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Abstract 

Background Neuroinflammation is closely related to the development of Parkinson’s disease (PD). Because of the 
extensive sources, non-invasive and periodical collection method, human menstrual blood-derived endometrial 
stem cells (MenSCs) have been explored as a promising tool for treatment of PD. This study aimed to investigate if 
MenSCs could inhibit neuroinflammation in PD rats by regulating M1/M2 polarization and to excavate the underlying 
mechanisms.

Methods MenSCs were co-cultured with 6-OHDA-exposed microglia cell lines. Then the morphology of microglia 
cells and the level of inflammatory factors were assessed by immunofluorescence and qRT-PCR. After MenSCs were 
transplanted into the brain of PD rats, animal motor function, the expression of tyrosine hydroxylase, and the level of 
inflammatory factors in the cerebrospinal fluid (CSF) and serum were detected to evaluate the therapeutic potential 
of MenSCs. Meanwhile, the expression of M1/M2 phenotype related genes was detected by qRT-PCR. One protein 
array kit containing 1000 kinds of factors was used to detect the protein components in the conditioned medium of 
MenSCs. Finally, bioinformatic analysis was performed to analyze the function of factors secreted by MenSCs and the 
signal pathways involved in.

Results MenSCs could suppress 6-OHDA-induced microglia cell activation and significantly decrease inflammation 
in vitro. After transplantation into the brain of PD rats, MenSCs improved animal motor function, which was indicated 
by the increased movement distance, ambulatory episodes, exercise time on the rotarod, and less contralateral rota-
tion. Additionally, MenSCs reduced the loss of dopaminergic neurons and down-regulated the level of pro-inflamma-
tory factors in the CSF and serum. Moreover, q-PCR and WB results showed the transplantation of MenSCs significantly 
down-regulated the expression of M1 phenotype cell markers and meanwhile up-regulated the expression of M2 
phenotype cell markers in the brain of PD rats. 176 biological processes including inflammatory response, negative 
regulation of apoptotic process, and microglial cell activation were enriched by GO-BP analysis. 58 signal pathways 
including PI3K/Akt and MAPK were enriched by KEGG analysis.
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Conclusions In conclusion, our results provide preliminary evidence for the anti-inflammation capacity of MenSCs by 
regulating M1/M2 polarization. We firstly demonstrated the biological process of factors secreted by MenSCs and the 
signal pathways involved in using protein array and bioinformatic analysis.

Keywords Menstrual blood-derived endometrial stem cells, Parkinson’s disease, M1, M2 neuroinflammation

Introduction
Although the pathogenesis of Parkinson’s disease (PD) 
is not completely revealed, mounting evidences prove 
that the dysregulation of immune system including 
innate and adaptive immunity plays an essential role in 
the pathogenesis of PD [1–3]. Microglia cells are a pre-
dominant type of resident immune cells in the brain [2, 
4]. They account for about 12% of total cells and play an 
important role in immune surveillance and central nerv-
ous system homeostasis [4]. During development, they 
are involved in synaptic pruning and removing normally 
occurring apoptotic neurons by efferocytosis [4]. Besides, 
they can release low level neurotropic factors to sup-
port neurons and glia cells survival [2]. When the central 
nervous system is infected by pathogens or in presence 
of tissue damage, resting microglia cells undergo a series 
of changes in morphology, gene expression and function, 
and become activated [5]. After activation, microglia can 
be divided into M1 state and M2 state [5, 6]. Microglia in 
the M2 state can release anti-inflammatory factors, such 
as IL-4 and IL-13, engulf damaged neuron fragments, 
and promote tissue repair and neurons regeneration [6]. 
But when microglia cells are over-activated, they turn to 
the M1 state and release a large number of neuroinflam-
matory factors such as IL-1β, IL-6, TNF-α by activating 
MAPKs/NF-κB/ERK pathway and lead to neurons apop-
tosis [6]. Microglia cells have a close relationship with 
the progress of PD [7]. Excessive ROS and activated M1 
type microglia cells were found in the postmortem of PD 
patients [2]. In 6-OHDA induced PD rats, M2 phenotype 
microglia increased in the first 3  days after drug treat-
ment, then gradually decreased and shifted to M1 phe-
notype at later time points, when dopaminergic neurons 
death was manifest [8]. Therefore, prevention microglia 
polarization to M1 phenotype may be a target for preven-
tion and treatment of PD.

Menstrual blood-derived endometrial stem cells 
(MenSCs) came to the attention of public in 2007 [9, 
10]. Compared to other sources of MSCs, menstrual 
blood could be obtained periodicity, non-invasively, 
and without trauma [11]. According to our previous 
study, 30–50  ml menstrual blood could be collected 
during menstruation and 5  ml sample could expand 
100 million passage 3 MenSCs, which is enough for 
clinical treatment [11]. As a kind of attractive seed cell 
for stem cell-based therapies, they have been used for 

treatment of various inflammatory related diseases, 
such as lung injury [12], colitis [13], pulmonary fibrosis 
[14], experimental arthritis [15], liver failure [16], auto-
immune encephalomyelitis [17], stroke [18], and severe 
COVID-19 patients [19] by immunomodulation func-
tion. However, whether MenSCs could be feasible to 
alleviate neuroinflammation by modulating microglia 
polarization in PD remain unclear, and which factors 
released by MenSCs contributed to their therapeutic 
function in PD needs to be clarified.

In this study, we investigated the anti-inflammatory 
function of MenSCs on BV2 and HAPI cell lines by 
inhibiting excessive activation of microglia cells. In 
addition, we explored the therapeutic effect of MenSCs 
on a PD rat model, mainly focused on anti-inflamma-
tion by modulating M1/M2 polarization. Furthermore, 
we elucidated possible neuroregulatory molecules that 
mediate the neuroprotective and immunomodulation 
function of MenSCs using 1000 factors included pro-
tein array and bioinformatic analysis.

Materials and methods
MenSCs isolation, culture and characterization
MenSCs were isolated from menstrual blood as pre-
viously described [11]. Briefly, menstrual blood was 
collected from females aged 25–40 years old using men-
strual cups. Mononuclear cells in the menstrual blood 
were isolated using Ficoll (cat NO., LTS1077, TBD, Tian-
jin, China). Then, the mononuclear cells were re-sus-
pended by DMEM completed medium (cat NO., ZQ-101, 
Zhong Qiao Xin Zhou Biotech, Shanghai, China) and cul-
tured in a 37 °C, 5%  CO2 saturation incubator. After 24 h 
of incubation, unattached cells were removed and fresh 
medium was added. Once cells reached 80% confluence, 
cells were sub-cultured as a ratio of 1:2 or 1:3. According 
to the minimal criteria for defining MSCs given by Inter-
national Society for Cellular Therapy [20], the phenotype 
of passage 3 MenSCs was assessed by fluorescence-acti-
vated cell sorting (FACS) using MSCs surface markers 
detection kit (cat NO.562245, BD Pharmingen, San Jose, 
United States). Besides, the expression of CD146 (65181-
1-lg, Proteintech, Wuhan, China) was also detected by 
flow cytometry.

Mouse IgG1 isotype control (66360-1-Ig) was used as 
control group. Alexa 488 conjugated goat anti-mouse 
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secondary antibody (A28175, Invitrogen) was used to 
stain MenSCs. Meanwhile, the differentiation ability of 
passage 3 MenSCs was assessed by adipogenesis, osteo-
genesis, and chondrogenesis using differentiation induc-
tion kits (cat NOs., CHEM-200010, CHEM-200011, 
CHEM-200012, Unicorn League Biotech, Shanghai, 
China).

The culture of BV2 and HAPI microglia cells
BV2 cell line was purchased from China Center for Type 
Culture Collection (CCTCC, Wuhan, China) and grown 
in DMEM completed medium (cat NO., ZQ-101). HAPI 
cell line was supplied by Prof. Wenqiang Li (the First 
Affiliated Hospital of Xinxiang Medical University), and 
it was used between passage 7 and 15 to avoid any phe-
notypic drift. HAPI cell line was maintained in DMEM 
high glucose medium (cat NO., 10-013-CVRC, Corning) 
supplemented with 10% FBS (cat NO., 164210-50, Pro-
cell, Wuhan, China) and 100 U/ml of penicillin–strep-
tomycin. Cells were maintained at 37°C in a humidified 
incubator under a 95% air/5%  CO2 condition.

6‑OHDA treatment and MenSCs co‑culture
BV2 and HAPI cells were seeded on 14 mm glass cover 
slips at a density of 6 ×  104 cells per cover slip. After 
reaching 70% confluence, BV2 and HAPI cells were 
exposed to 300  μM and 100  μM 6-OHDA (Cat NO. 
H4381, Sigma-Aldrich, St. Louis, MO), respectively. 
Spontaneously, 6-OHDA exposed cells were in-directly 
co-cultured with MenSCs (6-OHDA + MenSCs group) 
or only medium (6-OHDA + DMEM group) with a tran-
swell system (662641, Greiner Bio-One) for 24  h. Next, 
the morphology of BV2 and HAPI cells was analyzed 
with phase contrast and immunofluorescence. The RNA 
and protein of cells from different groups were isolated 
for following studies.

Cell viability assay
70% confluent BV2 and HAPI cell lines in 96-well plate 
were treated with different concentrations of 6-OHDA 
for 24  h. Then, cell viability was assessed by PrestoBlue 
reagent (Invitrogen, USA) according to the manufactur-
er’s protocol. Fluorescence was read at Ex544 nm/Em590 
nm using a microplate reader (BMG Labtech, Offenburg, 
Germany). The cell viability was calculated according 
to the following formula: Cell viability (%) = [(fluores-
cence of treatment group − blank/fluorescence of control 
group − blank)] × 100%.

Immunocytofluorescence
For immunocytofluorescence, BV2 or HAPI cells were 
fixed with 4% PFA, permeabilized with 0.1% Triton 

X-100, and blocked with blocking buffer (P0260, Beyo-
time, Shanghai, China) for 1  h at room temperature. 
Afterwards, primary antibody against Iba-1 (153696, 
Abcam, 1:500) was incubated overnight at 4℃, followed 
by Cy3-conjugated goat anti-rabbit secondary antibody 
(A10520, Invitrogen, 1:500) for 2 h at room temperature. 
Nuclei were counterstained with DAPI. Images (× 200 
magnification) were photographed using an inverted 
microscope (Leica, DMI3000B, Germany). Cells were 
analyzed in five randomly selected fields per cover-slip, 
with three cover-slips for each group, in three independ-
ent sets of experiments. ImageJ software was used to 
measure the length of process. If the length of the process 
is at least twice longer than the diameter of the cell body, 
the cell is considered being activated.

Total RNA extraction and quantitative RT‑PCR
Rats were euthanized by intraperitoneal injection of 
250 mg/kg pentobarbital sodium and the right side of rat 
brain was isolated. Total RNA of BV2 cells, HAPI cells or 
brain tissues from different groups was extracted using 
TRIzol reagent (DP424, Tiangen) according to the man-
ufacturer’s instruction. For tissue RNA extraction, the 
right side of rat brain was lysed by tissue lyser first and 
other steps were the same with cell RNA extraction. The 
concentration and quality of RNA was determined by a 
Nanodrop2000 spectrophotometer (Thermo Fisher Sci-
entific Co., Ltd, Waltham, MA, USA). The reverse tran-
scription reaction with 1 μg of total RNA was carried out 
with a cDNA synthesis kit (KR116, Tiangen Biotech Co., 
LTD, Beijing, China). Thereafter, PCR amplification was 
performed using SYBR Green PCR Master Mix (208054, 
Qiagen) and Roche LightCycler® 960 system under the 
following condition: 95℃ for 2 min, 40 cycles of denatur-
ing at 95 ℃ for 5 s and combined annealing/extension at 
60°C for 10 s, melting curve analysis and holding at 4℃. 
The critical threshold (ΔCT) value of interest genes was 
normalized to the housekeeping gene glyceraldehyde 
3-phosphate dehydrogenase (GAPDH). The results were 
calculated using  2−ΔΔCT method. The primers of qRT-
PCR are listed in Additional file 1: Table S1.

Animals and experimental design
Adult male SD rats (180–200  g, 42–48  days old) were 
purchased from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. (Beijing, China; License No. SCXK 
(Jing) 2016-0011). Animals were maintained under 
standard laboratory conditions with 12 h light/dark cycle, 
23 ± 2℃, and 45–60% humidity. Rats were kept in plexi-
glass cages (max: 2 rats/cage) and were watered and fed 
ad  libitum. Cages of animals were put randomly on the 
shelf without fixed order or place. Bedding was changed 
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once a week, but without changing bedding 2 days before 
and after drug or cell injection. After adapting to the new 
environment for 5–7 days, animals were fasted for 12 h 
and were used to construct PD model. All protocols for 
the animal experiments were registered and approved by 
the Animal Care and Use Committee of Xinxiang Medi-
cal University. This study was carried out in compliance 
with the ARRIVE guidelines. All efforts were made to 
minimize the number of animals used and their suffer-
ing. All the experimental conditions were performed in 
a within-subject randomized-order design. Surgery and 
behavior test were done randomly without any fixed 
order. Rat samples including brain, serum, and CSF in 
different groups were analyzed randomly to remove any 
deviation from the drug or cell injection order. All exper-
imental data were collected and analyzed in a blinded 
fashion; the operator and designer were blinded to each 
other.

PD model construction
The animals were randomly divided into two groups by 
lottery method: Sham group (N = 18) and PD group 
(N = 36). Because of the inevitable mortality in the pro-
cess of surgery and failure rate of PD model construction, 
15 rats of sham group and 30 rats of PD group could be 
achieved finally. Rats exhibiting signs of humane end-
points were immediately sacrificed. Brain stereotactic 
injection of 6-OHDA to medial forebrain bundle (MFB) 
region was used to construct PD model. Succinctly, rats 
were anesthetized with 4% isoflurane using an anesthetic 
gas machine and fixed on a brain stereoscopic injection 
equipment. 2.5% isoflurane and 1 L/min oxygen was 
used for continuous anesthesia during surgery. Rats were 
unilaterally injected with either 4  μl 6-OHDA (2.5  μg/
μl dissolved in 0.2 mg/ml ascorbic acid), or 4 μl 0.2 mg/
ml ascorbic acid (dissolved in 0.9% saline) using a 10 μl 
Hamilton syringe with a 30-gauge flat needle (Hamil-
ton, Bonaduz, Switzerland). The injection coordinates 
related to bregma was AP = − 4.36 mm, ML = − 1.7 mm, 
DV = − 8.3 → − 8.0  mm, according to the Paxinos and 
Watson brain atlas [21]. To avoid any overflow, the injec-
tion was at a slow rate of 1 μl/min and the needle was left 
in place for 10 min before it was pulled out.

MenSCs transplantation
Five weeks after surgery, 30 PD rats were randomly 
divided into two groups by lottery method: PD + PBS 
(N = 15), and PD + MenSCs (N = 15). The anesthe-
sia method was the same with PD model construction. 
MenSCs or PBS were transplanted into SNc (coordi-
nates related to Bregma: AP = − 5.3  mm, ML = 1.8  mm, 
DV = − 7.4  mm) and four different Str sites (coordi-
nates related to Bregma: AP = − 1.3  mm, ML = 4.7  mm, 

DV = − 4.5  mm and − 4.0  mm; AP = − 0.4  mm, 
ML = 4.3  mm, DV = − 4.5  mm and − 4.0  mm; 
AP = 0.4  mm, ML = − 3.1  mm, DV = − 4.5  mm and 
− 4.0 mm; AP = 1.3 mm, ML = 2.7 mm, DV = − 4.5 mm 
and − 4.0  mm) of brain [22]. In the SNc, 6-OHDA ani-
mals received once injection of either 4.0  μl MenSCs 
(2 ×  105, dissolved in PBS) or 4.0 μl PBS at a rate of 1.0 μl/
min. In the striatum, 6-OHDA animals received either 
2.0 μl MenSCs (5 ×  104, dissolved in PBS) or 2.0 μl PBS in 
each coordinate of striatum at a rate of 0.5 μl/min. After 
each injection, the needle was left in place for 8 min in 
the SNc, and 4 min in the Str to avoid any back flow up 
the needle tract.

Open field
The locomotor activity of rats was conducted using an 
animal movement tracking system EthoVision XT (Nol-
dus, Wageningen, Netherlands). Each rat was placed in 
the center of a black Plexiglass cage (100 × 100 × 40 cm) 
and allowed for free activity. Data were collected for 
5  min per rat. Total distance travelled and ambulatory 
episodes were automatically analyzed from video record-
ings using EthoVision XT software.

Rotarod test
Before the formal test, all rats were pre-trained on the 
rotarod for continuous 3  days. After exercise, rats were 
placed on an automated 6-lane rotarod apparatus (RWD, 
Shenzhen, China) and were tested in consecutive three 
trials at 15 rpm and 25 rpm for a maximum of 300 s at 
each speed with an interval of 20  min. An accelerating 
mode was used in the test, from 0 to 15 rpm or 0 rpm to 
25  rpm over 300  s. This test was conducted to evaluate 
the motor coordination and balance of rats. The duration 
time of each animal that was able to stay on the rod was 
recorded as the latency to fall. The results were calculated 
as the average of three trials.

Rotameter test
In order to select the animals that were truly lesioned 
upon 6-OHDA injections and assess the therapeu-
tic effect of MenSCs, the rotameter test was performed 
at indicated time points. Briefly, 0.05  mg/ml apomor-
phine hydrochloride (Sigma, St. Louis, MO, USA) solu-
tion was freshly prepared by dissolving in 1% of ascorbic 
acid in 0.9% of NaCl. Animals’ necks were subcutane-
ously injected with 0.05 mg/kg apomorphine hydrochlo-
ride (A4393, sigma, St. Louis, MO, USA). Afterwards, 
the complete contralateral rotation (360°) of the rats in 
30 min was counted in a mental bowl. More than 7 r/min 
was considered successful PD models and unsuccessful 
models will be excluded.



Page 5 of 18Li et al. Stem Cell Research & Therapy           (2023) 14:85  

Collection of cerebrospinal fluid (CSF) and serum
Seven weeks after MenSCs transplantation, rats were 
deeply anesthetized with ketamine (75  mg/kg) com-
bined with medetomidine (0.5 mg/kg) by intraperitoneal 
injection. Then, cerebrospinal fluid was collected from 
the cisterna magna of the fourth ventricle using a capil-
lary needle. 100–200 μl CSF was collected and stored at 
− 70°C for further analysis. The CSF collection protocol 
was referred to Liu L et al. [23]. Blood was collected from 
orbital venous plexus and serum was prepared by centri-
fuging the clotted blood at 3000 rpm for 5 min.

Tissue processing and immunohistochemistry
After collecting the CSF, rats were transcardially perfused 
with 0.9% saline followed by 4% paraformaldehyde. Then, 
brains were dissected and post-fixed in 4% paraformal-
dehyde for 48 h at 4 °C. Fixed brains were dehydrated in 
gradient ethanol followed by xylene before embedding in 
paraffin wax. Serial coronary sections  (5-μm) were pre-
pared using a rotary microtome (Leica Model RM 2145, 
Germany). Based on the anatomical landmarks accord-
ing to Paxino and Watson, for each rat, 5 slices contain-
ing striatum region (bregma 1.8 mm, 1.2 mm, 0.60 mm, 
0.12 mm, − 0.60 mm), and 5 slices containing SN region 
(bregma − 4.56 mm, − 5.04 mm, − 5.52 mm, − 6.00 mm, 
− 6.48  mm) were collected for further immunohisto-
chemistry and analysis.

Brain sections were deparaffinized in xylene and rehy-
drated in graded ethanol before undergoing antigen 
retrieval. 0.3% hydrogen peroxide dissolved in absolute 
methanol was used to inactivate endogenous peroxi-
dase for 15 min. Sections were incubated with a primary 
antibody (rabbit anti-TH, PA585167, Invitrogen, 1:1000) 
at 4  °C overnight, followed by incubation with HRP-
conjugated secondary antibody (A16096, Invitrogen, 
goat anti-rabbit, 1:5000) at RT for 1 h. Brown color was 
developed using diaminobenzidine staining and sections 
were then counterstained with hematoxylin. To circum-
vent arbitrary delineation, a Pannoramic MIDI system 
(3DHISTECH, Budapest, Hungary) was used to achieve 
the whole slide image. The amount of TH + fibers in the 
striatum region was analyzed by detecting optical den-
sity of each slice using the ImageJ software version 1.51 
(National Institutes of Health, U.S.A.). The number of 
TH + cells in the SN and VTA regions were counted 
using ImageJ software. Results were expressed as a per-
centage of the contralateral side on the same section.

Western blot
Seven weeks after MenSCs transplantation, rats were 
euthanized by intraperitoneal injection of 250  mg/kg 
pentobarbital sodium and brain was quickly detached 

on ice. RIPA buffer supplemented with protease inhibi-
tor cocktail was used to extract protein from brain tissue. 
After denature, 20 μg of total protein was fractionated by 
SDS-PAGE. Nonspecific binding was blocked with 5% 
w/v BSA (A1933, Sigma) in Tris-buffered saline-Tween 
containing 0.1% Tween-20 (TBST) for 1 h. Primary anti-
bodies, unless specified, were purchased from Protein-
tech, including rabbit anti-iNOS (18985-1-AP, 1:500), 
rabbit anti-TH (PA585167, Invitrogen, 1:1000), mouse 
anti-Arg1 (66129-1-Ig, 1:5000), and mouse anti-β-actin 
(66009-1-Ig, 1:10000) as the internal control. Primary 
antibodies were incubated overnight at 4 °C followed by 
HRP-conjugated secondary antibodies (A16096, Invit-
rogen, goat anti-rabbit, 1:10000 or 62-6520, Invitrogen, 
goat anti-mouse, 1:5000) for 2  h at room temperature. 
Immunoblotted protein signals were visualized with ECL 
enhanced chemiluminescent substrate kit (WBKLS0050, 
Millipore) following manufacturer’s instructions. Densi-
tometry of the western blot protein bands was analyzed 
using Image J software v5.2.1. β-actin was used as an 
internal control for western blot analysis.

Protein microarray analysis
Protein microarray kits (QAR-INF-1-2, RayBiotech Life 
Inc., Norcross, GA, USA) were used to detect 10 kinds 
of inflammatory factors in the CSF and serum (N = 5 per 
group), including IFN-γ, IL-1α, IL-1β, IL-2, IL-4, IL-6, 
IL-10, IL-13, MCP-1, and TNF-α.

Another protein array kit (GSH-CAA-X00-1, RayBio-
tech Life Inc., Norcross, GA, USA) was used to detect 
the amount of 1000 kinds of factors in the conditioned 
medium of MenSCs (MenSCs-CM). The preparation 
method of MenSCs-CM referred to our previously pub-
lished paper [11]. Signals were scanned by InnoScan 300 
Microarray Scanner (Innopsys, Carbonne, France). The 
measured fluorescence intensities were normalized to 
that of the internal positive controls.

Bioinformatics analysis
Gene Ontology and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis were performed 
using DAVID Bioinformatics Resources v2022q2 (https:// 
david. ncifc rf. gov).

Statistical analysis
Graphs generation and statistical analysis were 
performed using Prism 8.0.2 software (Graph-
Pad, San Diego, CA, USA). Data were expressed as 
means ± standard deviation (SD). With the mRNA 
expression of M1 and M2 markers as primary out-
comes, if the true difference in the PD + MenSCs and 
PD + PBS means is 0.5, we will need to study 5 subjects 

https://david.ncifcrf.gov
https://david.ncifcrf.gov
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in each group to reject the null hypothesis that the 
population means of each group are equal with prob-
ability (power) 0.9. The Type I error probability associ-
ated with this test of this null hypothesis is 0.05[24]. 
Therefore, our samples for animal work are 5 for 
each group. Data normality was detected by Shapiro–
Wilk test. Homogeneity of variance was detected by 

Brown-Forsythe test. For data that fit a normal distri-
bution and homogeneity of variance, one-way ANOVA 
followed by Tukey’s post hoc multiple comparison was 
used for comparison among 3 groups. For data that 
does not conform to a normal distribution, nonpara-
metric Kruskal–Wallis test was used for comparison 

Fig. 1 Characterization of MenSCs by immunophenotyping and mesodermal differentiation assay. A Cell population for further analysis was 
selected. B–F The expression of MenSCs surface markers was detected by flow cytometry. Red lines and blank lines represented for surface markers 
and relative isotype control, respectively
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among 3 groups. Values of p < 0.05 were considered 
statistically significant.

Results
Characterization of MenSCs
Figure 1A showed the gated population for further analy-
sis. Figure 1B showed MenSCs were negative for CD34, 
CD45, CD11b, and HLA-DR, and the total positive cells 
were less than 2% as measured by flow cytometry. Fig-
ure  1C–E showed MSCs were positive for CD73-APC, 
CD90-FITC, and CD105-PerCP, and positive cells were 
more than 98% for each marker, which meet the mini-
mum criteria of MSCs reported by International Soci-
ety for Cellular Therapy (ISCT). Figure 1F showed 75.2% 
MenSCs were positive for CD146. Figure  1G–I showed 
MenSCs had capacities to differentiate to osteoblasts, 
adipocytes and chondroblasts under differentiation 
induction medium.

MenSCs suppressed 6‑OHDA‑induced microglia activation 
and inflammation in vitro
The dose–effect curve of 6-OHDA for BV2 and HAPI 
cells is shown in Additional file 2: Fig. S1. BV2 and HAPI 
cell lines were exposed to 6-OHDA and indirectly co-
culture with MenSCs (6-OHDA + MenSCs) or DMEM 
medium (MenSCs + DMEM) for 24  h. Then, the mor-
phology of BV2 and HAPI was observed under bright 
field and Iba-1 was used to label microglia cells. As 
shown in Fig. 2A1–A3 and E1–E3, the normal BV2 and 
HAPI cells are generally round shape. 6-OHDA treat-
ment obviously induced BV2 (Fig. 2B1–B3, D, **p < 0.01) 
and HAPI (Fig.  2F1–F3, H, ***p < 0.001) cells extend-
ing 1–2 finely delineated processes and elicited micro-
glia activation. The application of MenSCs significantly 
attenuated 6-OHDA induced microglia activation in BV2 
(Fig.  2C1–C3, D, ##p < 0.01) and HAPI cells (Fig.  2G1–
G3, H, ###p < 0.001). Consistently, 6-OHDA treatment 
significantly increased the mRNA expression of pro-
inflammatory factors including IL-1β, IL-6, iNOS, TNF-α 
and decreased the mRNA expression of anti-inflamma-
tory factors including IL-10 and TGF-β in BV2 cell line 
(Fig.  2I, *p < 0.05, **p < 0.01, ***p < 0.001). Similar results 
were achieved in HAPI cell line except for the TGF-β 
(Fig.  2J, nsp > 0.05, *p < 0.05, ***p < 0.001). Furthermore, 
MenSCs inhibited inflammation by down-regulation IL-
1β, IL-6, iNOS, TNF-α and up-regulation IL-10 and TGF-
β (Fig. 2I, J, #p < 0.05, ##p < 0.01, ###p < 0.001).

MenSCs improved the motor function of PD rats
In order to explore the impact of MenSCs transplants on 
the motor performance of the PD rats, behavioral assess-
ment including open field (n = 10 per group), rotameter 
(n = 5 per group), and rotarod tests (n = 5 per group) 
were performed at 7 weeks after transplantation (Fig. 3). 
Figure 3A shows schematic summary of the experimen-
tal procedures. The open field results showed that the 
rats of PD + PBS group had significantly less movement 
and ambulatory episodes than the rats of sham group 
(Fig. 3B, C, E, F, ***p < 0.001). The transplantation of Men-
SCs improved the motor function of PD rats compared 
to PBS treatment group (Fig. 3C–F, #p < 0.05, ###p < 0.001). 
Besides, rotameter test results (Fig.  3G) showed the 
rats of PD + PBS group demonstrated 7.59 ± 1.94 r/min 
contralateral rotation behavior after injection with apo-
morphine (***p < 0.001 vs sham group). We observed an 
obvious reduction of contralateral rotation after MenSCs 
treatment (###p < 0.001 vs PD + PBS group). Regarding 
balance and motor coordination, rotarod test (Fig.  3H) 
showed PBS treatment PD rats could stay on the rod for 
4.42  min ± 0.58  min and 2.5  min ± 0.66  min at 15  rpm 
and 25  rpm, respectively, which was significantly less 
than the sham group (9.78 min ± 0.35 min at 15 rpm and 
8.63 ± 0.61  min at 25  rpm, ***p < 0.001). MenSCs treat-
ment significantly elongated the time of latency to fall 
to 6.90 min ± 0.93 min at 15 rpm and 5.50 ± 1.15 min at 
25 rpm (###p < 0.001).

MenSCs restored TH deficits in the brain of PD rats
To address the neuroprotective function of MenSCs on 
PD rats, histological and WB analysis for the expression 
of TH was performed (n = 5 per group). As shown in 
Fig. 4, in the sham group, the TH expression in the SN, 
ventral tegmental area (VTA), and striatum regions was 
similar between the left and right sham lesioned section 
(Fig.  4A, D). 6-OHDA injection significantly induced 
the loss of dopaminergic neurons in the SN and VTA 
regions, and decreased TH-positive fibers in the striatum 
compared to the sham group (Fig. 4B, E, G-3I, **p < 0.01, 
***p < 0.001). After MenSCs treatment, the number of TH-
positive neurons increased compared to the PD + PBS 
group (#p < 0.05, ##p < 0.01). Similar results were also 
observed in the striatum region (Fig.  4D–F, I). Consist-
ently, WB results showed higher expression of TH pro-
teins in the PD + MenSCs group compared to PD + PBS 
group (Fig. 4J, K, #p < 0.05). TH belt was cropped between 

Fig. 2 MenSCs decreased the number of activated microglia cells and attenuated 6-OHDA induced inflammation in vitro. Iba-1 was used to mark 
BV2 (A1–C3) and HAPI cells (E1–G3) using immunofluorescence. A1–G1 The morphology of BV2 and HAPI cells was observed and captured under 
bright field. A2–G2 Cell nucleus were stained with DAPI. A3–G3 The expression of Iba-1. D, H the percentage of activated BV2 cells (D) and HAPI 
cells (H). I, J Pro-inflammatory and anti-inflammatory factors in BV2 and HAPI cells were detected by qRT-PCR. One-way ANOVA followed by Tukey’s 
post hoc test was used for statistical analysis. nsp > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.05, ##p < 0.01, and ###p < 0.001

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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35  kDa-75  kDa. β-actin belt was cropped between 
35  kDa-65  kDa. These results suggested that MenSCs 
may play a role in promoting dopaminergic neurons sur-
vival in PD rats.

MenSCs regulated the expression of inflammatory factors 
in the CSF and serum of rats
As shown in Fig.  5, compared with PD + PBS group, 
the transplantation of MenSCs significantly down-
regulated the amount of pro-inflammatory factors 

IL-1β (Fig.  5C, #p < 0.05), MCP-1 (Fig.  5E, ###p < 0.001), 
and TNF-α (Fig.  5F, ##p < 0.01) in the cerebrospinal 
fluid (CSF). Although there was no significant statisti-
cal difference (nsp > 0.05), the amount of pro-inflam-
matory factors IFN-γ (Fig.  5A, 4.86 ± 3.49  pg/mL), 
IL-1α (Fig.  5B, 1.61 ± 1.76  pg/mL), and IL-2 (Fig.  5D, 
810.12 ± 134.60 pg/mL) in PD + MenSCs group was less 
than those in PD + PBS group (7.55 ± 2.39  pg/mL for 
IFN-γ, 6.05 ± 2.03 pg/mL for IL-1α, 1095.92 ± 245.76 pg/
mL for IL-2). In addition, the transplantation of MenSCs 

Fig. 3 Experimental design and animal behavior test. A Schematic summary of the experimental procedures. B–D Open field test showed the 
movement path of rats. E, F Statistical analysis of movement distance and ambulatory episodes of rats. G Rotameter results showed contralateral 
rotations of rats. H Rotarod test results showed the duration time of rats staying on the rod. One-way ANOVA followed by Tukey’s post hoc test was 
used for statistical analysis. ***p < 0.001, #p < 0.05, and ###p < 0.001
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significantly up-regulated the level of anti-inflammatory 
factors IL-4 (Fig. 5G, ##p < 0.01), IL-6 (Fig. 5H, #p < 0.05), 
and IL-10 (Fig.  5I, ##p < 0.01) compared with PD + PBS 
group. The level of IL-13 (Fig. 5J, 0.59 ± 0.59 pg/mL) in 
the CSF of PD + MenSCs group was also higher than 
that in PD + PBS (0.11 ± 0.07  pg/mL) group without 
statistical difference (nsp > 0.05). After MenSCs treat-
ment, the level of IL-2, IL-4, IL-10, and IL-13 restore 
to be similar to that of the sham group (Fig. 5D, G, I, J, 
nsp > 0.05). Interestingly, the level of IFN-γ, IL-1α, IL-1β, 
MCP-1, and TNF-α in the CSF of PD + MenSCs group 
is even lower than that of sham group (Fig. 5A–C, E–F, 
*p < 0.01, **p < 0.01).

Compared with PD + PBS group, the amount of 
pro-inflammatory factors IL-1α, IL-1β, IL-2, MCP-1, 
and TNF-α in the serum of PD + MenSCs group sig-
nificantly decreased after MenSCs transplantation 
(Fig.  5L–P, #p < 0.05, ##p < 0.01). The level of IFN-γ 
(Fig.  5K, 14.92 ± 31.90) in the serum of PD + Men-
SCs group also decreased but without significant 
difference compared with that of PD + PBS group 
(719.61 ± 641.41). Contrary to the results in CSF, the 
level of anti-inflammatory factors IL-4, IL-6, and IL-13 
in the serum of PD + MenSCs group was significantly 
lower than that of PD + PBS group (Fig.  5Q–R, T, 

Fig. 4 The expression of TH in the SN, VTA and striatum regions. A–C The expression of TH in the VTA and SN regions was detected by 
immunohistochemistry. D–F TH positive fibers in the striatum region was detected by immunohistochemistry. G–I statistical analysis of TH positive 
neurons and fibres. G and H showed the fold change of TH positive neurons in right SN/VTA regions compared to that in contralateral side. Image 
J software was used to count the number of TH positive neurons in the SN and VTA regions. I showed the relative density of TH positive fibers 
in right striatum regions compared to that in contralateral side. J The expression level of TH in brain was detected by WB. Full-length blots were 
presented in Additional file 3: Fig. S2 D, E. K Statistical analysis of WB results. Abbreviations: SN, substantia nigra; TH, tyrosine hydroxylase; VTA, ventral 
tegmental area. One-way ANOVA followed by Tukey’s post hoc test was used for statistical analysis. **p < 0.01, ***p < 0.001, #p < 0.05, ##p < 0.01, and 
###p < 0.001
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#p < 0.05, ##p < 0.01). After MenSCs treatment, there was 
no statistical difference in the expression level of all the 
forementioned factors between PD + MenSCs group 
and sham group (Fig. 5K–T, nsp > 0.05), which indicated 
that MenSCs could facilitate the inflammatory factors 
to restore to normal level.

MenSCs could modulate M1/M2 polarization
After MenSCs were transplanted into the brain of PD 
rats, to evaluate the effect of transplanted MenSCs on 
two phenotypes of activated microglia cells in  vivo, the 
RNA and protein of the right side brain were extracted 
(n = 5 per group). Then, the mRNA expression levels of 

Fig. 5 Inflammatory factors detection by protein array. A–J The amount of pro-inflammatory and anti-inflammatory factors in the CSF. K–T The 
amount of pro-inflammatory and anti-inflammatory factors in the serum. One-way ANOVA followed by Tukey’s post hoc test was used for statistical 
analysis. nsp > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.05, ##p < 0.01, and ###p < 0.001
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the markers of M1/M2 phenotype microglia were deter-
mined by qRT-PCR. Results showed that MenSCs sig-
nificantly down-regulated the expression of M1 microglia 
markers CD11b, IL-1β, iNOS, MHCII, and TNF-α and 
meanwhile up-regulated the expression of M2 micro-
glia markers Arg1, CD206, IL-10, and YM1/2 (Fig.  6A, 
B, #p < 0.05, ##p < 0.01, ###p < 0.001 vs PD + PBS group). 
In addition, WB was performed to detect the protein 
expression levels of M1 marker iNOS and M2 marker 
Arg1. Figure 6C, D represents cropped sections of Arg-1, 
iNOS and β-actin. Arg1 belt was cropped between 25 and 
45 kDa. iNOS belt was cropped between 75 and 135 kDa. 
β-actin belt was cropped between 35 and 45 kDa. Men-
SCs treatment group had higher expression level of Arg1 
and lower expression level of iNOS compared with PBS 
treatment group (#p < 0.05, ##p < 0.01), which was consist-
ent with the qRT-PCR results.

MenSCs secreted multiple molecules playing 
neuroregulatory roles
In order to reveal the therapeutic mechanism of Men-
SCs on PD, protein microarray containing 1000 factors 
was used to detect protein components in the condi-
tioned media of MenSCs. 445 proteins with fluorescence 
intensity greater than 1000 were selected for further 

Gene Ontology Biological Process (GO-BP) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
analysis using DAVID Bioinformatics Resources. 176 
biological process and 58 pathways were enriched and 
the results were listed in Additional file 1: Tables S2 and 
S3. Among the 176 biological processes, 5 biological pro-
cesses of interest were selected to draw chord diagrams, 
including inflammatory response, negative regulation 
of apoptotic process, microglial cell activation, negative 
regulation of TNF-α production, and innate immune 
response (Fig. 7A). These biological processes may partly 
explain the therapeutic functions of MenSCs on promot-
ing the survival of DAergic neurons and anti-inflam-
mation by regulating M1/M2 polarization. The top 20 
KEGG pathways were demonstrated in Fig. 7B.

Discussion
6-OHDA unilateral lesioned rats showed signifi-
cant ~ 93% dopaminergic (DAergic) neurons loss in SN 
region, i.e., brain A8 and A9 areas. Although a lesser 
extent, VTA region (i.e., A10 area) was also affected by 
6-OHDA showing ~ 57%  TH+ neuronal loss. A10 area 
is the origin of the mesocorticolimbic DAergic projec-
tions to nucleus accumbens and prefrontal cortex, and 
are mainly involved in reward, motivation and hedonia. 

Fig. 6 The expression of M1 and M2 microglial markers in rat brain detected by qRT-PCR and WB. A qRT-PCR was used to detect markers of M1 
phenotype microglia including CD11b, IL-1β, iNOS, MHCII and TNF-α. B qRT-PCR was used to detect markers of M2 phenotype microglia including 
Arg1, CD206, IL-10, and YM1/2. C WB results showed the represent cropped images of Arg1, iNOS, and internal control β-actin. Full-length blots were 
presented in Additional file 3: Fig. S2 A-C. D Statistical analysis of the WB results of Arg1 and iNOS. One-way ANOVA followed by Tukey’s post hoc 
test was used for statistical analysis. #p < 0.05, ##p < 0.01, and ###p < 0.001
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Fig. 7 GO and KEGG enrichment analysis of proteins in the MenSCs-CM. A GO_Biological Process analysis. The chord diagram shows the five most 
noteworthy terms. B KEGG pathway analysis. The color of the column represents statistical significance, and the length of the column represents the 
number of genes enriched into the function
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The abnormality of mesocorticolimbic DAergic network 
will contribute to non-motor features, such as depres-
sion, anhedonia, anxiety, apathy, etc. [25, 26]. PD patients 
suffer from both motor and non-motor symptoms, such 
as depression, anxiety, sleep disorders, cognitive impair-
ment, and pain, etc., which contribute to severe disabil-
ity, impaired quality of life, and shortened life expectancy 
[25]. Miguel et al. demonstrated that 6-OHDA unilateral 
injected rats showed depressive-like behavior detected by 
sucrose preference test [26]. Although we mainly focused 
on the motor function evaluation of PD rats, the loco-
motor activity in open field test reflected not only motor 
ability but also motivation to explore new environment 
[27]. When rats entered a strange open field, they pre-
ferred to move in the periphery area instead of the cen-
tral area because of the fear of the new environment and 
their thigmotaxis habitual nature. However, the explora-
tion characteristics of animals also motivated them to 
move in the central area, leading to conflict behaviors 
[27]. It has been reported that depressed animals showed 
lesser conflict behaviors compared to healthy animals 
[27]. According to Fig. 3B–D, PBS treated rats were unac-
tive and their moving was only limited to periphery area, 
while MenSCs treated rats had stronger motivation to 
explore the new area. This result suggest MenSCs may 
have the ability to improve the depression of PD rats. 
More experiments need to be designed to further assess 
the non-motor behaviors of PD rats, such as anhedonic, 
anxiety and mood, and cognitive performance, etc., and 
to evaluate the therapeutic potential of MenSCs on these 
non-motor function impairments.

Accumulating literatures have reported that MSCs 
have the potential to relieve the pathology of PD [28, 
29]. However, it is still controversial whether grafted 
MSCs could differentiate into functional DAergic neu-
rons and integrate with endogenous remained neurons 
[30]. Besides, if differentiation happened, the differen-
tiation rate was generally very low [31, 32]. Wolff et  al. 
reported that 4 ×  106 endometrial stem cell allografts 
were transplanted into the striatum of PD monkeys, and 
about 0.01% of the cells could differentiate into DAergic 
neurons [31]. In this present study, we did not observe 
the neural differentiation of MenSCs in  vivo (data not 
shown). MenSCs may play the therapeutic effect mainly 
by the secretion of an array of bioactive molecules and 
extracellular vesicles.

Previous studies have shown that MSCs derived from 
umbilical cord and adipose could secrete a variety of 
growth factors, immunomodulatory factors and angio-
genic factors when transplanted into rat brain of PD, 
which facilitated the improvement of animals’ motor 
function [33, 34]. In our previous study, the conditioned 
medium (i.e., secretome) of MenSCs (MenSCs-CM) was 

co-cultured with an in vitro PD model [11]. Results dem-
onstrated MenSCs-CM could attenuate  MPP+-induced 
cytotoxicity by reducing apoptosis, inflammation, oxida-
tive stress and mitochondrial damage [11]. Furthermore, 
the exosomes of MenSCs could also improve cell viability, 
but the degree of improvement was not as good as Men-
SCs-CM [11]. These results indicated the soluble fac-
tors secreted by MenSCs may play an important role in 
anti-apoptosis and anti-inflammation. Further evidence 
showed twelve kinds of neurotrophic factors were pre-
sent in the MenSCs-CM, including neurotrophin fam-
ily members (BDNF, β-NGF, NT-3, and NT-4/5), GDNF 
family of ligands members (ARTN, GDNF, NTN, PSPN), 
novel dopaminergic neurotrophic factor family members 
(CDNF, MANF), HGF and IGF-1 [11]. To further clarify 
the mechanisms of MenSCs in M1/M2 modulation, anti-
inflammation and neuroprotection, protein array includ-
ing 1000 factors was performed. Except for the above 
twelve kinds of neurotrophic factors, more neurotropic 
factors and cytokines were found in the MenSCs-CM 
(Additional file  1: Table  S2). GO-BP analysis showed 
these factors involved in inflammatory response (64 fac-
tors), immune response (57 factors), negative regulation 
of apoptotic process (40 factors), microglial cell acti-
vation (8 factors), negative regulation of tumor necro-
sis factor production (10 factors), and innate immune 
response (26 factors) etc. These results provide a reason-
able explanation for the role of MenSCs in regulating 
microglia, inflammation and apoptosis in this present 
study. Among these factors, several attracted our atten-
tion including growth differentiation factor 15 (GDF-
15), angiopoietin-1 (Ang-1), thrombospondin-1/2/5, and 
X-linked inhibitor of apoptosis protein (XIAP).

GDF-15 is a member of the TGF-β superfamily [35]. It 
has been reported to play an important role in regulating 
apoptosis, inflammation, angiogenesis, and lipid metabo-
lism, etc. in various debilitating conditions, including PD, 
Alzheimer’s disease, Huntington’s disease, and stroke [36, 
37]. Exogenous GDF-15 could rescue 6-OHDA-induced 
apoptosis of DAergic neurons both in  vitro and in  vivo 
[35]. The function of endogenous GDF-15 was also inves-
tigated using Gdf-15+/+ and Gdf-15−/− mice [38]. Results 
showed stereotactic injection of 6-OHDA significantly 
led to the loss of DAergic neurons in both wild and Gdf-
15 knockout mice. However, the extent of dopaminergic 
neuron loss in Gdf-15 deficient mice was much higher 
than that in wild-type mice. Besides, the total number 
of microglia cells and the number of activated microglia 
cells were significantly lower than those of wild-type mice 
[38]. Although it is unknown whether the overexpression 
of GDF-15 in MenSCs could improve the therapeutic 
efficiency on PD models, BMSCs-exosomes containing 
GDF-15 has been reported to alleviate Aβ42-induced 
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SH-SY5Y cell damage by suppressing cell apoptosis and 
inflammation [39].

Ang-1 is a well-known endothelial growth factor and 
serve an important role in anti-inflammation and anti-
apoptosis [40, 41]. In a lipopolysaccharide-induced acute 
lung injury (ALI) rat model, the injection of Ang-1 modi-
fied human umbilical cord derived MSCs (hUC-MSCs) 
could decrease the expression of pro-inflammatory 
cytokines (e.g., TNF-α, TGF-β1) and increase the expres-
sion of anti-inflammatory cytokine IL-10[42]. Boris et al. 
reported Ang-1 treatment could inhibit primary neural 
apoptosis in an etoposide-induced neuronal injury model 
by regulating Bcl-2 family members and caspase-depend-
ent and caspase-independent pathways [41]. Another 
in  vitro study showed Ang-1 protect oxygen–glucose 
deprivation exposed rat primary neurons from death by 
inhibiting autophagy [43]. Venkat et  al. showed Ang-1 
mimetic peptide could promote neurological recovery 
and decrease infarct volume in type one diabetic (T1DM) 
rats subjected to ischemic stroke [44].

Thrombospondin-1 was initially identified as an astro-
cyte secretory factor involved in excitatory synapse for-
mation [45]. Reduced thrombospondin-1 levels have 
been reported in Down syndrome and sporadic AD 
brains [45]. Thrombospondin-1 may counter inflamma-
tory processes in multiple sclerosis [46], participate in 
the proliferation and differentiation of neural progenitor 
cells [47], mediate axon regeneration [48] and contrib-
ute to formation and modulation of dendritic spines [45]. 
Thrombospondin-2 (encoded by THBS2 gene) was criti-
cal to repair blood brain barrier. THBS2 knockout astro-
cytes could not recover the barrier function of mouse 
brain microvascular endothelial cells in vitro [49]. THBS2 
overexpression can effectively inhibit LPS-induced acute 
respiratory distress syndrome in vivo and promote mac-
rophage polarization to M2 phenotype in  vitro [50]. 
Thrombospondin-5, also called cartilage oligomeric 
matrix protein (COMP), was demonstrated to promote 
angiogenesis and protect against endothelial cell apopto-
sis [51].

XIAP is a key member of inhibitor of apoptosis pro-
teins (IAPs) family. It can block apoptosis from intrin-
sic as well as extrinsic triggers by directly binding and 
inhibiting caspase-3, 7, 9[52]. Although many proteins 
could restrain upstream caspases, only XIAP have been 
shown an endogenous inhibitor of the terminal caspase 
cascade [53]. The overexpression of XIAP could protect 
CA1 hippocampal neurons and retinal ganglion cells 
from apoptosis in rat brain ischemia model and optic 
nerve axotomy model [53]. XIAP has been proposed as a 
therapeutic target for apoptosis-related diseases [54]. In 
addition to inhibiting apoptosis, XIAP was also involved 
in regulating inflammation, autophagy, ROS, and copper 

homeostasis, etc. [54]. Given that the powerful immuno-
logical and/or apoptosis-related regulatory functions of 
these factors, further research is needed to target these 
factors to engineer MenSCs for more prominent thera-
peutic effects.

KEGG analysis showed 55 factors and 42 factors 
involved in PI3K/AKT and MAPK signaling pathways, 
respectively. The disruption of PI3K/AKT and MAPK 
signaling pathway involved in the pathogenesis of neu-
rodegenerative disorders including PD [55]. PI3K/Akt 
was reported as a target of natural products in the treat-
ment of PD [56]. Several studies showed vitexin/ Icariin/
amentoflavone could protect dopaminergic neurons 
against MPTP/MPP+ -induced apoptosis in mouse PD 
models and cell PD models by activating PI3K/Akt and 
MAPK signaling pathways [57–59]. Therefore, targeting 
PI3K/Akt and MAPK signaling pathway has been pro-
posed as a reasonable approach to prevent the progres-
sion of PD [55, 56]. Further studies are needed to explore 
the functions of these two signaling pathways in the 
treatment of PD through activators or inhibitors related 
to these two pathways.

Except for naïve MSCs, genetically engineered MSCs 
[60], primed MSCs [61], MSCs-derived secretome/
extracellular vesicles [62, 63], biomaterial-supported 
MSCs [64, 65], and the subpopulation of MSCs [66, 67] 
have been applied to enhance the therapeutic effects of 
MSCs in various diseases, which provides a new avenue 
for regenerative medicine. MSCs can be engineered 
to overexpress cytokine/growth factors with trophic, 
immunomodulation or reparative effects to accelerate 
endogenous tissue repair [60]. Pre‐treatment MSCs with 
chemical agents, starvation, hypoxia, inflammatory stim-
ulation or 3D cultures has been reported to enhance the 
therapeutic effects after transplantation [61]. Cell-free 
therapies using soluble factors or extracellular vesicles 
secreted by MSCs could avoid immunological rejec-
tion [63]. Biomaterial scaffolds could provide a shelter 
for MSCs protecting them from the surrounding harsh 
microenvironment, achieve better engraftment, and pro-
mote cell survival [65, 68]. Multilineage differentiating 
stress-enduring (Muse) cells account for several percent 
in MSCs. Different from MSCs, Muse cells are pluripo-
tent and positive for stage-specific embryonic antigen 3 
(SSEA-3)[67]. Accumulating evidences have suggested 
that Muse cells had superior homing, stress-tolerance 
and differentiation ability than their parent MSCs. Thus, 
after transplantation, muse cells could achieve better 
therapeutic effect than MSCs [66, 67]. More research 
should be conducted to investigate the effects of the stem 
cell-based therapies mentioned above on PD, especially 
for muse cells, which has no application in PD yet.
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In order to ensure normal homeostasis function in the 
brain, most animals use the blood–brain barrier (BBB) 
to effectively separate the nervous system from the cir-
culatory system, ensuring metabolic and ion regulation 
in the brain, and also an additional barrier to prevent 
pathogens from invading the brain [69]. In vertebrates, 
microglia migrate to the developing nervous system to 
perform immune surveillance and remove excess cells 
and processes [2]. These local glial clearance mechanisms 
are usually adequate in healthy animals, but may become 
overloaded in the case of infection or during neurodegen-
erative and/or autoimmune diseases. Inflammatory con-
ditions in the central nervous system trigger circulating 
lymphocytes and macrophages to leak through the BBB 
into the brain, clearing pathogens and cell debris, but 
may also lead to further brain damage [69]. It has been 
reported that autologous or donor macrophages could go 
across BBB and infiltrate to the degenerating brain of PD 
animal models [70, 71]. Considering this character, the 
engineered macrophages were employed as a drug deliv-
ery system to treat PD mice [70, 71]. From our in  vitro 
studies, we can confirm that MenSCs reduced inflam-
mation by regulating microglia polarization. However, 
our in  vivo studies did not distinguish macrophage and 
microglia cells in the brain. With the WB and q-PCR 
results of M1 and M2 markers, we can only make a con-
clusion that MenSCs reduced neuroinflammation by 
shifting M1/M2 polarization. Further experiments need 
to be performed to reveal who is regulated by MenSCs, 
macrophages or microglia cells.

Conclusions
In conclusion, MenSCs could alleviate neuroinflamma-
tion by modulating M1/M2 polarization, prevent the 
loss of dopaminergic neurons and improve motor func-
tion impairment in PD rats. We firstly demonstrated the 
biological process of factors secreted by MenSCs and the 
signal pathways involved in using protein array and bio-
informatic analysis. The multifaceted functions of Men-
SCs are closely related to the soluble factors released by 
themselves.
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