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pathway through the microbiota-gut-brain

axis
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Abstract

Background: Parkinson’s disease (PD) is a prevalent neurodegenerative disorder, displaying not only well-known
motor deficits but also gastrointestinal dysfunctions. Consistently, it has been increasingly evident that gut microbiota
affects the communication between the gut and the brain in PD pathogenesis, known as the microbiota-gut-brain axis.
As an approach to re-establishing a normal microbiota community, fecal microbiota transplantation (FMT) has exerted
beneficial effects on PD in recent studies. Here, in this study, we established a chronic rotenone-induced PD mouse
model to evaluate the protective effects of FMT treatment on PD and to explore the underlying mechanisms, which
also proves the involvement of gut microbiota dysbiosis in PD pathogenesis via the microbiota-gut-brain axis.

Results: We demonstrated that gut microbiota dysbiosis induced by rotenone administration caused gastrointestinal
function impairment and poor behavioral performances in the PD mice. Moreover, 165 RNA sequencing identified the
increase of bacterial genera Akkermansia and Desulfovibrio in fecal samples of rotenone-induced mice. By contrast, FMT
treatment remarkably restored the gut microbial community, thus ameliorating the gastrointestinal dysfunctions and
the motor deficits of the PD mice. Further experiments revealed that FMT administration alleviated intestinal
inflammation and barrier destruction, thus reducing the levels of systemic inflammation. Subsequently, FMT treatment
attenuated blood-brain barrier (BBB) impairment and suppressed neuroinflammation in the substantia nigra (SN), which
further decreased the damage of dopaminergic neurons. Additional mechanistic investigation discovered that FMT
treatment reduced lipopolysaccharide (LPS) levels in the colon, the serum, and the SN, thereafter suppressing the TLR4/
MyD88/NF-kB signaling pathway and its downstream pro-inflammatory products both in the SN and the colon.
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brain axis, 165 RNA sequencing

Conclusions: Our current study demonstrates that FMT treatment can correct the gut microbiota dysbiosis and
ameliorate the rotenone-induced PD mouse model, in which suppression of the inflammation mediated by the LPS-
TLR4 signaling pathway both in the gut and the brain possibly plays a significant role. Further, we prove that rotenone-
induced microbiota dysbiosis is involved in the genesis of PD via the microbiota-gut-brain axis.
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Background

Parkinson’s disease (PD) is one of the most common
neurodegenerative diseases with the average prevalence
of 3.9%o0 and 1-2%o respectively in China and worldwide
[1, 2]. PD patients are presented with canonical motor
symptoms including slowness of movement, rigidity,
resting tremors, and postural instability [3] whereas
some premotor gastrointestinal (GI) dysfunctions like
constipation, dysphagia, nausea, vomiting, and weight
loss also frequently affect patients with PD [4, 5]. The
dopaminergic neuronal death in the substantia nigra
(SN) and the aggregation of a-synuclein (a-syn) in the
remaining neurons are two dominant pathological hall-
marks of PD which contribute to the occurrence of
motor symptoms in PD patients [6].

In consistence with the presentation of GI dysfunc-
tions which precede the classical motor symptoms in PD
patients, it becomes increasingly evident that the influ-
ence of microbiota community alterations on the com-
munications between the brain and the gut is also
involved in the development of PD, known as the
microbiota-gut-brain axis [7]. In healthy individuals, the
stable gut microbiota composition plays a critical role in
sustaining the balance of intestinal barrier integrity and
inflammation, thus positively regulating brain develop-
ment and behavior through the microbiota-gut-brain
axis [8—10]. However, many pathological alterations of
microbial taxon abundances have been reported in PD
patients. For example, elevated abundances of genera
Akkermansia, Bifidobacterium, and Lactobacillus as well
as decreased levels of Blautia and Faecalibacterium in
PD patients have been consistently reproduced by sev-
eral studies [11-14]. In addition, the infection of Helico-
bacter pylori (Hp) has also been reported to be
associated with PD [15]. Moreover, healthy mice receiv-
ing gut microbiota transplantation from PD diseased do-
nors showed motor dysfunctions in some research [16—
18]. Collectively, these reports suggest that gut micro-
biota dysbiosis plays a pivotal role in the pathogenesis of
PD. However, the underlying mechanisms remain fur-
ther exploration.

During the development of PD, gut microbiota dysbiosis
can not only trigger the chronic inflammatory state of in-
testinal epithelium but also increase neuroinflammation
through the microbiota-gut-brain axis [19, 20]. The

resident inflammation in the GI tracts associated with
microbiota dysbiosis may lead to the disruption of intes-
tinal barrier integrity and the increase of its permeability,
known as leaky gut [21, 22]. Then, pro-inflammatory mi-
crobial products like lipopolysaccharide (LPS) along with
cytokines make their way across the damaged barrier into
the circulation, thus causing systemic inflammation [8,
23]. Thereafter, these pro-inflammatory molecules in the
systemic circulation may induce the destruction of the
blood-brain barrier (BBB), allowing the entrance of LPS
and inflammatory cytokines into the SN. As a result, neu-
roinflammation and cell death of dopaminergic neurons
can occur in the SN [20, 24, 25]. During the whole
process, LPS activates immune cells both in the intestinal
tracts as well as the SN by interacting with the Toll-like
receptor 4 (TLR4) on their surfaces [26, 27]. The specific
mechanisms of the microbiota-gut-brain axis in PD patho-
genesis still need more research to discover novel thera-
peutic targets for PD treatment.

Targeted at gut microbiota dysbiosis, fecal microbiota
transplantation (FMT) has been emerging as a promising
therapy in various diseases, such as Clostridioides difficile
infection (CDI), and metabolic syndrome [28, 29]. It is a
process of introducing normal fecal microbiota from
healthy donors into the GI tracts of patients to re-
establish a stable gut microbial environment, which may
ameliorate the progression or the symptoms of disorders
by regulating gut microbiota-associated pathways. It is
also reported that FMT treatment has shown beneficial ef-
fects in several neurological disorders, like autism
spectrum disorder (ASD) and multiple sclerosis (MS) [30].
In addition, one case report suggested that FMT can pro-
tect the GI dysfunctions and motor disorders in a PD pa-
tient [31]. Moreover, Sun et al. [18] showed that FMT
administration alleviated a MPTP-induced PD mouse
model by reducing gut microbiota dysbiosis and neuroin-
flammation. However, the evidence of FMT treatment for
PD is still limited. More investigations are needed to
evaluate its efficacy and to explore the underlying mecha-
nisms. To further assess the protective effects of FMT
treatment on PD, we established a chronic PD mouse
model by rotenone and then treated the mice with FMT
in the current study. Rotenone, a classic insecticide, has
shown great ability of mimicking the clinical and patho-
logical manifestations of PD [32-36]. Besides, multiple
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studies have also proven that the pathogenesis of the
chronic rotenone-induced PD mouse model is closely re-
lated to gut microbiota dysbiosis [37-39].

Accordingly, we hypothesized that gut microbiota dys-
biosis induced by rotenone exposure plays a significant
role in the genesis of PD and FMT administration can
prevent GI dysfunctions and motor impairments by re-
storing the gut microbiota in PD mice. To this end, we
used a chronic rotenone-induced PD mouse model to
assess whether FMT treatment can protect PD and to
elucidate the underlying mechanisms, as well as to fur-
ther explore the potential role of the microbiota-gut-axis
in PD pathogenesis.

Methods

Animals and experimental design

Male C57BL/6] mice aged 8 weeks (20-22 g) were pur-
chased from Beijing Vital River Laboratory Animal
Technology Co. Ltd. (Beijing, China). The mice were
then acclimatized (12-h light/dark cycle) under standard
conditions (temperature 22 + 2 °C, humidity 50-60%)
with ad libitum access to food and water for 7 days. All
the procedures were performed following the guidelines
developed by the Beijing Municipal Ethics Committee
for the care and use of laboratory animals. The animal
experiments were approved by the Animal Care & Wel-
fare Committee, Institute of Materia Medica, CAMS &
PUMC (No. 00005402).

The schematic illustration of the animal experimental
design is shown as Fig. 1A. A total of 45 mice were ran-
domly assigned into two groups: the control group (n =
15) and the model group (n = 30). In the beginning 4
weeks, the model group received the oral administration
of rotenone every day. Meanwhile, the control group
mice were administrated with vehicle. After 4 weeks, we
randomly divided the model group mice into two
groups: Rotenone group (n = 15) and FMT group (n =
15). During week 5 and 6, the mice in the FMT group
were treated with FMT once per day. In the meantime,
the control group and the rotenone group mice received
vehicle administration once a day. These mice were daily
weighed for 6 weeks. In addition, GI function tests and
behavioral tests were performed at week 6. All the mice
were sacrificed at week 6 for further analysis.

Chronic rotenone model induction and FMT
administration

Rotenone (Sigma-Aldrich, St. Louis, MO, USA) was dis-
solved in 4% carboxymethylcellulose (CMC, Sigma-
Aldrich) with 1.25% chloroform (Beijing Chemical Works,
Beijing, China). The fresh rotenone solution was orally ad-
ministrated (30 mg/kg body weight) by gavage once a day
for 4 weeks [32, 38].
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For FMT administration, fresh stools were collected
from the control group mice, and 600 mg of feces were
immediately placed into 6 mL of sterile saline and were
steeped for 1 min. Then, the dissolved feces were centri-
fuged at 1000 g (4 °C) for 3 min. The suspension was
collected and 100 pL of bacterial suspension was then
delivered to each recipient mouse via oral gavage within
10 min.

Behavioral tests
To assess the motor function of each mouse, 4 behav-
ioral tests were conducted with an interval of 1 h.

Rota-Rod test

Mice were placed on the rotarod, and then the rod re-
volved at a speed of 30 rpm for up to 120 s. Subse-
quently, the time for each mouse to fall off the rod was
automatically recorded by the rotarod, which was de-
fined as latency. Each mouse received the test for 3
times with an interval of 1 h.

Pole test

A 50-cm-long wooden pole, 3 cm in diameter along with
a fixed wooden ball on the top of the pole was posi-
tioned in the home cage. The performance of each
mouse descending the pole was scored by 6 grades, the
lowest score being 0, and 5 the best. The mice received
training of descending from the top to the cage before
test. 3 trials were performed with an interval of 1 h.

Adbhesive removal test

Each mouse was assigned into a clean and clear cage,
and allowed 3-min free movement for acclimatization.
For removal test, round adhesive labels were first placed
on the front paws with slight pressure. Then, each
mouse was put back into the cage, and the time for each
mouse to completely remove the labels was recorded. 3
successive tests were conducted on each mouse, and an
interval of 30 min between each test was allowed.

Grip strength test

The forepaws of the mice were allowed to grasp a hori-
zontal rope which was 5 mm in diameter. Then the per-
formance of each mouse on the rope was scored from 0
to 5 according to the criteria as followed: 0, falling off
the rope in 10 s; 1, gripping the rope with only 1 fore-
paw; 2, gripping the rope with 2 forepaws; 3, gripping
the rope with only 1 hind paw; 4, gripping the rope with
2 hind paws; 5, trying to escape to the end of the rope. 3
independent tests were performed for each mouse with
an interval of 1 h.
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Fig. 1 FMT treatment alleviates motor symptoms and gastrointestinal dysfunctions of the rotenone-induced PD mouse model. A The flow chart
of animal treatments. B The body weights of mice from week 5 to week 6. C Rota-Rod test. D Adhesive removal test. E Grip strength test. F Pole
test. G Intestinal transit distances. H Colon lengths. | Water percentages of fecal pellets. J Numbers of total fecal pellets. K Time course of fecal
output over 20 min. For B-F and I-K, n = 15 for each group. For G and H, n = 5 replicates in each group. Data are presented as mean + SD. *p
<001, wp < 0.001 versus the control group; *P < 0.05, **P < 0.01, ***P < 0.001 versus the rotenone group

Fecal pellets output
After fasting for 2 h, each mouse was removed from
their home cages and placed in a clean and transparent
plastic cage for 2 h. We collected the fecal pellets and
counted the numbers. Subsequently, the wet weight was
obtained by weighing the fresh feces and the dry weight
was weighed after 24-h drying at 85 °C. The water con-
tent percentage was calculated based on the difference
in the wet and dry weights of the fecal pellets.

To evaluate the gut motor function, 20-min fecal col-
lection was performed. Each mouse was assigned into a

clean and transparent plastic cage. The numbers of stool
pellets were recorded every 5 min for 20 min.

Intestinal transit distance and colon length measurement
30 min before the sacrifice, mice were orally treated with
0.3 mL 2.5% Evans blue (Sigma-Aldrich) dissolved in
1.5% CMC-Na (Sigma-Aldrich) to detect the intestinal
transit distance. Then, the distance from the pylorus to
the farthest end was recorded, which was defined as in-
testinal transit distance [40]. In addition, the colon
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length between the end of the cecum and the anus was
measured.

Immunofluorescence staining

Five mice randomly chosen from each group were well
sedated, and then they were transcardially well-perfused
with 0.9% saline infusion followed by 4% paraformalde-
hyde in 0.1 M phosphate buffer. The tissues of the co-
lons and the brains were dissected and immediately
placed in 4% paraformaldehyde for 24 h, and next in 4%
paraformaldehyde containing 30% sucrose. The brain
and the colon tissues were embedded in paraffin and
sliced into 5-um-thick slides. The immunofluorescence
staining was conducted as described in our previous
study [41]. Briefly, the slides went through antigen re-
trieval using sodium citrate solution (pH 6.0). After be-
ing blocked with 3% bovine serum albumin (Servicebio,
Wuhan, China), the slides were incubated with primary
antibodies at 4 °C overnight. Primary antibodies in-
cluded: anti-tyrosine hydroxylase (TH, 1:1000, Service-
bio), anti-a-synuclein (1:250, Invitrogen, Waltham, MA,
USA), anti-ionized calcium-binding adapter molecule 1
(Iba-1, 1:1000, Servicebio), anti-ZO-1 (1:100, Thermo
Fisher Scientific, Waltham, MA, USA), anti-TLR4 (1:50,
Santa Cruz Biotechnology, California, USA), anti-glial fi-
brillary acidic protein (GFAP, 1:1000, Servicebio) anti-
bodies. Then, the appropriate secondary antibodies,
including FITC-labeled goat anti-mouse (1:400, Service-
bio), goat anti-rabbit IgG-CY3 (1:300, Servicebio), and
goat anti-mouse IgG-CY3 (1:300, Servicebio) were used
to detect the corresponding primary antibodies. DAPI
solution was used to detect nuclei. The representative
images were captured by a fluorescence microscope
(Nikon Eclipse C1, Tokyo, Japan). The numbers of
positive cells were analyzed by Image Pro Plus 6.0
software. Each section was calculated based on 5 ran-
domly chosen fields.

Hematoxylin and eosin staining

Five mice from each group were randomly chosen. The
sliced colon slides of each mouse embedded in paraffin
were stained with hematoxylin and eosin (H&E) follow-
ing the descriptions in our previous research [41]. The
histological score was blindly assessed by 2 researchers.
Tissue damage was scored as the following criteria [42]:
0, no damage; 1, lymphoepithelial lesions; 2, focal ulcer-
ation or surface mucosal erosion; 3, broad mucosal dam-
age involving deeper structures of the intestinal wall.
Inflammatory cell infiltration score was evaluated ac-
cording to the criteria below [42]: 0, few inflammatory
cells in the lamina propria; 1, increased infiltration of in-
flammatory cells into the lamina propria; 2, the group of
inflammatory cells infiltrating into the submucosa; 3,
transmural infiltration of inflammatory cells. Then, the
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histological score was determined by combining the
scores of tissue damage and inflammatory cell infiltra-
tion. Each section was calculated based on 5 randomly
chosen fields.

Transmission electron microscopy

The mice were well anesthetized and perfused with 0.9%
saline, and both brain and colon tissues were dissected.
Each sample was cut into cubes of 1 mm?® in size and
placed into fixative at 4 °C for 4 hours. Then, the tissues
were fixed in 1% osmium tetroxide at room temperature
for 2 h, followed by dehydration using gradient alcohol.
Subsequently, the tissues were embedded in resin and
cured by baking at 60 °C for 48 h. Later, ultra-thin sec-
tions (60 nm) were cut by ultramicrotome. Finally, a
transmission electron microscope (HITACHI, HT7700,
Japan) was utilized to observe the ultrastructure of tight
junctions both in the SN and the colon.

Bacterial translocation detection

At sacrifice, the samples of spleen, liver, and mesenteric
lymph nodes (MLNs) were aseptically collected from
each mouse. The samples were smashed and suspended
in 0.9% sterile saline at a ratio of 1:9, which meant that
0.1-g tissue samples were lysed with 0.9 mL 0.9% sterile
saline. Then, 100 pL of the suspension was plated on a
Lysogeny Broth agar plate. The numbers of colony-
forming unit (CFU) were counted and analyzed after
aerobic incubation at 37 °C for 24 h.

In vivo intestinal permeability assay of FD4

The intestinal barrier integrity was evaluated by the in vivo
permeability assay using fluorescein isothiocyanate-dextran
(FITC-dextran, MW: 4 kDa, FD4, Sigma-Aldrich). Briefly,
mice were maintained without food for 4 h and then they
were orally treated with FD4 at 0.6 mg/g body weight. After
another 4 h, mice were euthanized and exsanguinated by
retro-orbital puncture. Immediately, serum fluorescence in-
tensity was detected by a fluorescence spectrophotometer
(485/525 nm) and FD4 concentration in the serum was fur-
ther calculated based on a standard curve generated by serial
dilutions of FD4.

Quantitative polymerase chain reaction assay

Total RNA was extracted from the tissues by using the
TransZol Up Plus RNA kit (TransGen Biotech Co.,
Beijing, China) following the manufacturer’s instruc-
tions. Then, the cDNA synthesis and the quantitative
polymerase chain reaction assay (qQPCR) of various genes
were performed as described in our previous study [41]
using the TransScript One-Step gDNA Removal and
¢DNA Synthesis SuperMix (TransGen Biotech Co.) and
the TransStart Tip Green qPCR SuperMix (+ Dyel/+
Dyell) (TransGen Biotech Co.). The paired primers used
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for amplification are illustrated in Table 1. The qPCR
amplification and detection were run in the 7900HT Fast
Real-Time PCR system (Applied Biosystems, Foster City,
CA, USA). Eventually, the relative expression of mRNA
was analyzed using the 224" algorithm.

Western blot

For total protein extraction, RIPA lysis buffer (C1055,
APPLYGEN, China) with protease inhibitor cocktail
(P1265, APPLYGEN, China) and phosphatase inhibitors
mixture (P1260, APPLYGEN, China) was utilized to lyse
the tissues. Then, the lysate was centrifuged at 12,000 g,
4 °C for 20 min to obtain the total protein. To separate
cytoplasmic and nuclear proteins, the Nuclear/cytoplas-
mic Isolation Kit (P1201, APPLYGEN, China) was used
according to the manufacturer’s instruction. As de-
scribed in our previous study [43], the protein concen-
trations were detected by the BCA Protein Assay Kit
(P1511, APPLYGEN, China) and western blot was per-
formed using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) method. The transferred
membranes were incubated at 4 °C overnight with the
following primary antibodies: mouse anti-TH antibody
(1:1000, MAB318, Millipore), rabbit anti-tumor necrosis
factor-a (TNF-a) antibody (1:500, AF7014; Affinity Bio-
sciences, Cincinnati, OH, USA), rabbit anti-interleukin-
1B (IL-1P) antibody (1:1000, ab200478; Abcam, Cam-
bridge, MA, USA), rabbit anti-interleukin-6 (IL-6) anti-
body (1:1000, ab229381; Abcam), rabbit anti-inducible
NO synthase (iNOS) antibody (1:1000, A0312; Abclonal,
China), goat anti-cyclooxygenase 2 (COX2) antibody (1:
1000, ab23672; Abcam), mouse anti-a-synuclein (1:1000,
32-8100; Invitrogen), mouse anti-TLR4 antibody (1:400,
ab22048; Abcam), rabbit anti-MyD88 (1:400, ab2064;
Abcam, Cambridge, MA, USA), rabbit anti-IkB-a (1:400,
sc-371; Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA), rabbit anti-ZO-1 antibody (1:1000, ab96587,

Table 1 Paired primers for gPCR

Gene Primer sequence (5-3')

Forward Reverse
Tnf ACGGCATGGATCTCAAAGAC  AGATAGCAAATCGGCTGACG
b GCTACCTATGTCTTGCCCGT GACCATTGCTGTTTCCTAGG
llé CTGCAAGAGACTTCCATCCAG  AGTGGTATAGACAGGTCTGTTGG
COX2  GAAGTGGGGGTTTAGGATCATC CCTTTCACTTTCGGATAACCA
Nos2 ~ CAGCTGGGCTGTACAAACCTT ~ CATTGGAAGTGAAGCGTTTCG
Ocln - TTACAGGCAGAACTAGACGAC  TGATGTGCGATAATTTGCTCT
Z01  TTCCCAGCTTATGAAAGGGTT  TCGCTTCTTTCAGGGCACCGTA
Cldn1 ~ GCCATCTACGAGGGACTG GAGCAGGAAAGTAGGACACC
Cldn5  ACTGCCTTCCTGGACCACAAC  CGCCAGCACAGATTCATACACCT
Tlr4 AACTTCAGTGGCTGGATT ACTAGGTTCGTCAGATTGG
Gapdh ATGACTCTACCCACGGCAAG  GATCTCGCTCCTGGAAGATG
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Abcam), mouse anti phosphorylated-IxkB-a (1:400, sc-
8404; Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA), rabbit anti-NF-kB p65 antibody (1:1000, A2547,
Abclonal, China), mouse anti-claudin-1 antibody (1:
1000, 2H10D10, Invitrogen), rabbit anti-occludin anti-
body (1:1000, 27260-1-AP, ProteinTech), mouse anti-
claudin-5 antibody (1:1000, A10207, Abclonal, China).
The membranes were then incubated with the corre-
sponding secondary antibodies, including HRP anti-
mouse antibody (1:2000, AS003; Abclonal), HRP anti-
rabbit antibody (1:2000, AS014; Abclonal), HRP anti-
goat antibody (1:2500, AS031; Abclonal) for 2 h at room
temperature. The blots were visualized using LAS4000
chemiluminescence system (Fujifilm, Tokyo, Japan), and
the densities were analyzed by Gel-Pro Analyzer 4.0
software.

Enzyme-linked immunosorbent assay

The enzyme-linked immunosorbent assay (ELISA) kits
used to detect the levels of mouse TNF-a, IL-1f, IL-6,
LPS endotoxin, and lipopolysaccharide binding protein
(LBP) were purchased from Jianglai Industrial Limited
By Share Ltd, Shanghai, China. The experimental proce-
dures were carried out according to the manufacturer’s
instructions, which is similar to the descriptions in our
previous study [41]. The concentrations of target pro-
teins were determined by standard protein curves.

Fecal DNA extraction and 16S RNA sequencing

Mice were randomly chosen from each group at week 4
and week 6 for microbiota sequencing analysis. After
placing each mouse in a separate empty autoclaved cage,
6-8 fresh fecal pellets from each mouse were collected
and immediately put into a sterile EP tube. All the fecal
samples were instantly frozen and stored at — 80 °C for
further analysis. Microbial genomic DNA was extracted
from fecal samples by a QIAamp Fast DNA Stool Mini
Kit (Qiagen, Germany) following the improved protocol
based on the manufacturer’s instructions. The V3-V4 re-
gions of the microbial 16S RNA were amplified with the
paired primers (forward primer: 5'-CCTACGGGRS
GCAGCAG-3’; reverse primer: 5'-GGACTACVVGGG
TATCTAATC-3’). The following condition was used:
95 °C for 3 min, followed by 30 cycles at 98 °C for 20 s,
then 58 °C for 15 s, and 72 °C for 20 s and a final exten-
sion at 72 °C for 5 min. All the quantified amplicons
were pooled together at equalized concentrations for
[llumina MiSeq sequencing (Illumina, Inc., CA, USA).
Experiments including DNA extraction, quality assess-
ment, library construction, and high-throughput sequen-
cing were performed by Realbio Genomics Institute
(Shanghai, China).
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Bioinformatic analysis

Sequencing data were processed and analyzed by Realbio
Genomics Institute (Shanghai, China). Briefly, PANDA-
seq (V2.9) was used to filter the clean reads by removing
the reads with the average Phred score lower than 20,
removing the reads containing more than 3 ambiguous
bases, and retaining the reads of 250-500 nt [44]. Then,
operational taxonomic units (OTUs) were obtained
using Usearch (V7.0.1090) [45] by clustering the se-
quences with similarities over 97%. Then, OTUs were
annotated by comparing representative sequences to the
Ribosomal Database Project (RDP, http://rdp.cme.msu.
edu) [46, 47]. Alpha-diversity indices (Shannon index
and Simpson index) were calculated by QIIME (V1.9.1)
[48] and the differences among the 3 groups were ana-
lyzed by the Kruskal-Wallis test on R (V3.5.1). Beta-
diversity analysis was performed using weighted UniFrac
distances. Thereafter, the difference comparisons among
different groups were conducted by Adonis and were
displayed by the principal coordinate analysis (PCoA)
method. Besides, the analysis of similarity (ANOSIM)
method was also performed to compare the group differ-
ences. Linear discriminant analysis (LDA) was used for
comparing the differences of microbial abundances at
different taxon levels by LDA EffectSize Tools (V1.0)
[49]. Then, the microbiota community structures were
displayed by Graphical Phylogenetic Analysis software.
The correlations between the bacterial relative abun-
dances and other experimental results were performed
using Spearman correlation analysis and were displayed
by heatmap on R (V3.5.1). Eventually, the functional pre-
diction analysis was performed by the Phylogenetic In-
vestigation of Communities by Reconstruction of
Unobserved States (PICRUSt) method to determine
Kyoto Encyclopedia of Genes and Genomes (KEGGQG)
pathways [50]. The analysis was conducted using R
(V3.5.1).

Statistical analysis

The statistical analysis was conducted by using SPSS
software (version 20.0). All the data were displayed as
mean + standard deviation (SD). Statistical analysis for
multiple comparisons was performed by one-way ana-
lysis of variance (ANOVA) followed by the least signifi-
cant difference (LSD) post-hoc test. For pole test
performance, grip strength test performance, histological
score, ZO-1 integrity score, and cell numbers, the non-
parametric Kruskal-Weallis test was used, followed by the
Mann-Whitney U post-hoc test. For 2 group compari-
sons, the independent t test was utilized. To obtain the
correlations between different experiments, Spearman
correlation analysis was performed by R (V3.5.1). When
the P value was < 0.05, the results were considered sta-
tistically significant.
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Results

FMT treatment alleviates motor symptoms and
gastrointestinal dysfunctions of the rotenone-induced PD
mouse model

Weight loss, motor disorders, and GI dysfunctions com-
monly occur in PD animal models. To evaluate the pro-
tective effects of FMT administration on PD, we
established a chronic PD mouse model by orally treating
the mice with rotenone for 4 weeks. In the following 2
weeks, the rotenone-challenged mice were administrated
with FMT or vehicle (Fig. 1A). During the establishment
of the PD model, the rotenone group mice began to
show significant weight loss from day 20 (data not
shown). As illustrated in Fig. 1B, FMT treatment mark-
edly alleviated the weight loss of rotenone-challenged
mice in weeks 5 to 6. At week 6, 4 kinds of behavioral
tests were performed to assess the motor functions of
mice from different groups, including the Rota-Rod test
for motor coordination, the adhesive removal test for
sensorimotor integration, the grip strength test for
muscle force of limbs, and the pole test for motor bal-
ance (Fig. 1A). The rotenone-intoxicated mice were
present with significant motor disorders compared to
the control group mice, including decreased time on the
rod (P < 0.001, Fig. 1C), delayed removal from the
stickers (P < 0.001, Fig. 1D), poorer performance of the
limb muscle force (P < 0.01, Fig. 1E), and decreased
scores of the pole test (P < 0.01, Fig. 1F). On the con-
trary, the performances of the FMT group mice im-
proved remarkably in the Rota-Rod test (P < 0.001, Fig.
1C), the adhesive removal test (P < 0.001, Fig. 1D), the
grip strength test (P < 0.01, Fig. 1E), and the pole test (P
< 0.001, Fig. 1F) compared to the rotenone group.

In addition, GI dysfunctions were also measured in
our study. Evans blue was applied to indicate the intes-
tinal transit functions of mice and the colon length was
measured. The rotenone group mice showed a signifi-
cantly decreased intestinal transit distance (P < 0.001,
Fig. 1G) and colon length (P < 0.001, Fig. 1H) compared
to the control group mice. On the contrary, FMT treat-
ment remarkably attenuated these two dysfunctions
(both P < 0.001, Fig. 1G-H) induced by rotenone. Be-
sides, fecal pellets were collected to measure the water
content percentage and the colon motility. The
rotenone-challenged mice showed markedly reduced
fecal water content percentages (P < 0.001, Fig. 1I) and
pellet numbers (P < 0.001, Fig. 1J), which were signifi-
cantly elevated by FMT administration (water content
percenta