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Abstract

Background: Most of the previous studies have demonstrated the potential antide-
pressive and anxiolytic role of prebiotic supplement in male subjects, yet few have fe-
males enrolled. Herein, we explored whether prebiotics administration during chronic
stress prevented depression-like and anxiety-like behavior in a sex-specific manner
and the mechanism of behavioral differences caused by sex.

Methods: Female and male C57 BL/J mice on normal diet were supplemented with or
without a combination of fructo-oligosaccharides (FOS) and galacto-oligosaccharides
(GOS) during 3- and 4-week chronic restraint stress (CRS) treatment, respectively.
C57 BL/J mice on normal diet without CRS were used as controls. Behavior conse-
quences, gut microbiota, dysfunction of gut and brain-blood barriers, and inflamma-
tory profiles were measured.

Results: In the 3rd week, FOS+GOS administration attenuated stress-induced
anxiety-like behavior in female, but not in male mice, and the anxiolytic effects in
males were observed until the 4th week. However, protective effects of prebiotics on
CRS-induced depression were not observed. Changes in the gene expression of tight
junction proteins in the distal colon and hippocampus, and decreased number of colon
goblet cells following CRS were restored by prebiotics only in females. In both female
and male mice, prebiotics alleviated stress-induced BBB dysfunction and elevation in

pro-inflammatory cytokines levels, and modulated gut microbiota caused by stress.

Jiajun Jiang, Yaoyang Fu and Anying Tang contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2023 The Authors. CNS Neuroscience & Therapeutics Published by John Wiley & Sons Ltd.

CNS Neurosci Ther. 2023;29(Suppl. 1):115-128.

wileyonlinelibrary.com/journal/cns 115


www.wileyonlinelibrary.com/journal/cns
mailto:
https://orcid.org/0000-0003-0570-670X
mailto:
mailto:
https://orcid.org/0000-0002-8137-7701
http://creativecommons.org/licenses/by/4.0/
mailto:laijianbo@zju.edu.cn
mailto:dorhushaohua@zju.edu.cn
mailto:gjingfang@hotmail.com

JIANG ET AL.

116
_I_Wl L EY_ CNSS Neuroscience & Therapeutics

male mice.
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1 | INTRODUCTION

Depression is one of the major health-related causes of dis-
ability, with heavy burden on patients, families, and society.""?
Pathophysiological underpinnings, such as monoamine hypothesis,3
hypothalamic-pituitary-adrenal axis changes,* inflammation,® and
other factors, may partially explain the etiology of depression, but
the exact mechanisms underlying depression remain elusive.

Recently, emerging studies have revealed that the gut-brain axis
may play an important role in depression.® Compared with healthy
individuals, the diversity and abundance of microbiota in patients
with major depressive disorder (MDD) changed significantly.”
Depression-like and anxiety-like behavior, presented by forced
swimming test (FST), open field test (OFT), and sucrose preference
test (SPT), could be transferred by fecal microbiota transplantation
(FMT) in rodent studies.®? In addition, probiotics and prebiotics
that could change the composition of microbiota relieved the symp-
tom of depression.10 Fructo-oligosaccharides (FOS) and galacto-
oligosaccharides (GOS) administration reversed anxiety-like and
depression-like behavior caused by chronic stress in mice.!* These
studies provided preliminary evidence that gut microbiota might act
as the key components of regulating anxiety and depression and be-
come a potential target of treatment in mood disorders.

Immune system is recognized as one predominant pathway con-
necting the gut microbiota and the brain.}? Various metabolites of
bacteria inhabiting in the intestinal tract activate the immune cells
in the intestinal mucosa, or enter into the peripheral blood to me-
diate immune response.r® Generally, the intestinal barrier helps our
body shield pathogens, toxins, and intraluminal antigens from the
intestinal flora,®* and the blood-brain barrier (BBB) protects the
central nervous system from specific components in the peripheral
circulation.r® However, stress could disrupt the intestinal barrier
function by affecting transepithelial electrical resistance, gene ex-
pression of tight junction molecules, mast cell density, and mucin

O—glycosylation,m’17

permitting pathogens to enter into the circula-
tion, and stimulate immunocytes to produce pro-inflammatory cyto-

kines.*® Modulation of the gut microbiota composition by prebiotics

Furthermore, correlation analysis revealed that anxiety-like behaviors were signifi-
cantly correlated with levels of pro-inflammatory cytokines and gene expression of
tight junction proteins in the hippocampus of female mice, and the abundance of spe-
cific gut microbes was also correlated with anxiety-like behaviors, pro-inflammatory

cytokines, and gene expression of tight junction proteins in the hippocampus of fe-
Conclusion: Female mice were more vulnerable to stress and prebiotics than males.

The gut microbiota, gut and blood-brain barrier, and inflammatory response may me-

diate the protective effects of prebiotics on anxiety-like behaviors in female mice.

blood-brain barrier, gut microbiota, prebiotic, sex difference, stress

and probiotics administration could increase tight junction protein
expression to strengthen the intestinal barrier function.’ For exam-
ple, Lactobacillus rhamnosus GG promoted the maturation of intesti-

20 and

nal barrier by increasing claudin-3 expression in neonatal mice,
GOS increased intestinal tight junction proteins(zo-1, occluding, and
claudin-1) expression in lipopolysaccharide (LPS)-challenge mice.?!
Studies of increasing BBB permeability in germ-free (GF) mice?? and
antibiotics-treated mice?® showed that intestinal floras were also in-
volved in regulating the BBB function. Lipopolysaccharide, the main
component of gram-negative bacteria, could activate gastrointes-
tinal immune cells to release pro-inflammatory cytokines,24 which
further disrupted the BBB function by downregulating the expres-
sion of tight junction proteins.?> These findings supported that gut
microbiota could participate in the mechanisms of stress-induced
intestinal barrier and BBB dysfunction.

Across the lifespan, females were relatively more vulnerable to
depression and anxiety than males, and the prevalence rate was
twice that of males.? Circulating gonadal hormones?” and genetic
sex?® might underlie the sex differences in depression and anxiety.?’
Recently, a clinical study has found that there were different dom-
inant floras between female and male patients with depression.*°
Animal studies also reported that colonic abundance of microbiota
changed in a sex-specific manner in prenatally stressed offspring
at weaning.3%%2 Probiotics (L. lactis, L. cremoris, L. diacetylactis, and
L. acidophilus) improved depression-like and anxiety-like behavior
induced by LPS earlier in female than that in male mice, and LPS-
induced gut microbiota change was reduced by probiotics in a sex-

specific manner as well.>®

Therefore, gut microbiota might also play
a vital role in the sex difference in depression and anxiety.

As nutrients for microorganisms, FOS and GOS could promote
the growth of beneficial bacteria (Bifidobacteria and Lactobacilli),
improve the intestinal barrier function, and reduce stress-related
behavior in males, such as depression-like and anxiety-like behav-
iors.'13% However, few studies involved the prevention and treat-
ment effects of prebiotics on depression and anxiety of females.
Chronic stress-induced gut microbiota differences in sex also

needed to be extensively explored. And whether inflammation
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response, intestinal barrier, and BBB dysfunction induced by
chronic stress could be prevented by prebiotics in a sex-specific
manner required extensive elaboration. Therefore, this study
aimed to assess sex difference in prebiotics on stress-induced
depression-like and anxiety-like behavior, inflammation, and gut
and brain barrier dysfunction. First, we evaluated whether pre-
biotics prevented stress-induced depression-like and anxiety-like
behaviors in a sex-specific manner; then, sex difference in prebiot-
ics on gut microbiota, inflammatory cytokines, and tight junction
molecules were measured; finally, we assessed the correlation be-
tween stress-induced behaviors, gut microbiota, and blood-brain
barrier.

2 | METHODS

2.1 | Animals

Female and male C57BL/J SPF mice (aged 6-8 weeks) were housed
separately in each polycarbonate cage with ad libitum access to
food and water in a 12:12-h dark-light cycle with temperature at
20+ 1°C. Female and male mice were fed in separate cages with
5-6 mice in each cage. After a 1-week period of adaptation, male
and female mice were randomly divided into chronic restraint
stress (CRS), CRS+ prebiotics (CP), and controls (CON) groups,
separately. Mice in the CRS group were fed by water and restrained
for 4 h every day for 3 consecutive weeks. Mice in the CP group
were fed by prebiotics (a combination of FOS and GOS, dissolved
in drinking water for 0.3-0.4 g/mouse/day) and restrained for 4 h
every day for 3 consecutive weeks. Mice in the CON group were
fed by water without stress. All animal experiments (Figure 1A)
were approved by the Animal Experimentation Ethics Committee
of the First Affiliated Hospital, Zhejiang University School of
Medicine.

2.2 | Behavioral test

Open field test (OPT). All mice were kept in a room with dim light
for 2h to adapt to the environment, and then, each mouse was
placed in the center of open field (50cmx 50cm x 50 cm) for 5 min.
The movement of each mouse was tracked by a video camera
and was recorded by the ANY-maze system. Total distance and
distance and time in the center field (25cmx 25 cm) in each mouse
were counted.

Forced swim test (FST). Each mouse was put in a transparent
plastic cylinder (12cm diameter, 25cm height) of water (23-25°C)
gently and was recorded by a video camera for 6 min. Mice heads
were allowed to submerged under the water when putting the mice
into water. The immobile time for the last 4 min would be counted
by a researcher who was blind to the grouping. The definition for
immobility is the absence of all movement except for small motions

required to remain afloat.

2.3 | Real-time PCR

All mice were sacrificed after anesthesia, and proximal colon, distal
colon, and hippocampus tissues were extracted on ice and kept at
-80°C before testing. Total RNAs from mice tissues were isolated
using TRIzol reagent according to the manufacturer's instructions
(Invitrogen). Reverse transcription was performed using an ABScript
Il cDNA First Strand Synthesis Kit (ABclonal) in a 20ml reaction
volume. Genes of interest were detected by QuantStudio 5DXReal-
Time PCR System using SYBR Green Fast gPCR Mix (ABclonal). Each
sample was tested three times, and actin was used as an internal
control. Primers for p-actin, zonula occludens 1 (zo-1), occluding
(ocln), claudin-1 (cldnl), claudin-2, claudin-5, claudin-8, and mucin-2

(muc-2) are given in Table S1.

2.4 | Enzyme-linked immunosorbent assay
(ELISA) analysis

Proximal colon, distal colon, and hippocampus tissues from mice
were homogenized in RIPA buffer containing protease inhibitors
and then kept on ice for 30min. The liquid containing protein was
centrifuged at 12,000g/min (4°C) for 15min and supernatant was
exacted. BCA protein assays (Beyotime) were used to measure
protein concentration. The concentrations of interleukin 1 beta (IL-1p)
and interleukin 6 (IL-6) were measured by ELISA kits (Cloud-Clone).

2.5 | Hematoxylin-eosin (HE) Staining

Colon tissues from female and male mice were exacted on ice and
then fixed in 4% paraformaldehyde for 24 h. The fixed colon tissues
were dehydrated with different concentration of alcohol, and then,
xylene was used to replace the alcohol in tissues. Tissues were
embedded in paraffin and cut into 5-pm sections transversely by a
microtome. Paraffin sections were dewaxed with xylene, hydrated
with alcohol, and stained with hematoxylin and eosin. A microscope
(Eclipse ci-I; Nikon) was used to select the target area of tissues for
200x imaging. The circumference and the number of goblet cells of
five colonic glands in each section were measured by Image-Pro Plus
6.0 analysis software. The number of goblet cells in colonic gland of
unit length could be calculated in each section.

2.6 | Blood-brain barrier (BBB) permeability test

After 3-week experiment, mice were injected with 4 ml/kg of
2%(w/v, g/ml) Evans Blue (EB) (CAT No. E2129, Sigma-Aldrich) via
tail veins.3® After the dye circulated in the body for 2 h, hippocam-
pus was extracted after 1x PBS cardiac perfusion and weighed,
and then incubated in 300l formamide at 55°C for 24 h to ex-
tract EB from tissues. Centrifuge the mixture at 12,000 g/min for
5 min, and measure absorbance at 610nm by enzyme marker
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FIGURE 1 Anxiety-like and depression-like behaviors in 3- and 4-week experiment. (A) Mice experimental schedule. (B, E, H) FOS + GOS
administration did not affect immobile time in FST, which was increased after 3/4-week CRS treatment in all mice groups. (C, D) In female
mice, FOS +GOS administration prevented decreased the time (but not distance) in center zone of the OFT caused by 3-week CRS.

(F, G) Compared with the CON group, 3-week CRS in male mice decreased the distance in center zone of the OFT, with a tendency in time.
Prebiotics administration further increased the time spent in center zone, with no effect on the distance. (I, J) In 4-week experiment, male
mice in the CRS group showed shorter time and distance spent in center zone of the OFT than that in the CON and CP groups. *p <0.05,
**p <0.01, ***p <0.001; Independent Sample t-test analysis (data on depression-like behavior in female, and immobile time and distance

in center zone in 3-week experiment of male); nonparametric test (data on anxiety-like behavior in female, time in center zone in 3-week
experiment of male, and depression-like and anxiety-like behaviors in 4-week experiment of male); data represent mean +SEM.

(BioTek Synergy Neo2). EB concentration was calculated by com-

parison with the Evans Blue standard curve.

2.7 | 16SrRNA Sequencing

DNA extraction. Total genomic DNA was extracted from mice feces
using DNA Extraction Kit (QlAamp 96 PowerFecal QlAcube HT kit,
QIAGEN) following the manufacturer's instructions. Quantification
of DNA was tested by the Nanodrop 2000 (Thermo Fisher) and
stored at -20°C.

Library construction and sequencing. V3-V4 region of 16S
rRNA was selected for PCR amplification with primers 343 F and
798 R. Amplicon quality was visualized using gel electrophoresis,
purified with AMPure XP beads (Agencourt), and amplified for an-
other round of PCR. After purification with the AMPure XP beads,
the final amplicon was quantified using Qubit dsDNA Assay Kit (Life
Technologies). Equal amounts of purified amplicon were pooled for
subsequent sequencing. Sequencing was performed on the Illumina
MiSeq according to protocol.

Bioinformatic analysis. Raw sequencing data were in FASTQ for-
mat. Paired-end reads were then preprocessed using Trimmomatic
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software. Clean reads were subjected to primer sequences removal
and clustering to generate operational taxonomic units (OTUs) using
Vsearch software with 97% similarity cutoff. The representative

read of each OTU was selected using QIIME package.

2.8 | Statistical analysis

Alldatawereanalyzed by SPSSversion 26. Theresults were presented
as mean +standard error of the mean (X+SEM). Normality of data
on behaviors, gene expression of tight function proteins and muc2,
inflammatory cytokines, and goblet cells were tested by Shapiro-
Wilk test. Normally distributed data were analyzed by independent
sample test, and data that did not exhibit a normal distribution were
analyzed by nonparametric test. Kruskal-Wallis test was performed
to compare alpha diversity and relative abundance in gut microbiota
between groups. Pearson and Spearman correlation analyses were
used to compare the correlation between gut microbiota, behavioral
variables, inflammation profiles, and gene expression of tight

function protein levels. The significant difference was set at p <0.05

in this study.
3 | RESULTS
3.1 | Prebiotics mitigated anxiety-like behavior

caused by CRS in female in the 3rd week and male
mice in the 4th week, but did not alleviate depression-
like behavior

After 3-week experiment, we tested depression-like behavior in
FST and anxiety-like behavior in OFT. Both female and male mice
in the CRS group showed behavioral despair (immobile time in
FST) compared with the CON group, but prebiotics did not show
antidepressive effects in both gender mice (Figure 1B,E). In female
mice, 3-week CRS significantly decreased time and distances in the
center zone of OFT compared with the CON group, and prebiotics
administration during CRS period restored the time in center zone
caused by CRS, but had no effect on the distances (Figure 1C,D). In
male mice group, mice in both CRS and CP groups moved shorter
distances in center zone than those in the CON group, and 3-week
CRS tended to decrease time staying in the center zone compared
with the CON group and prebiotics administration during experiment
further reduced the time in the center zone significantly in male
mice (Figure 1F,G). There was no difference in total distance of OFT
among three groups both in female and male mice (Figure S1A-D).
Next, we accessed antidepressive and anxiolytic effects of pre-
biotics in male mice after 4-week experiment. Prebiotics also did
not rescue behavior despair induced by 4weeks CRS (Figure 1H).
Compared with the CON group, male mice in the CRS group showed
less time and distances in the center zone of OFT, which were al-
leviated by prebiotics (Figure 11,J). Prebiotics administration during
CRS also increased the total distance and decreased the immobile

time in OFT significantly, compared with CON and CRS groups
(Figure S1E,F).

3.2 | Prebiotics restored the downregulated muc-2
expression and the number of goblet cells in colon
caused by CRS in female mice, but not in male mice

In the proximal colon of female mice, muc-2 gene expression remained
unchanged in the CRS group compared with CON and CP groups. But
in the distal colon of female mice, decreased gene expression of muc-2
was observed in the CRS group compared with the CON group, which
could be rescued by prebiotics administration (Figure 2C). In the proxi-
mal colon of male mice, CRS increased muc-2 expression, but prebiot-
ics did not restore the increased muc-2 mRNA level caused by CRS. No
difference in the expression of muc-2 was observed among the three
male groups in the distal colon (Figure 2F).

By analyzing the number of goblet cells in the colon of female mice,
we found that the number of goblet cells was decreased in the CRS
group compared with the CON group, which could be restored by pre-
biotics (Figure 2A,B). No statistical difference in the number of goblet
cells in the colon was found among male groups (Figure 2D,E).

3.3 | Three-week CRS and prebiotics affected
colon and brain-blood barrier function in a sex-
specific manner

3.3.1 | Gene expressions of tight junction proteins
Female mice

In the proximal colon, the gene expression of cldn2 increased
significantly in the CRS group compared with the CON group, but
zo-1, ocln, cldn2, and cldn8 mRNA levels in the CP group were
lower than those in the CRS group (Figure 3A). In the distal colon,
increased gene expression of zo-1, ocln, cldni, cldn2, and cldn5
was observed in the CRS group compared with the CON group, and
prebiotics administration during CRS decreased the gene expression
of ocln, cldnil, cldn2, cldn5, and cldn8 compared with the CRS group
(Figure 3B). In the hippocampus, increased gene expression of zo-1
and decreased expression of ocln, cldn2, and cldn8 was showed
in the CRS group compared with the CON group, and prebiotics
administration during CRS period restored changes in gene

expressions caused by CRS (Figure 3C).

Male mice

In the proximal colon, increased gene expression of zo-1 and cldnl
was observed in the CRS group compared with the CON group, and
zo-1 mRNA level in the CP group was similar to that of the CON
group (Figure 3D). In the distal colon, gene expression of zo-1 and
cldn8in the CRS group was lower than that in the CON group, but no
statistical difference was detected in the CP group compared with
the CRS group (Figure 3E). By analyzing the gene expressions in the
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FIGURE 2 Effects of CRS and prebiotics on number of goblet cells and Muc2 gene expression. (A, D) Representative HE staining images
of colon issue in female and male mice. (B, E) GOS + FOS administration prevented the decrease in the number of goblet cells per colonic
crypt length caused by 3-week CRS in female (n = 8-10), but there were no differences between male mice groups (n = 7). (C) 3-week

CRS treatment decreased Muc?2 expression in distal colon of female mice (n = 8), which was reversed to the normal level by prebiotics
administration. (F) No differences were observed in distal colon between three male mice groups (n = 7). All the images were taken under
the 400x microscope. FM, female mice group; M, male mice group; *p <0.05, **p <0.01, ***p <0.001; Independent Sample t-test analysis;
nonparametric test (data on muc-2 gene expression in the distal colon of male); data represent mean +SEM.

hippocampus, there was no significant difference between the CON
and CRS groups, or between the CRS and CP groups (Figure 3F).

3.3.2 | BBB permeability

After 3-week experiment, mice were injected with 2% (g/ml) EB so-
lution via the tail vein to assess BBB permeability. Three-week CRS
disrupted BBB permeability in hippocampus, and Prebiotics could
alleviate the changes in both female and male mice (Figure 3G).

3.4 | Prebiotics alleviated CRS-induced
inflammation status in both female and male mice

After 3-week experiment and behavioral tests, mice were sacrificed
with colon and brain tissues extracted on ice. To assess whether
prebiotics could alleviate inflammation levels caused by CRS, we
measured IL-1p and IL-6 levels in the proximal colon, distal colon,
and hippocampus by ELISA.

In the female mice group, IL-6 levels in the proximal colon, dis-
tal colon, and hippocampus significantly were increased in the CRS
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FIGURE 3 Effects of CRS and prebiotics on gene expression of tight function proteins. (A-C) The gene expression of tight function
proteins in the proximal, distal colon and hippocampus of female mice. (D-F) The gene expression of tight function protein in the proximal,
distal colon, and hippocampus of male mice. (G) Quantitation of Evans Blue extravasation in hippocampus. Hippocampus was incubated
with 300 ul formamide to extract extravasated Evans Blue. Optical density was measured at 610 nm, and the measurements converted
into ng dye extravasated per mg tissue. *p <0.05, **p <0.01, ***p <0.001; Independent Sample t-test analysis; nonparametric test (data on
gene expression of cldn2 in the proximal colon, cldn2 in the distal colon, and ocln and cldn 1 in the hippocampus of female; data on gene
expression of cldn1; and 5 in the proximal, cldn5 in the distal colon, and cldn1 in the hippocampus of male); data represent mean +SEM.

group compared with the CON group, and prebiotics administration
during 3-week CRS downregulated IL-6 levels in the distal colon and
hippocampus, but not in the proximal colon (Figure 4B); IL-1p lev-
els in the distal colon and hippocampus were also increased signifi-
cantly after 3-week CRS, which were downregulated to the level of
the CON group following prebiotics administration during 3-week
CRS treatment, but no significant difference was found in the proxi-
mal colon among three groups (Figure 4A).

In the male mice group, 3-week CRS increased IL-1p levels, with
an upward trend of IL-6 levels in the hippocampus, but not in the
proximal and distal colon (Figure 4C,D). Compared with the CRS

group, prebiotics administration reduced IL-1p and IL-6 levels in the
hippocampus (Figure 4C,D).

3.5 | Three-week CRS and prebiotics
administration modulated the relative abundance of
gut microbiota in a sex-specific manner

At baseline, principal coordinate analysis (PCoA) showed a clear
separation in microbial population between female and male mice
(Figure 5A). In regard to the alpha diversity of microbiota, Shannon
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analysis; nonparametric test (data on IL-1f level in the proximal colon and IL-6 level in the distal colon of female); data represent mean + SEM.

and ‘observed species’ indices in female were higher than that in
male mice (Figure 5B,C).

In female mice, there were no differences in the alpha diversity
between three groups after experiment (Figure 5F). In male mice,
the indices of Chaol and ‘PD whole tree’ in the CON group were sig-
nificantly higher than those in the CRS and CP groups after 3-week
experiment (Figure 5G).

By analysis of relative abundances at phylum levels in female
mice, Bacteroidetes and Firmicutes were the main components of mi-
crobiota (Figure 6A), showing significant change in the CRS group
after experiment (Bacteroidetes, p = 0.025; Firmicutes, p = 0.012),
but there was no significant change in the CON or CP groups
(Figure 6C,D). In male mice group, Bacteroidetes and Firmicutes were
also the dominant microbiota (Figure S2A), showing no significant
change in all groups after 3-week experiment (Figure S2C,D); but 3-
week CRS treatment decreased the abundance of Epsilonbacteraeota
(p = 0.018), which was not observed in the CON or CP groups
(Figure S2E).

In female and male mice, Lachnospiraceae_NK4A136_group
and Bacteroides were the dominant microbial group at the genus
level (Figure 6B; Figure S2B). In female mice, the abundance of
Lachnospiraceae_NK4A136_group (p = 0.012), Ruminococcaceae_
UCG-014 (p = 0.05), and Roseburia (p = 0.012) increased, and the
abundance of Alloprevotella (p = 0.05), Bifidobacterium (p = 0.036),
and Parabacteroides (p = 0.012) decreased significantly after 3-week
CRS (Figure 6E-J). Among these genera mentioned above, no bac-
teria changed significantly in the CON or CP groups. In male mice,

decreasing abundance of Helicobacter (p = 0.018), Rikenellaceae_
RC9_gut_group (p = 0.028), and Bifidobacterium (p = 0.018), and in-
creasing abundance of Roseburia (p = 0.043) was observed in the
CRS group after 3-week experiment, and similar changes occurred
in the abundance of Rikenellaceae_RC9_gut_group (p = 0.018) and
Roseburia (p = 0.018) in the CP group (Figure S2H-K). We also found
that the abundance of Lachnospiraceae_NK4A136_group (p = 0.018)
and Bacteroides (p = 0.018) changed in the CON group after 3-week
experiment, but not in the CRS and CP groups (Figure S2F,G).

3.6 | The abundance of gut microbiota

was correlated with behaviors, inflammation
condition, and gut and brain barrier function in
female mice

We selected pro-inflammatory cytokines and mRNA of tight junc-
tion proteins that were different between three groups in female
mice and explored whether the levels of these molecules signifi-
cantly co-varied with behavioral outcomes by Spearman's rank cor-
relation. We found that IL-1p, IL-6, and zo-1 mRNA levels in the
hippocampus positively correlated with anxiety-like behavior, while
ocln and cldn-8 mRNA levels negatively correlated with anxiety-like
behavior (Figure 7A).

In female mice, the abundance of two phyla and six genera
changed significantly after 3-week experiment in the CRS group,
but not in the CON or CP groups. We found that the abundance of
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FIGURE 5 Results of a diversity and PCA analysis in gut microbiota between female and male mice groups. (A) The result of PCA showed
the difference in microbiota distribution between female (n = 24) and male (n = 21) mice before experiment. (B-E) Shannon and observed

species indices in female mice (n = 24) were higher than that in male mice (n = 21) before experiment. (F) There were no differences in alpha
diversity between three female mice groups after 3-week experiment (n = 8). (G) In male mice, Chaol and PD whole tree indices were higher

in the CON group (n = 7) than these in the CRS (n = 7) and CP (n = 7) groups after experiment. *p <0.05; Kruskal-Wallis test and Mann-

Whitney test.

Alloprevotella genus and Parabacteroides genus positively correlated
with distance traveled in center zone in OFT, while Bifidobacterium
genus and Ruminococcaceae_UCG-014 genus negatively correlated
with immobile time in FST. Alloprevotella genus, Parabacteroides
genus, and Bacteroidetes phylum negatively correlated with IL-1p
level in the hippocampus, but Lachnospiraceae_NK4A136_group
genus, Roseburia genus, and Firmicutes phylum showed the oppo-
site effects. In addition, Alloprevotella genus and Parabacteroides
genus positively correlated with ocln and cldn-8 mRNA levels, and
negatively correlated with zo-1 mRNA levels in the hippocampus
(Figure 7B).

4 | DISCUSSION

Clinical studies have showed that probiotics had antidepressive and
anxiolytic effects, but the treatment outcome of prebiotics on de-
pression and anxiety was inconsistent.®® Previous studies indicated

that prebiotics showed anxiolytic effects in patients with irritable
bowel syndrome (IBS),37'38 but not in healthy individuals,® and no
antidepressive effects in patients with depression.*® We speculated
that antidepressive and anxiolytic effects of prebiotics might be re-
lated with gastrointestinal symptoms. Many animal studies also indi-
cated that prebiotics, such as BGOS, FOS, and yacon oligosaccharides
(YOs), could reduce depression-like and anxiety-like behaviors.*14+42
However, we only observed that the anxiolytic effects of prebiotics
on CRS-induced mood symptoms in both male and female mice. This
inconsistence in findings might be attributed to the difference in prebi-
otics intervention formula and animal models for depression, because
different animal models for depression showed various depressive
phenotypes and transcriptomic profiles in brains.*® In addition, com-
paring with male mice, we found that anxiety in female mice was more
easily alleviated by prebiotics. Of course, the result was only found in
CRS-induced depression model. Future studies using various animal
models for depression are warranted to confirm the effect of prebiot-
ics on depression in a sex-specific manner.
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At baseline, we found that there was a clear separation in gut mi-
crobial diversity between female and male mice, similar to a previous
study.** Alpha diversity in female was higher than that in male, but
chronic stress could induce lower alpha diversity in male, which were
not reversed by prebiotics.

Interestingly, the difference also existed in changes of rel-
ative abundance of gut microbiota induced by CRS between fe-
male and male, and prebiotics partially mitigated microbiota
changes. At the phylum level, Firmicutes and Bacteroidetes were
the dominant microbiota in both female and male mice. Change
in Firmicutes/Bacteroidetes ratio was considered as a maker of

gut dysbiosis.*> We found that 3-week CRS treatment increased

the ratio of Firmicutes/Bacteroidetes in female mice, that could
be prevented by prebiotics administration, but no change was
observed in male mice. At the genus level, the increase in abun-
dance of Lachnospiraceae_NK4A136_group (the dominant flora
genus) induced by chronic stress was mitigated by prebiotics ad-
ministration in female, but not in male. Although Lachnospiraceae
could produce short-chain fatty acids that were commonly con-
sidered to be beneficial for human health, many studies showed
that increased abundance of Lachnospiraceae was associated
with many metabolic diseases and depression.*® Parabacteroides
was a gram-negative anaerobic bacteria, which modulated and

improved inflammation, intestinal barrier function, metabolize,
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and circadian rhythm.*”=°C In our study, we found that prebiotics
prevented the reduced abundance of Parabacteroides caused by
CRS in female, but not in male. By correlation analysis, we found
that Parabacteroides negatively correlated with anxiety-like be-
havior. These results were also observed in Alloprevotella. We
speculated that prebiotics administration prevented anxiety-like
behavior in female by Parabacteroides and Alloprevotella. FOS and
GOS were traditionally associated with the increase in beneficial
bacteria including Bifidobacterium and Lactobacillus.** In previ-
ous human and animal studies, lower abundance of two bacteria

was found in depression patients compared with healthy indi-
viduals,?! and Bifidobacterium or Lactobacillus administration al-
leviated depression-like behavior in rodents.?%? Contrary to our
expectation, however, 3-week chronic stress did not decrease the
abundance of Lactobacillus in female and there was no difference
among three groups after experiment in male mice. The results in
Bifidobacterium were similar to previous studies, showing chronic
stress could decrease the abundance of Bifidobacterium in both
female and male mice, and prebiotics administration prevented
the change. In the results of correlation analysis, Bifidobacterium
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negatively correlated with immobile time in FST, which indicated
that Bifidobacterium might alleviated depression-like behavior, in
consistency with previous studies.”®? The results in gut microbi-
ota showed that female mice were more vulnerable to stress than
male, and prebiotics could prevent some flora changes induced by
chronic stress in a sex-specific manner. Several previous studies
showed that sex hormones might interact with gut microbiota.>®
We suspected that the different changes between female and
male in gut microbiota caused by stress and prebiotics might be
related with sex hormone, but further studies were needed to test.

Both gut microbiota and stress affected gut barrier and BBB
function,”>*>% dysfunction of these barriers contributed to the
pathogenesis of depression.>®°” In our study, 3-week CRS treat-
ment mainly increased gene expression of tight junction proteins
and muc-2, and decreased numbers of goblet cells in colon of fe-
male mice, but not in male. Higher ocln and zo-1 mRNA levels in
intestine were also observed in female rats after chronic isolation
and male rats after subacute stress.’®?? Increased gene expres-
sions of tight junction proteins might be a compensatory upreg-
ulation after gut barrier dysfunction. Previous studies found that
muc-2 was the key molecule for the formation of mucus barriers.”®
Mucus barrier built by muc-2 could separate microorganisms from
intestinal mucosal epithelium and avoid intestinal inflammatory
reaction.”” As we expected, pro-inflammatory cytokines levels
in the colon were increased after chronic stress only in female,
which was similar to gut barrier function, indicating that gut bar-
rier function and inflammatory response were more vulnerable to
chronic stress in female. It was well known that gut microbiota
was closely related to gut mucosal barrier and inflammatory re-
sponse.®? The susceptibility of dysfunction in gut mucosal barrier
and inflammatory response to chronic stress in female might be
related to the changes of gut microbiota to chronic stress. In ad-
dition, these changes caused by 3-week CRS in female were alle-
viated by FOS + GOS administration, further suggesting that gut
microbiota played an important role in barrier function and inflam-
mation in colon. And as regulators of gut microbiota, FOS+ GOS
could effectively prevented gut barrier dysfunction and inflamma-
tion caused by stress in female.

One previous study found that 3-week CRS did not alter BBB
permeability in hippocampus of male mice,®* but other studies
showed opposite results.’>¢?%% In our study, 3-week CRS treat-
ment downregulated ocln, cldn-2, and cldn-8 mRNA levels, and
upregulated zo-1 mRNA levels in hippocampus of female, but not
in male. To further evaluate BBB function, we conducted an in vivo
assay to test BBB permeability based on intravenous injection of
Evans Blue in mice and found stress-induced BBB dysfunction in
hippocampus could be improved by prebiotics in both female and
male mice. Many studies showed that inflammatory factors, such
as IL-1p, IL-6, and TNF-a, could disrupted BBB integrity."""65 Our
study also found 3-week CRS increased IL-1p and IL-6 levels in hip-
pocampus of female and male, and the changes were alleviated
by prebiotics, further indicating the correlation between neuro-
inflammation and BBB function. The results of inflammation and

BBB function in hippocampus showed that stress and prebiotics
had the same effects on female and male mice. However, the im-
provement of prebiotics on inflammation and BBB dysfunction in
hippocampus caused by stress led to a reduction in anxiety-like
behavior in female, but not in male mice, indicating female mice
were more vulnerable to the changes of BBB function and inflam-
mation levels in hippocampus.

Reports on increased BBB permeability and decreased expres-
sion of tight junction proteins in germ-free and antibiotic-treated
mice showed that gut microbiota had regulatory effects on BBB
function.?>%% Interestingly, prebiotics administration during 3-week
CRS could alleviated inflammation and gut and brain-blood barri-
ers dysfunction caused by CRS, and these changes correlated with
anxiety-like behavior in female. We also found that Parabacteroides
and Alloprevotella negatively correlated with pro-inflammatory cy-
tokines levels and anxiety-like behavior, and positively correlated
with gene expressions of tight junction proteins in hippocampus. As
aforementioned, increasing abundance of Parabacteroides by prebi-
otics administration could modulate inflammation and increase ex-
pression of tight junction proteins in colon.*’” These results showed
that Parabacteroides might prove anxiety-like behavior by alleviating
colon- and neuro-inflammation, and improving gut and brain-blood

barrier function.

5 | CONCLUSION

In conclusion, this study revealed that prebiotics could alleviate
anxiety-like behavior caused by stress in a sex-specific manner.
Gut microbiota dysbiosis, intestinal barrier, and BBB dysfunction
induced by stress were more vulnerable in female when compared
to male. Prebiotics may alleviate anxiety in female via changing the
gut microbiota composition, maintaining intestinal homeostasis,
improving intestinal battier and BBB function, and mitigating
peripheral and neuro-inflammation.

ACKNOWLEDGMENTS

The study was supported by the National Natural Science
Foundation of China (81971271), the Natural Science Foundation
of Zhejiang Province (LQ20H090013), the Zhejiang Provincial Key
Research and Development Program (2021C03107), the Leading
Talent of Scientific and Technological Innovation—“Ten Thousand
Talents Program” of Zhejiang Province (2021R52016), the Health
and Family Planning Commission of Zhejiang Province (Grant
number: 2023KY701), and Innovation Group Program of Zhejiang
Province (2020R01001).

CONFLICT OF INTEREST

The authors declared no competing financial interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
the corresponding author upon reasonable request.



JIANG ET AL.

CN'S Neuroscience & Therapeutics

ORCID

Shaohua Hu

Jianbo Lai

https://orcid.org/0000-0003-0570-670X
https://orcid.org/0000-0002-8137-7701

REFERENCES

1.
2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

MalhiGS,MannJJ.Depression.Lancet.2018;392(10161):2299-2312.
Penninx BWJH, Pine DS, Holmes EA, Reif A. Anxiety disorders.
Lancet. 2021;397(10277):914-927.

Segal DS, Kuczenski R, Mandell AJ. Theoretical implications of
drug-induced adaptive regulation for a biogenic amine hypothesis
of affective disorder. Biol Psychiatry. 1974;9(2):147-159.

Knorr U, Vinberg M, Kessing LV, Wetterslev J. Salivary cortisol in
depressed patients versus control persons: a systematic review and
meta-analysis. Psychoneuroendocrinology. 2010;35(9):1275-1286.
Felger JC, Haroon E, Patel TA, et al. What does plasma CRP tell
us about peripheral and central inflammation in depression? Mol
Psychiatry. 2020;25(6):1301-1311.

Yang Z, Li J, Gui X, et al. Updated review of research on the gut
microbiota and their relation to depression in animals and human
beings. Mol Psychiatry. 2020;25(11):2759-2772.

Zheng P, Yang J, Li Y, et al. Gut microbial signatures can dis-
criminate unipolar from bipolar depression. Adv Sci (Weinh).
2020;7(7):1902862.

Zheng P, Zeng B, Zhou C, et al. Gut microbiome remodeling induces
depressive-like behaviors through a pathway mediated by the
host's metabolism. Mol Psychiatry. 2016;21(6):786-796.

Chevalier G, Siopi E, Guenin-Macé L, et al. Effect of gut microbiota
on depressive-like behaviors in mice is mediated by the endocanna-
binoid system. Nat Commun. 2020;11(1):6363.

Ansari F, Pourjafar H, Tabrizi A, Homayouni A. The effects of pro-
biotics and prebiotics on mental disorders: a review on depression,
anxiety, Alzheimer, and autism Spectrum disorders. Curr Pharm
Biotechnol. 2020;21(7):555-565.

Burokas A, Arboleya S, Moloney RD, et al. Targeting the microbiota-
gut-brain Axis: prebiotics have anxiolytic and antidepressant-
like effects and reverse the impact of chronic stress in mice. Biol
Psychiatry. 2017;82(7):472-487.

Cryan JF, O'Riordan KJ, Cowan CSM, et al. The microbiota-gut-
brain Axis. Physiol Rev. 2019;99(4):1877-2013.
Hooper LV, Littman DR, Macpherson AJ.
tween the microbiota and the immune
2012;336(6086):1268-1273.

France MM, Turner JR. The mucosal barrier at a glance. J Cell Sci.
2017;130(2):307-314.

Campos-Bedolla P, Walter FR, Veszelka S, Deli MA. Role of the
blood-brain barrier in the nutrition of the central nervous system.
Arch Med Res. 2014;45(8):610-638.

Lauffer A, Vanuytsel T, Vanormelingen C, et al. Subacute stress
and chronic stress interact to decrease intestinal barrier function in
rats. Stress. 2016;19(2):225-234.

Da Silva S, Robbe-Masselot C, Ait-Belgnaoui A, et al. Stress disrupts
intestinal mucus barrier in rats via mucin O-glycosylation shift: pre-
vention by a probiotic treatment. Am J Physiol Gastrointest Liver
Physiol. 2014;307(4):G420-G429.

Ait-Belgnaoui A, Durand H, Cartier C, et al. Prevention of gut leak-
iness by a probiotic treatment leads to attenuated HPA response
to an acute psychological stress in rats. Psychoneuroendocrinology.
2012;37(11):1885-1895.

Rose EC, Odle J, Blikslager AT, Ziegler AL. Probiotics, prebiotics and
epithelial tight junctions: a promising approach to modulate intesti-
nal barrier function. Int J Mol Sci. 2021;22(13):6729.

Patel RM, Myers LS, Kurundkar AR, Maheshwari A,
Nusrat A, Lin PW. Probiotic bacteria induce maturation of

Interactions be-
system. Science.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

-Wi LEYH

intestinal claudin 3 expression and barrier function. Am J Pathol.
2012;180(2):626-635.

Wang G, Sun W, Pei X, et al. Galactooligosaccharide pretreatment
alleviates damage of the intestinal barrier and inflammatory re-
sponses in LPS-challenged mice. Food Funct. 2021;12(4):1569-1579.
Braniste V, Al-Asmakh M, Kowal C, et al. The gut microbiota in-
fluences blood-brain barrier permeability in mice. Sci Transl Med.
2014,6(263):263ral58.

Frohlich EE, Farzi A, Mayerhofer R, et al. Cognitive impairment by
antibiotic-induced gut dysbiosis: analysis of gut microbiota-brain
communication. Brain Behav Immun. 2016;56:140-155.

Kayama H, Okumura R, Takeda K. Interaction between the microbi-
ota, epithelia, and immune cells in the intestine. Annu Rev Immunol.
2020;38:23-48.

Al-Obaidi MMJ, Desa MNM. Mechanisms of blood brain barrier
disruption by different types of bacteria, and bacterial-host inter-
actions facilitate the bacterial pathogen invading the brain. Cell Mol
Neurobiol. 2018;38(7):1349-1368.

Kessler RC, Bromet EJ. The epidemiology of depression across cul-
tures. Annu Rev Public Health. 2013;34:119-138.

Bollinger JL, Salinas I, Fender E, Sengelaub DR, Wellman CL.
Gonadal hormones differentially regulate sex-specific stress ef-
fects on glia in the medial prefrontal cortex. J Neuroendocrinol.
2019;31(8):e12762.

Green T, Flash S, Reiss AL. Sex differences in psychiatric disor-
ders: what we can learn from sex chromosome aneuploidies.
Neuropsychopharmacology. 2019;44(1):9-21.

Karailiev P, Hlavacova N, Chmelova M, Homer NZM, Jezova D.
Tight junction proteins in the small intestine and prefrontal cortex
of female rats exposed to stress of chronic isolation starting early
in life. Neurogastroenterol Motil. 2021;33(6):e14084.

Chen JJ, Zheng P, Liu YY, et al. Sex differences in gut microbiota in
patients with major depressive disorder. Neuropsychiatr Dis Treat.
2018;14:647-655.

Gur TL, Shay L, Palkar AV, et al. Prenatal stress affects placental
cytokines and neurotrophins, commensal microbes, and anxiety-
like behavior in adult female offspring. Brain Behav Immun.
2017;64:50-58.

Gur TL, Palkar AV, Rajasekera T, et al. Prenatal stress disrupts social
behavior, cortical neurobiology and commensal microbes in adult
male offspring. Behav Brain Res. 2019;359:886-894.

Murray E, Sharma R, Smith KB, et al. Probiotic consumption
during puberty mitigates LPS-induced immune responses and
protects against stress-induced depression- and anxiety-like be-
haviors in adulthood in a sex-specific manner. Brain Behav Immun.
2019;81:198-212.

Kapiki A, Costalos C, Oikonomidou C, Triantafyllidou A, Loukatou
E, Pertrohilou V. The effect of a fructo-oligosaccharide supple-
mented formula on gut flora of preterm infants. Early Hum Dev.
2007;83(5):335-339.

Radu M, Chernoff J. An in vivo assay to test blood vessel permea-
bility. J Vis Exp. 2013;73:e50062.

Alli SR, Gorbovskaya |, Liu JCW, Kolla NJ, Brown L, Miiller DJ. The
gut microbiome in depression and potential benefit of prebiotics,
probiotics and Synbiotics: a systematic review of clinical trials and
observational studies. Int J Mol Sci. 2022;23(9):4494.

Alli SR, Gorbovskaya I, JCW L, Kolla NJ, Brown L, Miiller DJ. Clinical
trial: the effects of a trans-galactooligosaccharide prebiotic on fae-
cal microbiota and symptoms in irritable bowel syndrome. Aliment
Pharmacol Ther. 2009;29(5):508-518.

Azpiroz F, Dubray C, Bernalier-Donadille A, et al. Effects of scFOS
on the composition of fecal microbiota and anxiety in patients with
irritable bowel syndrome: a randomized, double blind, placebo con-
trolled study. Neurogastroenterol Motil. 2017;29(2):e12911.


https://orcid.org/0000-0003-0570-670X
https://orcid.org/0000-0003-0570-670X
https://orcid.org/0000-0002-8137-7701
https://orcid.org/0000-0002-8137-7701

128
_I_Wl L EY_ CNSS Neuroscience & Therapeutics

39.
40.

41.
42.

43.

44,
45.
46.

47.
48.

49.

50.

51.
52.
53.

54.

JIANG ET AL.

Schmidt K, Cowen PJ, Harmer CJ, Tzortzis G, Errington S, Burnet
PW. Prebiotic intake reduces the waking cortisol response and
alters emotional bias in healthy volunteers. Psychopharmacology
(Berl). 2015;232(10):1793-1801.

Kazemi A, Noorbala AA, Azam K, Eskandari MH, Djafarian K. Effect
of probiotic and prebiotic vs placebo on psychological outcomes in
patients with major depressive disorder: a randomized clinical trial.
Clin Nutr. 2019;38(2):522-528.

Barrera-Buguefio C, Realini O, Escobar-Luna J, et al. Anxiogenic ef-
fects of a Lactobacillus, inulin and the synbiotic on healthy juvenile
rats. Neuroscience. 2017;359:18-29.

An L, Yang JC, Yin H, et al. Inulin-type oligosaccharides extracted
from Yacon produce antidepressant-like effects in behavioral mod-
els of depression. Phytother Res. 2016;30(12):1937-1942.

Song J, Kim YK. Animal models for the study of depressive disorder.
CNS Neurosci Ther. 2021;27(6):633-642.

Bridgewater LC, Zhang C, Wu Y, et al. Gender-based differences in
host behavior and gut microbiota composition in response to high
fat diet and stress in a mouse model. Sci Rep. 2017;7(1):10776.
Stojanov S, Berlec A, Strukelj B. The influence of probiotics on the
Firmicutes/Bacteroidetes ratio in the treatment of obesity and in-
flammatory bowel disease. Microorganisms. 2020;8(11):1715.
Vacca M, Celano G, Calabrese FM, Portincasa P, Gobbetti M, de
Angelis M. The controversial role of human gut Lachnospiraceae.
Microorganisms. 2020;8(4):573.

Koh GY, Kane AV, Wu X, Crott JW. Parabacteroides distasonis at-
tenuates tumorigenesis, modulates inflammatory markers and pro-
motes intestinal barrier integrity in azoxymethane-treated a/J mice.
Carcinogenesis. 2020;41(7):909-917.

Koh GY, Kane A, Lee K, et al. Parabacteroides distasonis attenuates
toll-like receptor 4 signaling and Akt activation and blocks colon
tumor formation in high-fat diet-fed azoxymethane-treated mice.
Int J Cancer. 2018;143(7):1797-1805.

LeiY, Tang L, Liu S, et al. Parabacteroides produces acetate to alle-
viate heparanase-exacerbated acute pancreatitis through reducing
neutrophil infiltration. Microbiome. 2021;9(1):115.

Thompson RS, Gaffney M, Hopkins S, et al. Ruminiclostridium 5,
Parabacteroides distasonis, and bile acid profile are modulated by
prebiotic diet and associate with facilitated sleep/clock realign-
ment after chronic disruption of rhythms. Brain Behav Immun.
2021;97:150-166.

Aizawa E, Tsuji H, Asahara T, et al. Possible association of
Bifidobacterium and Lactobacillus in the gut microbiota of patients
with major depressive disorder. J Affect Disord. 2016;202:254-257.
Savignac HM, Kiely B, Dinan TG, Cryan JF. Bifidobacteria exert
strain-specific effects on stress-related behavior and physiology in
BALB/c mice. Neurogastroenterol Motil. 2014;26(11):1615-1627.
Jaggar M, Rea K, Spichak S, Dinan TG, Cryan JF. You've got male:
sex and the microbiota-gut-brain axis across the lifespan. Front
Neuroendocrinol. 2020;56:100815.

Tang W, Zhu H, Feng Y, Guo R, Wan D. The impact of gut mi-
crobiota disorders on the blood-brain barrier. Infect Drug Resist.
2020;13:3351-3363.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Welcome MO, Mastorakis NE. Stress-induced blood brain bar-
rier disruption: molecular mechanisms and signaling pathways.
Pharmacol Res. 2020;157:104769.

Ding F, Wu J, Liu C, et al. Effect of Xiaoyaosan on colon morphology
and intestinal permeability in rats with chronic unpredictable mild
stress. Front Pharmacol. 2020;11:1069.

Dudek KA, Dion-Albert L, Lebel M, et al. Molecular adaptations of
the blood-brain barrier promote stress resilience vs. depression.
Proc Natl Acad Sci USA. 2020;117(6):3326-3336.

Liu Y, Yu X, Zhao J, Zhang H, Zhai Q, Chen W. The role of MUC2
mucin in intestinal homeostasis and the impact of dietary compo-
nents on MUC2 expression. Int J Biol Macromol. 2020;164:884-891.
Johansson ME et al. The inner of the two Muc2 mucin-dependent
mucus layers in colon is devoid of bacteria. Proc Natl Acad Sci USA.
2008;105(39):15064-15069.

Tilg H, Zmora N, Adolph TE, Elinav E. The intestinal microbiota fu-
elling metabolic inflammation. Nat Rev Immunol. 2020;20(1):40-54.
Roszkowski M, Bohacek J. Stress does not increase blood-
brain barrier permeability in mice. J Cereb Blood Flow Metab.
2016;36(7):1304-1315.

Lee S, Kang BM, Kim JH, et al. Real-time in vivo two-photon imag-
ing study reveals decreased cerebro-vascular volume and increased
blood-brain barrier permeability in chronically stressed mice. Sci
Rep. 2018;8(1):13064.

Menard C, Pfau ML, Hodes GE, et al. Social stress induces neu-
rovascular pathology promoting depression. Nat Neurosci.
2017;20(12):1752-1760.

Zhao B, Yin Q, Fei Y, et al. Research progress of mechanisms for
tight junction damage on blood-brain barrier inflammation. Arch
Physiol Biochem. 2022;128:1579-1590.

Welcome MO. Cellular mechanisms and molecular signaling pathways
in stress-induced anxiety, depression, and blood-brain barrier inflam-
mation and leakage. Inflammopharmacology. 2020;28(3):643-665.
Parker A, Fonseca S, Carding SR. Gut microbes and metabolites as
modulators of blood-brain barrier integrity and brain health. Gut
Microbes. 2020;11(2):135-157.

SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Jiang J, Fu'Y, Tang A, et al. Sex
difference in prebiotics on gut and blood-brain barrier
dysfunction underlying stress-induced anxiety and depression.
CNS Neurosci Ther. 2023;29(Suppl. 1):115-128. doi:10.1111/

€ns.14091


https://doi.org/10.1111/cns.14091
https://doi.org/10.1111/cns.14091

	Sex difference in prebiotics on gut and blood–­brain barrier dysfunction underlying stress-­induced anxiety and depression
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Animals
	2.2|Behavioral test
	2.3|Real-­time PCR
	2.4|Enzyme-­linked immunosorbent assay (ELISA) analysis
	2.5|Hematoxylin–­eosin (HE) Staining
	2.6|Blood–­brain barrier (BBB) permeability test
	2.7|16 S rRNA Sequencing
	2.8|Statistical analysis

	3|RESULTS
	3.1|Prebiotics mitigated anxiety-­like behavior caused by CRS in female in the 3rd week and male mice in the 4th week, but did not alleviate depression-­like behavior
	3.2|Prebiotics restored the downregulated muc-­2 expression and the number of goblet cells in colon caused by CRS in female mice, but not in male mice
	3.3|Three-­week CRS and prebiotics affected colon and brain–­blood barrier function in a sex-­specific manner
	3.3.1|Gene expressions of tight junction proteins
	Female mice
	Male mice

	3.3.2|BBB permeability

	3.4|Prebiotics alleviated CRS-­induced inflammation status in both female and male mice
	3.5|Three-­week CRS and prebiotics administration modulated the relative abundance of gut microbiota in a sex-­specific manner
	3.6|The abundance of gut microbiota was correlated with behaviors, inflammation condition, and gut and brain barrier function in female mice

	4|DISCUSSION
	5|CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


