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Abstract. The composition of the intestinal flora of patients 
with Parkinson's disease (PD) can change. However, whether 
reshaping the gut microbial composition can treat PD remains 
to be seen. The present study evaluated the effect of intestinal 
flora in the treatment of PD in a C57BL/6 mouse PD model 
induced by 1‑methyl‑4‑phenyl‑1,2,3,6‑tetrahydropyridine 
(MPTP). Chronic, low‑dose, MPTP‑treated mice exhibited 
upregulated gene expression levels of TNF‑α and IL‑1β in 
the substantia nigra (SN) of the mice, and induced intestinal 
microbial disorders. This indicated that the chronic low‑dose 
MPTP model could be used to evaluate the progress of early 
intestinal pathology and intestinal flora imbalance in PD. 
After transplantation of faecal bacteria to MPTP‑induced PD 
mice, the level of inflammation in the SN of the mice was 
reduced, and motor dysfunction was alleviated. Notably, faecal 
microbiota transplantation (FMT) upregulated the abundance 
of Blautia but downregulated Anaerostipes, Bifidobacterium, 
ASF356 and Ruminococcus in the gut of PD mice. In addition, 
FMT reduced the activation of microglia and astrocytes in the 
SN and reduced the expression levels of GSK3β, IL‑1β, induc‑
ible nitric oxide synthase and phosphorylated PTEN in the 
SN. Overall, the present study demonstrated that gut microbial 
dysfunction is associated with the pathogenesis of PD, and that 
FMT can protect PD mice by inhibiting neuroinflammation.

Introduction

Parkinson's disease (PD) is one of the most common neuro‑
degenerative diseases in the world (1,2). Its pathogenesis is 

characterized by the progressive loss and functional impair‑
ment of dopaminergic neurons in the substantia nigra (SN) and 
striatum (3‑5). As the functions of dopaminergic neurons are 
gradually impaired, the expression level of the rate‑limiting 
enzyme tyrosine hydroxylase (TH), which synthesizes 
levodopa in the SN and striatum, will decrease or even disap‑
pear (6,7). Existing therapeutic drugs, such as levodopa, can 
sometimes relieve the symptoms of PD, but there is currently 
no therapy to prevent the neurodegeneration of PD (8,9). 
Studies have indicated that neuroinflammation is associated 
with the neurodegenerative diseases of PD and is accompanied 
by a large number of proinflammatory cytokines in the SN, 
such as TNF‑α (10) and IL‑1β (11). Therefore, it is important 
to be able to treat or prevent PD to prevent the degeneration of 
dopaminergic neurons.

The microbiome‑gut‑brain axis, a hypothesis that has been 
proposed in previous years, indicates that there is bidirectional 
communication between the gut microbiota and the brain, 
which includes the enteric and central nervous systems (12). 
Studies have demonstrated that an imbalance of the gut micro‑
biota leads to changes in the interaction between the host and 
microbes, including numerous neurological diseases, such as 
depression and PD (13‑15). Clinical data have reported that the 
gut microbiota in patients with PD is different compared with 
that in healthy individuals (16,17). Therefore, it might be that 
the gut microbiota is a potential target for PD treatment.

Faecal microbiota transplantation (FMT) is a therapy that 
has received increased attention in the treatment of human 
disease (18). Compared with prebiotics or probiotics, FMT 
can quickly regulate the imbalanced gut microbiota in a short 
amount of time. However, in the treatment of PD, FMT has not 
received enough attention from clinicians and, to the best of 
our knowledge, there is a lack of systematic research. A recent 
study assessed the efficacy and safety of FMT in PD, which 
indicated that FMT can relieve motor and non‑motor symp‑
toms with acceptable safety in PD (19). However, the potential 
molecular mechanism of FMT in the treatment of PD has not 
yet been reported.

The present study evaluated the effect of FMT on 
1‑methyl‑4‑phenyl‑1,2,3,6‑tetrahydropyridine (MPTP)‑induced 
motor function through a series of behavioural tests, such as the 
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pole test and open field test. At the same time, the protective 
effect of FMT on intestinal inflammation and SN injury in PD 
mice was evaluated and verified. From 16S ribosomal (r)RNA 
sequencing analysis through the evaluation of the intestinal 
microbial composition of PD mice after FMT implementation, 
the present study explored the neuroprotective mechanism of 
the intestinal flora‑gut‑brain axis on PD, which could provide 
potential for reducing the pathogenesis of PD strategies.

Materials and methods

Animals and treatment. A total of 18 male C57BL/6 mice 
(age, 6‑8 weeks; weight, 18‑22 g) were purchased from 
Zhejiang Academy of Medical Sciences [License number: 
SCXK (Su) 2019‑0002)]. All mice were kept at 23 ± 2˚C 
with 12 h light/dark cycles with 55% relative humidity and 
access to water and food ad libitum. All experimental proto‑
cols were authorized by the Animal Ethical Committee of 
the First Affiliated Hospital of Hainan Medical University 
(approval no. D‑2017027; Hainan, P.R. China). All mice 
except the control group were administered an intraperito‑
neal injection of MPTP (20 mg/kg; MilliporeSigma). After 
1 h, mice were administered an intraperitoneal injection of 
probenecid (250 mg/kg; MilliporeSigma), which enhances 
the toxic effect of MPTP. MPTP and probenecid were 
injected every 3.5 days for a duration of 5 weeks, and the 
mice were free to drink pure water. Mice in control group 
were given normal saline at the same volume. During the 
whole treatment period, changes in body weight, visible stool 
consistency and faecal bleeding were assessed daily. The 
disease activity index (DAI) was defined as the sum of the 
stool consistency index (0= normal; 1= soft but still formed; 
2= very soft; 3= diarrhoea), faecal bleeding index (0= nega‑
tive hemoccult, 1= positive hemoccult; 2= blood traces in 
stool visible; 3= rectal bleeding) and body weight loss index 
(0= ~1%; 1= between 1‑5%; 2= between 5‑10%; 3= between 
10‑15%; 3= >15%) (20).

Behavioural tests. To evaluate the impairment of motor 
function in the MPTP‑induced PD mouse model, a series of 
behavioural tests were performed, including the rotarod (21), 
pole (22) and open field (23) tests.

Rotarod test. The mice underwent three consecutive trials and 
rested for 30 min after each trial. The first time was the rotating 
rod training. In the last two trials, the average waiting time for 
falling from the rotating rod was used for analysis. The parameters 
of the rotating tripod system include starting speed, acceleration 
and maximum speed (1 rpm, acceleration 12 rpm/2 sec, 50 rpm).

Pole test. Each mouse was trained three times a day before the 
test. On the day of the test, each mouse was tested twice, and 
the average value was used for statistical analysis. The test was 
performed after the end of MPTP administration. The climbing 
pole was 50‑cm high, 1‑cm in diameter and had a 35‑mm diameter 
ball at the top. During the test, the mouse was placed on the ball, 
the time mouse headed down was recorded as T‑turn (turn time), 
and the time to climb to the sole was recorded as T‑LA (locomotor 
activity time). If the mouse stayed on the ball for >30 sec, it was 
guided to climb down the rod and T‑turn was recorded as 30 sec.

Open field test. The square arena (40x40x40 cm) was divided 
into 16 equal‑sized squares. Each mouse was placed in the centre 
of the arena, acclimatized for 5 min and the number of cross‑
ings and rearing were recorded. The mouse was placed into the 
surrounding area, and the speed of the mouse's 10 min movement 
track was observed and analysed.

Immunofluorescence. Mice were anaesthetised by being intra‑
peritoneally injected with sodium pentobarbital (100 mg/kg), 
after which the mice were euthanised via cervical dislocation. 
SN samples were collected from each mouse (3 per group). The 
samples were embedded in 100% paraffin wax (melting point, 
54‑56˚C; 5 ml; cat no. P100930; Shanghai Aladdin Biochemical 
Technology Co., Ltd.) at 55˚C, left at room temperature for 12 h 
and subsequently cut into 5‑µm sections. The resulting sections 
were heated at 60˚C for 2 h. After dewaxing with xylene (cat 
no. X112054; Shanghai Aladdin Biochemical Technology 
Co., Ltd.) for 3 min at room temperature and rehydration in a 
descending alcohol series with concentrations of 100, 95, 90, 
80 and 70%, the sections were blocked with 5% foetal bovine 
serum (cat. no. 086‑150; Nanjing Wisent Biotechnology Co., 
Ltd.) at room temperature for 30 min. Sections were subse‑
quently incubated with arginase (cat. no. ab233548; Abcam; 
1:2,000), ionized calcium‑binding adaptor molecule 1 (Iba‑1; 
cat. no. ab178846; Abcam; 1:2,000), inducible nitric oxide 
synthase (iNOS; cat. no. AF0199; Affinity Biosciences, Ltd.; 
1:200) and TH (cat. no. ab137869; Abcam; 1:500) overnight at 
4˚C. The sections were washed 10 ml tris buffered saline + 1% 
Tween‑20 (TBST) for three times and incubated with Alexa 
Fluor 488 conjugated‑donkey Anti‑Rabbit IgG H&L secondary 
antibody (cat. no. ab150073; Abcam; 1:1,000) at room tempera‑
ture for 30 min. Subsequently, the samples were stained with 
DAPI (SouthernBiotech) at room temperature for 10 min. 
The sections were sealed with glycerin and observed under a 
fluorescence microscope (magnification, x400; LSM710; Zeiss 
GmbH). Image Pro Plus 7.0 (Media Cybernetics, Inc.) software 
was used to analyse the TH+, iNOS+ and Arginase+ cells in the 
immunofluorescence images. The integrated optical density 
(IOD) of the positive points in each of the images was recorded 
using the Image Pro Plus 7.0 software, and then the value of the 
IOD was presented in the histogram.

Western blotting. Western blotting analysis was performed as 
described in previous studies (20,24). SN samples were obtained 
from each mouse (3 per group), rapidly dissected, rinsed in 
1Χ PBS, and homogenized in ice‑cold homogenization buffer 
(Beyotime Institute of Biotechnology). The samples were then 
analysed by western blotting. The proteins were collected and 
centrifuged at 12,000 x g for 15 min at 4˚C. A BCA protein 
assay kit (Beyotime Institute of Biotechnology) was used to 
determine the protein concentration. The samples (20 µg) were 
separated using 12% sodium dodecyl sulphate‑polyacrylamide 
gel electrophoresis and transferred onto a nitrocellulose 
membrane (Bio‑Rad Laboratories, Inc.). The membranes 
were incubated in a blocking solution containing 5% non‑fat 
milk in PBST with 1% Tween at room temperature for 1.5 h 
and then incubated with the primary antibodies diluted in 
blocking solution individually. The primary antibodies used 
were arginase (cat. no. ab233548; 1:5,000; Abcam), GSK3β 
(cat. no. 21002; 1:200; Signalway Antibody LLC), IL‑1β (cat. 
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no. ab5076; 1:1,000; Abcam), iNOS (cat. no. AF0199; 1:2,000; 
Affinity Biosciences, Ltd.), phosphorylated (p)‑PTEN (cat. 
no. ab109454; 1:10,000; Abcam), PTEN (cat. no. ab267787; 
1:1,000; Abcam) and α‑7 nicotinic acetylcholine receptor (α7n 
AChR; cat. no. ab216485; 1:1,000; Abcam). After incubation 
with the primary antibodies at 4˚C for 12 h, the membranes 
were incubated with a horseradish peroxidase‑conjugated 
goat anti‑rabbit IgG secondary antibody (cat. no. A0208; 
1:10,000; Beyotime Institute of Biotechnology) for 1 h at 
room temperature. The bound antibodies were detected using 
a chemiluminescence system (ECL Plus, Thermo Fisher 
Scientific, Inc.). GAPDH was used as an internal control. 
Image Lab V 3.0 (Bio‑Rad Laboratories, Inc.) and Quantity 
One v4.62 (Bio‑Rad Laboratories, Inc.) software were used to 
quantified the immunoblotted bands.

Gut microbiota analysis. At the end of the pole test, mice were 
anaesthetised via intraperitoneal injection with sodium pento‑
barbital (100 mg/kg), and were then euthanised using cervical 
dislocation. The caecum content (0.5 g per sample) was 
quickly removed, and the gut microbiota was analysed using 
next gene sequencing (25). 16S rRNA gene amplification was 
evaluated using the Illumina MiSeq platform by a standardized 
experimental procedure that provided by Illumina (Illumina, 
Inc.) (26). Operational taxonomic units were used for Chao1 α 
diversity and observed species value. The characterization of 
differences was assessed using the Kruskal‑Wallis rank‑sum 
test to detect features with different abundances.

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). After euthanasia, the colon tissues were collected 
immediately. Total RNA was extracted from colon/SN tissues 
using RNAiso Plus (cat. no. 9108; Takara Bio, Inc.) according to 
the manufacturer's instructions. cDNA was generated from the 
total RNA isolated above using a PrimeScript™ RT reagent kit 
with a gDNA Eraser Maxima First‑Strand cDNA Synthesis kit 
(cat. no. RR047A; Takara Bio, Inc.) according to the manufac‑
turer's instructions. Expression levels of target mRNAs were 
quantified by RT‑qPCR using TB Green® Premix Ex Taq™ (cat. 
no. RR820A; Takara Bio, Inc.) and the following primer pairs: 
IL‑1β Forward, 5'‑GAAATGCCACCTTTTGACAGTG‑3', 
and reverse, 5'‑ATCTTTTGGGGTCCGTCAACT‑3'; 
IL‑10 forward, 5'‑TGCTATGCTGCCTGCTCTTA‑3', and 
reverse, 5'‑TCATTTCCGATAAGGCTTGG‑3'; TGF‑β 
forward, 5'‑GCCTGAGTGGCTGTCTTTTGA‑3', and 
reverse, 5'‑GCTGAATCGAAAGCCCTGTATT‑3'; TNF‑α 
forward, 5'‑GTGGAACTGGCAGAAGAG‑3', and reverse, 
5'‑AATGAGAAGAGGCTGAGAC‑3'; allograft inflammatory 
factor 1 (Iba1) forward, 5'‑CAGACTGCCAGCCTAAGACA‑3', 
and reverse, 5'‑AGGAATTGCTTGTTGATCCC‑3'; arginase 
forward, 5'‑CTCCAAGCCAAAGTCCTTAGAG‑3', and 
reverse, 5'‑GGAGCTGTCATTAGGGACATCA‑3'; GSK3β 
forward, 5'‑ATGGCAGCAAGGTAACCACAG‑3', and 
reverse, 5'‑TCTCGGTTCTTAAATCGCTTGTC‑3'); iNOS 
forward, 5'‑GTTCTCAGCCCAACAATACAAGA‑3', and 
reverse, 5'‑GTGGACGGGTCGATGTCAC‑3'; and GAPDH 
forward, 5'‑CCAGTATGACTCCACTCACG‑3', and reverse, 
5'‑GACTCCACGACATACTCAGC‑3'. PCR was performed 
on an Step One plus (Applied Biosystems) with the following 
thermocycling conditions: Initial denaturation at 95˚C for 

10 min followed by 40 cycles of 95˚C for 15 sec and 60˚C for 
60 sec. Melt curves were recorded at 95˚C for 15 sec, 72˚C for 
60 sec and 95˚C for 15 sec. The fold difference in expression 
was calculated using the 2‑∆∆Ct method (27).

Transplantation of faecal microbiota. Donor male C57BL/6 
(n=6; age, 6‑8 weeks; weight, 18‑22 g) mice were intraperitone‑
ally injected with sodium pentobarbital (100 mg/kg), and then 
euthanised using cervical dislocation. Fresh faecal pellets were 
collected from normal healthy mice and diluted immediately 
with sterile PBS (1 faecal pellet/ml). For each experiment, 
several faecal pellets from different mice were resuspended 
together in PBS. Briefly, the faeces were steeped in sterile PBS 
for ~15 min, shaken and then centrifuged at 1,000 x g and 4˚C 
for 5 min. The suspension was centrifuged at 8,000 x g and 
4˚C for 5 min to obtain the total microbiota and then washed 
twice in PBS. The final microbial suspension was mixed with an 
equal volume of 40% sterile glycerol to a final concentration of 
20% and then stored at ‑80˚C (28). After MPTP (20 mg/kg) and 
probenecid (250 mg/kg) were injected every 3.5 days for a dura‑
tion of 5 weeks, mice were randomly divided into the following 
three groups: The control group, the MPTP group, and the 
MPTP + FMT group. For the MPTP + FMT group, 200 µl/
day of microbial suspension (108 CFU/ml) was transplanted to 
gut microbiota‑depleted mice for 2 weeks, and the control and 
MPTP groups were administered saline at a dose of 200 µl/day.

Histopathological scoring. At the end of the experiment, 
colon tissues were collected and then placed into 70% ethanol 
at 4˚C for 24 h. Fixed distal colon tissues were embedded in 
paraffin and cut into 5‑mm sections. Tissues were stained with 
haematoxylin and eosin (H&E) using standard techniques as 
previously reported (29).

Statistical analysis. Data are presented as the mean ± standard 
deviation (unless otherwise shown) of at least three experi‑
ments. Differences between experimental groups were analysed 
for statistical significance using one‑way analysis of variance, 
followed by the Tukey's post hoc multiple comparison test with 
GraphPad Prism 7.0 software (GraphPad Software, Inc.). P<0.05 
was considered to indicate a statistically significant difference.

Results

FMT relieves motor dysfunction in the MPTP‑induced PD 
mouse model. MPTP is a commonly used drug to build an 
animal model of PD (30). In the present study, mice received 
intraperitoneal injections of MPTP (20 mg/kg) and probenecid 
(250 mg/kg) in PBS every 3.5 days. To explore the effect of 
MPTP on motor dysfunction, motor coordination was examined 
using the rotarod test, bradykinesia was measured by the pole 
test and motor performance was assessed by the open‑field 
test. In the rotarod test, MPTP significantly reduced the 
fall‑off latency compared with the control (Fig. 1A). However, 
FMT markedly increased the fall‑off latency compared with 
the MPTP group (Fig. 1A). Additionally, in the pole test, the 
T‑turn and T‑LA values were both significantly increased in 
the MPTP group compared with the control group (Fig. 1B 
and C); however, these values were decreased in the MPTP + 
FMT group compared with the MPTP group, significantly so 
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for T‑LA. Furthermore, in the open‑field test (Fig. 1D), MPTP 
disturbed the motor activity of mice compared with the control 
mice, as evidenced by a marked decrease in the total travelled 
distance (Fig. 1E) and a significant decrease in average velocity 
(Fig. 1F) and movement time (Fig. 1G). FMT protected the motor 
activity of mice, as evidenced by the markedly increased total 
travelled distance (Fig. 1E) and movement time (Fig. 1G) and 
the significantly increased average velocity (Fig. 1F) compared 
with the MPTP group mice. These results indicated that FMT 
might have positive effects in relieving motor dysfunction of PD.

FMT relieves chronic inflammation in the colon of the 
MPTP‑induced PD mouse model. Whether FMT could relieve 
chronic inflammation in the colon of mice was next assessed, 
and the body weight and DAI score were recorded during the 
present study. The results indicated that the body weight did 
not show significant differences between the MPTP and control 
groups (Fig. 2A); however, the DAI score was increased signifi‑
cantly in the MPTP group (Fig. 2B). After administration of 
FMT, the body weight was not significantly different compared 

with that of the MPTP group (Fig. 2A), but the DAI score was 
significantly decreased in the FMT group (Fig. 2B). Moreover, 
the gene expression levels of IL‑1β and IL‑10 in colon tissue 
were analysed. The results revealed that the expression of 
IL‑1β was upregulated but IL‑10 was downregulated in the 
MPTP group compared with the control (Fig. 2C and D). FMT 
significantly downregulated the expression level of IL‑1β and 
upregulated the gene expression level of IL‑10 compared with 
the MPTP group (Fig. 2C and D). When the mice were sacri‑
ficed, the histological effects of MPTP were measured using 
H&E staining. Mice in the MPTP group exhibited disruption of 
the epithelial architecture (labelled using black arrows), crypt 
loss (labelled using red arrows) and an increase in the number 
of inflammatory cells (labelled using blue arrows; Fig. 2E). 
FMT prevented these signs of intestinal inflammation, particu‑
larly for the crypt structure, which was relatively intact and had 
a low number of inflammatory cells (Fig. 2E).

FMT reconstructs the composition of gut microbiota in the 
MPTP‑induced PD mouse model. To assess whether FMT 

Figure 1. FMT exhibits protective effects in the MPTP‑induced Parkinson's disease mouse model. (A) Fall‑off latency measurement in rotarod test. 
(B) T‑turn and (C) T‑LA values in pole test. (D) Mice motion trajectory, (E) total travelled, (F) average velocity distance and (G) movement time in open 
field test. n=3. *P<0.05, **P<0.01 and ***P<0.005 and ****P<0.001 vs. control; #P<0.05, ##P<0.01 vs. MPTP. ns. indicates no significance vs. MPTP. MPTP, 
1‑methyl‑4‑phenyl‑1,2,3,6‑tetrahydropyridine; FMT, faecal microbiota transplantation; ns., no significance; T‑LA, locomotor activity time.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  23:  52,  2022 5

could reconstruct the compositions of gut microbiota in the 
MPTP‑induced PD mouse model, faecal microbiota commu‑
nities were profiled by next gene sequencing. Based on 16S 
rRNA gene amplicon sequencing, as demonstrated in Fig. 3A, 
the composition of gut microbiota in control and MPTP groups 
were different. The α diversity for all groups represented by 
Chao1 indexes is shown in Fig. 3B, which indicated that MPTP 
significantly increased the richness of gut microbiota at the 
phylum level. In addition, the observed species were significantly 

increased in the MPTP group compared with the control group 
(Fig. 3C). However, compared with the MPTP group, there was 
no significant difference in the FMT group. In further analysis, 
the bacterial composition of Actinobacteria, Proteobacteria and 
Tenericutes were significantly increased in the MPTP groups 
compared with that of the controls (Fig. 3D‑F). Moreover, 
compared with the MPTP group, the bacterial composition 
of Proteobacteria and Tenericutes was significantly decreased 
(Fig. 3D and F). In addition, the gut microbiota differences 

Figure 2. FMT relieves chronic inflammation in the colon of the MPTP‑induced Parkinson's disease mouse model. (A) Mice body weight, (B) DAI score, 
The gene expression levels of (C) IL‑1β and (D) IL‑10 in colon tissue. (E) Haematoxylin and eosin staining of mice colon tissues. Black arrow, epithelial 
architecture; red arrow, crypt; blue arrow, inflammatory cells. n=3, scale bars represent 500 µm and 100 µm, respectively. *P<0.05 and ***P<0.005 vs. control; 
#P<0.05 vs. MPTP. MPTP, 1‑methyl‑4‑phenyl‑1,2,3,6‑tetrahydropyridine; FMT, faecal microbiota transplantation; DAI, disease activity index.
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Figure 3. FMT reconstructs the compositions of gut microbiota in the MPTP‑induced Parkinson's disease mouse model. (A) Heatmap of gut microbiota 
composition at the phylum level. Red, high expression; green, low expression. (B) Shannon index of microbiota diversity and (C) observed species. The relative 
abundance of bacterial of (D) Actinobacteria, (E) Proteobacteria and (F) Tenericutes at phylum level. (G) Heatmap of gut microbiota composition at genus 
level. The relative abundance of bacterial of (H) Anaerostipes, (I) Bifidobacterium, (J) Blautia, (K) Turicibacter, (L) ASF356 and (M) Ruminococcus. *P<0.05 
and **P<0.01 vs. control; #P<0.05 and ##P<0.01 vs. MPTP. MPTP, 1‑methyl‑4‑phenyl‑1,2,3,6‑tetrahydropyridine; FMT, faecal microbiota transplantation.
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between the control and MPTP groups at the genus level are 
presented in Fig. 3G. The results indicated that the composi‑
tions of Anaerostipes, Bifidobacterium, Turicibacter, ASF356 
and Ruminococcus were significantly increased, but Blautia 
was significantly decreased (Fig. 3H‑M). In the FMT group, the 
gut microbiota compositions of Anaerostipes, Bifidobacterium, 
ASF356 and Ruminococcus were significantly decreased, but 
Blautia was significantly increased (Fig. 3H‑M).

FMT protects against neuronal damage in the MPTP‑induced 
PD mouse model. To confirm the impact of FMT on the 
protection of the SN, the expression levels of TH, iNOS 
and arginase were measured using immunofluorescence. As 
presented in Fig. 4A and B, the expression levels of TH was 
significantly decreased. These results indicated that MPTP has 
a positive effect on damage to the SN. After treatment with 
FMT, the expression level of TH was significantly increased. 
In addition, the Iba1+ iNOS+ cells (representing M1 cells) and 
Iba1+ Arginase+ cells (representing M2 cells) were analysed by 
immunofluorescence and are presented in Fig. 4C. The ratio 
of the number of positive cells per 0.1 mm2 of M1 and M2 

cells are presented in Fig. 4D, which revealed that the number 
of M1 cells was significantly upregulated in the MPTP group 
compared with the control. After treatment with FMT, it was 
significantly downregulated compared with the MPTP and 
control groups. These results indicated that FMT could have a 
positive effect on the protection of neuronal damage.

FMT suppresses inflammation in the SN in the MPTP‑induced 
PD mouse model. To verify whether FMT could suppress 
inflammation in the SN, the expression levels of inflammatory 
cytokines in the SN were detected. The protein expression levels 
of arginase, GSK3β, IL‑1β, iNOS and p‑PTEN were significantly 
upregulated in the MPTP group compared with the control 
(Fig. 5A‑F), while the protein expression level of α7n AchR 
was downregulated (Fig. 5G). In the FMT group, the protein 
expression levels of GSK3β, IL‑1β, iNOS and p‑PTEN were 
significantly downregulated compared with the MPTP group 
(Fig. 5C‑F), while the protein expression levels of α7n AchR 
(Fig. 5G) and arginase (Fig. 5B) were significantly upregulated. 
In addition, the gene expression levels of arginase, GSK3β, IL‑1β 
and iNOS were consistent with the protein levels (Fig. 5H‑K). 

Figure 4. FMT protects against neuronal damage in an MPTP‑induced Parkinson's disease mouse model. (A) Immunofluorescence analysis of the expression 
levels of TH and (B) subsequent quantification. (C) Immunofluorescence analysis of Iba1+ iNOS+ cells (representing M1 cells) and Iba1+ Arginase+ cells 
(representing M2 cells) and (D) quantified fluorescence expression analysis. n=3. *P<0.05, **P<0.01 vs. control; #P<0.05 and ###P<0.005 vs. MPTP. MPTP, 
1‑methyl‑4‑phenyl‑1,2,3,6‑tetrahydropyridine; FMT, faecal microbiota transplantation; TH, tyrosine hydroxylase; Iba1, allograft inflammatory factor 1; iNOS, 
inducible nitric oxide synthase.
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Furthermore, the gene expression levels of TNF‑α (Fig. 5L) were 
upregulated in the MPTP group compared with the control, but 
IL‑10 and TGF‑β were downregulated (Fig. 5M and N).

Discussion

Recent studies have demonstrated that the gut microbial 
composition is disordered in patients with PD (31‑33), and 
the data of the present study validated the difference in the 
composition of the intestinal flora in the mouse PD model. 
Notably, the present study revealed that the destruction of 
intestinal microbes in PD mice involved an increase in the 
phyla Actinobacteria, Proteobacteria and Tenericutes, which is 
consistent with the results observed in patients with PD (34,35). 
It is known that the increase in Tenericutes may be the result 
of intestinal inflammation (36). In particular, the abundance 
of Actinobacteria and Proteobacteria has been indicated to be 
positively correlated with the severity of postural instability 

and gait difficulty in PD (37). These results indicate that 
specific intestinal microbial disorders may be associated with 
the pathogenesis and clinical manifestations of PD.

The present study revealed that reducing intestinal microbial 
malnutrition through FMT had a protective effect on PD. FMT 
is a treatment method based on the relationship between the 
intestinal flora and the host (19,38,39). It involves transplanting 
the intestinal microbes from healthy donors to patients with PD 
to reform the composition of the intestinal flora of the patients 
and achieve the therapeutic effect (34,40). Notably, in the present 
study, FMT not only alleviated the dyskinesia of PD mice, but 
also improved the main microbial populations of PD mice, such 
as Anaerostipes, Bifidobacterium, ASF356 and Ruminococcus.

Results of a previous study revealed that TH is a key 
enzyme in the biosynthetic pathway of dopamine (DA) (41). PD 
is a neurodegenerative disease caused by severely insufficient 
DA in the SN striatum (42). Upregulated expression of TH in 
the SN has a positive effect on alleviating the symptoms of 

Figure 5. FMT suppresses inflammation in the substantia nigra in an MPTP‑induced Parkinson's disease mouse model. (A) Western blotting bands of Arginase, 
GSK3β, IL‑1β, iNOS, α7n AchR and p‑PTEN. Western blotting bands statistical quantification of (B) Arginase, (C) GSK3β, (D) IL‑1β, (E) iNOS, (F) p‑PTEN 
and (G) α7n AchR. Gene expression levels of (H) Arginase, (I) GSK3β, (J) IL‑1β, (K) iNOS, (L) TNF‑α, (M) IL‑1β, and (N) TGF‑β. n=3. *P<0.05, **P<0.01, 
***P<0.005 and ****P<0.001 vs. control; #P<0.05 and ##P<0.01 vs. MPTP. MPTP, 1‑methyl‑4‑phenyl‑1,2,3,6‑tetrahydropyridine; FMT, faecal microbiota trans‑
plantation; Iba1, allograft inflammatory factor 1; iNOS, inducible nitric oxide synthase; α7n AchR, α‑7 nicotinic acetylcholine receptor; p‑, phosphorylated.
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PD (43). The current study demonstrated that FMT treatment 
could increase the expression of TH in the SN of mice with 
PD. Microglia, which were immune cells reside in the central 
nervous system, are the main participants of the inflamma‑
tory process. Therefore, moderate intervention in microglial 
activation may delay the progression of PD pathology (44,45). 
As a result of the different surrounding microenvironments, 
microglia exhibit two different types of polarized phenotypes: 
Classic activation M1‑like can promote inflammation and is 
associated with neurotoxicity, and choose activated M2‑like is 
anti‑inflammatory and can repair damage (46,47). The present 
study data revealed that FMT treatment promoted the M2 
polarization of microglia, and downregulated the expression of 
inflammatory factors, such as GSK3β, IL‑1β, iNOS and TNF‑α.

The interaction between the brain and the intestines 
affects the behaviour of the host, and this effect mainly occurs 
through the sympathetic nerve, parasympathetic nerve branch 
of the autonomic nervous system and neuroendocrine nervous 
system (48). By activating the Toll‑like receptor 4/NF‑κB 
signalling pathway in the intestine to release proinflamma‑
tory factors, such as TNF‑α, it may induce the activation of 
intestinal immune cells, thereby releasing some inflammatory 
factors. Subsequently, glial cells enter the brain through the 
blood‑brain barrier and induce neuroinflammation (49,50).

In summary, the present study provided evidence that FMT 
could reverse intestinal microbial dysfunction and lead to neuro‑
protection. However, whether this process reduces the activity of 
the TNF‑α, IL‑1β and TGF‑β pathways in the intestine should be 
further studied. In addition, results of the present study revealed 
that treatment with FMT altered the expression levels of arginase, 
GSK3β, IL‑1β, iNOS, p‑PTEN and α7n AchR; however, as inhi‑
bition, knockout or knockdown experiments were not explored, 
whether these changes may be attributed to FMT treatment 
require further investigation. Furthermore, the gene expression 
levels of TNF‑α, IL‑1β, IL‑10 and TGF‑β were closely associated 
with FMT therapeutic effects, but whether these changes were 
caused by FMT treatment should be further discussed. Future 
research should look for other molecular markers that can be used 
in conjunction with information on intestinal microbial malnutri‑
tion, laying the foundation for the clinical promotion of FMT.
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