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Abstract

Rationale Parkinson’s disease (PD) is a chronic and progressive neurodegenerative disorder. Increasing evidence suggests
the role of the gut—microbiota—brain axis in the pathogenesis of PD. Mesenchymal stem-cell-derived microvesicles (MSC-
MVs) have emerged as a therapeutic potential for neurological disorders over the last years.

Objective The objective of this study was to investigate whether MSC-MVs could improve PD-like neurotoxicity in mice
after administration of MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine).

Results MPTP-induced reductions in the dopamine transporter and tyrosine hydroxylase expressions in the striatum and
substantia nigra (SNr) were attenuated after a subsequent single administration of MSC-MVs. Increases in the phosphorylated
a-synuclein (p-a-Syn)/a-Syn ratio in the striatum, SNr, and colon after MPTP injection were also attenuated after MSC-MVs
injection. Furthermore, MSC-MVs restored MPTP-induced abnormalities of the gut microbiota composition. Interestingly,
positive correlations between the genus Dubosiella and the p-a-Syn/a-Syn ratio were observed in the brain and colon, sug-
gesting their roles in the gut-microbiota—brain communication. Moreover, MSC-MVs attenuated MPTP-induced reduction
of the metabolite, 3,6-dihydroxy-2-[3-methoxy-4-(sulfooxy)phenyl]-7-(sulfinooxy)-3,4-dihydro-2H-1-benzopyran-5-olate,
in the blood. Interestingly, a negative correlation between this compound and the p-a-Syn/a-Syn ratio was observed in the
brain and colon.

Conclusions These data suggest that MSC-MVs could ameliorate MPTP-induced neurotoxicity in the brain and colon via
the gut-microbiota—brain axis. Therefore, MSC-MVs would have a new therapeutic potential for neurological disorders
such as PD.
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Introduction

Parkinson’s disease (PD) is a common neurodegenerative
disorder characterized by the loss of dopaminergic neurons
in the substantia nigra (SNr) and striatum, accompanied by

04 Kenji Hashimoto an abnormal a-synuclein (a-Syn) accumulation (Ascherio
hashimoto @faculty.chiba-u.jp and Schwarzschild 2016; Kalia and Lang 2015). Although
>4 YiLiu the precise mechanisms underlying its pathology remain
yi2006liu@163.com unknown, accumulating evidence supports the key role

of the gut microbiota in PD pathology (Klingelhoefer and
Reichmann 2015; Malkki 2017; Parashar and Udayabanu
2017; Scheperjans et al. 2015; Yemula et al. 2021). Gastroin-
testinal dysfunction and a-Syn accumulation and activation
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that a-Syn is misfolded and deposited in the ENS and can be
uploaded to the central nervous system via the vagus nerve,
resulting in PD development (Holmgqvist et al. 2014; Kim
et al. 2019; Svensson et al. 2015). Gastrointestinal dysfunc-
tion due to dysbiosis of the gut microbiota can trigger a-Syn
accumulation in the enteric nerve cells. Conversely, a-Syn
accumulation also aggravated dysbiosis of the gut micro-
biota (Fitzgerald et al. 2019; Lei et al. 2021).

A meta-analysis of 22 studies including > 1000 patients
demonstrated that the gut microbiome significantly dif-
fers between patients with PD and controls (Romano et al.
2021). Although some studies have found unaltered micro-
bial diversity, fecal samples from patients with PD were
frequently accompanied by a decreased genera Roseburia
and Fusicatenibacter and increased genera Lactobacillus
(Romano et al. 2021). MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine)-induced dopaminergic neurotoxicity
is widely used as an animal model of PD (Meredith and
Rademacher 2011). In 2018, Torres et al. (2018) reported
that MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine) caused dopaminergic neurotoxicity in the striatum
and abnormality in the diversity of gut microbiota in the
wild-type mice, but not metabotropic glutamate receptor
8 (mGlu8) knock-out mice, suggesting mGluR as a novel
therapeutic target for PD. Furthermore, we reported that
MPTP caused altered diversity and composition of the gut
microbiota (Pu et al. 2019; Shan et al. 2021). Furthermore,
antibiotic-induced microbiome depletion attenuated MPTP-
induced dopaminergic neurotoxicity in the mouse brain (Pu
et al. 2019). Collectively, dysbiosis of gut microbiota may
likely affect dopaminergic neurotoxicity in the brain of
patients with PD and MPTP-treated rodents.

Mesenchymal stem-cell-derived microvesicles (MSC-
MV5s) are small vesicles released from the cell membrane
after stress, such as hypoxia, injury, or apoptosis (Mau-
mus et al. 2020). The MV diameter is approximately
100-1000 nm, making them the largest type of extracellular
vesicles (EVs), and microvesicles (MVs) are rich in func-
tional messenger RNAs, non-coding RNAs, proteins, lipids,
DNA, and other bioactive substances (Zhang et al. 2019).
MVs affect intracellular signaling pathways and exchange
bioactive molecules with neighboring cells to participate
in intercellular communication, cell migration, angiogen-
esis, and immune regulation (Dominiak et al. 2020; Jurj
et al. 2020). MSC-MVs may be more advantageous than
stem cells because of their small sizes, stable properties,
easy storage and transportation, low immunogenicity, and
low risk of tumor formation, although several limitations of
MSC-MVs are addressed (Fernandez-Francos et al. 2021;
Matthay et al. 2017; Zhou et al. 2021). They have no ethical
disputes and are highly safe. In recent years, several previous
reports have used MVs for the treatment of neurodegenera-
tive diseases such as Alzheimer’s disease (AD) (Cone et al.
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2021). However, no report has used MVs for the treatment
of PD.

Therefore, this study aimed to evaluate whether MPTP-
induced neurotoxicity in the brain and colon could be atten-
uated after a subsequent single treatment of MSC-MVs.
Furthermore, 16S rRNA analyses for gut microbiota and
metabolomic analysis of plasma metabolites were performed
since several metabolites in the blood are prepared by gut
microbiota.

Materials and methods
Cell culture

Standard frozen Wharton’s jelly derived mesenchymal
stem cells (WJ-MSCs) at passage 1 (P1) were obtained
from Konjin Co., Ltd. (Chengdu, China). WJ-MSCs were
isolated from postpartum umbilical cord Wharton’s jelly.
The maternal age was controlled at 20-32 years old, and
the mother and baby were strictly screened without infec-
tious diseases and severe genetic diseases. WJ-MSCs were
negative for CD45, CD19, CD34, CD11b, and HLA-DR (all
less than 2%) and positive for CD105, CD90, and CD73 (all
greater than 95%) and possessed tri-lineage differentiation
upon induction in vitro.

WIJ-MSCs were cultured with complete culture media
(CCM) composited with minimum essential medium-
alpha (a-MEM, Cat# 12,571,063, Thermo Fisher Scien-
tific, Waltham, MA), 1% penicillin/streptomycin (Cat#
15,140,122, Thermo Fisher Scientific, Waltham, MA,
USA), and 10% fetal bovine plasma (FBS) (Cat# 10,091,148,
Thermo Fisher Scientific, Waltham, MA, USA) on 175-mm
tissue culture Petri dishes (Cat# 431,080, Corning, Corning,
NY, USA) at a density of approximately 1500 cells/cm? in
a standard 5% CO, incubator at 37 °C. The cultural media
were changed every 3 days. Cells were grown to 70-80%
confluence and then harvested by incubation with 0.25%
trypsin/EDTA (Cat# 25,200,056, Thermo Fisher Scientific,
Waltham, MA, USA) and replated for subculture up to pas-
sage 5 (P5).

Microvesicle enrichment

The P5 WJ-MSCs were washed with PBS (phosphate buffer
saline) three times, the plasma-free medium was added, and
the cells were starved for 48 h in a standard 5% CO, incuba-
tor at 37 °C. After 48 h, MSCs were rewashed with PBS, and
the supernatant was collected. Then, the supernatant was
centrifuged at 400 X g for 10 min and 2000 X g for 20 min
at 4 °C. After centrifugation, the supernatant was trans-
ferred to a unique tube for ultracentrifugation (Avanti J-26S
XP, Beckman Coulter, Brea, CA, USA) and centrifuged at
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50,000 g at 4 °C for 2 h. After discarding the supernatant
and washing the pellet, the mixture was centrifuged again
for 2 h at 50,000 g at 4 °C. This pellet was then resuspended
in sterile, filtered PBS, aliquoted, and stored at— 80 °C for
further analysis or diluted for intravenous administration.
MVs were thawed and diluted to the correct concentration
on the day of administration. Once melted, MVs were not
refrozen to prevent lysis.

Nanoparticle tracking analysis

ZetaView (Twin PMX-220, Particle Metrix GmbH, Ger-
many) was used in this experiment. After rinsing the appara-
tus and controlling the temperature at 24 °C, the parameters
of sensitivity 70, shutter 70, min bright 20, max area 1000,
and min area 5 were set. Then, 10 pl of MVs was diluted
1000 times and inspected by the apparatus.

Electron microscopy

A total of 20 ul of MV suspension was dropped onto a cop-
per grid with carbon film for 3—5 min, and then 2% phospho-
tungstic acid was added to the copper grid to stain for 2 min
and dry out at room temperature. The cuprum grids were
observed under a transmission electron microscope (TEM:
HT7800, Hitachi, Tokyo, Japan), and images were taken.

Animals

Male C57BL/6 mice (8 weeks old, 20-25 g) were pur-
chased from HuaFuKang Co., Ltd. (Beijing, China). Mice
were housed at a controlled temperature (23 +1 “C) and 12-h
light/dark cycles (lights on between 07:00 and 19:00) with

Fig. 1 Characteristics of
WIJ-MSCs and MSC-MVs.

A Image of WJ-MSCs. Scale
bar=100 pm. B Immunoblot
analysis of WJ-MSCs derived
MVs. CD63, TSG101, and CD9
were used as biomarkers for
MVs. Fibroblasts were used as
control. C Nanoparticle tracking
analysis of MSCs-MVs. D Elec-
tron microscopy of MSC-MVs.
Scale bar=1 um (left) and

ad libitum food (SPF mouse food; Beijing Keao Xieli Feed
Co., Ltd., Beijing, China) and water. The experimental pro-
tocol of this study was approved by the Sichuan University
Institutional Animal Care and Use Committee (Permission
number 20211502A). The animals were deeply anesthetized
with isoflurane and rapidly killed by cervical dislocation. All
efforts were made to minimize mouse suffering.

Schedule of treatment and sample collection

MPTP-induced neurotoxicity was performed as previ-
ously reported (Pu et al. 2019). Briefly, mice were ran-
domly divided into the following four groups: saline + PBS;
saline + MSC-MVs; MPTP +PBS; and MPTP + MSC-MVs.
On day 1, mice received intraperitoneal injections of MPTP
(10 mg/kg x 3, 2-h interval, Tokyo Chemical Industry Co.,
Ltd., Tokyo, Japan) or saline (5 ml/kg x 3, 2-h interval).
One week after MPTP or saline injection, mice received
MSC-MVs (5 pg/mouse) or PBS intravenously through the
tail vein. On day 15, fresh fecal samples were collected and
stored at — 80 °C. Subsequently, mice were euthanized as
described above, and plasma, colon, striatum, and substantia
nigra were collected at — 80 °C until use on day 15.

Western blot analysis

Western blot analysis was performed as previously reported
(Pu et al. 2020, 2021; Wang et al. 2020, 2021). For MSC-
MVs, 40 ul SDS-PAGA sample loading buffer (Beyotime,
Shanghai, China) was added to 10 ul MSC-MVs, heated
for 5 min at 95 °C, and stored at — 80 °C until use. For
the brain and colon tissues, the flesh was homogenized
in Laemmli lysis buffer. Fifty micrograms of protein was
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«Fig.2 Effects of MSC-MVs on MPTP-induced neurotoxicity in
mice. A Schedule of treatment and sample collections. Mice were
received saline (10 ml/kg) or MPTP (10 mg/kg) three times (at
9:00, 11:00, 13:00, i.p.) on day 1. After 7 days, mice were admin-
istrated intravenously by MSC-MVs (5§ pg/mouse) or vehicle (PBS).
Fresh fecal samples were collected on day 15 and then the mice
were sacrificed for collection of blood, brain, and colon. B Body
weight changes among the four groups. Repeated-measures one-way
ANOVA (F;3=0.346, P=0.792). C DAT in striatum (two-way
ANOVA: MPTP: F ,3=0.307, P=0.5834, MSC-MVs: F| ,3=8.399,
P=0.0072, interaction: F) ,¢=8.399, P=0.0072). D TH in striatum
(two-way ANOVA: MPTP: F, ,x=11.910, P=0.0018, MSC-MVs:
Fy5=7.445, P=0.0109, interaction: F,3=6.343, P=0.0178).
E p-a-Syn/a-Syn ratio in striatum (two-way ANOVA: MPTP:
Fi=10.01, P=0.0037, MSC-MVs: F|,3=7.550, P=0.104,
interaction: Fj,3=9.524, P=0.0045). F TH in the SNr (two-way
ANOVA: MPTP: F| ,3=5.193, P=0.0305, MSC-MVs: F| ,3=6.304,
P=0.0181, interaction: F,3=1.239, P=0.2751). G p-a-Syn/a-Syn
ratio in the SNr (two-way ANOVA: MPTP: F, 5,=17.94, P=0.0002,
MSC-MVs:  F|,3=4.131, P=0.0517, interaction: F),3=38.622,
P=0.0066). H p-a-Syn/a-Syn ratio in the colon (two-way ANOVA:
MPTP:  F,3=9.115, P=0.0054, MSC-MVs: F|,s=4.404,
P=0.0450, interaction: F, ,4=4.141, P=0.0514). Data represent the
mean +SEM (n=8). *P <0.05, **P <0.001, ***P <0.001. I A nega-
tive correlation (R= —0.480, P=0.005) between DAT expression in
the striatum and p-a-Syn/a-Syn ratio in the colon. J A negative cor-
relation (R= —0.457, P=0.009) between TH expression in the stria-
tum and p-a-Syn/a-Syn ratio in the colon. K A positive correlation
(R=0.404, P=0.022) between p-a-Syn/a-Syn ratio in the SNr and
p-a-Syn/a-Syn ratio in the colon

calculated with a BCA protein assay kit (Beyotime, Shang-
hai, China) and heated for 5 min at 95 °C with a quarter
volume of SDS—PAGE sample loading buffer. Then, the
proteins of MVs and tissue were subjected to sodium dode-
cyl sulfate—polyacrylamide gel electrophoresis using 10%
SurePAGE gels (Cat# M00665, GenScript, Piscataway,
NIJ, USA). Proteins were transferred to polyvinylidene dif-
luoride (PVDF) membranes using a Trans-Blot Mini Cell
(Bio—Rad). For immunodetection, the blots were blocked
with 2% BSA in TBST (TBS +0.1% Tween-20) for 1 h
at room temperature (RT) and incubated with primary
antibodies against CD63 (Cat# AF5117. 1:1000, Affinity
Bioscience), CD9 (Cat# AF5139. 1:1000, Affinity Bio-
science), TSG101 (tumor susceptibility gene 101) (Cat#
DF8427. 1:1000, Affinity Bioscience), DAT (dopamine
transporter) (Cat# ab184451. 1:1000, Abcam), TH (tyros-
ine hydroxylase) (Cat# ab137869. 1:5000, Abcam), a-Syn
(Cat# ab212184. 1:1000, Abcam), phosphorylated-a-Syn
(p-a-Syn) (Cat# 51,253. 1:1000, Abcam), and p-actin (Cat#
ACO026. 1:100,000, ABclonal) separately at 4 °C overnight.
The next day, the blots were washed three times in TBST
and incubated with goat anti-rabbit [gG(H + L) (Cat#
AS070. 1:10,000, ABclonal) for 1 h at room temperature.
After the last three washes, the bands were detected by a
Western Blotting Detection System (GE Healthcare Bio-
science), and images were captured using a ChemiDoc™
Touch Imaging System (Bio—Rad Laboratories, Hercules,

CA). In this study, we used the total protein for normaliza-
tion, and we did not use the protein of f-actin. The images
were analyzed by Image LabTM 3.0 software (Bio—Rad
Laboratories).

16S rRNA analysis

16S rRNA analysis was performed as previously reported
(Pu et al. 2020, 2021; Qu et al. 2020; Shinno-Hashimoto
et al. 2021; Wang et al. 2020, 2021). DNA extraction from
fecal samples was performed using a Hipure soil DNA kit
(Magen, Guangzhou, China). The analysis of 16S rRNA
from fecal samples was performed as previously described.
Briefly, PCR was performed using 338F (5'-ACTCCTACG
GGAGGCAGCAG-3') and 806R (5'-GGACTACHVGGG
TWTCTAAT-3') by a thermocycler PCR system (GeneAmp
9700, ABI, USA) to amplify the V3—-V4 region of the bac-
terial 16S rRNA gene. The amplified DNA (~330 bp)
was purified using the AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, USA) and quanti-
fied using QuantiFluor™ ST (Promega, USA). The 16S
amplicons were then sequenced using the MiSeq platform
according to the Illumina protocol. Operational taxonomic
units (OTUs) were clustered with a 97% similarity cutoff
using UPARSE (version 7.1 http://drive5.com/uparse/) with
a novel “greedy” algorithm that performs chimera filtering
and OTU clustering simultaneously. The taxonomy of each
16S rRNA gene sequence was analyzed by the RDP clas-
sifier algorithm (http://rdp.cme.msu.edu/) against the Silva
(SSU123) 16S rRNA database using a confidence threshold
of 70%.

Plasma metabolome analysis and data
preprocessing

The plasma metabolites were extracted using a 400 ul metha-
nol to water (4:1, v/v) solution. The mixture was vortexed for
30 s and ultrasonicated at 40 kHz for 30 min at 4 °C. After
centrifugation at 13,000 g at 4 °C for 15 min, the superna-
tant was transferred to sample vials for LC-MS analysis.
An equal aliquot of each sample (10 pl) was mixed as the
quality control (QC) sample. The raw data were converted
into Progenesis QI 2.3 (Nonlinear Dynamics, Waters, USA)
for peak detection, extraction, alignment, and integration.
In total, 1016 and 2246 peaks were detected in positive and
negative ionization modes, respectively. Metabolic features
detected less than 80% of any set of samples, and the rela-
tive standard deviation (RSD) of QC > 30% was discarded.
After that, 989 (positive mode) and 2031 (negative mode)
metabolite features remained, and the remaining missing
values were filled with a minimum. Then, the positive-mode
and negative-mode features were concatenated for later sta-
tistical analysis.
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Statistical analysis

All statistical analyses were performed using R
V.4.1.3. Animal experimental data are presented as the
mean =+ standard error of the mean (SEM). Body weight
data were analyzed using repeated one-way analysis
of variance (ANOVA), followed by post hoc Tukey’s
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multiple comparison tests. Western blot data were ana-
lyzed using two-way ANOVA, followed by post hoc
Tukey’s multiple comparison tests. 16S rDNA data and
metabolomic data were analyzed using the non-paramet-
ric Kruskal-Wallis rank-sum test, followed by Dunn’s
test. P values of less than 0.05 were considered statisti-

cally significant.
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Fig.3 Altered o-diversity and f-diversity of gut microbiota and
LEfSe algorithm analysis. A Simpson’s index of a-diversity
(Kruskal-Wallis rank-sum test, H=9.309, P=0.025). B Principal
component analysis (PCA) of p-diversity based on the OTU table,
where each point represents a single sample colored by group, indi-
cated by the second principal component of 14.2% on the Y-axis and
the first principal component of 43.32% on the X-axis (ANOSIM)
(R=0.141, P=0.015). C Cladogram (LDA score>6.0, P<0.05)
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showed the taxonomic distribution difference between the four
groups, indicating the different color regions. Differential abundant
taxonomic clades at phylum, class, order, family, genus, and species
level were showed by successive circles from the inner to outer rings.
D Histograms of the different abundant taxa based on the cutoff value
of LDA score (logl0)> 6.0 between the four groups. The data repre-

sent the mean +SEM (n=8). *P <0.05
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The f diversity of unweighted UniFrac distances was ana-
lyzed. Differences in the bacterial taxa between groups at the
species level or higher (depending on the taxon annotation)
were calculated using linear discriminant analysis (LDA)
effect size (LEfSe) with LEfSe software (Segata et al. 2011).

Metabolomic data were log10 transformed and scaled to unit
variance in multivariate analysis. Metabolites with (1) variable
importance in the projection of > 1, (2) fold change of > 1.2
or< —0.83, and (3) P<0.05 (Kruskal-Wallis rank-sum test)
were regarded as differentially abundant. Orthogonal partial
least square discriminant analysis (OPLS-DA) was performed
in R by the ropls package. The Greipel and ggplot2 packages
were used for the volcano map. The Spearman rank correlation
test (psych package) was used to evaluate associations between
altered taxa and metabolites among all the subjects. The heat-
map package was used for the heatmap.

Results
Characterization of MSC-derived MVs

First, we cultured mesenchymal stem cells and extracted the
MSC-MVs. MSC-MVs were extracted after the 175 mm cell

A Phylum

flasks were almost full (Fig. 1A). We performed western
blot analysis to examine the expression of the proteins in
MSC-MVs. Compared with fibroblasts, CD63, TSG101, and
CD?9 were expressed in MSC-M Vs, consistent with the bio-
markers of MSCs (Fig. 1B). Nanoparticle tracking analysis
showed that the size of MSC-MVs was between 100 and
1000 nm, and most of the diameters were approximately
200 nm (Fig. 1C). Using TEM, we determined the size and
morphology of the MVs (Fig. 1D). Collectively, these data
suggested that the extracted MSC-MVs were qualified,
indicating that MSC-MVs could be used for subsequent
experiments.

Therapeutic effects of MSC-MVs on the neurotoxicity
in the brain and colon of MPTP-treated mice

Next, we examined whether MSC-MVs could affect MPTP-
induced neurotoxicity in mice. MSC-MVs were injected
intravenously 7 days after MPTP injection (Fig. 2A). The
body weight of the mice was not significantly changed
among the four groups (Fig. 2B). Western blot analysis
showed that MPTP caused reduced expression of DAT and
TH in the striatum and SNr of mice although MPTP caused
the increases of p-a-Syn/a-Syn ratio in the SNr and colon
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Fig.4 Altered gut microbiota composition at phylum level. A Rela-
tive abundance at the phylum level. B Bacteroidota (Kruskal-Wallis
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(Fig. 2G, H). Interestingly, treatment with MSC-M Vs signifi- Interestingly, there were negative correlations between the

cantly improved the altered expression of these proteins inthe ~ expression of DAT (or TH) in the striatum and the p-a-Syn/a-
brain and colon by MPTP (Fig. 2C-H). These data suggest  Syn ratio in the colon (Fig. 21, J). There was also a positive
the beneficial role of MSC-MVs in the MPTP-treated mice. correlation between the p-a-Syn/a-Syn ratio in the striatum
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mm

«Fig.5 Altered gut microbiota composition at genus level and correla-
tion analysis. A Relative abundance at the genus level. B-P Signifi-
cantly different bacteria at genus level among four groups. B Lacto-
bacillus (Kruskal-Wallis rank-sum test, H=16.389, P<0.001). C
Dubosiella (Kruskal-Wallis rank-sum test, H=16.014, P=0.001). D
Akkermansia (Kruskal-Wallis rank-sum test, H=12.921, P=0.005).
E UCG-009 (Kruskal Wallis rank-sum test, H=8.489, P=0.037).
F Blautia (Kruskal-Wallis rank-sum test, H=9.520, P=0.023).
G Eubacterium fissicatena group (Kruskal-Wallis rank-sum test,
H=13.022, P=0.005). H Enterorhabdus (Kruskal-Wallis rank-sum
test, H=8.605, P=0.035). I Eubacterium siraeum group (Kruskal—
Wallis rank-sum test, H=8.230, P=0.041). J Escherichia-Shigella
(Kruskal-Wallis rank-sum test, H=7.931, P=0.047). K Deflu-
viitaleaceae UCG-011 (Kruskal-Wallis rank-sum test, H=10.505,
P=0.015). L Parvibacter (Kruskal-Wallis rank-sum test, H=13.752,
P=0.003). M Acetatifactor (Kruskal-Wallis rank-sum test,
H=8.356, P=0.039). N Negativibacillus (Kruskal-Wallis rank-sum
test, H=8.814, P=0.032). O Paludicola (Kruskal-Wallis rank-sum
test, H=10.819, P=0.013). P DNF00809 (Kruskal-Wallis rank-
sum test, H=8.147, P=0.043). Q The heatmap depicts relationships
between the genus taxa and proteins. R-U Examples of individual
taxa—proteins associations. Data represent the mean+SEM. (n=38).
*P<0.05, #*P<0.001, ***P <0.001

and the p-a-Syn/a-Syn ratio in the colon (Fig. 2K). These data
suggest a link between the brain and the colon.

Effects of MPTP and MSC-MVs on gut microbiota
composition

We performed 16S ribosome RNA sequencing analysis of
the fecal samples. For a diversity, the Simpson index of

e Saline + PBS
* MPTP + PBS

P1(5.0%)

both saline and MPTP groups was significantly increased
after MSC-MVs treatment (Fig. 3A), although other indices
(Chaol, Shannon, ACE) were not altered after the treatments
(data not shown). Principal component analysis (PCA)
showed a remarkable difference in microbiota composition
among the four groups (Fig. 3B).

Next, we used LEfSe algorithm analysis for high-dimen-
sional biomarker discovery among the four groups by the
raw data from the OTU table. Different colors represent
different abundant taxa and different microbial biomarkers.
The classification of potential microbial markers between
the four groups is presented (Fig. 3C). Five mixed-level
phylotypes, including Dubosiella, Erysipelotrichaceae, Ery-
sipelotrichales, Blautia, and Acetatifactor, were identified
as potential microbial markers in the MPTP-treated group
(Fig. 3D). Additionally, ten mixed-level phylotypes, includ-
ing Bacteroidota, Bacteroidia, Bacteroidales, Lactobacillus,
Lactobacillales, Lactobacillus johnsonii, Bacilli, Lactoba-
cillus reuteri, and Eubacterium siraeum group, were iden-
tified as potential microbial markers in the MPTP + MVs-
treated group (Fig. 3D).

Furthermore, the relative abundance was used to define
differential bacteria between the four groups at three differ-
ent levels. Four significantly different phyla were identified
(e.g., Bacteroidota, Firmicutes, Verrucomicrobiota, Com-
pilobacterota) (Fig. 4). At the genus level, the abundance
of fifteen genera (Lactobacillus, Dubosiella, Akkermansia,
etc.) was significantly different between the four groups

20

e MPTP + PBS
* MPTP+M

to1
o

-5 0 5
P1(5.0%)

Fig.6 Orthogonal partial least squares discriminant analysis of plasma metabolites. A OPLS-DA between control group and MPTP+PBS
group. B OPLS-DA between MPTP +PBS group and MPTP+MSC-MVs group
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(Fig. SA—P). Dubosiella and Acetatifactor were significantly
increased in MPTP-treated mice, and MSC-MVs treatment
attenuated MPTP-induced increases of these bacteria. We
performed a correlation analysis between genera and the
expression of proteins (Fig. 5Q). The relative abundance of
several bacteria such as Tuzzerella negatively correlated with
the expression of DAT and TH in the brain. Interestingly, the
relative abundance of Dubosiella was positively correlated
with the p-a-Syn/a-Syn ratio in the brain and colon, and
negatively correlated with TH in the striatum (Fig. SR-U).
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Effects of MPTP and MSC-MVs on plasma
metabolomics

We performed untargeted metabolomics analysis on plasma
samples since the gut microbiota affects metabolites in the
blood. After alignment with the database, 479 metabolites
were accurately identified. Similar to PCA, OPLS-DA was
used to analyze the overall distribution of metabolites.
OPLS-DA revealed that the metabolic composition of the
MPTP +PBS group significantly deviated from controls as
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well as from MPTP + MSC-MVs group (Fig. 6A, B), sug-
gesting dramatic changes in plasma metabolites after the
MPTP and MSC-M Vs treatments.

Next, we analyzed the different metabolites between the
four groups. Compared with the control, 7 metabolites were
significantly decreased and 34 metabolites were significantly
increased in MPTP-treated mice (Fig. 7A and Table S1). Fur-
thermore, compared with MPTP+PBS group, 2 metabolites
were significantly increased and 13 metabolites decreased in the
MPTP+MSC-MVs group (Fig. 7B and Table S2). PubChem
CID numbers were used instead of names when the structures
of the compounds were complex (https://pubchem.ncbi.nlm.nih.
gov). See Table S3 for the converted CID numbers. In addi-
tion, metabolites with the highest VIP (variable important in
projection) and lowest P values were exhibited (Fig. 7C, D).
Interestingly, we found that MPTP significantly reduced CID
131,834,177 (3,6-dihydroxy-2-[3-methoxy-4-(sulfooxy)phenyl]-
7-(sulfinooxy)-3,4-dihydro-2H-1-benzopyran-5-olate) in the
plasma of mice, although MSC-MVs restored MPTP-induced
reduction of the metabolite.

Associations between altered microbiota, blood
metabolites, and proteins

Considering the interplay between the gut microbiome and
blood metabolites, we performed correlation analysis to
examine the associations between the differentially abun-
dant genera and blood metabolites (Fig. 8A). We found that
the abundance of gut microbiota is associated with blood
metabolites, and one genus often affects multiple metabo-
lites. Most of the differential metabolites (e.g., cholic acid,
Delta2-THA, nutriacholic acid) were negatively correlated
with Lactobacillus and DNF00809. Additionally, Blautia
and Negativibacillus were positively correlated with the
other metabolites (e.g., cortolone and hydroxygaleon).

To further understand whether taxa and metabolites con-
tribute to MPTP-induced neurotoxicity, we tested for their
correlations with western blot results using the Spearman
correlation (Fig. 8B). The metabolite CID 131,834,177 was
significantly negatively correlated with the p-a-Syn/a-Syn
ratio in both the brain and colon and it was positively cor-
related with TH expression in the striatum (Fig. 8C-F). In
addition to Tuzzerella and Dubosiella, the genera Eubac-
terium fissicatena group, Paludicola, Escherichia-Shigella,
and the compound LysoPC (18:1(9Z)) showed multiple cor-
relations with the expression of proteins.

Discussion

The major findings of this study are as follows. First, MPTP-
induced reduction in DAT and TH in the striatum and SN,
and increased p-a-Syn/a-Syn ratio in the striatum, SNr,

and colon were significantly ameliorated after a subsequent
single intravenous administration of MSC-MVs. Second,
MSC-MVs improved the abnormal B-diversity of the gut
microbiota caused by MPTP injection. The LEfSe algorithm
identified five and ten mix-level taxa as specific microbial
biomarkers in the MPTP 4+ PBS and MPTP + MSC-MVs
groups, respectively. In particular, the relative abundance
of the genera Dubosiella and Acetatifactor was signifi-
cantly higher in the MPTP + PBS group, and MSC-MVs
significantly attenuated MPTP-induced increases of these
bacteria. Furthermore, Dubosiella was positively correlated
with a-Syn phosphorylation in the brain and colon, whereas
Dubosiella (or Acetatifactor) was negatively correlated
with TH expression in the brain. These results suggest that
Dubosiella and Acetatifactor may play a role in the ben-
eficial effects of MSC-MVs in MPTP-treated mice. Third,
metabolomic analysis suggests that several metabolites such
as CID 131,834,177 may affect MPTP-induced toxicity and
beneficial effects of MSC-MVs. Finally, CID 131,834,177
was negatively correlated with the p-a-Syn/a-Syn ratio in
the striatum, SNr, and colon. Taken together, MSC-MVs
could treat MPTP-induced neurotoxicity in the brain and
colon by regulating the gut—microbiota—brain axis including
microbiome-derived metabolites.

Stem cells have been used for the treatment of neurodegen-
erative disorders, such as AD, multiple sclerosis, and PD, for
the last 20 years (Sakthiswary and Raymond 2012). Clinical
studies have shown that scale scores and subjective feelings of
patients with PD significantly improved after stem cell thera-
pies (Venkataramana et al. 2012). Recently, Park et al. reported
that injection of human adipose-derived stem cells restored the
altered DAT expression and abnormal motor function in MPTP-
treated mice (Park and Chang 2020). However, due to cellular
activity and tumorigenicity, the use of stem cells for disease
treatment has very slowly developed in recent years (Gordeeva
and Khaydukov 2017). In this case, stem-cell-derived EV's were
found to be strongly effective therapeutically and highly safe and
have been extensively investigated for the treatment of various
neurological diseases. In a study of AD, EV injection reduced
the production and deposition of amyloid-} peptides in amyloid
precursor protein transgenic mice (Dinkins et al. 2017). Further-
more, EVs decreased behavioral scores and demyelination in
experimental autoimmune encephalomyelitis mice, an animal
model of MS (Li et al. 2019). In this study, MSC-MVs were
found to ameliorate the reduction of DAT and TH expressions
in the striatum and SNr of MPTP-treated mice, consistent with
those of a previous report using exosomes (Chen et al. 2020).
Moreover, MSC-MVs were also found to attenuate the MPTP-
induced increase of the a-Syn/a-Syn ratio in the brain and colon.
Remarkably, a single injection of MSC-MVs 7 days after MPTP
injection could improve MPTP-induced neurotoxicity in the
brain and colon, indicating a potent therapeutic effect of MSC-
MVs. Precise mechanisms of MSC-MVs’ therapeutic effects
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«Fig. 8 Correlation analysis among microbiota, metabolites, and pro-
teins. A The heatmap depicted the relationships between the taxa and
metabolites changed in MPTP+PBS group and MPTP +MSC-MVs
group. B Integrative network revealed associations between differen-
tially abundant taxa or metabolites and expression of proteins. C-F
Examples of CID 131,834,177 and protein associations

are currently unclear. Previous reports suggested that abnormal
a-Syn phosphorylation occurs in the gut earlier than that in the
brain (Li et al. 2019; Shannon et al. 2012). Interestingly, the
TH expression in the striatum was negatively correlated with
p-o-Syn/a-Syn expression in the colon, suggesting a role of
gut-brain communication (Shan et al. 2021). Collectively, it
is likely that MSC-MVs may, in part, alleviate MPTP-induced
neurotoxicity by reducing the accumulation and transportation
of a-Syn in the colon, although further study is needed.

We previously reported that antibiotic-induced microbi-
ome depletion protected against MPTP-induced dopaminer-
gic neurotoxicity in the mouse brain, suggesting its role in
MPTP-induced neurotoxicity in the brain (Pu et al. 2019).
In this study, MSC-MVs were found to improve the abnor-
mal composition of gut microbiota of MPTP-treated mice,
suggesting a beneficial role of MSC-MVs in regulating gut
microbiota in the intestine. Given the essential roles of MVs
in intracellular communications (Zhang et al. 2019), intra-
cellular communications of MSC-MVs might play a role in
its therapeutic effects in the MPTP model through the potent
anti-inflammatory and neuroprotective effects.

The LEfSe algorithm identified Dubosiella and Acetati-
factor as specific microbial biomarkers for the MPTP-treated
group. Interestingly, the relative abundance of Dubosiella
and Acetatifactor was significantly increased after the MPTP
treatment, and MSC-MVs restored the increased abundance
of these bacteria in the MPTP-treated mice. Furthermore,
Dubosiella was elevated in fecal samples of dextran sulfate
sodium-induced colitis mice, suggesting an inflammatory role
of Dubosiella (Li et al. 2022). Dubosiella has been report-
edly elevated in the feces of mice with chronic stress-induced
depression compared with the control mice (Westfall et al.
2021). A recent study showed that Acetatifactor was associ-
ated with increased freezing time in fear-conditioning train-
ing in MPTP-treated mice (Torres et al. 2018). Furthermore,
Dubosiella and Acetatifactor were positively correlated with
the p-a-Syn/a-Syn ratio in the brain or gut. Moreover, the
relative abundance of the two genera was found to be nega-
tively correlated with TH expression in the striatum. Given
the inflammatory role of Dubosiella and Acetatifactor, the
augmentation of these two genera in the intestine might be
associated with the beneficial effects of MSC-MVs on the
MPTP-induced increase of the p-a-Syn/a-Syn ratio in the
colon. However, it is unclear how a single MSC-MYV injection
can restore an abnormal composition of these two bacteria in

MPTP-treated mice. Further study is needed to confirm the
role of these two bacteria in the beneficial effects of MSC-
MVs in the MPTP model.

Using metabolomics analysis, 3,6-dihydroxy-2-[3-
methoxy-4-(sulfooxy)phenyl]-7-(sulfinooxy)-3,4-dihydro-
2H-1-benzopyran-5-olate (CID 131,834,177) levels were
found to be significantly decreased in the MPTP-treated
mice, whereas the metabolite was restored by injecting
MSC-MVs. Interestingly, CID 131,834,177 was negatively
correlated with the p-a-Syn/a-Syn ratio in the striatum,
SNr, and colon, whereas the concentration of this metabo-
lite was positively correlated with TH expression in the
striatum. CID 131,834,177 is one of the catechins. Cat-
echins are a class of polyphenolic compounds that primar-
ily occur in many plants, and all have strong pharmaco-
logical properties that influence the host metabolism and
immunity, including neuroprotective, anti-inflammatory,
and cardioprotective properties (Blagojevi¢ et al. 2021;
Ding et al. 2020; Soares et al. 2020). Catechins are mainly
divided into epicatechin (EC), epigallocatechin (EGC),
epicatechin gallate (ECG), and epigallocatechin gallate
(EGCQG). A recent study showed that ECG could attenu-
ate rotenone-induced degeneration of dopaminergic neu-
rons in the SHSYSY cells, a common cell model of PD
(Luo et al. 2021). Furthermore, EGCG prevented MPTP-
induced dopamine depletion and loss of dopaminergic
neurons in the striatum (Bitu Pinto et al. 2015). Moreo-
ver, catechin improved motor performance and dopamin-
ergic neuron functions in PD model rats induced by uni-
lateral striatal injection of 6-hydroxydopamine (Teixeira
et al. 2013). Based on the solid neuroprotective effects of
catechins, reduced CID 131,834,177 levels in the blood
may play a role in the neurotoxicity of MPTP-treated
mice. Interestingly, the relative abundance of Dubosiella
strongly negatively correlated with the CID 131,834,177
concentration, suggesting that Dubosiella may affect the
CID 131,834,177 production in the intestine. Therefore,
whether Dubosiella and CID 131,834,177 are altered in
patients with PD should be investigated.

The present study showed that MVs attenuated MPTP-
induced increases in metabolite concentrations, includ-
ing 3-keto fusidic acid, LysoPC(18:1(9Z)), blumenol CO-
[thamnosyl-(1-> 6)-glucoside], and manglupenone. Fusidic acid
is a topical antibiotic frequently used to treat skin infections,
especially for gram-positive bacteria (Bonamonte et al. 2014).
LysoPC(18:1(92)) levels are thought to be commonly associated
with energy metabolisms, such as obesity and hyperlipidemia
(Zhong et al. 2013). LysoPC(18:1(9Z)) was increased in obese
mice and those fed a high-fat diet (Cai et al. 2021). Interestingly,
the fusidic acid (or LysoPC) concentration was found to be posi-
tively collated with the a-Syn expression, suggesting a role of
these metabolites in a-Syn-related toxicity. Manglupenone is a
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triterpenoid. Triterpenoids are reported to attenuate dopamin-
ergic neurotoxicity in MPTP-treated mice (Kaidery et al. 2013).
Collectively, these metabolites may play a role in the effects of
MPTP-induced neurotoxicity and therapeutic effects of MVs.
Nonetheless, further research is needed to clarify the roles of
these metabolites in PD.

Beneficial effects of multipotential bone marrow stromal cells
on brain functions have been reported (Boxall and Jones 2012;
Phinney and Prokop 2007; Soliman et al. 2021). For example,
intracerebral injection of bone marrow stromal cells into Apoe
knock-out mice caused enhanced novel object recognition and
increased microtubule-associated protein in the dentate gyrus
of the hippocampus, suggesting their therapeutic potential for
neurodegenerative disorders (Peister et al. 2006). Collectively,
multipotential bone marrow stromal cells are vital for the devel-
opment, maintenance, function, and regeneration of most tissues
including the brain (Soliman et al. 2021).

In summary, the present study shows that intravenous
injection of MSC-MVs could improve MPTP-induced neu-
rotoxicity in the striatum and colon through the gut-micro-
biota—brain axis. Therefore, intravenous injection of MSC-
MVs could likely be a new therapeutic approach for
neurodegenerative disorders such as PD.
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