followed for quantification (Nanjing Jiancheng Co., Ltd., 
Nanjing, China). In brief, the colon from the mouse was stacked and cut 
into smaller parts in ice-cold buffer in a ratio of 1:10 w/v. The colonic 
tissue homogenization was made in consonance with the manufacturer 
guidelines using “IKA, Staufen, Germany.”

2.6 Histological assessment of colon 
tissues

The colon tissue specimens were first embedded in 
paraformaldehyde; later sections were prepared and then dyed with 
eosin and hematoxylin. NIKON Eclipse Ci was used to take images for 
histological investigation. An adopted scoring system was used to 
establish the seriousness of each mouse’s colonic histological injury 
(n = 7) based on the extent of inflammation, percent area, crypt 
damage, intensity of mucosal layer damage, and variety of abnormal 
examination (Supplementary Table S2).

2.7 Quantitative real-time polymerase 
chain reaction

From RNA extraction to qRT-PCR, the procedure was performed 
as done by Din et al. (2020). In brief, RNA was isolated from the 
samples and then quantified, followed by synthesis of cDNA, 

according to the kits manufacturer’s provided directions. The primers 
employed in this study are given in Supplementary Table S3.

Then, qPCR miRNA kit was used to quantify the five types of 
miRNA as per manufacturer protocol, which are also described by Din 
et al. (2020).

2.8 Immunofluorescence staining

IF was done on a paraffin-fixed colon slice (7um). The slides were 
rinsed with PBS and left on a benchtop for 10 min before being 
submerged in 1% sodium citrate solution and later removed and 
subjected to xylene wash for paraffin removal and antigen retrieval. 
For the purpose of fluorescence, the slides were blocked with 1% 
bovine serum albumin (BSA, Sigma) for 60 min followed by 
incubation with the primary antibody at a dilution of 1:501 and 
washed with PBS three times, 5 min each, and afterward, the samples 
were incubated with goat anti-rabbit Alexa 594, goat anti-mouse Alexa 
488, or secondary donkey anti-rat Alexa 488. After subsequent PBST 
washes for the removal of unbound antibodies, the samples were then 
dyed with DAPI for 15.0 min to achieve nuclear staining. At the end, 
the added mounting medium and the tissue area were veiled with a 
cover slip, and the sides were closed with nail polish to keep it 
hydrated. A Leica confocal microscope was used to visualize the tissue 
samples and acquire images. Image J was utilized to analyze and 
quantify the images and protein intensity from each mouse tissue 
(n = 7).

2.9 Cytokine analysis

A 50 mmol/L solution of ice-cold PBS solution (1:9, w/v) was used 
to homogenize the colonic samples. After centrifugation of the 
homogenate, the supernatant solution was gathered for further 
procedure. The content of protein was determined, and the results 
were adjusted to the tissue protein expression level. The cytokines 
were measured by enzyme-linked immunosorbent assay (ELISA). 
IL-1β and TNF-α concentrations in the mouse’s colon were measured 
utilizing a commercially accessible kit (Fankewei TNF-α, LOT 
Number: 202108 and IL-1β Beyotime, Catalog Number: PI301) 
conducted as per company’s protocol.

2.10 Extraction and blot analysis

The amino acid content in gut tissue cocktails was evaluated. 
Protein extraction was performed using native lysis buffer, and its 
amount was determined using a BCA kit. In the same way, 50 μg of 
protein were loaded onto an sodium dodecyl-sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) gel and then relocated to membranes. 
Immersed in fat-free milk in 120 days, the membranes underwent 
blotting with two particular primary antibodies, Histone H3 (1:500) 
and P65, which were diluted in 3.0% BSA and 0.10% Tween 20/buffer 
solution and were then incubated. The blot was incubated with 
secondary anti-mouse IgG after being washed three times with TBS 
(1,2000). The chemiluminescence kit was used to observe the bands 
(Bio-Rad). Once the protein expression was measured using Alpha 
Ease FC, the obtained blots were meticulously organized and labeled.
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2.11 Computational study to decode gut 
microbiome

The fecal samples were collected and kept in an −80°C refrigerator 
until the DNA could be extracted using Omega Bio-Tek, Inc., (GA 
3007, USA).

The total genomic DNA was extracted, and by loading on 1.2% 
agarose gel electrophoresis, assessment of DNA concentration and 
purity was carried out to ensure accurate quantification and quality of 
the extracted DNA samples. The DNA that was extracted underwent 
dilution using sterile water to attain a concentration of 1 ng/ μl. For 
the amplification of the 16S rRNA, a particular primer with a barcode 
was used. For the PCR analysis, the Phusion High-Fidelity PCR 
Master Mix from New England Bio-Labs was combined with 0.2 M 
forward and reverse primers and roughly 10 ng of template DNA in a 
30 L reaction system. The thermal cycling protocol was devised to 
execute a total of 30 cycles, beginning with an initial denaturation 
phase at a temperature of 98°C for a duration of 10 s. This was followed 
by an annealing step at 50°C for 30 s and then an elongation step at 
72°C for 60 s. The final step was an extension at 72°C for a period of 
5 min. For detection and visualization, PCR products were combined 
with 1 × volume of loading buffer that included SYB green. The 
mixture was then electrophoresed on a 2% agarose gel. For further 
experiments, the samples exhibiting a band between 400 and 450 bp 
were selected for further analysis. According to Li et  al. (2017) 
instructions, library construction, sequencing, and bioinformatics 
analysis were completed. Bioinformatics analysis was carried out as 
per the guidelines and procedures on the Majorbio Cloud platform.1

2.12 Biostatistics

Statistical analysis was carried out using GraphPad Prism ver.8.0.1 
(GraphPad Software Inc., CA, United States). Analysis was determined 
through one-way analysis of variance (ANOVA), and Tukey’s post-hoc 
test was performed to compare the groups with the non-colitic group. 
Data with a p-value <0.05 were taken statistically significant. The 
degree of significance was indicated by the notation *p = 0.05, 
**p = 0.001, and ***p = 0.0001, while the absence of any notation 
indicated lack of statistical significance.

3 Results

3.1 Lacticaseibacillus paracasei 
BNCC345679 alleviates the symptoms of 
DSS-induced colitis

The impact of L. paracasei BNCC345679 was examined in a 
mouse DSS-induced colitis model. The DSS model group exhibited a 
significant lower weight, commencing from the third day and by day 
7, as contrast to the normal group. The mice in the DSS + L. paracasei 
BNCC34567 (DP) treatment group showed a significant decline in 
weight compared to normal after the fourth day but continued to 

1 https://cloud.majorbio.com

maintain their weight until the seventh day of experiment. However, 
the weight reduction was much less severe than the model group 
(Figures 1Aa,b; p < 0.005).

Compared to the normal group, the disease activity index (DAI) 
score of the DSS model group raised significantly, indicating the onset 
of colon inflammation, while DAI score of the DP group lowered 
attributing the amelioration of disease severity significantly 
(Figure 1B).

Colon length varied significantly between the three groups; for 
instance, colon of the normal group was the longest one, i.e., 8.5 cm. 
However, the colon length was shortened to 5.5 cm in the DSS model 
group, while the length of the colon after DP treatment was 6.8 cm 
(Figures 1C,D).

Histopathological analysis revealed no signs and symptoms of any 
disease and inflammation in the colon stained with H/E in the normal 
group. On the other hand, the DSS model group showed highest 
pathological score showing significant inflammation and cellular 
infiltration, crypt and goblet cell deterioration, and epithelial cell 
disruption. The DP-treated group showed mild signs of colitis with 
notable reduction in goblet cell loss. These results exhibited the 
watchful role of L. paracasei BNCC34567 in mitigating DSS-induced 
colitis (Figures 1E,F).

3.2 Lacticaseibacillus paracasei 
BNCC345679 exhibits antioxidant and 
anti-inflammatory properties in the colon

The antioxidant attributes of L. paracasei BNCC345679 were 
examined through RT-qPCR assessment of oxidative stress-associated 
genes including SOD1, SOD2, CAT, GPX2, and Nrf2, which unveiled 
its compelling antioxidant properties (Figures 2A–E). Going a step 
further, the SOD level was checked through ELISA, which showed 
that L. paracasei BNCC345679 intervention significantly proliferated 
SOD in the colon tissue as correlated with the DSS-treated group 
(Figure  2F). This might be  the reason of the probiotic’s strong 
antioxidant properties, enhanced immunomodulation, or recovery 
of cellular homeostasis. Additionally, the impact of L. paracasei 
BNCC345679 on oxidative stress was assessed through ELISA. MPO 
is regarded as an important indicator of inflammatory cells, 
specifically neutrophil infiltration in colonic tissues. The DSS group 
exhibited significantly higher MPO concentrations as correlated with 
the normal group. Conversely, the L. paracasei BNCC345679-treated 
DP group showed significantly lower MPO concentration as 
correlated with the DSS group (Figure  2G). The level of MDA 
expression in the DSS group increased as correlated with normal 
whereas decreased in the DP group (Figure  2H). These results 
unveiled the beneficial effects of L. paracasei BNCC345679  in 
mitigating oxidative stress.

The transcriptional profiles of pro-inflammatory cytokine genes 
TNF-α, IL-1β, and IL-6 were examined through RT-qPCR, which 
revealed that L. paracasei BNCC345679 intervention significantly 
declined the levels of cytokines. In contrast, there was a subtle or 
non-significant change in the level of TNF-α (Figures 3A–C). These 
molecular trends were then subsequently confirmed by ELISA 
examination of IL-6, TNF-α, and IL-1β in the tissues, manifesting 
that probiotic treatment reduced these inflammatory mediators 
within the DP cluster when correlate with elevated levels in the DSS 
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cluster. However, changes in the level of TNF-α were statistically 
non-significant (Figures 3D–F). Furthermore, the anti-inflammatory 
properties of L. paracasei BNCC345679 were examined via RT-qPCR 
of anti-inflammatory genes IL-10 and PPARγ. The expression of IL-10 
was significantly upregulated within the DP group, while PPARγ 
showed slight upregulation, however, which was not statistically 
significant (Figures  3G,H). These outcomes demonstrated that 
L. paracasei BNCC345679 also manifests anti-inflammatory  
properties.

3.3 Lacticaseibacillus paracasei 
BNCC345679 improves the expression of 
chosen miRNAs

Five important related miRNAs based on previous related studies 
were selected and evaluated by RT-qPCR in the colon. The expression 
levels of miR-150, miR-155, and miR-223 were significantly elevated 
in the DSS group than in the normal group, while miR-375 and miR-
143 were downregulated. However, the expression levels of miR-150, 

FIGURE 1

Attenuation of clinical manifestations in DSS-induced colitis by L. paracasei BNCC34567 (Aa) division of groups showing 1-week assimilation time 
followed by 21  days of water, 3% DSS, and 3% DSS  +  probiotic treatment leading to euthanization of mice on 28th day. (Ab) Body weight percentage 
change relative to original weight prior to the induction of DSS induction. Body weight was recorded daily throughout the experiment. (B) DAI 
assessment in DSS-induced colitis, and the entire colon was collected on day 7. (C,D) Colon length was measured. This was quantified as disease 
severity indicator. (E) Measurement of the histological score is as per (Supplementary Table S2). (F) Histopathological assessment of colonic 
inflammation. H/E staining was carried out to check disease severity in the distal portion of colon. Scale bar: 500  μm. The data were subjected to 
analysis of variance (ANOVA) to determine the statistical significance. The degree of significance was indicated by the notation *p  =  0.05, **p  =  0.001, 
and ***p  =  0.0001, while the absence of any notation indicated lack of statistical significance (n  =  7). DSS, dextran sulfate sodium; DAI, disease activity 
index; H/E, hematoxylin and eosin.
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miR-155, and miR-223 were significantly downregulated in the 
L. paracasei BNCC345679-treated DP group (Figures  4A–E). 
Moreover, the expression level of miR-143 was ameliorated in the DP 
group. In contrast, L. paracasei BNCC345679 treatment showed no or 
very little positive effect on the expression of miR-375 compared to 
the DSS-treated group.

3.4 Lacticaseibacillus paracasei 
BNCC345679 restores the mucus layer in 
DSS-induced colon

The study included an aspect that how L. paracasei BNCC345679 
administration affected the mouse’s intestinal mucus barrier. The 
mRNA expression of MUC2, which is a crucial element of the mucus 
barrier, was observed to be downregulated in mice having DSS colitis, 
demonstrating UC induced mucosal barrier damage and was 

significantly upregulated in the DP group (Figure 5A). Subsequently, 
Alcian blue-stained samples of the colon’s mucus layer were examined. 
In the DSS group, microscopic analysis indicated loss of goblet cells 
and damaged crypts within the epithelial lining of the colon. The 
mucus secretion of the colon in the DP was significantly ameliorated 
as correlated with DSS colitis mice (Figure 5B) with restoration of 
goblet cells observed. The results demonstrated a strong 
mucoprotective role of L. paracasei BNCC345679.

Eventually, immunofluorescence was employed to inspect the 
effects of L. paracasei BNCC345679 administration on the expression 
level of the protein MUC2. The results showed that L. paracasei 
BNCC345679 administration increased MUC2 protein expression 
(Figure  5C). Collectively, these results revealed that L. paracasei 
BNCC345679 administration could successfully prevent the 
deterioration of the mucus barrier in UC by enhancing mucin 
expression, especially colonic MUC2. This enhancement of the mucus 
barrier may potentially contribute to the anti-inflammatory attributes 

FIGURE 2

Anti-oxidant activity via RT-qPCR assessment of oxidative stress-associated genes. (A) Superoxide dismutase 1 (SOD-1). (B) Superoxide dismutase 2 
(SOD-2). (C) Catalase. (D) Glutathione peroxidase 2. (E) Nuclear factor erythroid 2-related factor 2. (F) Activity of superoxide dismutase (SOD) as 
indicators of the antioxidant defense system. (G) Quantification of myeloperoxidase (MPO) activity in colonic tissue. (H) Levels of malondialdehyde 
(MDA) in colon tissue. The data were subjected to analysis of variance (ANOVA) to determine the statistical significance. The degree of significance was 
indicated by the notation *p  =  0.05, **p  =  0.001; and ***p  =  0.0001, while the absence of any notation indicated lack of statistical significance (n  =  7).
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of L. paracasei BNCC345679, ultimately attenuating the symptoms 
and progression of ulcerative colitis.

3.5 Lacticaseibacillus paracasei 
BNCC345679 restores tight junction 
protein expression

The mRNA expression of important intestinal integrity-related 
genes, zonula occludens-1 (ZO-1), occludin, and E-Cad-1 was 
carried out which revealed that the DSS model group was severely 
affected as ZO-1, occludin, and E-Cad-1 were significantly 

downregulated compared to the normal group while found to 
be increased and recovered in the DP-treated group (Figures 6A–C). 
In due course, immunofluorescence investigation for ZO-1 and 
occludin protein expression revealed a compact colonic structure in 
normal mice, supporting the role of ZO-1 and occludin in preserving 
the integrity of the epithelial barrier. However, a deteriorated colon 
was marked in the DSS-treated group, indicating that the protein 
normal function had been interfered, whereas the compactness of 
colon structure has been significantly recovered in the DP-treated 
group (Figures 6D,E). Overall, the data supported that DSS-treated 
mice had lower ZO-1 and occludin expression, which was recovered 
within the DP group.

FIGURE 3

Real-time quantitative polymerase chain reaction (qPCR) analysis of pro-inflammatory cytokines. The mRNA expression of pro-inflammatory 
cytokines. (A) Interleukin-1 beta (IL-1β). (B) Interleukin-6 (IL-6). (C) Tumor necrosis factor-alpha (TNF-α). Assessment of pro-inflammatory cytokines 
through Enzyme-Linked Immunosorbent Assay (ELISA) to evaluate inflammatory response. (D) Quantification of Interleukin-1 beta (IL-1α). (E). 
Quantification of Interleukin-6 (IL-6). (F) Quantification of Tumor Necrosis Factor-alpha (TNF-α). Assessment of anti-Inflammatory Cytokines through 
real time quantitative polymerase chain reaction (qPCR) analysis. The mRNA expression of anti-inflammatory cytokines (G) IL-10: Interleukin-10. 
(H) Peroxisome Proliferator-Activated Receptor Gamma (PPARα). The data was subjected to analysis of variance (ANOVA) to determine the statistical 
significance. The degree of significance was indicated by the notation *P=0.05, **P=0.001, ***P=0.0001, while the absence of any notation indicated 
lack of statistical significance. (n=7).
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3.6 Lacticaseibacillus paracasei 
BNCC345679 modulates VCAM-1 
expression

To study the implication of L. paracasei BNCC345679 on adhesion 
molecules, i.e., vascular cell adhesion molecule-1 (VCAM-1), 
RT-qPCR, Western blot, and immunofluorescence were carried out 
on colonic tissue samples from all three groups. It was observed that 
in the normal group, the expression of VCAM-1 was lower compared 
to both other groups. The DSS model group showed a significant 
upregulation of VCAM-1 expression compared to the normal group. 
However, in the DP group, VCAM-1 was downregulated significantly 
as correlated with the DSS model group (p < 0.001; Figures 7A–C). 
These findings suggest that L. paracasei BNCC345679 administration 
may serve as a potential strategy for alleviating inflammation and 
mitigating the symptoms of DSS-induced colitis.

3.7 Lacticaseibacillus paracasei 
BNCC345679 administration significantly 
alters microbial community structure

The effect of L. paracasei BNCC345679 on gut microbiome was 
investigated using high-throughput sequencing. Microorganism 
variety was significantly lowered in the DSS group when correlated 

with the normal group. Furthermore, this gut microbiome diversity 
was enhanced in the L. paracasei BNCC345679-treated DP group 
(Figures  8A,B). As can be  observed, there were variations in the 
patterns of gut microbiota among the three groups. All three groups 
were having shared as well as unique OTUs (Figure 8C). Community 
bar plot analysis demonstrated discernible variations in gut microbiota 
structure among the three groups. A disruption in the gut microbiota 
was induced by DSS therapy; however, it was lowered when the mice 
were treated with L. paracasei BNCC345679. The most plentiful phyla 
in the analyzed groups were bacteroidota followed by Firmicutes. 
However, at the phylum level, considerable variations in microbial 
composition were found among the three groups (Figure 8D). When 
compared to control mice, the DSS group had much more members 
of the phylum Bacteroidota; however, this rise was able to be attenuated 
by L. paracasei BNCC345679 treatment. Phylum verrucomicrobiota 
was also significantly higher in the DP group when correlated with 
both the normal and DSS colitis mice groups. The normal group had 
the highest amount of Campylobacterota among all three study groups.

Utilizing the Bray–Curtis complementary algorithm to make an 
ordination plot of the distance matrix, a clear separation between 
bacterial communities originating from the normal and DSS groups 
was visible. This separation was markedly within the principal 
coordinate analysis (PCA) plot (Figure 8E). At the genus level, the 
prominent microbiota in the normal group were Muribaculaceae, 
followed by Lachnospiraceae and Alistipes. On the contrary, 

FIGURE 4

Effect of L. paracasei BNCC345679 on chosen miRNA gene expression using real-time quantitative polymerase chain reaction (qPCR) and was 
compared among different groups. (A) miRNA 143, (B) miRNA 150, (C) miRNA 223, (D) miRNA 155, and (E) miRNA 375. The data were subjected to 
analysis of variance (ANOVA) to determine the statistical significance. The degree of significance was indicated by the notation *p  =  0.05, **p  =  0.001, 
and ***p  =  0.0001, while the absence of any notation indicated lack of statistical significance (n  =  7).
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Muribaculaceae and Lachnospiraceae were significantly lowered in the 
DSS-treated group while Bacteroides was relatively the most abundant 
genus here. Unclassified Prevotellaceae and Bacteroides were notably 
lowered in the DP group correlated with the DSS mice group. Notably, 
the amount of Akkermansia was significantly enhanced in the 
probiotic group (DP) compared to both other groups. Moreover, 
member of the genus Clostridia was increased as a result of L. paracasei 
BNCC345679 treatment. The normal group revealed the highest 
amounts of genus lactobacillus that were notably decreased by DSS 

treatment in the DSS-treated group and significantly recovered by 
L. paracasei BNCC345679 treatment in the DP group (Figure 8F).

4 Discussion

Dysbiosis of the intestinal microbiome, differential expression of 
miRNA, and alterations in tight junction proteins potentially 
contribute to IBD induction. Moreover, oxidative stress genes play a 

FIGURE 5

Important gene mucin 2 responsible for the formation of mucin layer was checked through RT-qPCR (A) MUC2 expression analysis. (B) Alcian blue 
staining of colonic tissue for mucin assessment demonstrated distinctive variations in mucin and crypt morphology among the three experimental 
groups. The images showed a prominent presence of mucin and intact crypt shape in the normal group, deteriorated crypt morphology and mucin 
depletion in the DSS group, and notable recovery of mucin content and crypt morphology in the DP group. Images presenting the prominent 
mucoprotective role of L. paracasei BNCC345679. (C) Representative images of immunofluorescence staining from colon sections for distribution of 
mucin 2. Images provided visual insight into the presence of MUC2 in each group. The normal group exhibited continues MUC2 pattern among the 
colonic epithelium which was deteriorated and disrupted in the DSS group. Intriguingly, the L. paracasei BNCC345679-treated DP group demonstrated 
a trend toward mucin layer restoration and MUC2 normal expression. Scale bar: 500  μm (magnification  =  10x). Normal: normal control group; DSS: 
dextran sulfate sodium-induced colitis group; DP: L. paracasei BNCC345679-treated group.
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remarkable role in colitis (Giustarini et  al., 2009). Unfortunately, 
traditional pharmacological therapies are not potentially used for 
treating IBD amid susceptibility and severe side effects (Kotlyar et al., 
2015). Therefore, biomedicine-based pharmacotherapies such as 
probiotics have been used as an alternative for treating IBD 
(Veerappan et  al., 2012). Probiotics hold an essential part in the 
modulation of the immune system, homeostasis of the microbial host, 
and the integrity and functionality of the epithelial barrier. 

Lactobacillus has been investigated worldwide due to its valuable 
effects in the mitigation of intestinal inflammation in individuals with 
IBD and animal models (Jang et al., 2019). In this investigation, with 
the help of in vivo DSS model, we showed that a Lacticaseibacillus 
paracasei strain BNCC345679 altered the immune reaction and 
reduced the manifestation of IBD and can modulate the combination 
of various cytokines. The probiotic stimulation raises IL-10 and PPARγ 
extravasation, which is essential for anti-inflammatory reaction. 

FIGURE 6

Important intestinal integrity-related genes. (A) Occludin, (B) zonula occludens-1 (ZO-1), and (C) E-Cadherin-1 gene expression was checked using 
real-time quantitative polymerase chain reaction (qPCR) and was compared among different groups. (D) Representative images of 
immunofluorescence staining from colon sections for distribution of ZO-1 involved in maintaining epithelial barrier integrity and (E) occludin, an 
important tight junction protein. Images provide insight into ZO-1 and occludin distribution and localization within the tissue of three experimental 
groups. The L. paracasei BNCC345679-treated DP group appeared to restore the concentration of both Zo-1 and occludin which is deteriorated in the 
DSS group showing compromised barrier function, while the normal group exhibits its undisturbed form. Scale bar: 500  μm. Normal: normal control 
group; DSS: dextran sulfate sodium-induced colitis group; DP: L. paracasei BNCC345679-treated group.
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Moreover, it downregulated the expression of pro-inflammatory 
genes, namely, TNF-α, IL-1β, and IL-6, which coincide with previous 
related studies (Dong et al., 2022).

It is a valuable model to study the clinical efficacy and potential 
underlying operative mechanisms of how probiotics affect UC. Mice 
treated with 3% DSS for 1 week showed all UC-related clinical 
manifestations (Chassaing et al., 2014). In the context of our research, 
oral gavage of L. paracasei BNCC345679 significantly inhibited weight 
loss and improved DAI score. Furthermore, colon structure and 
length, along with mouse weight, were notably improved in the DP 
group compared to the DSS group. In addition, L. paracasei 
BNCC345679 improved mucosal crypt structure, goblet cells, and 
colon compactness as shown in the histological analysis by improving 
the expression of MUC2 and tight junction protein, i.e., ZO-1 and 

occludin. Alterations in tight junction protein expression and 
distribution are key to UC development and progression (Al-Sadi 
et  al., 2014). In addition, the administration of L. paracasei 
BNCC345679 lowered the innate immune reaction as consents to 
previous findings (Hall et  al., 2011). Reductions in MPO levels 
indicated amelioration of oxidative stress, changes in neutrophil 
infiltration, and colonic tissue damage (Eiserich et  al., 1998). 
Reduction in the level of MPO in the DP group might have contributed 
to the anti-inflammatory properties. In addition, inflammatory 
cytokines, notably TNF-α, accompanied by T-cells, are synthesized by 
macrophages that take part in the pathogenesis of IBD. Moreover, 
TNF-α activates the NF-κB regularity pathway that collectively 
stimulates cytokines. On the contrary, the PPARγ downregulates the 
activation of NF-κB (Fischer et al., 2013). In this study, L. paracasei 

FIGURE 7

(A) VCAM-1, also known as vascular cell adhesion molecule-1. The examination of the expression levels was conducted using the real-time quantitative 
polymerase chain reaction (qPCR) technique. (B,C) Western blot analysis was employed to examine the protein expression levels of VCAM-1 in colonic 
tissues among the three experimental groups. The normal group demonstrated lower level of VCAM-1 expression which is elevated in the DSS group 
indicating inflammation. In contrast, the DP group exhibited ameliorated VCAM-1 expression suggesting a potential anti-inflammatory effect of L. 
paracasei BNCC345679. (C) Representative images of immunofluorescence staining from colon sections to evaluate VCAM-1 expression. The normal 
group demonstrated minimal VCAM-1 staining, while the DSS group displayed enhanced VCAM-1 expression speculating inflammation. In contrast, the 
DP group exhibit reduced VCAM-1 fluorescence indicating a potential amelioration of inflammation due to L. paracasei BNCC345679 intervention. 
Scale bar: 500  μm. Normal: normal control group; DSS: dextran sulfate sodium-induced colitis group; DP: L. paracasei BNCC345679-treated group.
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BNCC345679 upregulated PPARγ and IL-10. Additionally, it 
downregulated the expression of IL-1β, IL-6, and TNFα in the 
L. paracasei BNCC345679-treated group.

VCAM-1 is a cell adhesion molecule (CAM) that plays a pivotal 
role in leukocyte attraction, recruitment, and adhesion during 
inflammation. Because of inflammatory stimuli, its expression is 

FIGURE 8

Effect of L. paracasei BNCC345679 on gut microbiome diversity in DSS-induced colitis. (A) Alpha diversity metrics, Shannon index on the phylum level 
demonstrated that the DSS group is least divers among the three experimental groups, while remarkably DP is highly diversifies group. (B) Alpha 
diversity InvSimpson index on the phylum level confirmed the previous result trend. (C) All three groups having shared and unique OTUs. (D) Microbial 
taxa structure is significantly varied among the three experimental groups as per community bar plot analysis on the phylum level. (E) Principal 
component analysis plot of fecal microbiota structure based on Bray–Curtis distances. (F) Community bar plot analysis on the genus level showed 
relative bacterial abundance on the genus level (n  =  5).
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upregulated, leading to the facilitation of leukocyte adhesion to 
endothelial cells in the colonic venules of DSS colitis mice (Soriano 
et  al., 2000). Another study suggests that VCAM-1 serves as an 
essential intermediary that sustains and enhances the inflammatory 
procedure by facilitating the recruitment of leukocytes to the site of 
inflammatory activity in colitis (Sans et al., 1999). Our findings are 
parallel to previous studies as VCAM-1 was upregulated in the DSS 
group as compared to the normal group but was significantly 
downregulated by probiotic administration. These results suggest that 
L. paracasei BNCC345679 actively modulates the host immune 
response to counteract inflammation in colitis. Moreover, L. paracasei 
BNCC345679 intervention compellingly restored mucin and goblet cell 
production that was deteriorated by DSS administration. MUC2 and 
ZO-1 play a pivotal role in protecting intestinal epithelium, ensuring 
barrier integrity and the substantial decrease in MUC2, ZO-1, and 
goblet cell levels in the DSS-treated group were a clear indication of 
compromised mucosal defense. In blunt contrast, L. paracasei 
BNCC345679 intervention significantly upregulated MUC2 and ZO-1 
levels and restored goblet cell production to normalcy. These results 
strengthen the notion that L. paracasei BNCC345679 can augment the 
protective mucin layer. Our results also validated some previous related 
studies (Johansson et al., 2011; Ren et al., 2018).

The modulation and expression of tight junction proteins’ 
microRNAs and the consequent variation in epithelial barrier function 
and inflammation in IBD are well recognized. Correspondingly, 
variation in the level of microRNAs of healthy and IBD patients 
revealed their role in disease onset (Xiao and Rajewsky, 2009). Pro- 
and anti-inflammatory signals, including cytokines, influence the 
expression of these microRNAs. It has been reported that miR-155 
upregulates in macrophages as well as in B and T lymphocytes 
(O’Connell et al., 2010, 2012). Another study has found that miR-
155−/− murine model has natural protection from DSS colitis by 
upregulation of Th1/Th17 (Singh et  al., 2014). More studies have 
confirmed that miR-155 and miR-150 modulate the immune response 
by governing the differentiation and development of innate immune 
cells and are upregulated in UC mice (Bian et al., 2011). The present 
study has also verified this upregulation, and L. paracasei 
BNCC345679 has successfully downregulated them and yielded 
positive immunomodulatory effects in the DP group. Furthermore, 
miR-143 plays a role in preserving normal colonic biology. It has been 
observed to be downregulated in DSS colitis, which results in the 
appearance of pro-inflammatory cytokines (Starczynowski et  al., 
2010). L. paracasei BNCC345679 was able to significantly restore it in 
our study, which suggests the restoration of colonic function. miR-223 
has been documented to exhibit significant upregulation in UC mice 
and is implicated in the production of IL-1β and inflammasome 
complex (Haneklaus et  al., 2012). Our probiotic intervention 
demonstrated a notable reduction in miR-223 expression, speculating 
that it may be potentially involved in downregulating the expression 
of IL-1β levels within the DP group. Moreover, miR-375 is thought to 
be a multitasking and versatile miRNA, involved in different biological 
processes, i.e., regulation of glucose, development of pancreatic islet 
carcinogenesis, and cell differentiation (Xu et  al., 2011). In our 
investigation, miR-375 was downregulated significantly in DSS-treated 
mice as correlated with the normal group; however, L. paracasei 
BNCC345679 did not prove to be effective in the upregulation of miR-
375. It is worth highlighting that investigating the effects of probiotics 
on miRNA is in the initial phase, and a limited number of 
investigations have been conducted in this regard. Although our study 

provided valuable insight into the effect of probiotics on colitis-related 
miRNA modulation, there was a limited scope of miRNA analysis; a 
broader miRNA profiling approach such as microarray or next-
generation sequencing can potentially reveal a more comprehensive 
understanding of the regulatory networks behind it. Additionally, 
there was a lack of miRNA functional validation role, miRNA–mRNA 
interaction, and a mechanistic links between miRNA and other 
observed effects. Furthermore, studies aided with omics of miRNA 
and mRNA investigation in human cell culture models will further 
increase the understanding of its mechanistic role in clinical relevance. 
However, our results suggest that L. paracasei BNCC345679 
intervention in DSS colitis murine model might ameliorate the 
dysregulated immune response possibly by modulating the expression 
of miRNA.

The influence of the gut microbiota on the immune system has 
recently attracted considerable scholarly interest. The growing 
research shows that the gut microbiota has an important part in 
mitigating ulcerative colitis and can direct the reduction in microbial 
diversity resulting in significant alteration of microbiome composition. 
Our findings revealed that DSS-induced colitis has altered microbial 
composition and curtailed the variability in gut microbiota. 
Nevertheless, in line with past studies, L. paracasei BNCC345679 
administration restored gut microbiota diversity and composition. 
Gut microbiome composition was evaluated at both the phylum level 
and the genus level. Bacteroides were observed to be increased in the 
DSS-treated group while not in abundance in the normal group. 
However, their abundance was lowered by L. paracasei BNCC345679, 
suggesting their role in ameliorating DSS colitis, boosting recovery, 
and reshaping the gut microbiome. In line with our findings, previous 
investigation has also demonstrated the increased abundance of 
Bacteroides in the DSS-treated group (Almagro-Moreno and Boyd, 
2009; Schwab et al., 2014; Jang et al., 2019). There may be possible 
signals of UC onset in the murine DSS model, while their decrease 
may suggest the recovery phase. Consistent with previous studies (Liu 
et al., 2021; Wu et al., 2023), beneficial norak_f_Muribaculaceae were 
found to be highest in abundance in the BPS-treated normal group 
while they were significantly decreased in the DSS-treated group. 
However, L. paracasei BNCC345679 intervention noticeably recovered 
them. Increased abundance of Lactobacillus was observed in the DP 
group treated with DSS and L. paracasei BNCC345679 compared to 
the group only treated with DSS. In a similar manner, the DP group 
also exhibited increased abundance of Akkermansia correlated with 
the DSS group. Lactobacillus promotes the assembly of IL-10 by 
stimulating DCs (Mohamadzadeh et al., 2011). Akkermansia drives 
anti-inflammatory effects, which reduce inflammation through 
different activities (Shin et  al., 2014). Furthermore, Akkermansia 
prompts the assembly of interleukin-10 and aids in preserving gut 
homeostasis and enhancing barrier function (Ottman et al., 2017). 
The oral intervention of L. paracasei BNCC345679 may potentially 
help restore Akkermansia and Lactobacillus population, which may 
drive an increase in IL-10 levels, positively affect the cohesion of the 
mucus layer, and maintain gut homeostasis, which may relieve 
DSS-induced colitis. Studies have revealed that probiotic intervention 
can affect the diversity of specific gut microbiota in a short time of up 
to 24 h via dietary changes (Wu et al., 2011; Sun et al., 2018; Aziz et al., 
2023). The effects of probiotics have been widely investigated and have 
yielded some promising results. However, it is important to remember 
that these probiotics’ effects vary mostly depending on the strain (de 
Roock et al., 2010; Hua et al., 2010).
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These bacteria in the gut are metabolically very much 
interdependently networked through their metabolic pathways and 
products. Thus, further evaluation is needed to study the particular 
function of various microbial taxa and the production of its specific 
metabolites within the gut.

5 Conclusion

This study identified and investigated the therapeutic potential of 
L. paracasei BNCC345679 to ameliorate DSS-induced colitis by affecting 
immune cytokine expression, tight junction protein, and gut microbiome. 
Given its promising properties, we suggest that L. paracasei BNCC345679 
exhibits therapeutic potential and may guide us toward a novel approach 
in manipulating the gut microbiota to control UC.
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