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1. Introduction

Inulin ameliorates schizophrenia via modulation of
the gut microbiota and anti-inflammation in micet

Li Guo, @ 12 Peilun Xiao,” Xiaoxia Zhang,© Yang Yang, 2 ® Miao Yang,” Ting Wang,”
Haixia Lu,® Hongyan Tian,® Hao Wang & *@ and Juan Liu @

The microbiome—-gut—brain (MGB) axis, which regulates neurological and cognitive functions, plays an
essential role in schizophrenia (SCZ) progression. Dietary inulin could be a novel strategy for the treatment
of SCZ due to its modulating effects on the gut microbiota. In this study, the effects of inulin on mice
with SCZ were studied. As indicated by the behavioural tests, expression of neurotransmitters, inflamma-
tory indicators, and brain morphology, inulin administration ameliorated aberrant behaviours (locomotor
hypoactivity, anxiety disorders and depressive behaviours, and impaired learning and spatial recognition
memory) and effectively reduced neuroinflammation and neuronal damage. In addition, inulin improved
intestinal integrity and permeability, as indicated by the elevated expression of tight junction proteins (p <
0.05). The results of 16S rRNA sequencing and analysis showed that inulin increased the abundance of
Lactobacillus and Bifidobacterium, which were negatively correlated with 5-hydroxytryptamine and
inflammatory cytokines and positively correlated with brain-derived neurotrophic factor (BDNF). Inulin
caused a reduction in Akkermansia that was positively correlated with inflammatory cytokines and nega-
tively correlated with BDNF. These results suggested that dietary inulin modulated the gut microbiota and
exerted anti-inflammatory effects in mice though the MGB axis, which further ameliorated SCZ.
Therefore, the results of this study provide a potential explanation for inulin intervention in the treatment
of SCZ.

postnatal environmental risk factors, etc."”® Due to its com-
plexity, the underlying mechanism of SCZ pathogenesis is yet

Schizophrenia (SCZ) is a heterogeneous neurodevelopmental
disorder that is characterised by psychosis. With a worldwide
incidence of approximately 1%," it has become one of the
global leading causes of disability and imposes significant
socioeconomic burdens on public health.> Unfortunately,
effective psychopharmacological options remain limited.® The
aetiology of schizophrenia is complicated and assumed as
multifactorial, including genetic dysfunction, prenatal and/or

“School of Basic Medical Sciences, Ningxia Medical University, Yinchuan 750004,
Ningxia, China. E-mail: 568587854@qq.com, yyibr@hotmail.com,
623755794@qq.com, wangting950417@126.com, 664593460@qq.com,
wanghaograduate@126.com, ryuken0518@163.com; Tel: +86 15825311426,

+86 13995073111

bDepartment of Anatomy, Weifang Medical University, Weifang 261042, Shandong,
China. E-mail: xiaopeilun123@sina.com

“College of Traditional Chinese Medicine, Ningxia Medical University,

Yinchuan 750004, Ningxia, China. E-mail: zxx1216@163.com

4Clinical Medical College, Ningxia Medical University, Yinchuan 750004, Ningxia,
China. E-mail: 739899841 @qq.com

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
dofo02778b

{These authors contributed equally to this work.

156 | Food Funct, 2021,12, 156-1175

to be completely understood. Increasing research has impli-
cated the potential role of the ‘microbiome-gut-brain (MGB)
axis’ in SCZ attributed to the gut microbiome regulating the
bidirectional signalling between the central nervous system
(CNS) and enteric nervous system.” Accumulating evidence has
indicated that the MGB axis signalling influences neurotrans-
mission, neurogenesis, myelination, dendrite formation and
blood-brain barrier development, as well as modulates cogni-
tive function and behavioural patterns.'®*? Perturbation of
microbiota and microbial metabolites can modulate the
behaviour in mouse."*'* Conversely, neurological and neuro-
developmental disorders could result in changes in the gut
microbiota."® Considering the role of the gut microbiota in the
gut inflammatory response, it is highly conceivable that the
gut microbiota contribute to the pathogenesis of SCZ by influ-
encing the immune system and the inflammatory response.
Recently, the effects of neuroinflammation’® and microbiota
dysfunction’”*® have been observed in the pathogenesis of
SCZ. Therefore, the importance of neuroinflammation and the
involvement of microbiota in SCZ have received great atten-
tion. This might inspire researchers to develop novel strategies
for the treatment of SCZ.

This journal is © The Royal Society of Chemistry 2021
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Inulin, a natural fructan, has been widely used in food,
pharmaceuticals, and many other fields as dietary fiber and a
prebiotic.’® A variety of biological functions of inulin have
been demonstrated, including regulating immune and metab-
olism and balancing intestinal microbiota, thus contributing
to a partial reversal or remission of several diseases. For
instance, it can alleviate type 2 diabetes mellitus (T2DM)>**!
and lipid metabolism disorders** by suppressing inflam-
mation and modulating the gut microbiota. Furthermore,
inulin prevents inflammatory bowel disease (IBD) by modulat-
ing the colonic production of short-chain fatty acids (SCFAs)
and suppressing mucosal inflammation.>® Inulin also influ-
enced the activity of intestinal microbiota in the prevention of
colon cancer development.** In our previous studies, we have
shown that inulin ameliorated alcoholic liver disease (ALD) by
suppressing the lipopolysaccharide (LPS)-toll-like receptor-4
(TLR-4)-My axis>®> and modulating the gut microbiota via
SCFA-induced suppression of M1 and facilitation of
M2 macrophages in mice.”® The beneficial effect of inulin was
reported to be its selective stimulation of some bacteria, such
as Lactobacillus, Bifidobacterium,”® and Prevotellaceae.*
However, the effect of inulin on the MGB axis has yet to be
elucidated.

In addition to functioning as a prebiotic in indirectly modu-
lating the intestinal immune response, inulin is recognized by
intestinal epithelial cells and it directly stimulates the release
of anti-inflammatory cytokines. Therefore, a significant pro-
spective application of inulin could be predicted for the treat-
ment of diseases related to both intestinal microbial imbal-
ance and immune dysfunction. Thus, considering the simul-
taneous occurrence of inflammation and microbial imbalance
in SCZ, inulin could be a desirable candidate for its treatment.
However, the exact effects and mechanisms of dietary inulin
on SCZ remain largely unknown.

This study investigated whether inulin can ameliorate SCZ
by modulating the gut microbiota and suppressing the micro-
glial activation via the MGB axis in a murine model, which
may contribute to the theoretical foundation of inulin inter-
vention in the treatment of CNS diseases.

2. Materials and methods
2.1 Animals and diets

Six-week old male C57BL/6] mice, obtained from Vital River
Laboratory Animal Technology Co., Ltd (Beijing, China, license
number: SCXK [Beijing] 2016-0011), were caged at room temp-
erature (22 = 1 °C) and air humidity of 40-60%, with a 12 h
light/dark cycle. Modified drinking water with inulin or risperi-
done was provided to the mice. Inulin (product number:
Q/P&HO0001S; purity: 91%) was purchased from Fengning
Ping’an High-tech Industrial Co., Ltd, Chengde, China, and
risperidone (product number: H 20065005) was purchased
from Siyao Pharmaceuticals Co., Ltd, Changzhou, China. All
animal experimental procedures were approved by the Ethics
Committee of Ningxia Medical University (no. 2014-014).
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2.2 Experimental design

Sixty male C57BL/6] mice (6 weeks old, weighing 19 + 1 g) were
randomly allocated to the following four groups (15 mice per
group): (a) model mice group with schizophrenia (SCZ): intra-
peritoneally injected with MK-801 0.6 mg per kg body weight
daily for 14 consecutive days and fed a normal diet;*” (b) SCZ
with inulin group (INU + SCZ): after MK-801 administration,
mice were fed drinking water containing inulin (2 g per kg
body weight) for 6 weeks as the intervention group;*® (c) SCZ
with risperidone group (RIP + SCZ): after MK-801 adminis-
tration, mice were fed drinking water containing risperidone
(0.1 mg per kg body weight) for 6 weeks as the positive control
group;”® and (d) control group (CON): mice were intraperitone-
ally injected with an equal volume of saline for 14 days and
fed a normal diet. Drinking water was freshly prepared with
inulin powder or risperidone solution daily. The average daily
volume of liquid intake per mouse was monitored. After 8
weeks (14 days of modelling and 6 weeks of drinking water
intervention), their faeces were collected. Prior to euthanisa-
tion, the mice were subjected to behavioural tests, and the
associated indications were investigated.

2.3 Behavioural tests

2.3.1 Open-field test (OFT). Mice were placed individually
at the centre of the unfamiliar arena (40 cm x 40 cm x 40 cm)
and allowed to explore it freely for 6 min. Their spontaneous
activities over the last 5 min were recorded using an automatic
video tracking system (Smart version 3.0; Panlab, S.L.U.,
Barcelona, Spain). The arena was divided into two areas: the
central zone (25% of the inner surface area, far away from the
walls) and the peripheral zone (75% of the outer surface area,
outside the centre). The total travelled distance was considered
as an index of locomotor activity. Rearing and defecation were
considered as indices of ‘anxiety levels’, while increased pro-
portion of distance or time spent in the central zone indicated
decreased anxiety. In order to eliminate the odour left by the
previous mice, their urine was cleaned with 75% alcohol
before each mouse was subjected to the open field test.

2.3.2 Morris water maze (MWM) assay. Morris water maze
(MWM) testing was conducted in a round pool (90 cm in dia-
meter and 40 cm in depth). The pool was filled to a depth of
11 cm with water-based white non-toxic titanium dioxide
paint. The pool and room temperatures were maintained at 24
+ 1 °C. The escape platform was a 25 cm? plexiglass square,
placed at the centre of one quadrant of the pool, 15 cm from
the pool’s edge, and submerged 1 cm beneath the water
surface. The platform remained in the same position through-
out the learning trials in navigation training, and it was
removed from the pool during the spatial probe test.

At the beginning, each mouse was placed gently into the
pool facing the wall at one of the four positions (north, south,
east, and west), and four quadrant tests were completed daily
for the first 4 days. The maximum swim time was set at 60 s. If
the mouse located the platform within 60 s and stayed on it
for up to 10 s, it was immediately removed from the pool. If
not, the mouse was gently guided to the platform to reorient to
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the cues for an additional 30 s before being removed from the
pool. Mice were then dried to keep them warm. On day 5, the
navigation training began and the escape incubation period of
mice within 60 s in each quadrant was recorded. To examine
their spatial reference memory, a spatial probe test was per-
formed 24 h after the navigation training. During the spatial
probe test, the platform was removed from the pool and the
mouse was lowered into the water from the opposite quadrant
of the original platform position, allowed to swim freely for 60
s, and the number of times it crossed the platform was
recorded. The SMART digital tracking system (version 2.5,
Panlab, Barcelona, Spain) was simultaneously used to record
the trial.

2.4 Blood samples and tissue preparation

Blood samples were collected in tubes containing ethylenedia-
minetetraacetic acid and centrifuged (at 1500¢ for 10 min) to
obtain plasma samples. All plasma samples were stored at
—80 °C for further analysis. The plasma C-reactive protein
(CRP) and LPS levels were determined using an automatic bio-
chemical analyser (HITACHI, 7180, Tokyo, Japan) and a
limulus amebocyte lysate kit (Bioendo Technology Co., Ltd,
Xiamen, China), respectively.

The whole brain and a part of the small intestine tissues
were isolated. One half of the samples were used for enzyme-
linked immunosorbent assay (ELISA) determination of neuro-
transmitters and inflammatory cytokines, while the other half
were fixed with 4% paraformaldehyde for immunohistochem-
istry, Nissl staining, and hematoxylin and eosin (HE) staining.

2.5 Enzyme-linked immunosorbent assay (ELISA)

The concentrations of 5-hydroxytryptamine (5-HT), dopamine
(DA) (Elabscience Biotechnology, China), brain-derived neuro-
trophic factor (BDNF), tumour necrosis factor-a (TNF-a), inter-
leukin (IL)-1p, IL-6, and IL-10 (Cloud-Clone Corp., China) were
detected by ELISA. A commercial kit was used to measure each
cytokine level in plasma or the supernatants of brain tissues
according to the manufacturer’s instructions. Briefly, the brain
tissues were rinsed with ice-cold phosphate-buffered saline
(PBS; 0.01 M, pH = 7.4) to remove any excess blood. They were
then weighed, minced, and homogenized in PBS with an auto-
matic sample freeze-grinding instrument (JXFSTPRP-CL,
Shanghai Jingxin Industrial Development Co., Ltd, China) at
0 °C. The homogenates were then centrifuged for 5 min at
5000g to obtain the supernatant. The absorbance was read at
450 nm using a spectrophotometer (Varioskan LUX, Thermo
Fisher Scientific, USA), and the brain sample concentrations
were subsequently calculated using the equation generated
from a standard curve.

2.6 Plasma lipopolysaccharide (LPS) assay

A limulus amebocyte lysate kit (Bioendo Technology Co., Ltd,
Xiamen, China) was used to detect the concentration of LPS in
plasma according to the manufacturer’s instructions. The
optical density at 545 nm was measured using a microplate
reader (Thermo Fisher Scientific, Waltham, MA, USA).
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2.7 Hematoxylin and eosin (HE) staining

The brain and small intestine tissues of the sacrificed mice
were immediately fixed in 4% paraformaldehyde, dehydrated,
and embedded in paraffin. The sections cut from the paraffin-
embedded blocks were stained with HE. The slides were
observed under an Olympus microscope (Aomori Olympus,
BX51, Japan) to evaluate the enteric integrity, including
inflammation and changes in the thickness of the intestinal
mucosa, and assess inflammatory cell infiltration in the cer-
ebral cortex. The mean length of the villi in the small intestine
was measured to determine the thickness of the intestinal
mucosa.

2.8 Immunohistochemistry

To determine the role of microglia and the integrity of the
intestinal mucosal barrier in SCZ after inulin treatment,
immunohistochemistry was used to analyze the brain and
intestinal tissues. The slides were dewaxed and rehydrated.
Subsequently, the slides were incubated in sodium citrate solu-
tion for 10 min and placed in a microwave oven over medium
heat to unmask the antigen. The slides were dropped in 3%
hydrogen peroxide for 20 min to block endogenous peroxidase
and then blocked with ready-to-use goat serum for 30 min at
22 + 2 °C. The brain slides were incubated with a rabbit anti-
mouse Iba-1 antibody (1:8000 dilution, Abcam, no. 178847,
USA), and the intestine slides were incubated with a rabbit
anti-mouse occludin antibody (1:200 dilution, Abcam, no.
216327, USA) or a rabbit anti-mouse Zonula occludens 1 (ZO-1)
antibody (1:100 dilution, Abcam, no. 214228, USA) at 37 °C
for 1 h. After rinsing, the slides were incubated with horse-
radish peroxidase conjugated goat anti-rabbit immuno-
globulin-G (1:1000 dilution, Abbkine, no. A21020, China) for
20 min at room temperature. After 3 min of reaction with sub-
strate-chromogen 3, 3'-diaminobenzidine, the slides were
counterstained with hematoxylin to observe the nucleus.
Images were captured with an Olympus BX51 microscope. The
positive areas in the 40x optical fields of the cerebral cortex,
the hippocampal CA1, CA3, and DG regions, and the intestinal
lumen mucosal region were then observed using the Image]
software (National Institutes of Health, Bethesda, MD, USA).
The observers were blinded to the experimental groups.

2.9 Nissl staining

The prepared sections were obtained from each group,
dewaxed to hydration according to the previously described
procedure, and then placed in a dyeing tank filled with cresyl
violet stain (Nissl staining kit, Solarbio Technology, Beijing) at
56 °C for 1 h. The sections were then removed and rinsed with
deionised water. Nissl differentiation solution was added to
each section in turn, and the differentiation time was con-
trolled under the microscope to achieve a complete or almost
colourless background. After differentiation, the sections were
rinsed with distilled water for 10 min, dehydrated with a gradi-
ent of ethanol, made transparent with xylene, and finally
sealed with neutral gum. The morphological changes of

This journal is © The Royal Society of Chemistry 2021
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neurons in various hippocampal regions (CA1, CA3, and DG)
were observed with a microscope (Bar = 20 pm).

2.10 Isolation of brain microglial cells

Microglial cells, the major inflammatory innate immune cells
in the CNS, were digested and isolated from the mouse brain
tissues as previously described.’® Briefly, a whole brain tissue
was minced prior to being subjected to 15 min digestion at
37 °C. The digestion mixtures used were 10 mL of 0.25%
(weight by volume) type IV collagenase (Sigma, San Francisco,
USA) and 20 pL DNase I (28 U mL™' Sigma, D5025,
San Francisco, CA, USA). Subsequently, the specimens were
mashed through a 200-mesh nylon membrane (Sigma-Aldrich,
S$3895, Oakville, ON, Canada). The homogenate was centri-
fuged for 7 min at 421g, and then the supernatant was care-
fully poured off. To remove myelin, the brain homogenates
were subjected to centrifugation in the presence of 10 mL of
37% (volume by volume) Percoll solution (Solarbio Technology
Co., Ltd, Beijing, China) for 10 min at 500g. The myelin layer
was sucked off and the cell pellet was retained. Then, the cells
were washed by adding 1x Hank’s balanced salt solution and
centrifuged for 10 min at 550g. The cell pellets were re-sus-
pended, washed with Dulbecco’s modified Eagle’s medium
(DMEM), and centrifuged for 10 min at 421g. Finally, the
samples were re-suspended in 100 pL of DMEM, and the con-
centration was adjusted to 1 x 10’ cells per mL for flow cyto-
metry staining.

2.11 Flow cytometry analysis

Flow cytometry staining was performed in the dark at 4 °C.
The cells were re-suspended and incubated with 1 pL of CD16/
CD32 (BD Biosciences, no. 214228, USA) for 15 min to block
non-specific binding of antigen. Subsequently, 100 pL of sus-
pended cells were stained with phycoerythrin (PE)-conjugated
anti-mouse CD45 antibody and allophycocyanin (APC)-conju-
gated anti-mouse CD11b antibody (BD Biosciences, no.
553081, no. 553312, USA) for 30 min. Meanwhile, the cells
were stained with isotype-matched control antibodies, respect-
ively. Finally, the prepared samples were detected using a Cyto
FLEX flow cytometer (Beckman Coulter, USA).

2.12 Gut microbiota analysis

The faecal microbial 16S ribosomal RNA (rRNA) gene sequen-
cing and analysis were performed as described in previous
studies.'*?*> After 6 weeks of drinking intervention, five mice
were randomly selected from each group and transferred to
separate sterilised cages to collect fresh faeces, which were
immediately frozen in liquid nitrogen individually and then
stored at —80 °C until DNA extraction.

Microbial genomic DNA extraction was performed using the
E.Z.N.A.® Soil DNA Kit (Omega Biotek Norcross, GA, USA)
according to the manufacturer’s instructions. DNA extraction
was checked by electrophoresis on a 1% agarose gel, and the
DNA concentration and purity were determined with a
NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific,
Wilmington, USA). The V3 and V4 regions of the 16S rRNA
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gene were amplified by polymerase chain reaction (PCR) with
primer pairs 338F (5-ACTCCTACGGGAGGCAGCAG-3") and
806R  (5-GGACTACHVGGGTWTCTAAT-3') using an ABI
GeneAmp® 9700 PCR thermocycler (ABI, CA, USA). The PCR
amplification of the 16S rRNA gene was performed as follows:
initial denaturation at 95 °C for 3 min, followed by 27 cycles of
denaturation at 95 °C for 30 s; annealing at 55 °C for 30 s and
extension at 72 °C for 45 s; and a single extension at 72 °C for
10 min and finally at 4 °C. The PCR mixtures contained 4 pL
of 5% TransStart FastPfu buffer, 2 pL of 2.5 mM 2'-deoxynucleo-
side 5'-triphosphate, 0.8 pL of forward primer (5 uM), 0.8 pL of
reverse primer (5 pM), 0.4 pL of TransStart FastPfu DNA
Polymerase, 10 ng template DNA, and finally double-distilled
H,0 of up to 20 pL. PCR reactions were performed in triplicate.
The PCR product was extracted from 2% agarose gel using an
AxyPrep DNA gel extraction kit (Axygen Biosciences, Union
City, CA, USA) according to the manufacturer’s instructions
and then quantified using a Quantus Fluorometer (Promega,
USA). In order to carry out Qubit quantification and library
detection, the library was constructed using the TruSeq®DNA
PCR-free sample preparation kit. After passing the test, the
library was sequenced using the Illumina MiSeq (Illumina,
San Diego, CA) on the cloud platform of Shanghai Majorbio
Bio-pharm Technology Co., Ltd, China.

2.13 Statistical analysis

GraphPad Prism version 8 (GraphPad Software Inc., La Jolla,
CA, USA) and SPSS 23.0 (IBM Analytics, UK) were used for stat-
istical analyses. All data were checked for normality and hom-
ogeneity of variance using the Shapiro-Wilk and Levene tests,
respectively. Data were presented as mean + standard error.
Differences among multiple comparisons were analyzed using
two-way analysis of variance followed by Tukey’s multiple com-
parison test. The difference between the two groups was
assessed using student’s ¢ test (two-tailed). The body weight
was analyzed using repeated measure ANOVA following Tukey’s
multiple comparison test. For data analysis that did not meet
the normality and homogeneity of variance tests, nonpara-
metric tests were used. The 16S rRNA gene sequencing data of
the two groups were analyzed by the Wilcoxon rank-sum test.
Spearman’s correlation analyses were performed for the rela-
tive abundance of microbiota and inflammatory indicators or
neurotransmitters. P < 0.05 was considered statistically
significant.

3. Results

3.1 Physiological parameters of mice in diverse groups

The results revealed that inulin controlled metabolic balance
during the chronic course of SCZ, as indicated by the body
weight (BW) gain and plasma CRP levels (Fig. 1a and b).
Similar BWs were observed in all groups at the beginning of
the study. After intraperitoneal injection of MK-801, the BW of
the mice in the SCZ model group was dramatically decreased
compared to the CON group (p < 0.001) from day 7 to day 14

Food Funct, 2021,12, 156-1175 | 1159
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Fig. 1 Effects of diverse interventions on basic parameters of SCZ mice. (a) Changes in body weight (BW) in 14 days of MK-801 modelling and 6
weeks of different interventions; (b) plasma C-reactive protein (CRP) level. Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. In
figure a, *: SCZ vs. CON; #: SCZ vs. INU + SCZ, using repeated measure ANOVA following Tukey's multiple comparison test.

during modelling, but there was no significant difference
when compared to the CON group at the end of the experi-
ment. Interestingly, during 6 weeks of drinking water interven-
tion after modelling, there were significant differences in the
BW between the SCZ and INU + SCZ groups at week 2 (p <
0.05), week 4 (p < 0.05), and week 5 (p < 0.01), indicating that
inulin intervention affected the BW in SCZ mice. In addition,
the BW of the RIP + SCZ and SCZ groups differed at week 4 of
treatment (p < 0.001). Similar to the BW gaining process, the
plasma CRP level was significantly increased in the SCZ group
compared to the CON group (p < 0.05), INU + SCZ group (p <
0.001) and RIP + SCZ group (p < 0.01), respectively (Fig. 1b).

3.2 Inulin alleviated schizophrenia-like symptoms in mice

The behavioural tests were performed for 24 h after 6 weeks of
drinking water intervention, including OFT (Fig. 2a) and
MWM (Fig. 2g). Data from the two independent trials of behav-
ioural testing were consistent with each other. In the OFT, the
SCZ mice showed hypoactivity, including less total travelled
distance (Fig. 2a and e), less rearing (Fig. 2c), and more travel
in the exposed central region away from the walls (Fig. 2d and
f), suggesting decreased exploratory behaviours and increased
depressive-like behaviours. Promisingly, the number of rearing
and total distance in SCZ mice were significantly increased
after inulin intervention compared to the model group, indi-
cating that inulin could alleviate SCZ-like symptoms in mice.
Notably, the increasing trend of defecation was observed in the
INU + SCZ group compared to the SCZ group (Fig. 2b), which
further revealed that inulin may regulate anxiety and
depression. However, after intervention with risperidone, the
above indicators only showed an improvement trend without
any significant differences when compared with the SCZ group.
Cognitive behaviours were also measured using the MWM
test. In the positioning cruise experiment test (Fig. 2g and h),
the SCZ mice took a significantly longer time to locate the
escape platform than the CON group mice, indicating
impaired learning memory. In the INU + SCZ and RIP + SCZ

160 | Food Funct., 2021,12, 1156-1175

groups, the mice located the platform much faster than the
mice in the SCZ group (Fig. 2h). Furthermore, in the space
exploration experiment (Fig. 2i), mice in the SCZ group
crossed the platform considerably less number of times than
the CON group, suggesting impaired spatial recognition
memory. Meanwhile, there was an increase in the number of
times the INU + SCZ mice crossed the platform compared to
the SCZ mice but the difference was not statistically signifi-
cant. There was a decrease in the number of times the RIP +
SCZ mice crossed the platform compared to the SCZ mice but
without any significant difference.

Collectively, these behavioural tests demonstrated that the
SCZ mice displayed locomotor hypoactivity, anxiety disorders
and depressive-like behaviors, and impaired learning and
spatial recognition memory, as they showed a longer latency to
locate the escape platform during the training sessions and
spent less time in the target quadrant in the MWM test com-
pared to the others. However, after 6 weeks of inulin interven-
tion, the above indicators have been improved, suggesting that
inulin may be considered to regulate the intestinal microbiota
through the MGB axis by affecting the transmission of brain
synapses and issuing different behavioural instructions,
thereby improving the abnormal behaviours of SCZ mice.

3.3 Inulin improved the brain physiology and
pathomorphology of mice with schizophrenia

The brain BDNF levels in the SCZ group were notably
decreased compared to the CON (p < 0.001), INU + SCZ (p <
0.05), and RIP + SCZ groups (p < 0.01) (Fig. 7d). The levels of
neurotransmitter DA in the SCZ group were significantly
higher than those in the CON group (p < 0.01) and RIP + SCZ
group (p < 0.05), but showed no significant difference in the
INU + SCZ group (p > 0.05) (Fig. 7e). Similarly, the brain 5-HT
concentrations in the SCZ group were notably higher than
those in the INU + SCZ group (p < 0.001) (Fig. 7f), but there
was no significant difference between the SCZ and CON
groups.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Hypokinetic behaviour, impaired learning and memory in SCZ mice, and the reversal after inulin intervention. (a—f) Open field test (OFT), (g—
i) Morris water maze (MWM). (a) An open field trajectory diagram for behavioural testing; (b) the number of faeces; (c) the number of rearing events;
(d) the distance traveled in the peripheral zone (cm); (e) the cumulative distance traveled (cm); (f) the time in the central zone (s); (g) the representa-
tive traces of mouse activity in the MWM test; (h) the primary latency to find the platform within the 60 s training task of MWM along with 4 trails; (i)
the number of times passing through the platform in the opposite quadrant during the 60 s probe test of recognition memory. All data were pre-
sented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

To further confirm the pathological changes in the brain,
HE staining, Nissl staining, and immunohistochemistry were
performed respectively. First, HE staining showed that the

INU+SCZ RIP+SCZ

o

hyperchromatic inflammatory cells were increased in the SCZ
group compared to the CON group, whereas 6 weeks of inulin

CA1

intervention distinctly alleviated the brain histopathological
injury, and a similar result was found in the RIP + SCZ group
(Fig. S1t). Moreover, the Nissl staining revealed that the SCZ
group showed the loss and necrosis of neurons with light cell

CA3

staining and nuclear condensation with deep staining in the
various regions of the hippocampus (CA1, CA3, and DG) in
contrast to that in the CON group (Fig. 3). When treated with
inulin, the phenomenon of nuclear hyperchromatism was

reduced compared to the SCZ group, suggesting that neuronal  Fig. 3 |nulin ameliorated neuronal necrosis in SCZ mice. Nissl staining
necrosis was alleviated. of the hippocampal regions CA1, CA3 and DG; bar = 20 pm.

DG
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It is worth noting that in this experiment the prebiotics
directly affected the intestine and regulated the CNS. To test
whether the effects were attributed to inflammation and the
gut microbiota, the following experiments were performed.

3.4 Inulin significantly reduced chronic inflammation in
mice with schizophrenia

First, in the immunohistochemistry of the prefrontal cortex of
the brain, the microglia marker Iba-1 displayed a brown colour
(Fig. 4a). The expression of Iba-1 in the SCZ group was found
to be higher than that in the CON group using a 20x micro-
scope objective lens, while the expression of positive cells in
the INU + SCZ group was lower than that in the SCZ group.
Using a 400x magnification to enlarge the local image of the
corresponding area, it was found that the number of microglial
cells was increased and the morphology was altered in the SCZ
group compared to the CON group. The cells became larger
with increased synaptic branches, indicating that the micro-
glial cells were activated in the SCZ group. After inulin admin-
istration, the number of microglial cells was decreased, and
the morphology was changed between the active and resting
states. Similar results were found in the RIP + SCZ group. The
statistical analysis of the proportion of the area occupied by
positive cells showed that the positive cells in the SCZ group
were significantly increased compared to the CON group (p <
0.001, Fig. 4b), while those in the INU + SCZ group or RIP +
SCZ group were significantly decreased compared to the SCZ
group (p < 0.01 and p < 0.001, respectively) (Fig. 4b).

Similarly, in the Iba-1 immunohistochemical staining of
the hippocampus, consistent results were observed for the

20X

40X

Iba1 Positive Cells

View Article Online
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different regions (CA1, CA3, and DG), which further clarify the
microglial expression under physiological, pathological, and
interventional conditions in different parts of the brain
(Fig. 5a and b). In the hippocampal CA1, CA3, and DG areas,
the number of microglial cells in the SCZ group was signifi-
cantly higher than that in the CON group (Fig. 5b-e). In the
CA1 and CA3 areas, the number of positive cells in the INU +
SCZ group was significantly lower than that in the SCZ group
(p < 0.01 and p < 0.05, respectively), which was consistent with
the results of the RIP + SCZ group (Fig. 5¢ and d). In the DG
area, the relative number of microglial cells in the INU + SCZ
group or the RIP + SCZ group was also decreased compared to
the SCZ group, but the decrease was not statistically significant
(Fig. 5e). These results indicated that excessive proliferation
and activation of microglial cells in the SCZ group was clearly
observed from the morphology, which could be reversed by
inulin intervention.

To further assess the effects of inulin on the proportions of
microglial activation and resting in SCZ mice, the microglial
cells were analyzed using flow cytometry. The activated micro-
glial cells were labeled with APC-CD11b" and PE-CD45"¢"",
whereas the resting microglial cells were marked with
APC-CD11b" and PE-CD45" (Fig. 6a). The results showed that
the proportions of activated microglial cells and resting micro-
glial cells were increased in the SCZ group compared to the
CON group (p < 0.001) (Fig. 6b). Treatment with inulin
decreased the proportions of activated and resting microglial
cells compared to the SCZ group (p < 0.001) (Fig. 6b).
Similar effects were observed for treatment with risperidone
(p < 0.001).

INU+SCZ

e

RIP+SCZ

v

coM

\“\,*507' ‘1\9607’

Fig. 4

Inulin significantly decreased the positive expression of brain Iba-1 in SCZ mice. (a) Results of microglial cell immunohistochemistry (IHC) in

the brain prefrontal cortex. 20X Bar = 50 pm; 40X Bar = 20 um. (b)The relative number of microglial Iba-1 cells in the prefrontal cortex of diverse
groups. *p < 0.05, **p < 0.01, ***p < 0.001. All experiments were performed in triplicate.
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Fig. 5

Inulin notably decreased the microglial expression in different regions (CA1, CA3 and DG) of the hippocampus in SCZ mice. (a) The visual

map of the hippocampus showing the corresponding observation parts. (b) Immunohistochemistry (IHC) of Ibal in the hippocampus. Bar = 20 um.
(c—e) The relative number of microglial Iba-1 cells in the hippocampal regions CA1, CA3 and DG of diverse groups. *p < 0.05, **p < 0.01.

Parallel to the activation of microglial cells, the immune
inflammatory indicators were also altered accordingly. After 6
weeks of intervention, inflammatory cytokines and bacterial
endotoxins in the brain tissues and peripheral blood plasma
were respectively measured. The results showed that TNF-o,
IL-1f, IL-6 and IL-10 concentrations in the brain tissues were
drastically higher in the SCZ group than in the CON group (all
P < 0.0001) (Fig. 7a). As expected, these markers in the INU +
SCZ or RIP + SCZ group were dramatically lower than those in
the SCZ group (all p < 0.01). Plasma inflammatory cytokine
concentrations also showed similar trends (Fig. 7b).

Moreover, the plasma concentration of LPS in the INU +
SCZ group was significantly lower than that in the SCZ group
(p < 0.05) but still higher than that in the CON group. This was
similar to the RIP + SCZ group versus SCZ group results
(Fig. 7¢), suggesting that the effectiveness of inulin in the SCZ
group might be related to the reduction of translocated LPS-
induced endotoxaemia.

3.5 Inulin improved intestinal integrity and permeability

Based on the results of HE staining in diverse groups, the mor-
phology of intestinal villi in the SCZ group were found to be
shorter and incomplete compared to the CON group
(Fig. S2at). The intestinal mucosa became thinner and the
cells were loosely arranged, suggesting that chronic inflam-
mation caused pathological changes in the intestinal structure

This journal is © The Royal Society of Chemistry 2021

and function. However, these pathological changes improved
after inulin treatment (Fig. S2at). The length of the villi in the
intestinal cavity could be used as an indirect indicator to evalu-
ate the permeability of the intestinal mucosa. The measure-
ment results showed that the length of the intestinal villi of
the SCZ group was notably lower than that of the CON group
(p < 0.001), and the length was dramatically increased after
inulin or risperidone intervention (p < 0.0001, p < 0.05),
especially in the INU + SCZ group (Fig. S2bt).

Immunohistochemistry analysis of the small intestine in
the SCZ group showed that the positive cell staining was shal-
lower than that in the CON group. After inulin intervention,
the staining became significantly thicker, and a similar effect
was observed in the RIP + SCZ group (Fig. 8a). Further statisti-
cal analysis revealed that ZO-1 and occludin were notably
decreased in the SCZ group when compared with the CON
group (p < 0.001 and p < 0.05, respectively). In the INU + SCZ
group, the levels of ZO-1 and occludin were drastically
increased compared to the SCZ group (both p < 0.05) (Fig. 8b
and c).

3.6 Inulin modulated the gut microbiota in mice with
schizophrenia

To further investigate the distinction in the gut microbiota of
the SCZ mice treated with inulin, 16S rRNA sequencing and
analysis were performed to measure 20 faecal samples

Food Funct, 2021,12, 156-1175 | 1163
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Fig. 6

Inulin significantly reduced inflammation in SCZ mice, including inhibition of excessive activation and an increase in the number of microglial

cells. (a) Flow cytometry analysis of microglia CD11b*CD45* cells and CD11b*CD45"9"* cells in diverse groups. (b) The proportions of
CD11b*CD45" cells (resting microglia) and CD11b*CD45"9"* cells (activated microglia). **p < 0.01, ***p < 0.001.

obtained from the mice of the SCZ, INU + SCZ, RIP + SCZ, and
CON groups. Strains with different abundances in different
groups were used to evaluate the possible alterations in func-
tion and correlations with indicators including behaviours,
neurotransmitters, inflammatory factors and pathomorphol-
ogy. We obtained 1422 459 high-quality sequences across all
samples with an average length of 421.55 base pairs.
Taxonomic composition at the species level was characterised
by operational taxonomic units (OTUs). A Venn diagram
showed that 94 of 479 OTUs were commonly detected in the
four groups, while 5, 1, 3 and 6 OTUs were unique in the SCZ,
INU + SCZ, RIP + SCZ, and CON mice, respectively (Fig. 9a).
Most rarefaction curves tended to approach the saturation
plateau, suggesting that the sequencing depth was reasonable
and sufficient to cover the entire bacterial diversity (Fig. S3b¥).

To determine whether the microbial composition of SCZ
mice with various interventions differed substantially from
that of the CON group mice, we performed f-diversity analysis.
This analysis revealed that principal coordinate analysis
(PCoA) of OTUs at the phylum and genus levels corroborated
the distinction among the four groups (Fig. 9b and c), but
there were still crossovers among individual sample points, for
eliminating the intragroup differences and comparing the
inter-group differences, partial least squares discriminant ana-
lysis (PLS-DA) was performed with the classical partial least
squares regression model. Significant discrimination was

164 | Food Funct, 2021, 12, 156-1175

observed among the four groups at the phylum and genus
levels, indicating that there were distinctive species in each
group (Fig. 9d and e).

At the phylum level, the proportion of Firmicutes was lower
in the SCZ group than in the other three groups, but there was
no statistical difference (Fig. 10a). The relative abundances of
Proteobacteria and Patescibacteria in the SCZ group were sig-
nificantly lower than those in the CON group (p = 0.0278 and p
= 0.02157, respectively) (Fig. 10c), which were reversed by RIP
treatment (p = 0.03671 and p = 0.0278, respectively) (Fig. 10e).
Meanwhile, the proportion of Verrucomicrobia was significantly
higher in the SCZ group than that in the CON group (p =
0.01219), INU + SCZ group (p = 0.02157) and RIP + SCZ group
(p = 0.01219) (Fig. 10c, e and g). Intriguingly, after inulin
administration, the abundance of Actinobacteria was dramati-
cally increased in the INU + SCZ group compared with the SCZ
group (p = 0.02157) (Fig. 10e). Collectively, our data revealed
that inulin intervention had a major effect of increasing
Actinobacteria and decreasing Verrucomicrobia in the INU +
SCZ group but limited effects on Bacteroidetes and Firmicutes
(Fig. 10a).

To further understand the effects of inulin on the compo-
sition of the gut microbiota in SCZ, the microorganisms
at the genus level were investigated (Fig. 10b). We found
that Desulfovibrio, Alistipes, unclassified f-Lachnospiraceae,
Lachnoclostridium, and Muribaculum were the most prevalent

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Effects of inulin on inflammatory cytokines, neurotransmitters and lipopolysaccharide (LPS) levels in diverse groups. The supernatants of
brain tissue or plasma were collected to determine the concentrations of TNF-a, IL-1f, IL-6, and IL-10 by using ELISA kits and the LPS levels with a
limulus amebocyte lysate kit. (a) The concentrations of TNF-a, IL-1f, IL-6 and IL-10 in brain tissues. (b) The concentrations of TNF-«, IL-1p, IL-6 and
IL-10 in plasma. (c) The concentration of plasma LPS. The supernatants of the brain tissue were collected for detection of BDNF (d), DA (e) and 5-HT
(f) levels using ELISA kits, respectively. Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All experiments were
performed in triplicate. TNF-a: tumour necrosis factor-a; IL-6: interleukin-6; IL-1p: interleukin-1p; IL-10: interleukin-10; LPS: lipopolysaccharide;

BDNF: brain-derived neurotrophic factor; 5-HT: 5-hydroxytryptamine; and DA: dopamine.

genera in the CON group and they were obviously reduced in
the SCZ group (p < 0.05) (Fig. 10d). While the proportions of
Akkermansia and Eubacterium-fissicatena were dramatically
higher in the SCZ group than those in the other three groups
(p < 0.05) (Fig. 10d and f). Moreover, the abundance of
Lactobacillus in the INU + SCZ group was higher than that in
the SCZ group, but without statistically significant difference
(p = 0.1437). Bifidobacterium was sharply elevated in the INU +
SCZ group compared with the SCZ group (p = 0.03615)
(Fig. 10f). The proportion of Desulfovibrio was significantly
reduced in the SCZ group compared to the CON group (p =
0.03219) (Fig. 10d), which was reversed by RIP treatment (p =
0.02157) (Fig. 10h). In addition, Bacteroides and Marvinbryantla
were dramatically higher in the RIP + SCZ group than those in
the SCZ group (p = 0.01219 and p = 0.03671, respectively)
(Fig. 10h). Overall, the genus results showed that the chronic
process of SCZ changed the initial proportion of OTUs, mainly
including  unclassified  f-Lachnospiraceae,  Desulfovibrio,

This journal is © The Royal Society of Chemistry 2021

Lachnoclostridium, Alistipes, Muribaculum, Akkermansia, and
Eubacterium-fissicatena. Dietary inulin restored the gut dysbio-
sis by increasing Bifidobacterium and Lactobacillus and decreas-
ing Akkermansia and Eubacterium-fissicatena. Furthermore, the
heat map also showed similar results (Fig. S3at).

3.7 Altered gut microbes in mice with schizophrenia and
their association with neurotransmitters and inflammatory
cytokines

Among the top 30 species ranging from high to low microbial
abundance, Spearman’s correlation was used to analyze the
correlation between explicit species and specific neurotrans-
mitters or inflammatory cytokines. First, Spearman’s corre-
lation analysis showed that the change in the 5-HT level in the
brain tissue was positively associated with Parasutterella (r =
0.6033, p < 0.01), Blautia (r = 0.5568, p < 0.05), Parabacteroides
(r = 0.5043, p < 0.05), and Eubacterium-fissicatena (r = 0.4934,
p < 0.05) but negatively associated with Lactobacillus (r =

Food Funct, 2021,12, 156-1175 | 1165
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Fig. 8 Inulin significantly changed the positive expression of ZO-1 and occludin in the small intestine of SCZ mice. (a) Small intestine immunohisto-

chemistry (IHC) was performed using rabbit anti-mouse ZO-1 antibody and rabbit anti-mouse occludin antibody, respectively. Bar = 20 pm. (b) The
positive expression of ZO-1 cells in diverse groups. (c) The positive expression of occludin cells in diverse groups. *p < 0.05, **p < 0.01, ***p < 0.001.

All experiments were performed in triplicate.

—0.5664, p < 0.01), Muribaculum (r = —0.5461, p < 0.05),
Alistipes (r = —0.5290, p < 0.05), Turicibacter (r = —0.4927, p <
0.05), Lachnospiraceae-NK4A136 (r = —0.4874, p < 0.05), and
Bifidobacterium (r = —0.4582, p < 0.05). The DA level in the
brain tissue was negatively associated with unclassified-f-
Ruminococcaceae (r = —0.4479, p < 0.05). Moreover, BDNF in
the brain tissue was positively associated with Alistipes,
Muribaculum, Lachnoclostridium, and norank-f-Lachnospiraceae
(r=0.4612, r = 0.4889, r = 0.4962 and r = 0.4507, respectively;
all p < 0.05) but negatively associated with Akkermansia (r =
—0.7100, p < 0.001) and Parabacteroides (r = —0.4543, p < 0.05)
(Fig. 11a, Table S1+).

Next, the correlation between faecal microbial species abun-
dance and brain inflammatory concentrations was identified
(Fig. 11b, Table S27). In brief, the abundance of Akkermansia
was found to be positively associated with the brain levels of
TNF-a (r = 0.6732, p < 0.01), IL-1p ( = 0.5639, p < 0.01), IL-6 (r
= 0.7113, p < 0.001), and IL-10 (r = 0.7281, p < 0.001). In
addition, the abundances of Dubosiella and Parasutterella were
positively associated with IL-1p (r = 0.4722 and r = 0.4605,
respectively; both p < 0.05). The abundance of Parabacteroides
was positively associated with IL-10 (r = 0.4686, p < 0.05). In
contrast, among the 10 microbial species with significant

166 | Food Funct, 2021, 12, 156-1175

negative correlation with the above inflammatory cytokines,
Alistipes showed the highest correlation with TNF-a, IL-1f, IL-6,
and IL-10 (r = —0.7446, r = —0.7537, r = —0.7514, and r =
—0.6810, respectively), followed by Lachnoclostridium and
Ruminiclostridium.

4. Discussion

In the present study, we investigated the efficacy of dietary
inulin administration in mice with SCZ. After 6 weeks of treat-
ment, the results demonstrated that inulin alleviated the
damage of brain neurons. The beneficial effects could be due
to the suppression of the over-activated microglial cells by
inhibiting the release of inflammatory indicators and modulat-
ing the gut microbiota. This intervention caused fewer side
effects and showed higher preventive and therapeutic potential
than the other modalities, probably due to the MGB axis invol-
vement. The following discussion is regarding the MGB axis
from the perspective of microorganisms to explore how inulin
in SCZ model mice improves the damaged intestinal mucosal
barrier by regulating the gut microbiota to reduce LPS translo-
cation into the circulatory system to inhibit inflammation. The

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Altered gut microbiome in each group of mice. (a) Venn diagram of microbial species number in the faeces of diverse groups. The microbial
species with different abundance among diverse groups including SCZ mice (purple circle), CON mice (red circle), INU + SCZ mice (green circle)
and RIP + SCZ mice (yellow circle). (b) and (c) Principal coordinate analysis (PCoA) score plots based on the Bray—Curtis distance at the phylum and
genus levels for microbiome in the faeces, respectively. (d) and (e) Partial least squares discriminant analysis (PLS-DA) score plots at the phylum and

genus levels for microbiome, respectively (n = 5 per group).

cascade effect, which in turn reduces the activation of micro-
glia in the CNS, ultimately leads to partial reversal of neuronal
damage and effective relief of SCZ-like symptoms.

In this study, the gut microbiota was significantly altered in
the INU + SCZ group compared to the SCZ group. Growing evi-
dence has demonstrated that gut dysbiosis is closely associated
with the onset and progression of SCZ.*'** The microbial
sequencing results of our study showed that Bacteriodetes and
Firmicutes were the most dominant in all four groups at the
phylum level, which was consistent with previous human and
animal studies,®** whereas there were no significant differ-
ences in the abundance among the diverse groups. Decreased
Proteobacteria and Patescibacteria and increased
Verrucomicrobia in our results were responsible for gut dysbio-
sis in SCZ. More importantly, the abundance of Actinobacteria
was notably increased in the INU + SCZ group compared with
the SCZ group, which was in agreement with previous studies
on humans and animals.?®*” This revealed that supplementary
inulin might modulate gut dysbiosis in SCZ mice by increasing
the gut Actinobacteria. Actinobacteria, Gram-positive microor-
ganisms, are mainly aerobes with an oxidative metabolism,
but several species are facultative anaerobes or even strict
anaerobes. In addition, Actinobacteria are able to metabolize
amino acids, and some strains can degrade aromatic hydro-
carbons. They are major producers of medically important
antibiotics as they are members of the genus Streptomyces, the
most abundant group of Actinobacteria.>®

At the genus level, the results also revealed that inulin
could restore gut dysbiosis in SCZ by upregulating beneficial

This journal is © The Royal Society of Chemistry 2021

bacteria (Bifidobacterium and Lactobacillus),”**° especially

Bifidobacterium, and downregulating probable pathogenic bac-
teria such as Akkermansia, which are mucin-degrading bacteria
that reside in the mucus layer. Bifidobacterium is thought to
promote health and restore mucus growth by producing anti-
microbial substances that protect the host from opportunistic
pathogens.*®*" Therefore, it was suspected that the improve-
ment in the intestinal environment by increasing the abun-
dance of Bifidobacterium might be beneficial for the mainten-
ance and promotion of a healthy condition.*” Lactobacillus, a
genus of commensal bacteria existing as microaerophiles or
facultative anaerobes, affects the intestinal integrity by produ-
cing a ligand of the aryl hydrocarbon receptor (AhR), indole-3-
aldehyde, that contributes to AhR-dependent IL-22 transcrip-
tion and mucosal protection from inflammation.*® The coloni-
sation of Akkermansia in the intestine is closely related to the
host health. The genus Akkermansia is known to be effective in
improving gut barrier function by increasing the thickness of
the intestinal mucus layer, resulting in a beneficial immune
response. Emerging evidence also reveals that the abundance
of Akkermansia has an inverse correlation with the conse-
quences of inflammation, such as obesity, T2DM, and non-
alcoholic fatty liver disease.***> Despite of showing beneficial
effects in most cases, there are still some contradictory
reports. a recent study has shown that
Parkinson’s disease was associated with increased intestinal
Akkermansia genera,*® and deprivation of dietary fibers caused
Akkermansia to erode the mucus layer,”” which was consistent
with our findings. Our study found that the pathological

For instance,
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Fig. 10 Relative abundance of microbial species at the phylum and genus levels in the faeces of mice. (a) Community abundance at the phylum
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respectively. (d), (f) and (h) The genus analysis of CON vs. SCZ, SCZ vs. INU

process of SCZ seemed to be closely related to the increase in
Akkermansia. However, after inulin intervention, the abun-
dance of Akkermansia was significantly decreased, while
those of Bifidobacterium and Lactobacillus were increased.
Furthermore, the levels of inflammatory cytokines, including

168 | Food Funct, 2021,12, 156-1175

+ SCZ, and SCZ vs. RIP + SCZ, respectively. *p < 0.05, (n = 5 per group).

TNF-o, IL-1f, IL-6, and IL-10, positively associated with
Akkermansia were also decreased. This showed that inulin could
improve the intestinal microenvironment by changing the abun-
dance of the gut microbiota and their metabolites, thereby
exerting a protective effect on the intestinal mucosal barrier.

This journal is © The Royal Society of Chemistry 2021
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group).

Furthermore, the intestinal mucosal barrier formed by
intestinal epithelial cells and intercellular connections is an
important defence barrier that prevents pathogenic microor-
ganisms and their metabolites from penetrating the intestine
and entering the blood.*® Tight junction indicators, ZO-1 and
occludin, play indispensable roles in maintaining the intesti-
nal mucosal barrier.*> Our morphological results showed that
the expression levels of the tight junction proteins (occludin
and ZO-1) were reduced in SCZ mice, indicating increased
intestinal permeability and impaired mucosal barrier, which
were also observed in other diseases, such as in celiac
disease,”® IBD,”" and diabetes.’> However, drastically elevated
expression of ZO-1 and occludin in the INU + SCZ group
suggested that inulin could improve intestinal integrity and
permeability, which was consistent with a previous study.*® In
addition, Viorica Braniste et al.>® reported that microbiota dys-
biosis was associated with altered expression of tight junction
proteins and increased blood-brain barrier permeability.

Furthermore, the reduction of LPS in plasma was noted in
the INU + SCZ group, demonstrating that dietary inulin
reduced gut permeability and LPS translocation from the intes-
tine to the systematic circulation in the SCZ mice. LPS, a
crucial trigger of inflammation, binds to the Toll-like receptor-
4 (TLR-4) of antigen presenting cells, resulting in a cascade

This journal is © The Royal Society of Chemistry 2021

application reaction for the release of inflammatory cytokines
through the leaky intestinal mucosal barrier that induces
brain damage. Further analysis in this study showed that the
reduction of the plasma or brain pro-inflammatory cytokines
(TNF-a, IL-6, and IL-1p) and CRP levels after inulin treatment
confirmed the suppression of the inflammatory response.
These results were in agreement with the previous findings on
the anti-inflammatory effects of inulin in chronic metabolic
diseases.?>*>”* Thus, the current results elucidated that inulin
effectively alleviated endotoxemia and inflammation in SCZ.
This study documented neuroinflammation as a causative
factor in SCZ. The increased levels of TNF-a activate nuclear
factor-kappa B (NF-kB), which in turn promotes the production
of the pro-inflammatory cytokines IL-6 and IL-1p, and the
T-cell derived cytokine interferon gamma.>® This may acceler-
ate the generation and accumulation of free radicals and lipid
peroxidation, activate microglial cells, and increase neuroexci-
tatory activity, ultimately leading to neurodegenerative
effects.”® It is well known that microglial cells are resident
macrophages in the CNS with characteristic roles in combating
infection, clearing cellular debris, and maintaining homeosta-
sis, and involvement in complex neurodevelopmental pro-
grams such as neurogenesis and synaptic pruning.”” In this
study, the immunohistochemistry of microglia in the frontal

Food Funct, 2021,12,1156-1175 | 1169
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cortex and hippocampus demonstrated that inulin could effec-
tively reverse the excessive activation of microglia and protect
neurons from damage by reducing the release of inflammatory
cytokines. The results of flow cytometry combined with immu-
nohistochemistry of microglia further quantified the activation
status of microglia and assessed the therapeutic effect after
inulin intervention. Our results showed that TNF-a, IL-1p, and
IL-6 levels in plasma and brain tissues in the INU + SCZ group
were both significantly decreased, demonstrating that dietary
inulin alleviated neuroinflammation mainly by reducing pro-
inflammatory cytokines. Activation of microglial cells induces
oxidative stress and produces pro-inflammatory cytokines TNF-
o, IL-1f, and IL-6, causing degeneration of neurocytes and con-
sequently resulting in excitotoxicity-induced neuronal death.>”
We also speculated that IL-10 could play a complicated role in
the imbalance between the regulation of pro- and anti-inflam-
matory mediators during the chronic process of neuroinflam-
matory diseases, since IL-10 in this study differed from our
previous study on ALD* in that it was decreased after inulin
administration.

To evaluate the effects of inulin on the brain in SCZ mice, a
series of brain physiological indicators (BDNF, 5-HT and DA)
were analysed. BDNF, a neurotrophin playing essential roles in
neurogenesis, is related to neuronal excitability, synaptic trans-
mission, and maintenance of neuronal plasticity.’®*° In
addition, it has been documented that BDNF attenuates TNF-o
and IL-1f by inhibiting NF-«B signalling.®® In this study, the
BDNF level in the SCZ group was notably decreased but was
obviously increased in the INU + SCZ group. The current
results were consistent with previous studies,’"®* demonstrat-
ing that dietary inulin could increase neurogenesis in SCZ
against neurodegeneration in the brain.

The concentrations of 5-HT and DA in the brains of the
mice in each group were also measured to assess whether
inulin changed the synthesis and release of neurotransmitters
through the MGB axis. The gut microbiota catabolises food-
derived tryptophan into a range of neuroactive catabolites,””®
such as kynurenine (Kyn), kynurenic acid (Kyna) and quinoli-
nic acid (Quia), which can remotely affect the central gluta-
mate and serotonin systems.®*®> Moreover, the other two pro-
ducts of tryptophan metabolism are the ligands of AhR*® and
5-HT.®® The former is related to the integrity and permeability
of the mucosal barrier, whereas the latter, a neurotransmitter
related to mood, is synthesized in colon chromaffin cells and
can be used as a potential mediator between the gut micro-
biota and brain pathophysiology. It has been reported that sys-
temic inflammation induced by LPS caused the release of
5-HT in the hippocampus. After administration of prebiotics,
the concentration of 5-HT was reduced, accompanied by
decreases in the IL-1p and TNF-a levels,®” which was consistent
with the current experimental results. Furthermore, DA has
been accepted as one of the main neurotransmitters that are
disturbed in SCZ.°® An elevated concentration of DA in our
experiment corroborated with a previous study.®® It is worth
noting that after intervention with inulin, the results of a sig-
nificant decrease in the concentration of 5-HT and no signifi-
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cant changes in the DA level revealed that inulin mainly regu-
lated the production and release of 5-HT, but had no signifi-
cant regulatory effect on the elevated DA concentration under
the pathological conditions of SCZ. This further confirmed
that the effect may be related to the tryptophan metabolism
pathway of maintaining the homeostasis of normal synaptic
function and neurotransmission in SCZ,*>’° and the under-
lying mechanism needs to be further investigated.

Next, the correlation analysis between the gut microbiota
and neurotransmitters or inflammatory indicators revealed
that Lactobacillus, Bifidobacterium, Muribaculum, Alistipes, and
Lachnospiraceae NK4A136 were negatively correlated with 5-HT
and proinflammatory cytokines, while Alistipes, Muribaculum
and Lachnospiraceae were positively correlated with BDNF. In
contrast, Akkermansia was negatively correlated with BDNF and
positively correlated with inflammatory cytokines in the SCZ
Meanwhile,  Parasutterella, Parabacteroides, and
Eubacterium fissicatena were positively correlated with 5-HT.
Interestingly, among these bacteria, Parasutterella was posi-
tively correlated with IL-1f, which was consistent with the
study of Chen et al.”* Parabacteroides was positively correlated
with IL-10 and negatively correlated with BDNF. This was in
agreement with the above results, further confirming that
inulin alleviated SCZ by modulating the gut microbiota by
increasing Lactobacillus and Bifidobacterium and decreasing
Akkermansia, which triggered a series of related inflammatory
and metabolic reactions. In this case, decreased concen-
trations of 5-HT correspondingly reduced the abundance of
Parasutterella, Parabacteroides, and Eubacterium fissicatena,
further contributing to an increase in BDNF and a decrease in
inflammatory cytokines. Moreover, along with the tryptophan
metabolic pathway, when both 5-HT and inflammatory cyto-
kines were reduced, it may be inferred that the AhR could
increase accordingly and may exert positive effects in improv-
ing the mucosal barrier function. In this situation, the trypto-
phan-kynurenine metabolism tended to be balanced, and neu-
roexcitatory toxicity and neurodegeneration were reversed.

To further validate the effect of inulin on the reversal of
brain pathological changes, HE staining and Nissl staining
were performed. HE and Nissl staining revealed that inulin
dramatically ameliorated brain inflammatory cell infiltration
and neuronal necrosis in SCZ mice. The brain morphological
changes together with the above physiological indices indi-
cated that inulin had a significant restorative effect on SCZ
brain neuronal damage, further contributing to the mitigation
of the SCZ-like symptoms. Memory impairment and hyperac-
tivity are very common traits observed in the rodent models of
SCZ.”>”® However, in this study, we found that SCZ mice
injected with N-methyl-p-aspartate (NMDA) receptor antagonist
MK-801 for 14 consecutive days displayed behavioural abnorm-
alities, including psychomotor hypoactivity and cognitive dys-
function. This phenomenon may be more biased towards the
negative symptoms of SCZ due to the decline of glutamatergics
caused by long-term administration of NMDA receptor antag-
onists. After administration of inulin, the abnormal beha-
viours (locomotor hypoactivity, anxiety disorders, depressive

mice.

This journal is © The Royal Society of Chemistry 2021
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behaviours, and impaired learning ability) were dramatically
improved. These beneficial effects of inulin were similar to
those elicited in the study by Kao et al.”*”” which also showed
the effects of the other prebiotic to alter NMDA receptors,
attenuate metabolic dysfunction, and exert beneficial effects
on depression and cognitive function in psychosis. The
efficacy of inulin in SCZ mice showed no statistical change in
spatial memory function, which was coincident with the
limited efficacy of risperidone treatment of negative SCZ
symptoms.”®”” However, in view of the certain improvement
trend, an entirely new treatment approach needs to be
explored to overcome the limitations of the current antipsycho-
tic medications.

In this study, we also found that the BW was lower in the
SCZ group at the end of modelling,”®”® but dietary inulin
administration for 6 weeks effectively slowed the regain of BW
in SCZ mice after modelling. This result was consistent with
that of mice with diabetes or hyperlipidemia mice treated with
inulin,>**® indicating that inulin can also regulate glucose and
lipid metabolism, possibly by modulating intestinal microor-
ganisms to improve body homeostasis. However, the exact
mechanism of these bacterium candidates as well as their
metabolites (SCFA, etc.) affecting the synthesis and release of
neurotransmitters and inflammatory cytokines via the MGB axis
is largely unknown. Further studies are required at the metage-
nomic and cellular levels to prove this pathological mechanism.

5. Conclusions

This study highlighted that dietary inulin ameliorated SCZ via
modulation of the gut microbiota and anti-inflammation in
mice, thus providing a theoretical foundation for future inulin
intervention in the treatment of SCZ.

Abbreviations
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MGB axis Microbiome-gut-brain axis
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