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This study was conducted to evaluate the possibility of using heated-inactivated lactobacilli to protect neonates
from harmful effects of antibiotics. Thirty neonate mice were randomly divided into three groups of ten and treated
with either sterilized water, an antibiotics cocktail, or the same antibiotics plus heat-inactivated Lactobacillus
paracasei N1115. The administration of antibiotics significantly increased the serum interleukin-6 (IL-6) levels of
the tested mice (p<0.01, p<0.001, respectively) and decreased their serum corticosterone levels (p<0.01, p<0.01,
respectively). The colonic crypts were significantly less deep in mice treated with antibiotics and with antibiotics
plus N1115 (p<0.05). Antibiotics caused significantly abnormal expression of brain-derived neurotrophic factor
(BDNF), y-aminobutyric acid type A receptor al (GABA ,,;), Y-aminobutyric acid type B receptorl (GABA,),),
and 5-hydroxytryptamine receptorlA (5-HT,,) in the hippocampus (p<0.05, p<0.01, p<0.01, respectively) and
of GABA,,; in the prefrontal cortex (p<0.01). Heat-inactivated lactobacilli alleviated these abnormal changes.
Antibiotics greatly decreased the Shannon index of the fecal microbiota and significantly increased the number of
Proteobacteria (p<0.001), with fewer Bacteroidetes and Firmicutes (p<0.05). Antibiotics not only cause microbiota
dysbiosis, but also cause abnormal changes in important molecules in the gut-brain axis. All these abnormal
changes are alleviated by heat-inactivated L. paracasei N1115. This indicates that heat-inactivated L. paracasei
N1115 has a certain improvement effect on changes caused by antibiotics.
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INTRODUCTION

The microbiome is a complex microbial ecosystem of 100
trillion microorganisms residing in the intestinal tract. Microbiota
can affect the normal physiological functions of the body and
the host’s susceptibility to disease through involvement in
metabolic processes and interactions with the host [1]. There has
been research demonstrating that dysbiosis of the microbiota is
associated with some kinds of diseases, such as allergies, obesity,
and inflammatory bowel disease (IBD) [2-5].

Recent studies have suggested that the gut microbiota affects
not only the intestinal tract but also the organs far from the
gut. The brain and the gut are highly integrated organs. Recent

research indicated bidirectional communication between the
brain and the gut involving both passive and active mechanisms,
including neural, immunological, and endocrine pathways and
the hypothalamic-pituitary-adrenal (HPA) axis [6—8]. This
bidirectional communication is called the microbiome-gut-brain
(MGB) axis.

The first 2 years after birth are considered to be a critical
period for the gut microbiome development, with the load and
diversity of the intestinal flora changing significantly. During
this period, the gut microbiome development is complex and
influenced by multiple factors including mode of delivery,
feeding habits, diet and use of medications, such as antibiotics
and probiotics [ ]. This period is also one of the key periods
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in brain development [12]. The basic structure of the brain is
formed in utero, and the development of brain function begins
during this period; if any damage occurs to the brain, it may
have extensive impacts on the development of normal functions.
Evidence shows that changes in the gut microbiome in early life
are related to issues with cognition and memory function [11].
Antibiotics are commonly used as anti-infective drugs during
early life and can cause microbiota dysbiosis in the window
period of gut microbiota colonization. According to some studies,
antibiotic treatment can impair the cognition and memory of mice
[1, 13]. In some studies, the microbiome of mice with depression
or anxiety were significantly different from those of healthy mice
[14, 15]. Also, clinical studies show that the gut microbiota of
patients with depression, anxiety, or Alzheimer’s disease are
significantly different from those of healthy people [16—18]. Some
clinical trials show that patients with depression have higher
levels of Enterobacteriaceae and Alistipes and lower levels of
Faecalibacterium than healthy individuals [19]. However, the
mechanism by which the gut microbiota might interact with the
brain is still not fully understood.

The Food and Agriculture Organization of the United Nations
(FAO)/World Health Organization (WHO) defined probiotics
as “live microorganisms which when administered in adequate
amounts confer a health benefit on the host”. In recent years,
studies have shown that probiotics can improve an individual’s
physical health [20, 21]. Although many studies have investigated
the role of probiotics in the promotion of health, probiotics may
still have some side effects [22-24]. Moreover, heat-inactivated
lactobacilli may be a safer choice. Therefore, research is
underway to determine whether heat-inactivated lactobacilli can
play the same role as live lactobacilli. Although many studies
have investigated the relationship between the gut microbiota
and the brain, there are few studies related to heat-inactivated
lactobacilli.

In the present study, a mixture of ampicillin, vancomycin,
neomycin, bacitracin, imipenem and amphotericin B was
orally administered to neonatal mice to induce dysbiosis of the
intestinal microbiota of the mice in early life. Heat-inactivated
L. paracasei N1115 was also orally administered to the mice
treated with antibiotics throughout the course of the study.
After the intervention, the mice were evaluated for changes in
body weight, organ index, ileal villi depth, colonic crypt depth,
and the expression of the cytokines interleukin-6 (IL-6), tumor
necrosis factor-o. (TNF-a), corticosterone hormones, and some
brain signaling molecules. The fecal microbiota of the mice were
profiled by next-generation sequencing.

MATERIALS AND METHODS

Animals

Twelve pregnant Kunming mice were purchased from the
Institute of Laboratory Animal Sciences of the Sichuan Academy
of Medical Sciences and Sichuan Provincial People’s Hospital
(Sichuan, China). The mice were housed in a special pathogen-
free facility in individually ventilated plastic cages, and they had
free access to water and food. Light conditions (12-hr light/dark
cycle), temperature (22 + 1°C) and relative air humidity (55 + 5%)
were tightly controlled. Immediately after birth, pups from the
pregnant mice were randomly divided into three groups (n=10/
group): a vehicle group (Veh group), an antibiotics group (Abx

group), and a L. paracasei N1115 group (Abx+N1115 group).
All experimental procedures were performed in accordance with
the Guidelines for Animal Experiments at West China School of
Public Health, Sichuan University (Sichuan, China).

Antibiotic and probiotic treatment

A mixture of antibiotics consisting of 100 mg/kg ampicillin,
50 mg/kg vancomycin, 100 mg/kg neomycin,100 mg/kg
bacitracin, 50 mg/kg imipenem and 1 mg/kg amphotericin
B (Dalian MeilunBiotechnology, Dalian, China) was used to
deplete the gut microbiota [13]. L. paracasei N1115 was supplied
by Shijiazhuang Junlebao Dairy Co. Ltd. (Shijiazhuang, China).
A cell preparation of this bacterium was dissolved in sterile saline
and heated at 65°C for 2 hr. The solution was then centrifuged at
1,000 x g for 5 min and washed with phosphate-buffered saline.
The heat-inactivated L. paracasei N1115 re-suspended in distilled
water at a concentration of 10° CFU/mL.

The vehicle group was gavaged with distilled water once a day.
The Abx group and Abx+N1115 groups were gavaged with the
mixture of antibiotics once a day, while the Abx+ N1115 group
was also gavaged with 10° CFU per mouse of N1115. Intragastric
administration was performed using 24-gauge feeding needles
attached to a 1-mL syringe (Instech Laboratories, Inc., Plymouth
Meeting, PA, USA). The administered dose for each group was
10 pL from postnatal days (PND) 0 to 10 and 100 pL from PND
10 to 21 [25]. A fixed volume was administered, with the absolute
mass configured according to the body weight of the mice.

Enzyme-linked immunosorbent assay (ELISA)

Mice were sacrificed at PND 21. Blood samples were collected,
and serum levels of IL-6, TNF-a, and corticosterone were
measured using ELISA kits (R&D Systems Inc., Minneapolis,
MN, USA) according the manufacturer’s instructions.

Histopathology

The ileum and colon tissues of the mice were collected and
fixed in 10% neutral PBS formalin for 24 hr. The tissues were then
stained with hematoxylin and eosin. Optical microscopic images
were inspected by a pathologist blinded to the experimental
design. The length of the ileal villi and depth of the colonic crypts
were measured in at last three fields for each mouse.

Realtime polymerase chain reaction (RT-PCR)

Tissues were collected from the hippocampus and prefrontal
cortex of the mice at PND 21 and frozen at —80°C. The mRNA
expression levels of brain-derived neurotrophic factor (BDNF),
y-aminobutyric acid type Areceptor al (GABA ,,;), Y-aminobutyric
acid type B receptor 1 (GABAy,) and 5-hydroxytryptamine
receptor 1A (5-HT,,) were measured using RT-PCR. Total RNA
was extracted from the hippocampus and prefrontal cortex using a
TRIzol total RNA extraction kit (Chengdu Lanbo Biotechnology
Co., Ltd. Chengdu, China). Reverse transcription was performed
using an iScript™ gDNA Clear cDNA Synthesis Kit (Bio-Rad
Laboratories, Berkeley, CA, USA).

The reaction system included 5 pL of SsoFast EvaGreen
supermix, 0.3 pL of forward primer and 0.3 pL of reverse
primer. The PCR cycling conditions were as follows: the reaction
conditions were 95°C for 30 sec, followed by 40 cycles of 95°C
for 5 sec and Tm for 5 sec; the dissolution curve was read from
65°C to 95°C.
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Table 1. Real-time PCR primers

Target Sequences Amplicon (bp) Tm (°C)
B-actin Purchased from Sangon Biotech (Shanghai) Co., Ltd. Number: B661302 174 60
BDNF F: 5- TGG AAC TCG CAA TGC CGAACT AC -3’ 88 58
R: 5’- TCC TTA TGA ATC GCC AGC CAATTC TC -3’

GABA,,; F:5-AAAAGT CGG GGT CTC TCT GAC -3’ 138 58
R:5’- CAG TCG GTC CAA AAT TCT TGT GA -3’

GABAy, F: 5'- ACG TCA CCT CGG AAG GTT G -3’ 107 57
R: 5- CAC AGG CAG GAA ATT GAT GGC -3°

5-HT 5 F: 5- TGG GCA ATC ACC GAC CCT AT -3° 179 55.5

R:5-TAC CCG TGG TCC TTG CTG AT -3’

B-actin (No. B661302, Sangon Biotech Co., Ltd., Shanghai,
China) was used as the invariant control, and the levels of mRNA
were expressed as fold changes after normalization to B-actin.
Primer sequences are listed in Table 1.

Next-generation sequencing

Fresh stool samples were collected and frozen at —80°C. Total
DNA was extracted using TTANamo Stool DNA kits (Tiangen
Biotech Co. Ltd., Beijing, China). The reaction for next-
generation sequencing was conducted as described in our previous
work [26]. The data from the next-generation sequencing in this
study can be found in NCBI BioProject database under accession
number PRINA546058.
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Fig. 1. Body weight and organ index.

Statistical analysis

All statistical analyses were performed using IBM SPSS 23.0
(IBM Corp., Armonk, NY, USA). The data were expressed as the
mean + SME. One-way ANOVA and the Kruskal-Wallis H-test
were used for comparisons between groups. A p value <0.05 was
considered statistically significant.

RESULTS

Body weight and organ index

There were no significant differences in body weight between
groups (Fig. la) or in adrenal index between the test groups
(Fig. 1b) at any timepoint. The spleen index of the mice in the
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(a) The weight of mice at postnatal day (PND) 0, 7, 14, and 21. There was no significant difference in body weight between groups at each time
point. Adrenal index, spleen index and thymus index of mice were calculated at PND 21. (b) There was no difference in adrenal index between
groups. (c) The spleen index of the vehicle group was significantly higher than that of the Abx+N1115 group (p<0.01). (d) The thymus index of
the vehicle group was significantly higher than that of the Abx group (p<0.01). **p<0.01 for intergroup comparisons.
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Abx+N1115 group was significantly decreased compared with
that in the vehicle group (p<0.01) (Fig. 1¢). The thymus index of
the Abx group was significantly decreased compared with that in
the vehicle group (p<0.01) (Fig. 1d). There were no significant
differences between the Abx and Abx+N1115 groups for these
parameters.

Changes in serum cytokines and corticosterone

At the end of the experiment, some cytokines and endocrine
hormones in serum showed a significant change in the different
groups. IL-6 in the Abx group significantly increased compared
with those in the vehicle group (p<0.01) and the Abx+N1115
group (p<0.001), but there was no difference between the vehicle
group and the Abx+N1115 group (Fig. 2a). The corticosterone
level in the Abx group was significantly decreased (p<0.01)
compared with that in the vehicle group, while the Abx+N1115
group showed no difference compared with the vehicle group
(Fig. 2¢). There was no difference in TNF-a level in any groups
(Fig. 2b).

Changes in intestinal pathology

Histological analysis of the intestinal morphology showed no
significant changes in the ileum villi between the groups (Fig.
3a). The depths of the colon crypts were significantly decreased
(p<0.05) in the mice treated with the mixture of antibiotics in the
Abx and Abx-+N1115 groups (Fig. 3b).

Changes in expression patterns of neural signaling-related
molecules in the brain

Since cognitive performance is impaired in antibiotic-treated
mice, we examined the cerebral expression of some neural
signaling-related molecules related to learning and memory,
which showed different changes in the hippocampus and
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prefrontal cortex. In the hippocampus, the mRNA expression of
BDNF, GABA ,,;, and 5-HT, , were significantly increased in the
Abx group compared with those in the vehicle group (p<0.05,
p<0.01, p<0.01, respectively) and the Abx+N1115 group (p<0.01,
p<0.001, p<0.01, respectively). The expression of GABA,,; in the
Abx group was significantly increased compared with that in the
Abx+N1115 group (p<0.05). However, there were no significant
differences between the vehicle group and the Abx+N1115 group
(Fig. 4).

The changes in the expression of neural signaling-related
molecules in the prefrontal cortex were completely different from
those in the hippocampus. The expression levels of GABA ,,; in
the Abx and the Abx+N1115 groups were significantly decreased
(p<0.001) compared with that in the vehicle group. However,
there were no differences in the levels of other neural signaling-
related molecules in the hippocampus among the three groups
(Fig. 5).

Structural changes in the gut microbiota

Treatment with antibiotics and probiotics significantly
changed the load and diversity of bacteria in the mice. We
analyzed microbial beta-diversity using principal coordinate
analysis (PCoA) based on a weighted UniFrac distance to clarify
differences in relative bacterial abundance and evolution between
the groups. The first principal component (PC1) captured 36.95%
of the variability, indicating a substantial shift in the composition
of the microbiota resulting from treatment with antibiotics
alone. PC2 captured 25.09% of the variability, indicating that
heat-inactivated L. paracasei N1115 restored the gut microbiota
disrupted by antibiotics to some extent. The profile of the
microbial composition of the Abx+ N1115 group clustered more
closely to the Abx group (Fig. 6), indicating that the use of
antibiotics in early life has a major impact on the gut microbiota.
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Fig. 2. Serum cytokines and corticosterone.

Serum were collected to detect the levels of cytokines and
corticosterone in the mice at PND21. (a) The level of IL-6 in
the Abx group was significantly higher than that of the vehicle
and Abx+N1115 groups (p<0.01; p<0.001, respectively).
(b) There were no significant differences between groups
in the level of TNF-a. (c) The level of corticosterone in the
Abx group was significantly lower than that of the vehicle
and Abx+NI1115 groups (p<0.01; p<0.01, respectively).
**p<0.01; ***p<0.001 for intergroup comparisons.
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Fig. 3. Results of pathology.
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The ileum and colon were collected for pathology. (a) There are no differences in length of ileal villi between groups. (b) The colonic
crypts are deeper in the vehicle group than in the Abx group and Abx+N1115 group (p<0.05; p<0.05, respectively). *p<0.05 for

intergroup comparisons.
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Fig. 4. mRNA expression in the hippocampus.
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Hippocampal tissue was collected and examined for the mRNA expression of BDNF, GABA ,,;, GABA,;, and 5-HT 5 reporters. (a) The
mRNA expression of BDNF in the Abx group is higher than those in the vehicle and Abx+N1115 groups (p<0.05; p<0.01, respectively).
(b) The mRNA expression of GABA,,; in the Abx group is higher than those in the vehicle and Abx+N1115 groups (p<0.01; p<0.001,
respectively). (c) The mRNA expression of GABAy; in the Abx group is higher than that in the Abx+N11115 group (p<0.05). (d) The
mRNA expression of 5-HT) , in the Abx group is higher than those in the vehicle and Abx+N1115 groups (p<0.01; p<0.01, respectively).

*p<0.05; **p<0.01; ***p<0.001 for intergroup comparisons.

Using probiotics at the same time also had some influence on the
composition of the microbiota of the mice.

Compared with the vehicle group, analysis of alpha diversity
via the Shannon index revealed a lower diversity in the mice in the
Abx and the Abx+N1115 groups (p<0.01, p<0.05, respectively)
(Fig. 7b). However, the Chaol index, which measures the
richness of the microbiota did not change after experimental

treatment (Fig. 7a).

The composition of the gut microbiota changed significantly,
both at the phylum and genus. At the phylum level, Proteobacteria
in the Abx and Abx+N1115groups were significantly increased
compared with the vehicle group (p<0.001), while Bacteroidetes
and Firmicutes were significantly decreased (p<0.05) in the
antibiotic-treated groups compared with the vehicle group. The
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b GABAAat

2.0 I
** = \/eh

. Abx
I Abx+N1115

relative expression
o
h

0.54

0.0-
s o
R W é\\\
I~
YLO
d 5-HT1A
25-
Il \eh
B Abx
5
B . Abx+N1115
[0
s
x
()
[
2
©
[

Prefrontal cortex tissue was collected and examined for the mRNA expression of BDNF, GABA ,,;, GABAy,, and 5-HT,, reporters.
(a) There is no difference in the mRNA expression of BDNF between groups. (b) The mRNA expression of GABA ,,; is higher in the vehicle
group than in the Abx and Abx+N1115 groups (p<0.01; p<0.01, respectively). (c) There is no difference in the mRNA expression of GABA,;
between groups. (d) There is no difference in the mRNA expression of 5-HT 5 between groups. **p<0.01 for intergroup comparisons.

Bacteroidetes to Firmicutes ratio was also significantly decreased
in the antibiotic-treated mice (Table 2 and Fig. 8a).

At the genus level, the abundances of Bacteroides and
Enterobacter were significantly decreased (p<0.01) and increased
(p<0.05), respectively, in the mice of the Abx+N1115 group
compared with the vehicle group, while there were no differences
between the Abx and vehicle groups. The numbers of Erwinia,
Fusobacterium, Granulicatella, Neisseria, and Streptococcus in
the Abx group were significantly increased compared with the
vehicle group (p<0.05, p<0.05, p<0.05, p<0.01, respectively).
However, there were no differences in the levels of these
bacteria between the Abx+N1115 group and the vehicle group.
Klebsiella was significantly increased in the mice treated with
antibiotics and became the dominant bacterium (p<0.001). The
levels of Odoribacter, Parabacteroides and Ruminococcus in
the antibiotic-treated mice were significantly decreased (p<0.05,
p<0.001, p<0.05, respectively). Oscillospira and Prevotella
decreased in the Abx+N1115 group compared with the vehicle
group (p<0.001, p<0.05, respectively) (Table 3 and Fig. 8b).

DISCUSSION

Lactobacilli and bifidobacteria have been well-documented
as providing health benefits and are among the most important
microbes used as probiotics. However, accumulating scientific
evidence from both clinical and animal studies suggest that the
health risks of these microbes should not be ignored, especially

when used in infants, the elderly, or immunocompromised
patients. The WHO and the Food and Agriculture Organization
(FAO) of the United Nations have reported four types of side
effects that probiotics may cause: systemic infections, deleterious
metabolic activity, excessive immune stimulation in susceptible
individuals and gene transfer [27]. Inactivation of probiotics may
reduce the damage they can cause to the health of the host and
enhance the safety of probiotics. Increasing attention is being
focused on exploring the beneficial effects of heat-inactivated
Lactobacilli and bifidobacteria [28-30]. Previous studies have
demonstrated that even heat-inactivated Lactobacillus gasseri
TMCO0356 can express an immunomodulatory effect and protect
mice against influenza virus infection, as did the living cells of
this bacterium [31]. However, the health benefits of probiotics
are known to be strain-dependent. L. paracasei N1115 is a new
strain originally isolated from traditional fermented products
from Inner Mongolia which exhibits high-level resistance to acid
and bile stresses [32]. This bacterium has been found to possess
the ability to enhance host immunity to protect the elderly from
upper respiratory tract infections [33]. Studies have also shown
that L. paracasei N1115 can alleviate the non-alcoholic fatty liver
disease (NAFLD) induced by a high-fat diet and slow down the
development of cirrhosis [34, 35]. As a newly isolated strain,
there are still few studies on this strain, and these studies have
all concentrated on its anti-inflammatory and immune-enhancing
effects. We believe that since the strain has a certain ability to
regulate immunity, the intestine, as an important part of the
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The Chaol index estimates the community richness. The higher the value is, the higher the level of species richness is. The Shannon index
estimates the community diversity. The higher the value is, the higher the level of species richness is. Compared with the vehicle group, analysis of
alpha diversity via the Shannon index revealed lower diversity in the mice in the Abx and Abx+N1115 groups (*p<0.01; **p<0.05, respectively).

Table 2. Mean relative abundance of different taxa at phylum level immune system, will also be affected. The immune system is also

Phylum veh (%) AbX (%) AbXINTILS (%) an important means of bidirectional comm}mication between the
F— 577 99 47%** 99 Tawret gu"[ and the br?un. Therc?fore, L. paracasei NlllS was tested in
Buacteroidetes 5 1' 63 0'21 N 0'05* th1.s study for its p.oten'_clal to affect the bre‘un t.hrough the MGB
Firmicutes 3 9: 64 O: g% O: 1% axis, using a heat-inactivated cell preparation in the presence of

antibiotics.

*p<0.05, ***p<0.001, comparing with veh.
#p<0.05, comparing with Abx.

Studies have shown that the use of antibiotics in early life
may be related to obesity, but this phenomenon occurs in later
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The figure shows the phylogenetic classifications of 16S rRNA gene frequencies at the phylum and genus levels. Each bar represents one group.
Each color represents a phylum (a) or genus (b). Rare taxa (<1%) are classified into others.

years [36, 37]. In the present study, such early life exposure
to antibiotics and probiotics also did not cause any changes in
body weight or apparent clinical symptoms [25, 26]. However,
the antibiotics used were found to damage the intestine structure
of the mice by decreasing the depth of colonic crypts. This may
be one of the mechanisms by which antibiotics can regulate or
impair the immune function of the host, at least in part.
Abnormal production of serum IL-6 is considered a hallmark
of the inflammation present in various diseases and unhealthy
physiological conditions. In the present study, the cocktail
of antibiotics significantly increased serum IL-6 in the mice,
indicating that the antibiotics enhanced the inflammatory

responses of the host animals when used in early life. The
heat-inactivated L. paracasei N1115 significantly alleviated the
negative influence of the antibiotics on serum IL-6 levels in the
mice. On the other hand, the antibiotics used did not influence the
serum TNF-a levels of the mice. These results agree with those
of previous studies in which antibiotic use also increased serum
IL-6 in mice suffering from microbiota dysbiosis induced by
antibiotics [38]. Heat-inactivated Lactobacillus rhamnosus GG
and Lactobacillus delbrueckii subsp. bulgaricus were found to
modulate immune responses by affecting human dendritic cells
[39]. Heat-inactivated Lactobacillus sakei probio 65 reduced the
level of IL-6 in serum and alleviated atopic dermatitis in mice
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Table 3. Mean relative abundance of different taxa at genus level

Genus veh (%) Abx (%) Abx+N1115 (%)
Bacteroides 42.22 11.63 3.78%*
Enterobactr <0.1 0.1 0.7*
Erwinia <0.1 2.15% 0.63
Fusobacterium <0.1 1.07* <0.1#
Granulicatlla <0.1 1.49* 0.07*
Klebsiella 0.08 16.19%** 24 4x**
Neisseria <0.1 3.9%* 0.14%#
Odoribacte 2.73 <0.1%* <0.1%*
Oscillospia 4.89 <0.1 0.07**
Parabacteroides 18.14 0.12%** 0.19%**
Prevotella 2.78 1.3 <0.1%*
[Ruminococcus] 0.88 <0.1%* <0.1*
Streptococus 0.88 12.76%*%* 0.14%

*p<0.05, **p<0.01, ***p<0.001, comparing with veh.

#p<0.05, ##p<0.01, comparing with Abx.

[ Jindicate that the corresponding sequence was included in the Greengene
database, but was not included in NCBI.

[29]. Heat-inactivated Lactobacillus plantarum K37 was found
to relieve airway hypersensitivity [40]. These studies suggest that
specific strains of heat-inactivated lactobacilli might exhibit anti-
inflammatory effects by down regulating serum IL-6 expression
and protecting the host animal from allergic disease. The results
of the present study indicated that heat-inactivated L. paracasei
N1115 might produce anti-inflammatory effects which prompt the
host to develop immunity in early life. Immunity has been well-
documented as one of the critical factors in the development and
functioning of the brain. Therefore, heat-inactivated L. paracasei
N1115 could affect brain function by influencing the immunity of
host animals. We also believe that IL-6 is associated with altered
expression of BDNF. The mechanism of this may be regulation of
DNA methyltransferase 1 and DNA methyltransferase 3a by IL-6
through phosphoinositide 3-kinase (PI3 K) and protein kinase B
(PKB) [41], which can affect the methylation process of BDNF.
In this way, BDNF can be regulated [42]. Since IL-6 can pass
through the blood-brain barrier, it can mediate the communication
between the gut and the brain in a direct and indirect manner.

In this study, heat-inactivated L. paracasei N1115 protected
the mice from the negative influence of the antibiotics on serum
corticosterone which is an important messenger molecule in the
HPA axis. The HPA axis appears to play a key role in bidirectional
communication between the gut microbiome and the brain.
Therefore, the results of the present study suggest that heat-
inactivated L. paracasei N1115 might interact with the HPA axis
to enhance or maintain the homeostasis of corticosterone, thus
contributing to the health of the host animal. Any changes that
occur during early life may have a profound impact on both the
HPA axis and the gut microbiota [43]. HPA axis abnormalities are
associated with anxiety, depression, and cognitive dysfunction
[44-47]. For example, GF mice were found to have decreased
cognitive memory compared with control mice [48, 49].
Antibiotics that induce dysbiosis of the gut microbiota of mice
have been shown to produce cognitive defects. The antibiotics
can cause some cognitive defects, such as a decline in non-
spatial, working memory and non-associative learning [13, 50].
At the same time, some studies have shown that different kinds
of antibiotics in clinical treatment may cause many side effects,

including confusion, and aphasia [51]. We suggest that these
side effects on the brain function is mostly due to changes in the
concentration of the inflammatory factors and neurochemicals
caused by changes in intestinal flora. Studies have shown that
elevated prostaglandin E2 (PEG2) can lead to activation of
the HPA axis, which leads to a high level of corticosterone.
Prostaglandins may stimulate corticosterone release through an
ACTH-independent mechanism. Studies have further shown that
the level of corticosterone is also associated with IL-6 [52, 53].
In our study, the corticosterone level decreased after treatment
with the antibiotics, while L. paracasei N1115 was shown to
induce this abnormal change. This may be because the feedback
activation of the HPA axis via the PEG2-mediated pathway
occurs earlier and is more influential than IL-6.

The hippocampus plays a very important role in cognition
and memory. The prefrontal cortex is the key region for the
storage of short-term memory and control of attention [54]. In
the hippocampus, the antibiotics significantly increased the
expression of BDNF, GABA,,; and 5-HT, in mice. However,
antibiotic treatment downregulated the expression of GABA
only in the prefrontal cortex, and heat-inactivated L. paracasei
N1115 did not protect the host from the negative effects of the
antibiotic on the expression of GABA,,; in the prefrontal cortex,
as it did in the hippocampus.

BDNF secreted by both the intestine and the brain plays
an important role in promoting neuronal growth and synapse
formation [55]. Researchers believe that the changes in BDNF
could be related to abnormal cognition, altered memory and the
occurrence of some psychiatric disorders, such as Alzheimer’s
disease and depression [56, 57]. The results may be related to the
cells in the gut secreting BDNF and activating its receptor TrkB.
Phosphorylation of the TrkB receptor plays an important role in
synaptic formation and cognitive development [58]. Reduction
of BDNF and the activation process of TrkB in the intestine may
be an important means by which intestinal flora influence brain
function. Although most of the above-mentioned studies were
based on adolescent or adult mice, the basic structures of the
brain and gut are already present at birth. Therefore, we think
that this may be one of the ways by which the MGB axis plays
an important role. Since there have been few studies on whether
age has a specific impact on this pathway, we will perform further
research on this aspect in the future.

GABA is an important inhibitory neurotransmitter in the central
nervous system. 5-HT is a neurotransmitter, about 90% of which
is synthesized by the gut enterochromaffin cells through a process
modulated by the gut microbiome [59]. The 5-HT, 4 receptor has
also been suggested to be involved in memory deficiency [60].
The results of the present study indicated that heat-inactivated
L. paracasei N1115 can protect against antibiotic damage to
BDNF, GABA,,;, and GABAy, and 5-HT in the hippocampus,
but not in the prefrontal cortex. There have been several studies
in which active probiotics were observed to improve the secretion
of BDNF in the brain of mice and the secretion of GABA,,; and
GABAy, [61, 62]. A potential implication of serotonin reuptake
in gut dysbiosis-mediated alterations is that it results in a decrease
in 5-HT in the circulation, which reduces the compensatory
upregulation of 5-HT,, receptors in the brain. Similarly,
GABA is an inhibitory neurotransmitter that can be synthesized
in the intestine. It can pass the blood-brain barrier to cause
hyperpolarization. However, gut microbiota dysbiosis causes a
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change in the concentration of GABA in the circulation, which in
turn causes up-regulation or down-regulation of GABA receptors
in the brain. This regulatory capacity is regionally dependent,
suggesting that the process by which L. paracasei N1115 improve
the neurotransmitter pathway by regulating the intestinal flora is
also regionally dependent.

Here, the antibiotics used significantly decreased the levels of
Bacteroidetes and Firmicutes, causing the gut microbiota of the
mice to be dominated by Proteobacteria. It has been previously
demonstrated that for optimal health, the dominant members of
the normal gut microbiota should be Firmicutes and Bacteroidetes
[63]. Proteobacteria is a major phylum of Gram-negative
bacteria, which includes a wide variety of pathogens. Therefore,
the observed increase in Proteobacteria may be harmful to
health. Normal bacteria were decreased, and the proportions of
many pathogenic or opportunistic pathogenic bacteria, such as
Fusobacterium and Klebsiella, increased in the microbiota of the
mice treated with antibiotics. Although some studies indicate that
Fusobacterium is a normal resident of the human oropharynx,
some research indicates that Fusobacterium is a pathogen [64].
Klebsiella can lead to a variety of diseases, notably pneumonia,
urinary tract infections, and diarrhea [65]. Such dynamic changes
in the gut microbiota caused by a cocktail of antibiotics could
be the cause of the inflammation observed in the treated mice,
as assessed by increased levels of IL-6, impairing brain function
by reducing serum corticosterone. Here, heat-inactivated L.
paracasei N1115 showed very limited regulatory effects on the
gut microbiota of the mice. This limited regulation may have
been because the disorder of the gut microbiota caused by the
antibiotics was severe or because of the intervention with the
heat-inactivated L. paracasei N1115. Therefore, the protective
effects of heat-inactivated L. paracasei N1115 might arise mainly
from the direct effects of'its cellular components, and L. paracasei
N1115 could have anti-inflammatory effects in the host animal.

In conclusion, the results suggest that the microbiota dysbiosis
caused by antibiotics may significantly affect the normal
development of brain function in early life through interactions
with the immune system, the HPA axis, and the expression of
nerve signal-related molecules in the host animal. The heat-
inactivated L. paracasei N1115 could positively contribute to the
development and function of the brain in early life and ameliorate
the damage caused by antibiotic, at least in part. However,
further studies should be conducted to elucidate the underlying
mechanism.
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