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Abstract: Objective: This study aimed to investigate the therapeutic effect of mesencephalic astrocyte-derived neu-
rotrophic factor (MANF) on the MPTP/MPP*-induced model of Parkinson’s disease (PD) and the potential mecha-
nism. Methods: Male C57BL/6 mice PD model with MPTP-induced were randomly injected bilaterally with MANF
or PBS into the striatum. Two weeks later, Rotarod test, immunohistochemistry, and detection of dopamine (DA)
and its metabolites, superoxide dismutase (SOD), glutathione (GSH), and malondialdehyde (MDA) were performed.
A cell model of PD was established by incubating SH-SY5Y cells with MPP*, cells were pretreated for 2 h with
different concentrations of MANF before 24 h incubation with MPP*. Cell viability, expression of Bax, and Bcl-2,
gene expression levels of Heme oxygenase 1 (HMOX1) and Superoxide dismutase 2 (SOD2), and mitochondrial
transmembrane potential were detected. Results: The latency reduction in PD mice was partially restored after
MANF treatment (P<0.05); MANF significantly reduced the loss of tyrosine hydroxylase (TH)-positive dopaminergic
neurons in the substantia nigra pars compacta (SNpc) (P<0.01); MANF significantly increased the striatal DA level
in PD mice (P<0.05) and markedly increased the SOD activity (P<0.01) and GSH production (P<0.01). MANF pre-
treatment significantly decreased the MPP*-induced reduction of cell viability (P<0.01), inhibited the ratio of Bax/
Bcl-2 expression (P<0.01), activated gene expression levels of HMOX1 (P<0.01) and SOD2 (P<0.05), and reversed
MPP*-induced loss of mitochondrial membrane potential (P<0.01). Conclusion: MANF can attenuate the neuronal
lesion in MPTP/MPP*-induced PD mice, which may be related to the improvement of mitochondrial function and
inhibition of oxidative stress.
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Introduction

Parkinson’s disease (PD) is a disabling neuro-
degenerative disorder characterized clinically
by tremor, rigidity, bradykinesia and postural
instability [1] and pathologically by the exten-
sive loss of dopaminergic neurons in the sub-
stantia nigra pars compacta (SNpc) [2]. Cur-
rently, the most widely used treatment for PD is
dopamine replacement therapy, but long-term
treatment can produce debilitating adverse
effects and may not affect the progression of
PD.

At the cellular level, PD is involved in the altera-
tion of mitochondrial electron transport chain
function, the change in dopamine metabolism,

and the excess production of reactive oxygen
species (ROS) due to oxidative stress. Thus, it
has been proposed that to improve the mito-
chondrial function is effective to delay the pro-
gression of dopaminergic neurons loss.

Neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP) and its metabolite 1-methyl-
4-phenylpyridinium ion (MPP*) are widely used
to establish model of PD since it shares tremen-
dous similarities in neural biochemical, pathol-
ogy and behaviors with human PD [3].

Mesencephalic astrocyte-derived neurotrophic
factor (MANF) is a novel neurotrophic factor and
can selectively protect nigral dopaminergic neu-
rons. It has been proven that MANF has neuro-
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protective and neurorestorative effects on PD
in both in vitro and in vivo models [4, 5]. To
date, however, the specific mechanisms under-
lying the neuroprotective effects of MANF are
still unclear.

This study was designed to investigate the
potential role of mitochondrial pathway in the
neuroprotection of MANF in a mouse model of
PD.

Materials and methods
Animals and treatment

All animal experiments were performed in
accordance with the Guideline for the Use and
Care of Animals in Biomedical Research of
Tongji University. Male C57BL/6 mice aged 7
weeks and weighing 20-25 g used in this exper-
iment were housed in a humidified environment
(humidity: 55+5%) at 22+2°C with 12 h/12
h-light/dark cycle and given ad libitum access
to food and water. After one week’s acclimation
and behavioral training, then mice were intra-
peritoneally treated with MPTP (20 mg/kg;
Sigma) or saline of equal volume once daily for
consecutive 5 days [6]. One week after last
MPTP injection, MPTP-treated mice were ran-
domly divided into two groups (12-13 mice per
group). Mice were intraperitoneally anesthe-
tized with chloral hydrate (400 mg/kg) and
placed in a stereotaxic apparatus. According to
the atlas of Paxinos and Watson [7], mice were
injected bilaterally with MANF (10 pg in 2 ul) or
phosphate buffered saline (PBS) (2 ul/hemi-
sphere) into the striatum (AP 0.5, ML 1.7, DV
-3.5) at 0.5 pl/min with a Hamilton syringe. The
needle was left in place for 5 minutes after
each injection to minimize cell diffusion up the
needle track. Animals were killed 2 weeks after
the surgery.

Rotarod test

Rotarod test was conducted using a rotor with
a 5-cm diameter [8]. In brief, mice received
training session for 7 consecutive days before
MPTP injection. At the first week after the last
MPTP injection, and the first and second week
after MANF treatment, mice were placed on
the rotating rod that rotated at a constant
accelerating rate, from 4 to 40 rpm in 300 s.
The latency to fall was automatically recorded
by magnetic trip plates or at 300 s. Each mouse
was tested three times and the mean was
calculated.

1285

Tyrosine hydroxylase immunohistochemistry

Two weeks after MANF treatment, 6-7 mice
from each group were intraperitoneally anes-
thetized with 10% chloral hydrate and the brain
was perfusion-fixed with 4% paraformaldehyde
following a normal saline flush, and then trans-
ferred to a 30% sucrose solution. Serial coronal
sections through the substantia nigra were cut
frozen at a thickness of 20 ym. Immunohisto-
chemistry was performed for tyrosine hydroxy-
lase (TH) as described [9]. After inhibition of
endogenous peroxidase activity, sections were
incubated in 5% bovine serum albumin (BSA) in
PBS for 30 min at room temperature. Sections
were then incubated with rabbit anti-TH primary
antibody (1:1000, Millipore) overnight at 4°C.
After rinsing with PBS, sections were incubated
in a biotinylated secondary antibody (1:50) with
horseradish peroxidase (HRP) for 2 h and then
visualized with diaminobenzidine (DAB). At last,
the sections were dehydrated through an alco-
hol series and mounted.

The brain sections were photographed at a
maghnification of 200x (Nikon) and TH positive
dopaminergic neurons were manually counted
in the SNpc of right hemisphere by an investiga-
tor blind to the experiment. At least three sec-
tions were used for each animal and a mean
was calculated.

Brain tissue preparation and DA detection

Mice were sacrificed by cervical dislocation 14
days after MANF treatment and the dopamine
and its metabolites 3,4-dihydroxyphenylacetic-
acid (DOPAC) and homovanillic acid (HVA) were
detected by HPLC. The brains were rapidly
removed fresh and the striatum was separated
on an ice-cold plate. For each animal, the stria-
tum of both hemispheres was transferred into a
1.5-ml flask, weighed and homogenized in ice-
cold solution A (0.2 mM HCIO,), and then the
homogenate was centrifuged at 10,000 rpm for
15 min at 4°C. The supernatant was filtered
through a nylon syringe filter (0.2 ym in pore
size) and 20 pL of the filtrate was injected for
HPLC. The mobile phase, containing 80 mM
sodium dihydrogenphosphate monohydrate,
2.0 mM 1-octanesulfonic acid sodium salt, 100
pl/l triethylamine, 5 nM EDTA, and 10% aceto-
nitrile, pH 3.0, was perfused at 0.25 ml/min.
Data were calibrated with an external standard.
The contents of dopamine and its metabolites
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were calculated and expressed as ng/mg tis-
sue weight.

Detection of anti-oxidative activity

Mice were euthanized and the substantia nigra
was separated, homogenized in PBS and cen-
trifuged at 10,000 g for 10 min at 4°C. The
protein concentration was quantified with BCA
protein assay kit. Superoxide dismutase (SOD)
activity, glutathione (GSH) content, and malo-
ndialdehyde (MDA) content were determined
with commercially available kits according to
the manufacturer’s instructions.

Cell culture and treatments

Human neuroblastoma SH-SY5Y cells were cul-
tured in DMEM supplemented with 10% (v/v)
FBS, and 100 U/mL penicillin/streptomycin at
37°C in an environment with 5% CO, and 95%
humidified air. SH-SY5Y cells were pretreated
for 2 h with different concentrations of MANF
(50, 200, 400 ng/mL) before 24-h incubation
with 2 mM MPP*.

MTT assay of cell viability

MTT assay was used to evaluate the viability of
SH-SYBY cells. Cells were seeded in 96-well
plates with five wells in each group. After 24-h
treatment, 20 yL of MTT solution (5 mg/ml)
was added to each well, followed by incubation
at 37°C for 4 h. Then, the supernatant was
removed and 150 pyL of DMSO was added into
each well. The absorbance of each well was
measured at 570 nm with an automated micro-
plate reader. The cell viability was averaged
and normalized to that of control cells.

Western blot analysis

Cells were homogenized in RIPA lysis buffer and
the protein concentration in the supernatant
was quantified by BCA kit, proteins (30 pg) was
loaded onto 10% SDS-PAGE. After electropho-
resis, proteins were transferred to PVDF mem-
branes. Membranes were blocked with 5% BSA
in TBST for 1 h at room temperature and then
were incubated with Bax (1:1000), Bcl-1
(1:2000) overnight at 4°C followed by incuba-
tion for 1 h with HRP secondary antibodies
(1:5000). Bands of proteins were visualized
using an ECL detection system and digitized
data were quantified using Image J software
and the relative intensities were normalized to
that of GAPDH.
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Quantitative real-time PCR analysis

Total RNA from SH-SY5Y cells was isolated
using TRIzol reagent. MRNA was enriched from
the total RNA using oligo dT magnetic beads.
Then, the mRNA was fragmented into short
fragments using an RNA fragmentation Kkit.
Double stranded cDNA was purified using a
QIAquick PCR extraction kit and used for
end repair and base A addition. Then, the fol-
lowing RT-PCR primer pairs were used: TBP,
5-AGCCAAGAGTGAAGAACAGTCC-3’  (forward)
and 5-CACAGCTCCCCACCATATTC-3’ (reverse);
Heme oxygenase 1 (HMOX1), 5-AACTTTCAGAA-
GGGCCAGGT-3’ (forward) and 5’-GTAGACAGGG-
GCGAAGACTG-3’ (reverse); Superoxide dismu-
tase 2 (SOD2), 5-TCAATAAGGAACGGGGACAC-3’
(forward) and 5-ACACATCAATCCCCAGCAGT-3’
(reverse); Primers for TBP mRNA were used to
normalize mRNA expression.

Measurement of mitochondrial membrane
potential

JC-1, a lipophilic cationic dye, was used to
detect mitochondrial transmembrane potential
change. SH-SY5Y cells were seeded in 6-well
plates and JC-1 kit was used according to man-
ufacturer’s instructions. After the indicated
treatments, cells were incubated with JC-1
solution for 20 min at 37°C, then rinsed twice
with JC-1 buffer. Fluorescent signal was mea-
sured by flow cytometry. The mitochondrial
membrane potential was calculated as the
ratio of JC-1 red to green fluorescence
intensity.

Statistical analysis

Data are expressed as mean + standard error
(S.E.M). Statistical analysis was performed
using SPSS version 20.0. One-way analysis of
variance (ANOVA) followed by Post-hoc LSD test
was used to compare data among groups. A
value of P<0.05 was considered statistically
significant.

Results

MANF improves motor behavior in MPTP-
treated mice

One week after the last MPTP administration,
the latency of Rotarod test (206.7+7.2, n=26)
reduced significantly as compared to control
group (274.1+14.1, n=9) (P<0.01), which indi-
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Figure 1. Behavioral test of MPTP-treated mice. A. Rotarod test revealed motor coordination ability of mice, which
was impaired in MPTP-treated mice as compared to control mice, suggesting PD mouse model was established
successfully. B. MANF improved motor deficits as shown by Rotarod test as compared to PBS-treated mice at 2
weeks after MANF treatment. Data are presented as mean + S.E.M. *P<0.05, **P<0.01 vs PBS-treatment group.

##P<0.01 vs control group.

cates that the MPTP-induced mouse PD model
is established successfully (Figure 1A). Then,
one week after MANF or PBS treatment, no
significant difference was observed between
PBS-treatment group (180.7+16.1, n=13) and
MANF- treatment group (174.9+13.6, n=13)
(P>0.05); however, after 2-week MANF treat-
ment, the latency reduction after MPTP injec-
tion was significantly attenuated in MANF-
treatment group (203.4+13.9, n=13) as com-
pared to PBS-treatment group (182.5%+15.9,
n=13) (P<0.05) (Figure 1B).

Loss of TH-positive neurons in the SNpc

TH is a rate-limiting enzyme in the dopamine
biosynthesis and a marker of dopaminergic
neuron. MPTP mainly damages the dopaminer-
gic neurons which could cause a prominent
TH-positive cell loss in the SNpc. [10]. In addi-
tion, results showed MANF significantly inhibit-
ed the loss of TH-positive dopaminergic neu-
rons (37.1+4.4, n=6) as compared to PBS-
treatment group (20.943.5, n=6) (P<0.01)
(Figure 2). These demonstrate that MANF can
rescue dopaminergic neurons from MPTP neu-
rotoxicity in mice.

Levels of dopamine and its metabolites

MPTP markedly reduced in the levels of dopa-
mine (DA) and its metabolites (DOPAC and HVA)
in the striatum. However, after MANF treat-
ment, the striatal DA, DOPAC and HVA levels
increased significantly as compared to PBS
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treated mice (DA: 13.86+0.9 ng/mg, n=7, vs
11.04+2.0 ng/mg, n=7, P<0.05; DOPAC: 5.5+0.8
ng/mg, n=7, vs 3.8+1.1 ng/mg, n=7, P<0.05;
HVA: 1.15+0.08 ng/mg, n=7, vs 0.841£0.13 ng/
mg, n=7, P<0.01, Figure 3).

Anti-oxidative indexes

SOD is an important anti-oxidase in nearly all
living cells. GSH is one of the most important
non-enzymatic antioxidants in cells and pos-
sesses the capabilities of free radical scaveng-
ing, detoxification and cellular immunity. GSH
can scavenge the 0> and H202, and thus the
amount of GSH is an important factor related to
anti-oxidative capability. MDA was a stable
product of lipid peroxidation and may indirectly
reflect the extent of cell damage. As mentioned
previously, MPTP may induce the free radical
production and lipid peroxidation in dopaminer-
gic neurons. These results indicated that, com-
pared with PBS-treatment group, MANF sig-
nificantly increased the SOD activity (SOD:
375.0+15.0, n=7, vs 276.4+32.0, n=7, P<0.01)
and GSH production (GSH: 290.2+34.6, n=7,
219.7+11.92, n=7, P<0.01; Figure 4A, 4B), and
decreased the MDA production (0.88+0.067,
n=7, vs 0.89+0.044, n=7, P>0.05; Figure 4C).
These indicate that MANF may improve the
anti-oxidative capacity in MTPT-treated mice.

Effects of MANF on cell viability

The dose-cytotoxicity relationship of MPP* was
determined in SH-SY5Y cells which were treat-

Am J Transl Res 2018;10(5):1284-1294



MANF improves MPP*/MPTP-induced Parkinson’s disease

-

o

Number of TH+ cells

)'2 ':-. 7
o - 4 '
< L=
/ r' B
<4 da iy -
P
P 3
.‘% v f'n’: ‘o
« 1 .
B
3 Control
b E3 MPTP+PBS
804 — MPTP+MANF
604 ey
1
40
204 i
0 r _— :
& & S
& x O
(&) «Q Qx
& &
A\

Figure 2. Effect of MANF on the loss of TH-positive neurons in the SNpc. Photographs were captured at a magnifica-
tion of 100x. A. Control group. B. MANF+MPTP-treated group. C. PBS+MPTP-treated group. D. Quantitative analysis
of TH-positive neurons in the substantia nigra pars compacta. MANF significantly inhibited the loss of TH-positive
neurons as compared to PBS-treatment group. Data are presented as mean = S.D. *P<0.05, **P<0.01 vs PBS-

treatment group.

ed with various concentrations of MPP* for
24 h. As illustrated in Figure 5A, MTT assay
showed MPP* (2 mM for 24 h) decreased cell
viability to 50.49%, however, pre-treatment
with 50, 200 or 400 ng/mL MANF for 2 h before
2 mM MPP* incubation for 24 h prevented
SH-SY5Y cells from MPP* induced injury, and
could restore the cell viability to 52.33%,
66.93% and 75.58%, respectively (P>0.05,
P<0.01, and P<0.01). Moreover, various con-
centrations of MANF (50, 200 and 400 ng/mL)
alone failed to significantly affect the viability of
SH-SYBY cells after 24-h treatment (Figure 5B).
It suggests that MANF significantly decreases
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MPP*-induced reduction of cell viability in a
dose dependent manner.

Expression of Bax and Bcl-2 in SH-SY5Y cells

The Bcl-2 family proteins play a pivotal role in
the cellular apoptotic machinery caused by
MPP* [11, 12]. In this study, Bax protein expres-
sion significantly increased in the MPP*-treated
group compared with control group, while pre-
treatment with MANF inhibited Bax expression.
In contrast, the levels of Bcl-2 decreased in the
MPP* group and increased after MANF treat-
ment. There was a significant increase in the

Am J Transl Res 2018;10(5):1284-1294



MANF improves MPP*/MPTP-induced Parkinson’s disease

A Dopamine B DOPAC C HVA
3 Control 3 Control
3 Control B3 MPTP+PBS &3 MPTP+PBS
£23 MPTP+PBS MPTP+MANF MPTP+MANF
25 MPTP+MANF 89 2,01
T
20 - * 64 154 T ,—|**
15 )
=4 - = -l
£ 7 E 4] E 104 7
0 . 3 E T 7
i
s / 2 0.5 /
0 . B A 0 . 0.0 . : %
) & & S =] &
& F &
< P x < < & *
& & ¢ &
& «

Figure 3. Effects of MANF treatment on the levels of striatal dopamine (DA) and its metabolites 3,4-dihydroxyphen-
ylaceticacid (DOPAC) and homovanillic acid (HVA) in the brain. MANF significantly increased the levels of striatal
DA, DOPAC and HVA as compared to PBS-treated mice. Data are presented as mean + S.D. *P<0.05, **P<0.01 vs
PBS-treatment group.
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Figure 4. Effects of MANF on the anti-oxidative activity of PD mice. SOD, GSH, and MDA were measured in the brain.
MANF increased the SOD activity and the GSH production, and decreased the MDA production. Data are presented
as mean = S.D. *P<0.05, **P<0.01 vs PBS-treatment group.
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Figure 5. Effects of MANF on the viability of MPP*-treated SH-SY5Y cells. A. SH-SY5Y cells were seeded in 96-well
plates and exposed to different concentrations of MPP* for 24 h, and cell viability was assessed by MTT assay. A:
control group, ¥: treatment with different concentrations of MPP* for 24 h, SH-SY5Y cells treated with 2 mM MPP*
were used to establish the cytotoxic model of PD. B. Cells were pretreated with different concentrations of MANF
(50, 200 and 400 ng/mL) for 2 h before incubation with 2 mM MPP* for 24 h, and cell viability was assessed by MTT

assay or cells were incubated with various concentrations of MANF for 24 h. Data are presented as mean + S.E.M.
*P<0.05, **P<0.01 vs MPP*-treated group. #P<0.05, ##P<0.01 vs control group.
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Figure 7. Expression of HMOX1 and SOD2 in SH-SY5Y cells. A. MPP* up-regulated the expression level of HMOX1,
and MANF further strengthened the reaction. B. MANF significantly increased the expression level of SOD2 which
was decreased by MPP* treatment. Data are presented as mean + S.E.M. *P<0.05, **P<0.01 vs MPP*-treated
group. #P<0.05, ##P<0.01 vs control group.

ratio of Bax/Bcl-2 expression in MPP*-treated cated that MANF might be involved in anti-oxi-
group compared with the control group, while dative pathway.

the ratio decreased in cells pre-treated with
MANF (Figure 6), suggesting that MPP*-induced
alteration of Bcl-2 and Bax expression are
inhibited by MANF treatment.

Mitochondrial membrane potential in SH-SY5Y
cells

Results showed 2 mM MPP* significantly de-
Expression of HMOX1 and SOD2 in SH-SY5Y creased the ratio of red/green fluorescence to
cells 38.4% (P<0.01), indicating the depolarization
of mitochondrial membrane. In contrast, pre-
treatment with MANF (400 ng/mL) reversed
the MPP*-induced reduction of mitochondrial
membrane potential (P<0.01) (Figure 8). In
brief, MANF decreases the MPP*-induced mito-
chondrial membrane potential decline.

Heme oxygenase 1 (HMOX1) and Superoxide
dismutase 2 (SOD2) are two of oxidative stress
responsive genes, which are involved in anti-
oxidative pathway. In this study, MPP* up-regu-
lated the expression level of HMOX1, and MANF

further strengthened the reaction (P<0.01). Discussion

Meanwhile, MANF significantly increased the

expression level of SOD2 (P<0.05) which was MANTF is a novel evolutionarily conserved neu-
decreased by MPP* treatment (Figure 7). It indi- rotrophic factor secreted by the endoplasmic
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Figure 8. Effects of MANF on the mitochondrial membrane potential of MPP*-treated SH-SY5Y cells. SH-SY5Y cells
were seeded in 6-well plates and pretreated MANF (400 ng/mL) for 2 h before incubation with 2 mM MPP* for 24 h,
and the mitochondrial membrane potential was detected with the JC-1 assay kit by flow cytometry. A. Control group;
B. 2 mM MPP* treatment alone; C. 400 ng/mL MANF+2 mM MPP*; D. Ratio of red/green fluorescence intensity.
Data are presented as mean + S.D. *P<0.05, **P<0.01 vs 2 mM MPP*-treated group. #P<0.05, ##P<0.01 vs

control group.

reticulum and Golgi apparatus [5]. In vitro and
in vivo, MANF has been found to exert promi-
nent neuroprotective effects on nigral dopami-
nergic neurons [13]. In this study, we further
investigated the effects of MANF on the MPTP/
MPP*-induced PD model and the potential
mechanism. These results showed MANF was
able to improve the mitochondrial function and
inhibit the oxidative stress in both in vivo and in
vitro PD model.

Mitochondrial dysfunction and cellular oxida-
tive stress are the most prominent features in
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PD [14-17]. It has been confirmed that mito-
chondrial dysfunction may cause oxidative
stress and neurodegeneration [3, 18], leading
to neuronal loss. These findings indicate MANF
can enhance the SOD activity and GSH produc-
tion, scavenge lipid peroxidation product MDA,
inhibit oxidative stress, and alleviate the ROS
induced damage to dopaminergic neurons.

MPP* accumulates in the mitochondria after
being transported into the dopaminergic neu-
rons, resulting in mitochondrial membrane
potential decline [19-21]. In this study, MTT
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assay confirmed that MPP* treatment reduced
the viability of SH-SY5Y cells in a dose-depen-
dent manner, which was consistent with previ-
ous findings [22]. However, pretreatment with
MANF partially reversed the reduction of cell
viability caused by MPP* treatment, which indi-
cates that MANF protects SH-SY5Y cells against
MPP*-induced cytotoxicity in a dose-dependent
pattern. The mitochondrial depolarization is
thought to mediate the neuronal apoptosis
induced by MPP* [23]. There is evidence show-
ing that excess production of mitochondrial
ROS is a main cause of mitochondrial depolar-
ization [24]. These results revealed that MANF
could partially reverse the decrease of MPP*-
induced mitochondrial membrane potential,
suggesting that MANF protected mitochondria
from oxidative damage, and it might involve in
the inhibition of MPP*-induced mitochondrial
apoptosis via up-regulated HMOX1 and SOD2
expression which encode antioxidant.

Meanwhile, MPTP may also cause limbs incoor-
dination and motor deficits in mouse PD model.
In present study, MPTP significantly impaired
the neurological function, but MANF treatment
increased the latency in Rotarod test, suggest-
ing that MANF can ameliorate MPTP-induced
behavioral deficits.

Immunohistochemistry for TH demonstrated
that the TH-positive cells in MANF-treated
group remarkably increased as compared to
PBS-treated group, suggesting that MANF alle-
viates the loss of dopaminergic neurons in the
substantia nigra after MPTP injection, which is
consistent with findings from rat PD model
and cell model [5, 13]. These findings indicated
the effect of MPTP on the dopaminergic neu-
rons was more prominent than that on behav-
ioral changes. Consistent with the features in
human PD, the pathological changes often
occur before the onset of clinical symptoms,
which maybe related to the compensatory
mechanism.

It has been reported that MPTP markedly
reduces striatal dopamine, DOPAC and HVA
[10]. These results further indicate that the
depletion of dopamine, DOPAC and HVA in
the striatum was partially inhibited by MANF-
treatment, which was consistent with findings
from immunohistochemistry for TH. This may
be explained as that, in MPTP-induced PD
model, MANF preserves more dopaminergic
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neurons and thus maintains dopamine at a rel-
atively high level. Moreover, the amplitude of
variation in dopamine level was not consistent
with those in its metabolites, which was also
reported in several previous studies [25, 26].

MANF belongs to secretory protein family, but
the precise mechanisms and signaling pathway
related to its protection on dopaminergic neu-
rons are still poorly understood. There is evi-
dence showing that the neuroprotective effects
of MANF may be related to the inhibition of ER
stress-induced cell death [27-29]. Studies on
MANF structure suggests that the neurotro-
phic activity may associate to its N-terminal
domains and ER stress response to its
C-terminal domains [30]. These several previ-
ous researches had found the neuroprotective
effect of MANF involved in ER stress and
autophagy pathways [31-33], the present study
demonstrated the neuroprotective effect of
MANF may rely on promoting mitochondrial
function, inhibiting oxidative stress, rectifying
imbalance between oxidative stress and anti-
oxidant system. MANF may exert its neuro-
trophic role in dopaminergic neurons through
multiple methods besides ER stress and
autophagy pathways.

However, there were some limitations in this
study. The receptor for MANF has not been
identified until now, more further studies are
needed to elucidate the exact downstream sig-
naling pathways that triggering the specific bio-
logical effects of MANF.

In summary, this study reveals MANF may be
a promising agent for PD, or other neurodegen-
erative disorders, and its neuroprotective
effects may be ascribed to the improvement of
impaired mitochondrial function and inhibition
of oxidative stress.
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