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The Effect of Human Umbilical Cord
Mesenchymal Stromal Cells in Protection
of Dopaminergic Neurons from Apoptosis
by Reducing Oxidative Stress in the Early
Stage of a 6-OHDA-Induced Parkinson’s
Disease Model

Heng Chi1, Yunqian Guan1, Fengyan Li1, and Zhiguo Chen1,2,3

Abstract
Oxidative stress is an important cause of dopaminergic (DA) neuron apoptosis in Parkinson’s disease (PD). Mesenchymal stromal
cells (MSCs) possess antioxidative features. In this study, we investigated whether MSCs could reduce oxidative stress and protect
DA neurons from apoptosis by intravenous (I.V.) injection in the early stage of a 6-hydroxydopamine (6-OHDA)-induced PD
model. MSCs were injected into the tail vein of mice, and behavioral tests, immunofluorescence staining, western blot, and
oxidative stress levels were assessed at different time points. After 6-OHDA exposure, DA neuron apoptosis was detected,
together with severe oxidative stress in brain and periphery. Compared with the non-transplanted sham controls, motor function
in the 6-OHDA-lesioned group after I.V. injection of MSCs was significantly improved, and the levels of DA neuron apoptosis and
oxidative stress decreased. The results demonstrate that MSCs can rescue DA neurons from ongoing apoptosis by reducing
oxidative stress, and provide insights on developing new therapeutic strategies to offset the degenerative process of PD.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative

disease, and the pathogenesis is caused by degeneration of

dopaminergic (DA) neurons in the substantia nigra pars

compacta (SNpc), which results in decreased levels of dopa-

mine in the striatum1. Inadequate dopamine leads to motor

deficits, such as stiffness, bradykinesia, quiescent tremor,

and abnormal gait. Oxidative stress has been demonstrated

as one of the crucial mechanisms of DA neuron death in PD2.

The neuron death pathway begins with the generation of

intracellular free radicals followed by mitochondrial damage

and ultimately the activation of Caspases-3/73. According to

this theory, stereotactic injection of 6-hydroxydopamine

(6-OHDA) is used as a classic method for PD modeling; via

the generation of reactive oxygen species (ROS), such as

H2O2, 6-OHDA causes neural toxicity through intracellular

enzyme oxidation and/or extracellular auto-oxidation4. In

fact, H2O2 acts as a second messenger by activating proteins

containing oxidized thiol groups on their cysteine residues,

such as transcription factors, kinases, and oxidative sensor

proteins5. Previous studies have shown that H2O2 derived

from 6-OHDA could trigger a series of events that lead to
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cell death in both non-neuronal and neuronal cells6. Previous

in vitro and in vivo studies have demonstrated that oxidative

stress triggered by neurotoxins, such as 6-OHDA, activates

the apoptotic pathway. In this mechanism, the apoptotic pro-

tein Bax is activated and results in mitochondrial outer mem-

brane permeabilization, cytochrome c leakage, and

activation of the caspase cascade7.

Currently, PD treatment is limited to pharmacological

therapy, such as levodopa and monoamine oxidase B inhi-

bitors, and surgical intervention. Although these methods are

quite effective in controlling motor symptoms, side effects

are evident, including motor fluctuations, such as on/off

periods and dyskinesia-sudden stiffness, and involuntary

movement following long-term uptake of levodopa8. Impor-

tantly, these presently available treatments cannot prevent

disease progression or neurodegeneration. Mesenchymal

stromal cells (MSCs) are an attractive option for cell therapy.

MSCs possess immunomodulatory and neurotrophic proper-

ties. Evidence suggests that MSC-mediated protection of

damaged tissue might depend on their capacity to produce

factors that enhance angiogenesis, stimulate host cells to

regenerate damaged tissues, and inhibit apoptosis9–12. MSCs

exhibit antioxidative properties. A group of trophic factors

and cytokines secreted by MSCs might have neuroprotective

effects on DA neurons by reducing oxidative stress and

decreasing apoptosis levels13. MSCs can be isolated from

adipose tissue, bone marrow, and umbilical cord14. Among

them, MSCs isolated from human umbilical cord show sim-

ilar phenotypes to those derived from other tissues, and are

further advantageous given that they are derived from redun-

dant postnatal tissues and pose no ethical challenges. In

addition, MSCs derived from human umbilical cord have

been proposed to be not as mature as MSCs derived from

other tissues15,16. Thus, our study employed MSCs isolated

from Wharton’s jelly of human umbilical cord.

Some studies have reported transplantation of MSCs to

the striatum of a rodent PD model with intracranial sur-

gery17,18. However, surgical transplantation is associated

with issues such as direct tissue trauma, inflammation, and

gliosis reaction. By contrast, intravenous (I.V.) or intra-

arterial (I.A.) administration is a less invasive method that

does not cause traumatic injury. Compared with I.V. deliv-

ery, I.A. delivery of cells is a more targeted means, but it

may cause microvascular occlusions hindering blood flow in

the brain, which is detrimental in neurodegenerative disor-

ders, such as stroke, Alzheimer’s disease, and PD19. Thus,

I.V. injection is a safe alternative and has more clinical

application possibilities among the transplantation routes.

Moreover, I.V. injection allows cells to be distributed

throughout the body, including lung, liver, and spleen. Since

oxidative stress might be a systemic response, I.V. injection

of MSCs may reduce oxidative stress systemically.

Most previous studies applied therapeutic interventions

after the stable PD model has been established, that is, 14

days or longer after modeling, and selection of those subjects

with greater than seven rotations/min20,21. At that point,

greater than 70% of DA neurons may have died. However,

intervention with MSCs at an early stage has not been

reported. Before the establishment of a stable PD model, the

animal normally has already shown some pre-symptoms

which resemble the preclinical stage of a patient with

PD22. MSC infusion may likely offer a beneficial effect in

those at the preclinical stage or those without obvious symp-

toms yet. In this study, we attempt to test whether I.V.-deliv-

ered MSCs could reduce the apoptosis level of DA neurons

at the very early stage of PD and subsequently improve

motor function in these mice.

Materials and Methods

Isolation and Culture of MSCs

Three umbilical cords were obtained from three healthy

maternity donors without any medical disorders (mean age

28 years, age range 25–33) at Xuanwu Hospital Capital

Medical University, Beijing, China, with the donors’ written

consent. The cord was rinsed with phosphate buffer saline

(PBS) (Solarbio, Beijing, China), and two arteries, one vein,

and the amniotic membrane were excised. Then, the jelly

fraction of the cord was cut into 1–2 mm3 explants and

cultured in DMEM/F12 medium (Thermo, Waltham, USA)

supplemented with 10% fetal bovine serum (FBS) (Thermo,

Waltham, USA), 100 mg/ml penicillin/streptomycin (Solar-

bio, Beijing, China) in 10-cm round Petri dishes at 37�C in a

humidified atmosphere of 5% CO2 in air. After 3 days of

culture, the remaining fragments were removed and the cells

were cultured in fresh medium. The medium was changed

twice a week. After 2 weeks, the tissues were discarded and

the isolated growing cells (MSCs) were fed with the same

medium. When the cells grew to 60% confluence, 0.25%
trypsin–EDTA solution (Thermo, Waltham, USA) was used

to dissociate the cells for passaging. The third passage of

MSCs was used for characterization. MSCs were analyzed

for the expression of CD markers by flow cytometry (Sup-

plementary information). The properties of the cells derived

from the three cords were quite equal, and the MSCs that all

groups of mice in any single experiment received were from

an individual umbilical cord.

Animal Preparation and Lesion Surgery

Adult C57BL/6 mice weighing 20–25 g were used for the

experiments. In total, 108 6-OHDA-lesioned mice and 24

sham operation mice were included in this study. The sample

size of mice was calculated according to an online tool

(https://epitools.ausvet.io/site/samplesize), and the mice

were assigned into different groups by using a simple ran-

dom sampling method23. A schematic of the experimental

design is shown in Fig. 1. Mice were deeply anesthetized by

intraperitoneal (i.p.) injection of 80 mg/kg ketamine (Sigma-

Aldrich, Darmstadt, Germany) and 10 mg/kg xylazine

(Sigma-Aldrich, Darmstadt, Germany). To ease breathing

during anesthesia, each mouse received a low-dose atropine
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sulfate injection (0.5 mg/ml in 0.1 ml of saline). To generate

a unilateral PD model, 6-OHDA (Sigma-Aldrich, Darmstadt,

Germany) was injected into the striatum of the right hemi-

sphere (A/P þ0.5 mm, M/L �2.3 mm, D/V �3.2 mm).

Using a stereotactic frame and microsyringe, 6-OHDA (8

mg diluted in 0.2 ml of 0.2% (wt/vol) ascorbic acid) was

infused at a rate of 0.4 ml/min. The microsyringes were left

in the brain for an additional 5 min to allow sufficient diffu-

sion of 6-OHDA into the brain tissue. After surgery, the

animals were kept warm until they woke up. The sham group

mice received the same operation except that 6-OHDA was

replaced by ascorbic acid buffer only. All the mouse experi-

ments were performed according to the guidelines for the

Care and Use of Laboratory Animals established by Beijing

Association for Laboratory Animal Science.

MSC Transplantation

The second day after 6-OHDA lesioning, there was no obvi-

ous difference in symptoms across the 6-OHDA-lesioned

mice. Then the 6-OHDA-lesioned mice were divided into

two groups using simple random sampling method,

6-OHDA MSC group (n ¼ 54), and 6-OHDA NS group

(n ¼ 54). The sham group was divided into two subgroups:

Sham NS group (n ¼ 18), and Sham MSC group (n ¼ 6). On

the day after surgery, MSCs were digested from the Petri

dish with 0.25% trypsin. For the 6-OHDA MSC group and

Sham MSC group, 5�105 MSCs suspended in 200 ml trans-

plantation buffer (5 g/l glucose in HBSS) were injected into

the tail vein of each mouse. The number of injected cells was

based on previously published studies24,25. For the 6-OHDA

NS group and the Sham NS group, the same volume of

normal saline (NS) was injected into the tail vein. All injec-

tions were completed within 1 h.

Behavioral Tests

The animals were tested for rotational behavior by injection

of apomorphine hydrochloride (0.5 mg/kg, i.p., A4393,

Sigma-Aldrich, Darmstadt, Germany) at 3, 7, and 14 days

after cell injection. The basis of the rotational tests was that a

denervated caudate/putamen became supersensitive to

dopamine and dopamine receptor agonists. The injured ani-

mal turned contralateral to the denervated side after admin-

istration of apomorphine, a direct dopamine receptor

agonist, and the number of rotations correlated with the

extent of lesion. The animals were allowed to habituate for

10 min, and then full rotations were counted in a cylindrical

container (a diameter of 20 cm and a height of 30 cm) for 30

min in a quiet isolated room. The net number of rotations

was defined as the positive score minus the negative score.

Stable rotations (�7 rpm/min) were accepted as a standard

for a successful PD model. 6-OHDA MSC group (n¼ 10 on

each time point), 6-OHDA NS group (n ¼ 10 on each time

point), Sham NS group (n ¼ 10 on each time point), and

Sham MSC group (n ¼ 6 on each time point) were included

in the study.

Immunofluorescence

After behavioral testing at different time points, mice were

deeply anesthetized and perfused transcardially with PBS

followed by 4% paraformaldehyde fixative. The brains and

spleens were removed, postfixed in 4% paraformaldehyde

for 24 h at 4�C and then cryoprotected in 30% sucrose solu-

tion. Brain and spleen sections (15 mm thickness) were pre-

pared, washed twice in PBS, and incubated in 0.2% Triton

X-100 for 30 min at RT. Samples were blocked with 0.5%
bovine serum albumin (BSA; Sigma-Aldrich, Darmstadt,

Germany) for 30 min. After blocking, the sections were

rinsed twice with modified PBS Tween-20 (PBST) and incu-

bated overnight at 4�C with one or more primary antibody:

rabbit anti-nuclei (Abcam, Cambridge, UK), rabbit anti-Iba1

(Abcam, Cambridge, UK), and sheep anti-TH (Sigma-

Aldrich, Darmstadt, Germany). The sections were then

rinsed with PBST and treated with a secondary antibody

conjugated to a fluorescent dye. Secondary antibodies

included donkey anti-rabbit (Jackson, West Grove, PA,

USA) and donkey anti-sheep (Jackson, West Grove, PA,

USA). The samples were examined using confocal micro-

scopy. We used continuous brain sectioning, and took one

out of every six slices to count the positive cells, by visual

observation of the images captured by confocal microscopy.

Figure 1. Schematic representation of experimental design. The study (132 mice in total) included the following groups: 6-OHDA MSC
group (n ¼ 54), 6-OHDA NS group (n ¼ 54), Sham NS group (n ¼ 18), and Sham MSC group (n ¼ 6).
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Three slices for each mouse were counted. 6-OHDA NS

group (n ¼ 6 on each time point), 6-OHDA MSC group

(n ¼ 6 on each time point), Sham NS group (n ¼ 6 on

D14), and Sham MSC group (n ¼ 6 on D14) were included.

Western Blot Analysis

Protein extracts were obtained with 100 ml of lysis buffer

(150 mM NaCl, 20 mM TRIS, 1% Triton X-100, containing

the Protease Inhibitor Cocktail Complete Mini, pH 8, Roche

Applied Science, Basel, Switzerland). Samples (20 mg) were

separated by SDS-page on 7.5% acrylamide gel and blotted

on PVDF membranes (Immobilon P; Millipore, Bedford,

MA, USA) using a semidry technique. The membranes were

blocked with 5% skimmed milk (Difco, Becton-Dickinson,

Franklin Lakes, USA) in 0.1% Tween-20 in PBS for 2 h at

room temperature. Membranes were incubated overnight at

4�C with specific primary antibodies: rabbit monoclonal

anti-GAPDH (1:1000, catalog number 5174, CST, Danvers,

USA), rabbit polyclonal anti-cleaved Caspase-3 (1:500, cat-

alog number ab13847, Abcam, Cambridge, UK), rabbit

polyclonal anti-Bax (1:1000, catalog number 2772s, CST,

Danvers, USA), and rabbit monoclonal anti-Bcl-2 (1:2000,

catalog number ab182858, Abcam, Cambridge, UK). The

intensity of each band was normalized to that of GAPDH.

Incubation with appropriate HRP-conjugated secondary

antibody followed (goat anti-rabbit, 1:10000, Li-Cor, Lin-

coln, NE, USA). Immunoreactive signals were visualized

using Luminoimaging Analyzer LAS-3000 (Fujifilm,

Tokyo, Japan) and were analyzed by Multi Gauge software

(Fujifilm, Tokyo, Japan). 6-OHDA NS group (n ¼ 6 on each

time point), 6-OHDA MSC group (n¼ 6 on each time point),

and Sham NS group (n ¼ 6 on D14) were included.

Determination of SOD, MDA, GSH, and GSH-PX
Activity

Superoxide dismutase (SOD), glutathione (GSH), and glu-

tathione peroxidase (GSH-PX) activities and malondialde-

hyde (MDA) levels were determined using commercially

available assay kits (JianCheng, Nanjing, China). Tissues

and sera were homogenized in ice-cold PBS and centrifuged,

and the supernatant was obtained for SOD, MDA, GSH, and

GSH-PX assay according to the manufacturer’s instructions.

MDA results are expressed as nmol/mg protein. GSH results

are expressed as mg/g protein. GSH-PX and SOD activities

are expressed as U/mg protein. 6-OHDA NS group (n¼ 6 on

each time point), 6-OHDA MSC group (n ¼ 6 on each time

point), and Sham NS group (n ¼ 6 on D14) were included.

Statistical Analysis

The experiments were performed in three independent set-

tings. Data were expressed as the means + standard devia-

tion (SD) of three independent experiments. All statistical

analyses were performed using SPSS version 17.0.

Differences between two groups were analyzed by indepen-

dent student’s t-test. Differences among three groups were

analyzed by one-way analysis of variance (ANOVA) fol-

lowed by post hoc Duncan multiple-comparisons test. We

consider a value of p<0.05 as statistically significant and

p<0.01 or p<0.001 as highly significant.

Results

Infusion of MSCs Promotes Behavioral Recovery
of 6-OHDA-Lesioned Mice

MSCs were isolated from umbilical cord and cultured as a

monolayer (Figure S1). Flow cytometry showed that these

cells did not express markers CD11b, CD19, CD34, or

CD45, but were positive for MSC markers CD73, CD90,

and CD105 (Figure S1). The cells could also differentiate

into adipocytes, osteoblasts, and chondrocytes (Figure S2).

Motor functions of the mice were evaluated based on

apomorphine-induced rotations before cell transplantation

and 3, 7, and 14 days post-transplantation. We found that

throughout the 14-day time window, apomorphine caused a

significant contralateral turning in the animals exposed to 6-

OHDA compared with the Sham NS group (Fig. 2, F(1, 18)

¼ 59.41, p ¼ 4.15E-07, at D14). Sham MSC group showed

similar behavioral results as Sham NS group (data not

shown). The total net number (contralateral minus ipsilat-

eral) of rotations in the 6-OHDA MSC group on D14 was

below the level of 7 rotations/min (Video S1). The total net

number of rotations in the 6-OHDA NS group on D14 was

above the level of 7 rotations/min (Video S2).

Protective Effect of MSC Infusion on DA Neurons

Compared with the sham group, all animals subjected to 6-

OHDA injection exhibited reduced tyrosine hydroxylase

(TH) staining on the ipsilateral side of SNpc. Similarly, 6-

OHDA-treated mice exhibited decreased TH expression in

Figure 2. Apomorphine-induced contralateral rotations at differ-
ent time points in the 6-OHDA MSC group (n ¼ 10), 6-OHDA NS
group (n¼ 10), and Sham NS group (n¼ 10). Data were expressed
as the mean + SD. *p<0.05, **p<0.01, ***p<0.001.
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the SNpc on the side of 6-OHDA injection versus the con-

tralateral side. Sham NS mice showed comparable levels of

TH expression on both sides of SNpc (Fig. 3). Sham MSC

mice also showed comparable levels of TH expression on

both sides of SNpc (Figure S3). MSC infusion did not affect

the motor function of Sham MSC group according to the

behavioral data. However, 6-OHDA-lesioned animals with

MSC infusions showed significantly more TH-positive cells

compared with the 6-OHDA NS group. MSC treatment

reversed the extent of TH neuron reduction with the exten-

sion of time. Especially on D14, quantification of TH-

positive cells at SNpc revealed approximately 72%

Figure 3. TH expression in the SNpc of mice. (A) Immunofluorescent staining for TH in the SNpc of Sham NS mice, mice exposed to 6-
OHDA that received NS, and mice exposed to 6-OHDA and transplanted with MSCs at different time points. (Ag, Ah) Higher magnification
of the insets in (Ae) and (Af), respectively. (B) Analysis of TH-positive cells in the SNpc. Values (mean + SD) represented the ratios of the
number of THþ cells in the ipsilateral side to that in the contralateral side. Figures are representative of one out of three experiments.
*p<0.05, **p<0.01, ***p< 0.001. Scale bars: 100 mm.
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degeneration in the 6-OHDA NS group versus approxi-

mately 53% in the 6-OHDA MSC group (F(1, 10) ¼
20.35, p ¼ 0.0011 at D14). The animals showed a clear

increase in the number of surviving TH-positive cell bodies

and TH-positive fibers in the right side of SNpc (Fig. 3).

MSC Treatment Impacts 6-OHDA-Induced Activation
of Proteins Related to Apoptosis

Protein was extracted from the SNpc of the 6-OHDA-

lesioned hemisphere and sham operation hemisphere. The

effects of MSC treatment on 6-OHDA-mediated cell death

were examined by measuring the activation of Caspase-3

and the levels of the pro-apoptotic Bax protein and the

anti-apoptotic Bcl-2 protein. Western blot analysis indicated

that 6-OHDA injection significantly changed the levels of

Bax, Bcl-2, and cleaved Caspase-3 in a time-dependent man-

ner compared with those from the Sham NS group, and such

alterations were significantly reversed by MSC treatment

(Fig. 4). Compared with the 6-OHDA NS group, the levels

of cleaved Caspase-3 were reduced by approximately 26.1%
(D3, F(1, 10) ¼ 422.65, p ¼ 1.64E-09), 18.9% (D7, F(1, 10)

¼ 517.79, p ¼ 6.06E-10), and 22.9% (D14, F(1, 10) ¼
1360.23, p¼ 5.11E-12). Bax levels were reduced by approx-

imately 21.5% (D3, F(1, 10) ¼ 20.24, p ¼ 0.0011). Bcl-2

levels were increased by approximately 28.8% (D14, F(1,

10) ¼ 12.84, p ¼ 0.0050).

Distribution of Transplanted MSCs in Mice

In the brains of 6-OHDA MSC mice, including the midbrain

and cortex, no I.V.-transplanted MSCs were detected at the

time points examined using immunofluorescence staining

for human nuclei, which is expressed by all human nucleated

cells but not by murine cells. Since there were no MSCs

detected in the central nervous system (CNS), we tracked

the cells in the periphery. Because the spleen was the storage

organ of peripheral blood, we isolated the spleens on D3, D7,

and D14. The samples were sliced (at 15 mm thickness) and

stained for human nuclei. A large number of transplanted

MSCs were found in the spleen and were distributed in small

Figure 4. Expression levels of cleaved Caspase-3, Bax, and Bcl-2, normalized to that of GAPDH as assessed by western blotting (A-D). Data
are presented as the means + SD (n ¼ 6 mice on each time point). Sham, Sham NS group. *p<0.05, **p<0.01, ***p<0.001.
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clusters. Over the 14-day time window, the number of living

MSCs did not show a significant change over time in the

spleen (Fig. 5).

Infusion of MSCs into 6-OHDA-Treated Mice Induces
Higher Expression Levels of SOD, GSH, and GSH-PX,
and a Lower Level of MDA

To determine whether the protective effects of MSCs against

6-OHDA toxicity in PD mice occurred via its antioxidant

properties, we determined SOD activities and the levels of

the lipid peroxidation product MDA, the deoxidizer GSH,

and the antioxidative enzyme GSH-PX.

With regard to 6-OHDA-treated mice that received

MSCs, SOD activity was increased by 9.0% (F(1, 10) ¼
7.66, p ¼ 0.0199), 9.8% (F(1, 10) ¼ 12.23, p ¼ 0.0058), and

41.2% (F(1, 10) ¼ 13.14, p ¼ 0.0047), on D3, D7, and D14,

respectively, in SNpc, compared with the 6-OHDA NS

group (Fig. 6). SOD activity was markedly increased by

18.9% (F(1, 10) ¼ 4.88, p ¼ 0.0516), 18.7% (F(1, 10) ¼
13.94, p ¼ 0.0039), and 47.1% (F(1, 10) ¼ 17.88, p ¼
0.0017), on D3, D7, and D14, respectively, in spleen (Fig.

6). SOD activity was increased by 4.9% (F(1, 10) ¼ 17.30, p

¼ 0.0019), 3.9% (F(1, 10) ¼ 2.63, p ¼ 0.1360), and 17.6%
(F(1, 10) ¼ 8.30, p ¼ 0.0164), on D3, D7, and D14, respec-

tively, in sera (Fig. 6).

MSC infusion resulted in a reduction in MDA levels by

22.1% (F(1, 10) ¼ 3.40, p ¼ 0.0952), 24.5% (F(1, 10) ¼

4.71, p ¼ 0.0552), and 47.3% (F(1, 10) ¼ 8.51, p ¼ 0.0154),

on D3, D7, and D14, respectively, in SNpc, compared with

the 6-OHDA NS group (Fig. 6). MSC treatment led to a

reduction of MDA levels by 34.1% (F(1, 10) ¼ 8.03, p ¼
0.0177), 50.1% (F(1, 10) ¼ 14.98, p ¼ 0.0031), and 63.4%
(F(1, 10) ¼ 20.57, p ¼ 0.0011), on D3, D7, and D14, respec-

tively, in spleen (Fig. 6). MDA levels were decreased by

33.4% (F(1, 10) ¼ 4.95, p ¼ 0.0503), 33.3% (F(1, 10) ¼
20.18, p ¼ 0.0012), and 21.2% (F(1, 10) ¼ 4.58, p ¼
0.0580), on D3, D7, and D14, respectively, in sera (Fig. 6).

MSC treatment significantly enhanced GSH levels by

25.2% (F(1, 10) ¼ 4.07, p ¼ 0.0712, D3), 27.1% (F(1, 10) ¼
18.03, p ¼ 0.0017, D7), and 146.6% (F(1, 10) ¼ 69.35, p ¼
8.27E-06, D14), in SNpc, compared with the 6-OHDA NS

group (Fig. 6). MSC infusion significantly enhanced GSH lev-

els by 25.7% (F(1, 10) ¼ 9.60, p ¼ 0.0113, D3), 97.0% (F(1,

10)¼ 77.25, p¼ 5.12E-06, D7), and 77.5% (F(1, 10)¼ 56.29,

p ¼ 2.06E-05, D14), in spleen (Fig. 6). MSC infusion signifi-

cantly enhanced GSH levels by 57.6% (F(1, 10) ¼ 3.87, p ¼
0.0774, D3), 40.6% (F(1, 10) ¼ 12.24, p ¼ 0.0057, D7), and

66.9% (F(1, 10) ¼ 17.06, p ¼ 0.0020, D14), in sera (Fig. 6).

MSC infusion significantly enhanced expression of the

antioxidant enzyme GSH-PX by 5.2% (F(1, 10) ¼ 13.08, p

¼ 0.0047, D3), 22.5% (F(1, 10)¼ 99.59, p¼ 1.62E-06, D7),

and 47.0% (F(1, 10) ¼ 56.06, p ¼ 2.09E-05, D14), in SNpc,

compared with the 6-OHDA NS group (Fig. 6). MSC treat-

ment significantly upregulated GSH-PX expression by 6.4%
(F(1, 10)¼ 18.24, p¼ 0.0016, D3), 14.3% (F(1, 10)¼ 80.15,

Figure 5. Immunofluorescent staining of brain and spleen slices for human nuclei in 6-OHDA-leisoned mice 3, 7, and 14 days after MSCs
transplantation. Data were expressed as the mean + SD. *p<0.05, **p<0.01, ***p<0.001.
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p¼ 4.34E-06, D7), and 28.8% (F(1, 10)¼ 39.59, p¼ 9.00E-

05, D14), in spleen (Fig. 6). MSC infusion significantly

increased the level of GSH-PX by 20.1% (F(1, 10) ¼ 4.69,

p¼ 0.0556, D3), 48.7% (F(1, 10)¼ 4.00, p¼ 0.0734, D7), and

45.3% (F(1, 10) ¼ 12.56, p ¼ 0.0053, D14), in sera (Fig. 6).

Infusion of MSCs into 6-OHDA-Treated Mice Induces
Lower Expression of Iba1

Compared with the Sham NS group, 6-OHDA-treated mice

exhibited increased Iba1 expression at SNpc on the 6-OHDA

Figure 6. Effect of MSCs treatment on antioxidant stress in brain and periphery. (A–D) MSCs infusion upregulated the levels of SOD (A),
attenuated the levels of MDA (B), and increased the levels of GSH (C) and GSH-PX (D) in the SNpc of the lesion side, spleen, and serum, of
6-OHDA-induced mice. Data were expressed as the mean + SD (n ¼ 6). Sham, Sham NS group. *p<0.05, **p<0.01, ***p<0.001.
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injection side. 6-OHDA-lesioned mice with MSC infusion

showed significantly fewer Iba1-positive cells compared

with the 6-OHDA NS group. MSC treatment reversed upre-

gulation of Iba1 at the different time points examined. Com-

pared with 6-OHDA NS group, the number of Iba1-positive

cells in 6-OHDA MSC group was reduced by approximately

19.1% on D14 (F(1, 10) ¼ 13.70, p ¼ 0.0041) (Fig. 7).

Discussion

The pathology showed that all animals presented with a

reduction in DA neurons at SNpc after 6-OHDA was intro-

duced (Fig. 3). The results were consistent with the beha-

vioral data, which showed that the 6-OHDA-modeled mice

rotated after induction with apomorphine and the number of

rotations increased with the progression of the disease (Fig.

2). The pathogenesis of PD is considered to stimulate a series

of events leading to the activation of apoptosis responsible

for irreversible DA neuronal cell death. Imbalance of the

pro-apoptotic molecule Bax and the anti-apoptotic mole-

cule Bcl-2 results in the release of cytochrome c, which

subsequently activates apoptotic protease Caspase-3, which

is a key executor of apoptosis26,27. Previous studies mostly

examined expression of apoptotic proteins after the PD

model was stabilized28,29. In our study, the acute phase was

investigated, and we found that apoptosis could be detected

at an early stage of 6-OHDA injury on D3 (Fig. 4). This

finding indicates that DA neurons start the apoptosis pro-

cess at a very early stage and might have reached a stable

level after D14.

Pathological processes described in cellular and animal

models have revealed that oxidative stress is a key factor

involved in apoptosis30. We found that after 6-OHDA treat-

ment, SOD, GSH, and GSH-PX activity significantly

Figure 7. Iba1 expression on the injury side of SNpc. (A) Immunofluorescent staining for Iba1 on the injury side of SNpc from 6-OHDA NS
group, 6-OHDA MSC group, and Sham NS group at different time points. (B) Analysis of the quantity of Iba1-positive cells. Data were
expressed as mean + SD. *p<0.05, **p<0.01, ***p<0.001. Scale bars: 100 mm.
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decreased, and MDA levels increased in SNpc, spleen, and

sera (Fig. 6). Substantially decreased SOD and increased

MDA contents in the midbrain have been reported in 6-

OHDA-leisoned rat models31,32. The MDA data in patient

sera were somewhat controversial. In one study, no signifi-

cant change was detected in MDA and SOD levels in PD

patients’ serum samples33. In contrast, another study

reported a negative correlation between MDA levels in

PD patient sera and severity of disease34. Wide variability

was noted in the reported GSH-PX serum levels in PD, but

GSH-PX levels were generally decreased35. Chen et al.

have shown that oxidative damage of peripheral blood

increases and the antioxidant capacity decreases in patients

with PD, which is significantly correlated with disease

severity36. This finding is consistent with the temporal

change of oxidative stress-related molecules as observed

in our study. In addition to the finding that the oxidative

stress increased both in brain and peripheral blood, we

found that oxidative stress was also augmented in the per-

ipheral organs, such as spleen, which has not been reported

before (Fig. 6). These results suggested that 6-OHDA-

induced oxidative stress is a systemic reaction.

Neuroinflammation mediated by activated microglia has

been demonstrated to contribute to PD pathogenesis. In

SNpc of PD patients, abundant activated microglia were

observed, which co-expressed pro-inflammatory cytokines

such as TNF-a, IL-1b, and IFN-g, suggesting a robust

inflammatory state in PD brains30,37. Evidence has emerged

that chronic inflammation in PD may induce toxicity and

oxidative damage in the brain. Over-activated microglia

release not only cytokines, but also ROS and nitrogen

groups, thus increasing the level of oxidative stress that is

detrimental to DA neurons38. Studies have shown that

microglia derive from monocytes or macrophages that have

infiltrated into brain39,40. In addition to being of the same

origin, the cellular make-ups of microglia and macrophages

are very similar in terms of expressed proteins and cell sur-

face markers. Therefore microglia and macrophages are usu-

ally considered to play similar roles in brain41,42. It was

reported in adult rodent brain that a portion of Iba1þ cells

are derived from infiltrated monocytes/macrophages after

injury, and the I.V.-injected MSCs trapped in the spleen are

capable of reducing the release of monocytes/macrophages

from spleen to peripheral circulation and then to brain43.

The study suggests that MSCs possess a remarkable immu-

nomodulatory property44. The immunofluorescence results

in our study showed that the expression of microglia/

macrophage marker Iba1 at the SNpc on the ipsilateral side

was increased after 6-OHDA injection, whereas it was

significantly decreased after MSC treatment. This further

indicates that I.V.-infused MSCs could exert an anti-

inflammatory effect in brain.

Previous studies using animal PD models have shown that

I.V.-infused MSCs can cross the blood–brain barrier (BBB)

and migrate into the lesion site in brain45. Another study

has reported that in the 6-OHDA-induced PD model, some

I.V.-injected MSCs were detected in brain 2 days after trans-

plantation, and cell numbers were further reduced at 1 and 4

weeks46. In fact, I.V. infusion of cells could lead to a wide-

spread full-body distribution in peripheral organs, such as

lung, liver, and spleen47. Therefore, in parallel to investigat-

ing the distribution of I.V.-injected MSCs in brain, we also

examined the survival of MSCs in peripheral organs. In con-

trast to previous conclusions, we did not detect I.V.-trans-

planted MSCs in brain. In the spleen, a large number of

transplanted MSCs survived for at least 14 days (Fig. 5).

This finding indicates that MSCs can adapt to the peripheral

environment of the host. In patients with early-stage PD,

BBB permeability remains similar to age-matched controls,

and BBB permeability changes were only detected in

patients with advanced PD48. In our study that focused

on the early stage of PD modeling, no MSCs were detected

in brain. The BBB status acutely following 6-OHDA injec-

tion was not sufficient to induce MSC infiltration into the

brain, or a small portion of MSCs potentially infiltrated into

brain but did not survive until the time point examined.

Although the BBB may prevent cells from infiltrating

into the brain, small molecules, such as free radicals, can

pass through the BBB49,50. The increased free radicals in the

injured brain may pass through the BBB, leading to upregu-

lation of free radicals in the peripheral blood accordingly.

Infusion of MSCs may reduce the free radicals systemically,

and change the balance in brain consequently. MSCs could

maintain continuous expression of SOD, catalase (CAT),

and glutathione peroxidase 1 (GPX1), and a high level of

glutenin that effectively removes peroxides and nitrous per-

oxide anions51,52. MSCs can also detoxify active substances

and prevent oxidative damage to the proteome and gen-

ome53. Our finding confirmed that I.V.-infused MSCs could

reduce oxidative stress in the peripheral system and the

brain, where the lesions occurred (Fig. 6). Since free radicals

can pass through the BBB49, after MSCs cleared harmful

free radicals, such as peroxides and nitrous peroxide anions

in the periphery, the free radical exchange between the per-

ipheral region and the brain might be reduced, thus protect-

ing the brain.

Although the I.V.-injected MSCs were not detected in the

brain, the neuroprotective effect continued. The pathology

showed that MSCs decreased the extent of DA neuron reduc-

tion induced by 6-OHDA. Especially on D14, quantification

of DA neurons revealed approximately 72% degeneration in

the 6-OHDA NS group and 53% in the 6-OHDA MSC

group, representing a clear increase in both cell bodies and

fibers (Fig. 3). The pathology was consistent with the

behavioral test as the number of rotations correlated with

the extent of lesion, showing that MSC treatment had pos-

itive effects on motor functions (Fig. 2). Western blot

analysis indicated that before the PD model reached a sta-

ble state, the increasing apoptosis could be reversed by

MSC treatment (Fig. 4). These results confirm the capacity

of MSCs to reduce the progression of apoptosis in the

early stage of PD.
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The immunofluorescence staining revealed that, com-

pared with the Sham group, the number of DA neurons on

the lesion side in 6-OHDA NS group decreased by 7.95% on

D3. In our study, the intervention time (D1 after 6-OHDA)

was earlier than D3; therefore, it is quite likely that the neu-

ronal loss had not reached 7.95% by D1. Patients with PD

only present with clinical symptoms upon 60–80% DA neu-

ronal loss54. Accordingly, the intervention time used in this

study may correlate to a very early stage in PD development.

It has been reported that exposure to certain neurotoxins, such

as insecticides, herbicides, and phenothiazine antipsychotics,

may cause PD55. Our study suggests that immediate treatment

with MSCs might be an effective means to prevent the occur-

rence and progression of PD in such cases.

There are some other aspects regarding the protective

mechanism of MSCs. A large body of literature has sug-

gested that various neurotropic factors such as vascular

endothelial growth factor (VEGF), glial cell-derived neuro-

trophic factor (GDNF), nerve growth factor (NGF), and

brain-derived neurotrophic factor (BDNF) that MSCs secrete

might play a role in stimulating endogenous neurogenesis

and rejuvenating damaged DA axons to reduce neuronal

apoptosis56,57. And studies have shown that the levels of

neurotrophic factors in the brain tissue are positively corre-

lated with those in the serum of mice58. Other studies have

shown that the exosomes secreted by MSCs carry neuro-

trophic factors that can reduce apoptosis59. MSC-derived

exosomes contain long-chain non-coding RNA transcripts,

which may increase protein kinase C expression and pro-

mote neuronal survival when neuronal damage occurrs60.

Conclusion

In summary, we showed that 6-OHDA caused high oxidative

stress levels in the CNS and the peripheral system, leading

DA neurons to apoptosis. I.V.-infused MSCs did not result in

significant infiltration into brain but a distribution in spleen.

MSC treatment had antioxidative properties and effectively

protected DA neurons from apoptosis. Our findings collec-

tively suggest the potential use of I.V. injection of MSCs for

designing viable therapeutic strategies for PD treatment in

the early stage of onset.
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