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Changes in short-chain fatty acids affect brain development in
mice with early life antibiotic-induced dysbacteriosis
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Background: Early enteral nutrition and the gut microbiota profoundly influence neonatal brain
development, with short-chain fatty acids (SCFAs) from the microbiota playing a pivotal role. Understanding
the relationship between dysbiosis, SCFAs, and brain development is crucial. In this study, we investigated
the impact of antibiotics on the concentration of SCFAs in neonatal feces. Additionally, we developed a
model of gut dysbiosis in neonatal mice to examine the potential relationship between this imbalance, SCFAs
production, and brain function development.

Methods: We measured the SCFAs content in the feces of two groups of neonates, categorized based on
whether antibiotics were used, and conducted the Neonatal Behavioral Neurological Assessment (NBNA)
test on all neonates. Then we evaluated fecal SCFAs levels in neonates and neonatal mice post-antibiotic
treatment using liquid chromatography-mass spectrometry (LC-MS) analysis. Morris water maze (MWM)
tests assessed behavioral performance, and western blot analysis examined brain tissue-related proteins—
neuron-specific enolase (NSE), ionized calcium binding adaptor molecule-1 (IBAI), and myelin basic
proteins (MBP).

Results: The use of antibiotics did not affect the NBNA scores of the two groups of neonates, but it did
reduce the SCFAs content in their feces. Antibiotic administration induced gut dysbiosis in mice, resulting in
decreased IBAI and MBP expression. Interventions to restore gut microbiota ameliorated these effects. Mice
with dysbiosis displayed cognitive deficits in the MWM test. SCFAs levels decreased during dysbiosis, and
increased upon microbiota recovery.

Conclusions: Neonatal dysbiosis affects the microbiota-gut-brain axis, impairing cognitive function and

nervous system development. Reduced SCFAs may contribute significantly to these alterations.
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Introduction including inflammatory and metabolic diseases, as well

The composition of the gut microbiome undergoes changes as neurological disorders (1). Microbial metabolites not

across different stages of life and has been implicated only provide nutritional value to the host but also serve as

in the pathophysiology of various health conditions, substrates for enzymes such as acetylases, methylases, and
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glucuronidases (2). These enzymes can modify the
availability and function of the epigenetic machinery (2).
The colonization of the gut in early life is a crucial process
that has been linked to the long-term composition of the
gut microbiome. Epigenetic processes during early life play
a regulatory role in gene expression and have a significant
impact on lifelong health, serving as a primary mechanism
for developmental programming (3).

Short-chain fatty acids (SCFAs) are products of microbial
fermentation, primarily composed of acetate, propionate,
and butyrate. Acetate is a commonly produced SCFA by
most gut microbiota, while specific families of Firmicutes
have demonstrated the ability to generate butyrate.
Propionate, on the other hand, originates from succinate,
which is found in Bacteroidetes and certain Firmicutes (4).
SCFAs have the capacity to adhere to the gut mucosa, bind
to cell receptors, and transmit signals, exerting significant
effects on various biological processes. This includes
regulating gut metabolism, influencing proliferation and
differentiation, as well as modulating homeostasis within
organisms.

Neurons, the primary cells involved in nerve conduction,
are initially immature at birth and undergo functional
and structural development during the early postnatal

Highlight box

Key findings

* In this study, we observed that early antibiotic exposure in neonates
affects the generation of short-chain fatty acids (SCFAs) in feces. In
mouse model of intestinal dysbiosis, reduced production of short-
chain fatty acids was found, along with impacts on mouse brain
development and cognitive function. Importantly, these changes

were ameliorated by interventions targeting the microbiota.

What is known and what is new?

e It is well recognized that early antibiotic use during birth affects
the establishment of gut microbiota, consequently impacting brain
development via the gut-brain axis.

* This study assessed alterations in fecal SCFAs, cognitive function,
and markers of brain development in a murine model of intestinal
dysbiosis.

What is the implication, and what should change now?

¢ Early antibiotic administration can disrupt the establishment
of gut microbiota, potentially impacting brain development by
reducing SCFA production. In clinical practice, there should
be stricter criteria for antibiotic use, and SCFAs may serve as
important targets for further investigation into early neonatal brain

protection.
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stage. Neuron-specific enolase (NSE) is an exceptional
glycolytic enzyme that is a highly acidic soluble protein
found exclusively within neurons (5). It serves as a neuron-
specific marker (6). In the embryonic stage, the expression
of NSE in the brain is minimal, while non-neuronal enolase
(NNE), an isoenzyme of NSE present in glial cells, is
prominently produced. However, it has been observed that
there is a transition from NNE to NSE during neuronal
development. Over time, NSE levels increase while NNE
levels decrease. This finding suggests a correlation between
NSE and the differentiation as well as the functional
maturation of neuronal cells (5).

The function of neurons in the central nervous system
(CNS) relies on the presence of myelin, which facilitates
rapid and efficient nerve conduction. Myelin is produced by
specialized glial cells called oligodendrocytes (7,8). However,
both humans and mice have mostly unmyelinated axons at
birth, with a rapid onset of myelination occurring shortly
after birth through the action of oligodendrocytes (9). The
regulation of myelination plays a crucial role in determining
the extent of myelin formation and is closely associated
with brain plasticity and function (10). Consequently,
any disruptions in myelination can have detrimental
effects on brain function. The microbiota is essential for
myelination and the maintenance of myelin plasticity,
and the administration of antibiotics can lead to impaired
myelination due to dysbiosis (11). Myelin basic proteins
(MBP), which are integral components of CNS myelin,
have been used as accurate markers of myelination (12).

Microglia are long-lived immune cells within the
brain (13) that appear early during embryonic development
and have limited capacity for self-renewal (14). During
early postnatal development, microglia undergo a transition
from an activated phenotype with high proliferative activity
to a state of low homeostatic proliferation. As phagocytes,
they play a critical role in removing debris during CNS
development and disease (14), which is essential for
plasticity and learning. Ionized calcium binding adaptor
molecule-1 (IBA1) is a calcium-binding protein that exhibits
specific localization in microglia, causing membrane
ruffling and phagocytosis among activated microglia (15).
The absence of IBA1 has been identified as a marker
of dysfunctional microglia (13), indicative of functional
impairment in microglia. Thus, the evaluation of IBA1
expression is a suitable criterion for assessing the status of
microglia.

"The most opportune timeframe for nutritional intervention
to effectively support brain development occurs during the
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late stages of fetal development and early postnatal life, which
coincides with the establishment of the gut microbiota. There
may be a bidirectional communication between the microbiota
and the brain. In this context, we propose that SCFAs play a
role in mediating the interaction between the gut microbiota
and brain development during the early postnatal period.

In this study, we initially investigated the alterations in
intestinal microbiota and SCFAs levels in infants during
early life. We evaluated whether these changes were
associated with clinical physiological function scores,
categorized according to the administration or non-
administration of antibiotics. Subsequently, we established
a model of antibiotic-induced dysbiosis and assessed the
effects of changes in intestinal SCFAs and expression levels
of three marker proteins in the CNS. We also evaluated
the protective effects of fecal bacteria transplantation and
probiotics. We present this article in accordance with
the ARRIVE reporting checklist (available at https://
tp.amegroups.com/article/view/10.21037/tp-24-128/rc).

Methods
Participant selection

In this study, a total of 60 neonates born via cesarean
section were enrolled from newborn ward of the Second
Affiliated Hospital of Anhui Medical University after
obtaining informed consent from their parents. Among
the cohort of 60 infants, a subgroup of 30 infants exhibited
high-risk factors for infection, such as prolonged rupture of
membranes exceeding 18 hours, exposure to contaminated
amniotic fluid or meconium during labor, and clinical
manifestations suggestive of early infection. As per the
clinical guidelines for antibiotic use, these infants were
administered antibiotics. The remaining 30 infants did not
exhibit any infectious factors and were not subjected to
antibiotic treatment. The exclusion criteria for this study
included severe birth asphyxia, neonatal respiratory distress
syndrome (NRDS), genetic metabolic disorders, and
other malformations. Based on antibiotic utilization, the
newborns were divided into two groups, and the Neonatal
Behavioral Neurological Assessment (NBNA) tests were
performed on the infants during the second week of their
lives. For discharged patients, follow-up NBNA tests were
conducted during the outpatient visit scheduled at the
second-week appointment. Stool samples were collected on
postnatal days 1-3 and postnatal days 7-10, and the levels of
SCFAs were measured using liquid chromatography-mass
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spectrometry (LC-MS) analysis. This study was conducted
in accordance with the Declaration of Helsinki (as revised
in 2013) and was approved by the Ethics Committee of The
Second Affiliated Hospital of Anhui Medical University
(approval No. Pj2016-05-01).

Animals

A total of 40 wild-type male C57BL/6] neonatal mice at
7 days of age were included in this study. The mice were
housed in group cages with five mice per cage, and the
cages were lined with chip bedding. Throughout the study,
the mice had ad libitum access to standard chow and water.
The bedding, standard chow, and water were autoclaved
prior to the experiment. The vivarium maintained a lighting
schedule of 12 hours of light and 12 hours of darkness each
day, with a constant temperature of 21+1 °C. The health
status of the mice was monitored daily during the course
of the treatment, and no adverse events were observed
throughout the experiment. The experimenters processing
the samples were blinded to the specific pharmacological
therapy being administered. Euthanasia of the mice was
performed either by CO, asphyxiation followed by cervical
dislocation or by isoflurane inhalation followed by perfusion
with 4% paraformaldehyde (PFA). All mice used in the
study were provided by the Animal Experiment Center
of Anhui Medical University, and the experiments were
performed under a project license (No. LLSC20211513)
granted by the Biology Committee of Anhui Medical
University, in compliance with Anhui Medical University
guidelines for the care and use of animals. A protocol was
prepared before the study without registration.

Animal study design

In this study, 40 seven-day-old C57BL/6] mice, housed
in a total of 8 cages, were randomly assigned to one of
four groups: three experimental antibiotic groups and one
control group, with 10 mice per group (Figure I). The mice
in the antibiotic group received oral ceftriaxone via gavage,
administered twice daily for 7 days, at a dose of 80 pg/g.
Simultaneously, the control group received an oral gavage
of the vehicle (water) twice daily for the same duration.
On the 8th day, the antibiotic-treated mice were subjected
to a 14-day gut microbiota intervention phase, consisting
of three groups: the Bifidobacterium transplantation
group (administered at a dose of 1x10" CFU/g; Shanghai
Shangyao Xinyi Pharmaceutical Factory Company Limited,
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Figure 1 Study design. C57BL/6] mice were oral antibiotic by gavage or vehicle (water) from days 1 to 7. From day 8 to day 21, mice were

given Bifidobacterium suspension, fecal bacteria suspension or vehicle (water). Con group: mice oral vehicle (water) by gavage twice daily

for 21 days; bif group: mice oral antibiotic by gavage twice daily for 7 days and Bifidobacterium suspension for 14 days; fmt group: mice oral

antibiotic by gavage twice daily for 7 days and fecal microbiota suspension for 14 days; neg group: mice oral antibiotic by gavage twice daily
for 7 days and vehicle (water) for 14 days. MWM, Morris water maze; SCFA, short-chain fatty acid.

S$10970104, China), the fecal microbiota transplantation
group, and a negative control group receiving water
intervention. The fecal bacteria transplantation solution
comes from normal healthy adult mice. The physical
growth and development of mice in each group were
monitored to ensure normal progress throughout the
experiment. Following completion of behavioural testing
by Morris water maze (MWM), all mice were euthanized.
Faecal pellets were collected on the 1st day, 7th day, and
21st day for 16S Illumina sequencing and LC-MS analysis.
The hippocampus is a key structure involved in memory
and learning, thus we chose hippocampal tissues from these
mice for western blotting (WB) and immunohistochemistry
(IHC) to detect brain NSE, MBP, and IBA1. Adequate and
consistent feed was provided to all groups to minimize any
confounding effects. During the experiment, the operator
was unaware of the group assignments to minimize bias
introduced by their actions.

Preparation of fecal microbiota transplantation suspension

We collected fresh feces from two normal adult mice
early in the morning on the day of fecal microbiota
transplantation and weighed them. The feces were
immediately mixed with sterile saline (1:5, w/v) and
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sealed. The mixture was thoroughly homogenized in an
anaerobic environment and then filtered through successive
layers of gauze (10 mesh, 30 mesh, 60 mesh, 100 mesh)
to remove large particles. The filtrate was collected into
sterile centrifuge tubes. The suspension was centrifuged at
3,000 rpm for 3 minutes at 4 °C in a refrigerated centrifuge.
The supernatant was discarded, and the pellet was
resuspended in an equal volume of saline, vortexed, and
centrifuged again. This washing step was repeated three
times. The final pellet was resuspended in saline to obtain
the fecal microbiota filtrate. All steps were performed at low
temperatures as much as possible, with the entire process
completed within one hour. Based on the clinical dosage
used for human fecal microbiota suspension (1.67 g/kg/day),
the fecal microbiota transplantation dose was calculated to
be 8.4 ul./g/day, administered once daily by gavage (16).

Gut microbiota sequencing

Immediately after collection, the faecal samples were
stored at -80 °C. Genomic DNA extraction from the faecal
samples was performed using cetyl trimethyl ammonium
bromide. Subsequently, polymerase chain reaction (PCR)
amplification of specific regions of the 16S rRNA gene
(16S V3-V4) was conducted using primers with barcodes
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(341F-806R, 5'-CCTAYGGGRBGCASCAG, and
5'-GGACTACNNGGGTATCTAAT). The amplified
products were then purified by excising the target bands and
subjected to library construction. Sequencing was performed
on the IonS5TMXL sequencing platform (Thermo Fisher
Scientific, Waltham, MA, USA). The obtained sequencing
data underwent quality control, filtering, and removal of
chimeras using UPARSE software (UPARSE v7.0.1001) to
generate cleaned data. Representative sequences for each
operational taxonomic unit (OTU) were selected from the
cleaned data. Taxonomic information for the representative
sequences was annotated using the Silva Database based on
the Mothur algorithm. Standardization of OTU abundance
information was performed, followed by subsequent data
analysis.

Mass spectrometry (MS)

Fresh mouse faecal samples were collected and immediately
stored at -80 °C until further analysis. To prepare the
samples, the feces were homogenized in nanopure water
(25 mg/mL) for 5 minutes, followed by centrifugation
at 14,000 rpm and 4 °C for 10 minutes. Then, 160 pL
of the resulting supernatant was incubated with 20 pL
of 0.1 M BHA in MeOH and 20 pL of 0.25 M EDC in
MeOH at 25 °C for 1 hour. After the incubation, the faecal
extract was diluted 3-fold in 50% aqueous MeOH. Next,
200 pL of the diluted sample was extracted with 600 pL. of
dichloromethane through vigorous shaking for 10 minutes.
Following centrifugation, 200 pL of the lower organic
layer was transferred and evaporated using an SPE-dryer at
40 °C. The resulting residue was reconstituted in 200 pL
of 50% aqueous MeOH, briefly vortexed, and centrifuged
prior to a 5-pL injection for LC-MS/MS. Chromatographic
separations were performed on a Waters C18 stationary
phase column (2.1 mm x 50 mm, 1.8 pm). The mobile
phases consisted of 100% MeOH (B) and nanopure water
(A). A gradient elution method was used with the following
conditions: 0 to 4 minutes, 32% to 60% B; 4 to 4.8 minutes,
60% to 65% B; 4.8 to 4.9 minutes, 65% to 98% B; 4.9
to 5.2 minutes, 98% B; and 5.3 minutes to 32% B for re-
equilibration. The flow rate was set at 0.40 mL/min, and the
column temperature was maintained at 45 °C. Throughout
the analysis, the autosampler was kept at 5 °C. MS was
performed in selected reaction monitoring mode and
positive ionization mode, with optimized parameters using
SCFAs standards. The optimized ion source parameters
were as follows: collision gas (CAD) 7, curtain gas (CUR)
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35, ion spray voltage (IS) 5000, and source temperature
(TEM) 550 °C (17). A calibration curve was generated using
SCFAs standards.

WB

Tissue samples were stored at -80 °C until further analysis.
For brain tissue, it was homogenized in RIPA buffer,
and the protein concentration was measured using a
bicinchoninic acid (BCA) protein quantification assay. The
resulting suspension was diluted in 5X buffer and boiled for
15 minutes. Electrophoresis was performed using a voltage
of 75 V for the concentrated gel phase and 120 V for the
separation gel phase. The proteins were subsequently
transferred onto PVDF membranes using transfer buffer
at a constant current of 300 mA for 30 minutes. To
prevent nonspecific binding, the membranes were blocked
with 5% milk (w/v) in TBST (50 mM Tris, 150 mM
NaCl, 1% Tween) for 30 minutes. Next, the membranes
were incubated overnight at 4 °C with specific mouse
antibodies or mouse anti-B-actin. On the following day, the
membranes were washed with TBST and then incubated
with a secondary antibody for 30 minutes. After another
round of washing, the membranes were incubated with an
enhanced chemiluminescence (ECL) WB substrate. Finally,
the membranes were imaged using the Bio-Rad Image Lab
system.

IHC

Brain tissue samples were fixed overnight in 4% PFA
and then sliced into 5 mm-thick sections. These sections
underwent deparaffinization and dehydration using a
gradient of ethanol. To block endogenous peroxidase
activity, the sections were treated with 3% H,O, and then
underwent high-pressure antigen retrieval using citrate
buffer solution (pH =6.0). Subsequently, the sections were
blocked with goat serum. For immunostaining, sections
were incubated overnight at 4 °C with primary antibodies,
including Anti-NSE Neuronal Marker (ab53025, Abcam,
Cambridge, UK), recombinant Anti-Ibal antibody
(ab178846, Abcam), and Anti-MBP antibody (ab40390,
Abcam). After washing with TBST, the sections were
incubated with biotinylated secondary antibody (goat
anti-mouse-rabbit IgG) for 2 hours. For visualization, the
sections were stained with DAKO Liquid DAB+ substrate
chromogen system for 30 seconds. Following a water
wash, the slides were counterstained with haematoxylin
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Table 1 Baseline characteristics of each group
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Group Antibiotic group (n=30) No-antibiotic group (n=30) P value
Gestational age (weeks) 38.57+0.80 38.55+0.83 0.92
Male:female, n 16:14 17:13 0.79
Weight (g) 3,270.37+328.37 3,346.77+342.12 0.38
NBNA score 38.50+0.73 38.77+0.68 0.14
AA (days 1-3) 5.17+1.23 5.15+1.07 0.95
PA (days 1-3) 0.32+0.34 0.38+0.37 0.52
BA (days 1-3) 0 0 -
AA (days 7-10) 131.27+10.90 179.44+35.04 <0.001
PA (days 7-10) 101.06+6.81 187.71+£42.94 <0.001
BA (days 7-10) 3.30+1.06 16.71+6.04 <0.001

The data are presented as mean =+ standard deviation unless otherwise indicated. NBNA, neonatal behavioral neurological assessment;

AA, acetic acid; PA, propanoic acid; BA, butyric acid.

and then mounted. We conducted immunohistochemical
quantification analysis of IBAl-positive microglial cells,
NSE-positive neurons, and MBP-positive oligodendrocytes
using Image J software, focusing primarily on three regions
of the hippocampus: cornu ammonis 1 (CAl), cornu
ammonis 3 (CA3), or dentate gyrus (DG). These regions
play pivotal roles in neuroscience and cognitive research.

MWM

The MWM is a well-established method used to assess
cognitive processes in mice, specifically spatial learning and
memory. In this study, we employed the MWM paradigm
to evaluate spatial learning and memory in a circular
swimming arena with a diameter of 120 cm. The arena was
filled with a nontoxic white pigment suspension maintained
at a temperature of 26x1 °C. To locate a submerged platform
with a diameter of 10 cm, the mice relied on distal visual
cues. The MWM protocol included two days of learning
trials, followed by five days of visual cue tests, and finally,
one day of probe tests. Each daily session consisted of four
swimming trials, with a 15-minute interval between trials.
The starting positions for the learning trials and visual cue
tests were randomly assigned from four different locations.
Video hardware and Ethovision software from Noldus (the
Netherlands) were utilized to record the swimming paths
of the mice. If a mouse failed to find the platform within
120 seconds, it was gently guided to the platform and
allowed to remain there for 10 seconds. The probe trials,
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which assessed reference memory, were conducted on the
ninth day when the platform was absent. In these trials, the
swimming trial began from the quadrant opposite to the
target quadrant where the platform had been located.

Statistical analysis

Statistical analysis was performed using SPSS version 23.0
(IBM Corp., Armonk, NY, USA). The data were presented
as mean = standard deviation. To determine differences
between the groups, a one-way analysis of variance followed
by the Bonferroni post-test was employed. The data
obtained from the MWM were analyzed using repeated-
measures analysis of variance (ANOVA). Statistical
significance was considered when the P value was less
than 0.05. For data visualization, Image] version 1.53
(National Institutes of Health), GraphPad Prism version
9.0 (GraphPad Software, La Jolla, CA, USA), and Adobe
Tllustrator CC 2021 (Adobe Software, San Jose, CA, USA)

were used.

Results

The association between antibiotic use, NBNA scores, and
fecal SCFAs levels in newborns (1able 1)

The neonates who did not receive antibiotics demonstrated
higher NBNA scores compared to those who did receive
antibiotics, although the difference was not statistically
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Figure 2 After one week of antibiotic treatment in mice, gut dysbiosis occurred. Subsequent administration of Lactobacillus via gavage and

fecal microbiota transplantation for two weeks resulted in varying degrees of gut microbiota restoration. (A) a-diversity; (B) B-diversity

(day 7); (C) B-diversity (day 21); (D) phylum abundance; (E) family abundance. Con group: mice oral vehicle (water) by gavage twice daily

for 21 days; anti group: mice oral antibiotic by gavage twice daily for 7 days, including the con group and the neg group; bif group: mice oral

antibiotic by gavage twice daily for 7 days and Bifidobacterium suspension for 14 days; fmt group: mice oral antibiotic by gavage twice daily

for 7 days and fecal microbiota suspension for 14 days; neg group: mice oral antibiotic by gavage twice daily for 7 days and vehicle (water)

for 14 days.

significant. No significant differences were observed in the
levels of acetate, propionate, and butyrate in the first fecal
samples between the two groups of newborns. On days 7-10,
the levels of all three SCFAs were higher in the group of

neonates who did not receive antibiotics.

Differential colonization of the gut microbiota between
different groups

16S Illumina sequencing was employed to analyze the
bacterial community and identify changes in the gut
microbiota among neonatal mice treated with antibiotics

© Translational Pediatrics. All rights reserved.

compared to control mice at day 7. The ten most abundant
phyla were examined to assess the recovery of the gut
microbiota following interventions such as Bifidobacterium
transplant, fecal bacteria transplant, and water treatment.
Antibiotic administration resulted in significant alterations
in bacterial communities, indicating a disturbance in
microbiota-gut homeostasis. Alpha-diversity metrics, were
significantly lower (P<0.001) in the antibiotic-treated
group, indicating a less diverse bacterial community
compared to controls (Figure 24). Phylogenetic (weighted
UniFrac) beta-diversity indices on day 7 confirmed the
significant disparity between the antibiotic and control
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Figure 3 SCFAs concentrations in fecal pellets measured by mass spectrometry indicate that gut microbiota imbalance affects SCFA

production, with butyrate being the most severely impacted and least readily restored. (A) The concentration of AA in the feces of different

groups of mice at various time points; (B) the concentration of PA in the feces of different groups of mice at various time points; (C) the

concentration of BA in the feces of different groups of mice at various time points. The blanks indicated that the concentrations of PA and

BA were too low to be detected on day 1 and day 7. Con group: mice oral vehicle (water) by gavage twice daily for 21 days; bif group: mice

oral antibiotic by gavage twice daily for 7 days and Bifidobacterium suspension for 14 days; fmt group: mice oral antibiotic by gavage twice

daily for 7 days and fecal microbiota suspension for 14 days; neg group: mice oral antibiotic by gavage twice daily for 7 days and vehicle (water)

for 14 days. SCFA, short-chain fatty acid; AA, acetic acid; PA, propionic acid; BA, butyric acid.

groups (Figure 2B). Furthermore, the beta-diversity indices
on day 21 revealed significant dissimilarity among the four
groups (Figure 2C). In control mice, Firmicutes dominated
on the first day (68%), followed by rapid establishment
and predominance of Bacteroidota on the 7th day (63%).
By the 21st day, Bacteroidota accounted for 86% of the
bacterial community. Over time, additional microbial
species colonized the intestines, leading to a balanced
and abundant intestinal microecology. In contrast, in
the antibiotic-treated groups, Firmicutes was the sole
surviving phylum after one week of antibiotic administration,
comprising 99% of the microbiota, while the relative
abundances of Bacteriodetes and Actinobacteria decreased
to nearly undetectable levels (Figure 2D). This established
an ideal dysbiosis model. Detailed bacterial changes are
depicted in Figure 2F, where Bacteroidaceae, Muribaculaceae,
Lactobacillaceae, Lachnospiraceae, and Oscillospiraceae were
detected in all groups on the 21st day but were absent in the
antibiotic administration groups on the 7th day.

The levels of SCFEASs different groups

LC-MS was utilized to quantify the levels of SCFAs,
including acetic acid (AA), propanoic acid (PA), and butyric
acid (BA), in mouse feces on days 1, 7, and 21 (Figure 3). In
the control mice, SCFAs were expected to be present at a
low level at birth and gradually increase over time, playing
a role in establishing gut microbiota homeostasis. However,
following antibiotic administration, the production of
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SCFAs significantly decreased, particularly PA and BA,
which were nearly undetectable (P<0.001; P<0.001)
(Figure 3B,3C). By day 21, the levels of SCFAs in all groups
exhibited varying degrees of increase after gut microbiota
intervention, consistent with the recovery of the gut
microbiota.

Cognitive differences between different groups

We employed the MWM to evaluate the impact of neonatal
gut dysbiosis on cognitive processes. By utilizing the
MWM, neonatal mice with gut dysbiosis demonstrated a
significantly lower exploration ratio in the target quadrant
compared to the control group, indicating impaired learning
ability. Over the course of 5-day training, all groups showed
a decrease in escape latency (Figure 44). Additionally,
throughout the training period, the percentage of swimming
time spent in the target quadrant increased for all groups
(Figure 4B). Overall, the cognitive function of the control
group exhibited the highest performance, while the negative
intervention group displayed the poorest cognitive function.
In the probe trial, it was observed that the control group mice
spent the longest time in the target quadrant (Figure 4C) and
crossed the platform the most frequently compared to the
other groups (Figure 4D). The Bifidobacterium group and
the fecal microbiota transplantation group spent more time
in the target quadrant (Figure 4C) and crossed the platform
more frequently than the negative group (Figure 4D), with
all differences being statistically significant.

Transl Pediatr 2024;13(8):1312-1326 | https://dx.doi.org/10.21037/tp-24-128



1320 Zhang et al. CFA changes impact brain development in dysbiotic mice

A B
80 -+ -@- Con 80 - -e- Con
-m- Bif € -=- Bif
? 60 - -&- Fmt g 60 4 -x-Fmt
> ¥ Neg g— -+ Neg
8 2
S 40 1 ‘€ 40 -
g £
§ 20 s
N o 20 A
. E
X
0 T T T T T 0 T T T T T
1 2 3 4 5 1 2 3 4 5
Visual cue tests days Visual cue tests days
c 60 - P<0.001 D 5o P<0.001 I
P-0.001 P=0.03
: —

P<0.001

The percentage of the time
spent in the target quadrant, %
Platform crossover number

Con Bif Fmt  Neg

Figure 4 Gut dysbiosis mice exhibit learning disability in the MWM, which was remitted by gut microbiota rebuild intervention. Spatial
learning was assessed as a function of training day with respect to the following parameters: (A) escape latency and (B) percentage of time
spent in the target quadrant. Repeated-measures ANOVA analyzed data of MWM. (A) a: P<0.001, con versus bif or fmt; b: P<0.001, bif or
fmt versus neg; c¢: P<0.001, neg versus con. (B) a: P<0.001, con versus bif; b: P=0.001, bif versus fmt; ¢: P<0.001, con versus fmg; d: P<0.001,
fmt versus neg. Spatial memory is evaluated as a function of detection tests on the following parameters: (C) the percentage of the time
spent in the target quadrant and (D) platform crossover number. Repeated-measures ANOVA analyzed data of MWM. Con group: mice
oral vehicle (water) by gavage twice daily for 21 days; bif group: mice oral antibiotic by gavage twice daily for 7 days and Bifidobacterium
suspension for 14 days; fmt group: mice oral antibiotic by gavage twice daily for 7 days and fecal microbiota suspension for 14 days; neg
group: mice oral antibiotic by gavage twice daily for 7 days and vehicle (water) for 14 days. MWM, Morris water maze; ANOVA, analysis of

variance.
The expression of brain-related proteins in gut microbiota cognitive function, we examined MBP expression using both
dysbiosis WB and IHC. MBP deposition serves as a reliable marker

for evaluating myelin synthesis. In comparison to the
control group, the antibiotic-treated groups (Bifidobacterium
transplantation group, fecal microbiota transplantation

We examined the impact of gut dysbiosis on brain function
by assessing neuronal development, myelin formation, and
microglial changes. The hippocampus, known for its role in group, and negative intervention group) exhibited lower

memory and learning, was selected for investigation. MBP expression in the WB analysis (Figure 5). Similarly,

Neuronal development was evaluated through the the THC results demonstrated that the control group

measurement of NSE expression in all groups (Figures 5,6). displayed a substantial increase in MBP-immunoreactive

NSE is considered an indicator of neuronal maturation. fibers compared to the antibiotic groups, with a consistent

Protein blot and immunohistochemical (IHC) analyses trend observed across all three groups (Figure 6).

revealed no significant differences in NSE expression Reduced expression of IBA1 in microglia is indicative

among the groups. of dystrophic microglial loss of IBA1 immunoreactivity.
To assess myelin’s relevance to memory formation and Results from IHC showed that the negative intervention
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Figure 5 Expression level of NSE, IBA1 and MBP i vivo experiment. NSE expression showed no significant differences among groups,
while IBA1 and MBP were affected by gut microbiota dysbiosis. Con group: mice oral vehicle (water) by gavage twice daily for 21 days; bif
group: mice oral antibiotic by gavage twice daily for 7 days and Bifidobacterium suspension for 14 days; fmt group: mice oral antibiotic by
gavage twice daily for 7 days and fecal microbiota suspension for 14 days; neg group: mice oral antibiotic by gavage twice daily for 7 days and

vehicle (water) for 14 days. MBP, myelin basic proteins; IBA1, ionized calcium binding adaptor molecule-1; NSE, neuron-specific enolase.

Con

Bif

Fmt
Neg
P<0.001 e 400 P=0.002
.1 1S 7 P=002

40 7 -0. -
< Iﬂl = Con 3 B Con
€ 304 P=0.007  mm Bif E 300 = Bif
5 = Fmt = B3 Fmt
3] =
= o0 —— B Neg 8 200 A = Neg
g 2
o =
O 10+ g 100
< 2

0- g o -
NSE MBP - IBA1

Figure 6 Photomicrographs of immunohistochemical markers showing NSE positivity, IBA1 positivity, and MBP positivity (20x). NSE
expression showed no significant differences among groups, while IBA1 and MBP were affected by gut microbiota dysbiosis. Con group:
mice oral vehicle (water) by gavage twice daily for 21 days; bif group: mice oral antibiotic by gavage twice daily for 7 days and Bifidobacterium
suspension for 14 days; fmt group: mice oral antibiotic by gavage twice daily for 7 days and fecal microbiota suspension for 14 days;
neg group: mice oral antibiotic by gavage twice daily for 7 days and vehicle (water) for 14 days. IBA1, Ionized calcium binding adaptor

molecule-1; MBP, myelin basic proteins; NSE, neuron-specific enolase; ns, none significant.
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group had lower expression levels compared to the control
group (Figure 6), implying that neonatal dysbiosis may
lead to IBAI loss and dystrophic microglia. In contrast,
WB analysis demonstrated that gut microbiota restoration
interventions, fecal microbiota transplantation, effectively
alleviated the damage, leading to even overexpression
of IBA1 (P=0.02) (Figure 5). Furthermore, IHC analysis
supported these findings, revealing a similar trend in the
distribution of IBA1-positive microglia. Comparative
analysis indicated that the gut microbiota intervention
groups exhibited the highest density of IBAl-positive
cells, while the negative intervention group had the lowest

(Figure 6).

Discussion

The period immediately following birth is widely
recognized as a critical window for development, during
which multiple organs and physiological functions of
the body remain immature. During early life, epigenetic
processes play a crucial role in regulating gene expression
and exert significant influence on long-term health
outcomes (3). These processes serve as the primary
mechanism for developmental programming. The highest
degree of epigenetic imprinting occurs within the initial
two years of life and is closely linked to early-life
nutrition as well as the development of diseases such as
asthma, allergies, obesity, and diabetes later in life (2).
The epigenetic mechanisms responsible for early-life
inflammation and maintaining intestinal barrier integrity
are modulated by the gut microbiota (2). Throughout the
critical phase of early development, infant nutrition plays
a pivotal role in shaping the composition and maturation
of both the gut microbiota and the infant immune system,
steering them towards a healthy adult-like state (3). The
brain undergoes rapid developmental changes during the
initial year after birth, and early nutrition plays a critical
role in providing the necessary building blocks for proper
brain structure formation. Early weaning can also affect
brain development in mice, potentially leading to behavioral
disorders and microglial activation (18). Additionally,
through epigenetic mechanisms involving chromatin
modifications, nutrition can influence gene expression and
modify genes associated with synaptic plasticity. In this
context, the gut microbiota and its metabolites play a pivotal
role. SCFAs not only serve as energy sources for the body
but can also traverse the blood-brain barrier to interact with
freely expressed fatty acid receptors in the brain or exert

© Translational Pediatrics. All rights reserved.

their effects through epigenetic mechanisms.

Previous studies have shown that early-life microbial
disruption alters the expression of myelin-related genes
in the prefrontal cortex and changes the morphology of
basolateral amygdala microglia (19). Maternal antibiotic
use and changes in gut microbiota can also affect the social
abilities and cognitive behaviors of newborns, leading to
the development of depression (20,21). In our previous
investigations, we have observed that the administration
of antibiotics disrupts the establishment of gut microbiota
colonization in the intestines of newborns (22). In the
current study, we have also identified a notable decrease
in the levels of SCFAs detected in the fecal samples of
newborns receiving antibiotics, accompanied by lower
NBNA scores. Although these differences did not reach
statistical significance, it is plausible that the relatively brief
duration of the study might not have provided sufficient
time to discern substantial disparities in macroscopic
functional assessments. Our study aims to examine the
interplay between SCFAs, brain neurodevelopment, and
cognitive function in neonatal mice experiencing dysbiosis
of the gut microbiota. To accomplish this, we have
established a mouse model of gut dysbiosis.

The gut microbiota plays a crucial role in the
development of the nervous system in neonates, facilitating
nerve growth and myelination. In the course of this
investigation, we observed cognitive deficits in mice
exhibiting dysbiosis of the gut microbiota when subjected
to the water maze experiment. In our study, we identified
a notable elevation in Firmicutes and an absence of
Bacteroidetes in newborn mice treated with antibiotics.
Firmicutes have been associated with the maintenance of
cognitive function (23) and gut physiology (24), and they
play a critical role in the bidirectional communication
between the microbiota, gut, and brain axis (MGB axis).
The use of antibiotics has been observed to result in
a deficiency of Bacteroidetes, which is crucial for the
production of SCFAs. Moreover, at the family level, certain
microbiota groups such as Bacteroidaceae, Muribaculaceae,
and Lachnospiraceae, which contribute significantly to the
production of SCFAs, were found to be diminished in the
antibiotic-treated group. Interestingly, these microbiota
groups were partially restored through the administration
of bifidobacteria or fecal transplants, leading to an increase
in the production of SCFAs in the mouse feces. This finding
aligns with the overall trend observed in the gut microbiota.
Notably, the antibiotic-treated group exhibited a significant
reduction in AA, PA, and BA levels in the feces, suggesting
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that alterations in the gut microbiota may account for these
changes. However, it is important to mention that there
was a partial recovery of the gut microbiota and an increase
in SCFAs production in mice following bifidobacteria and
fecal transplants.

SCFAs have the capacity to interact with various G
protein-coupled receptors (25), exerting diverse effects
through the regulation of gene expression in immune
cells and inhibition of histone deacetylase as an epigenetic
factor (26). These actions influence the CNS by modulating
neuroplasticity, epigenetics, and gene expression. Notably,
BA has demonstrated anti-inflammatory properties within
the body. Furthermore, it has been found to synergize
with glutarate in promoting neuronal maturation and
directly regulating nerve function (27). In the context of
neurodegenerative diseases, such as multiple sclerosis, the
impact of BA on myelin formation in adults is a crucial
element, whereas PA shows potential benefits for addressing
CNS abnormalities like demyelination in these conditions.
SCFAs also have the capacity to influence the nervous
system by regulating the release of hunger hormones from
adipocytes in the gastrointestinal tract, thereby potentially
improving cognition and memory (28). Reduced production
of SCFAs is frequently observed in models of intestinal
disorders (29). In our study, newborn mice treated with
antibiotics exhibited varying degrees of cognitive impairment
compared to the control group. However, upon administration
of probiotics or fecal transplants, the gut microbiota was
restored, endogenous levels of SCFAs increased, and cognitive
function showed some signs of improvement. Furthermore,
exogenous supplementation of SCFAs also demonstrated
therapeutic effects in addressing the disease (29,30), with a
positive correlation observed between SCFAs supplementation
and behavioral outcomes (30).

The appearance of NSE is correlated with the
differentiation and functional maturation of neuronal cells.
In this study, the expression of neuronal NSE in mouse
brain tissues among different groups showed no statistically
significant differences, suggesting that early dysbiosis of gut
microbiota and abnormal production of SCFAs may not
exert an impact on neuronal differentiation and functional
maturation. Yu et a/. suggested that BA could reverse
impairments in cognitive function and synaptic plasticity
caused by a maternal low-fibre diet (31). Research has
already proven that sodium-butyrate treatment can recover
the expression of synaptic-related proteins and ameliorate
synaptic plasticity to maintain nervous system function (32),
which shows the critical roles SCFAs play in the function
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of synapses. Considering the significant decreases in SCFAs
during dysbiosis and the role of SCFAs in the function
of synapses, the influence of dysbiosis-related neuronal
function is still worthy of further study.

During the early stages of life in both humans and mice,
the majority of CNS myelination takes place (33). This
process coincides with the expression of MBP, which is
primarily observed in mature oligodendrocytes (33). Mice
with dysbiosis during early-stage exhibit reduced levels of
MBP, which can be restored through intervention targeting
the gut microbiota. In this study, neonatal mice with
dysbiosis exhibited notable immaturity in myelinization,
indicating a potential impact on cognitive function. This
effect, however, could be mitigated by implementing a gut
microbiota recovery intervention. Keogh suggested that
myelin dysregulation caused by antibiotic-induced dysbiosis
could be prevented by SCFA supplementation (11). Our
study yielded contrasting results from previous findings,
which demonstrated that dysbiosis-induced reduction in
SCFAs actually stimulated the expression of genes associated
with myelination. It is possible that there are alternative
approaches yet to be explored for regulating the intricate
process of myelination, which were not investigated in our
study. However, we observed that mice with restored gut
microbiota exhibited a more normalized expression of MBP
compared to those in the negative intervention group. This
expression pattern closely mirrored the variation trend of
SCFAs, particularly butyrate.

Microglia, as proficient immune cells of the brain, play
a crucial role in preserving brain function. As previously
demonstrated, microglia exhibit a response to the maternal
microbiota during prenatal development (34). The
influence of the gut microbiota on the brain exhibits spatial
and temporal variations during the early stages of life (34).
These effects on microglial function have the potential
to modulate synaptic pruning, a critical process in which
microglia play a significant role (35). The gut microbiota
potentially plays a role in mediating the maturation and
activation of microglia in the CNS. The absence of gut
microbiota, particularly those related to SCFAs, can
result in disruptions in the maturation, differentiation,
and function of microglia (36). SCFAs serve as crucial
signaling molecules in the development of microglia within
the CNS (36). In this study, we have presented evidence
demonstrating that neonatal gut dysbiosis disrupts the
functionality of microglia, as evidenced by altered expression
of IBA1, accompanied by a reduction in SCFAs. It has been
suggested that restoring gut microbiota homeostasis and
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increasing SCFA levels may enhance microglial function.
However, the precise mechanisms underlying the response
to SCFA signaling remain poorly understood and require
further investigation.

Early nutrition is closely related to the establishment
of intestinal homeostasis, which may influence organismal
development and is potentially linked to epigenetic
regulatory pathways mediated by SCFAs. This is
particularly significant in the context of neurodevelopment,
as the establishment of early intestinal homeostasis is crucial
throughout the lifespan. Our study indicates that SCFAs
may play a vital role in the various potential mechanisms
by which early life intestinal homeostasis affects the
development of the CNS.

Conclusions

This research demonstrates that the establishment of gut
microbiota homeostasis in neonates has an impact on the
generation of SCFAs, which may be a contributing factor
affecting cognitive function. In mice with disrupted gut
homeostasis, a decrease in SCFA production and impaired
cognitive function were observed, along with aberrant
expression of proteins related to brain functional cells.
Although no mechanistic investigations were undertaken
in this study, future studies could aim to elucidate the
mechanisms underlying the impact of SCFAs on the
development of different brain functional cells.
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