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Abstract
Pramipexole (PPX) is a common drug for the treatment of Parkinson’s disease. However, the mechanism allows PPX in the 
progression of Parkinson’s disease remains largely unknown. This study aimed to investigate the role of PPX in 1-Methyl-
4-phenylpyridinium  (MPP+)-treated neuroblastoma cells and explore the interaction between PPX and miR-494-3p/brain 
derived neurotrophic factor (BDNF) axis. SK-N-SH and CHP 212 cells challenged by  MPP+ were used as cellular model of 
Parkinson’s disease and incubated with PPX. The expression levels of miR-494-3p and BDNF were measured by quantitative 
real-time polymerase chain reaction or western blot. Neurotoxicity was investigated by cell apoptosis, inflammatory response 
and oxidative stress. The target association between miR-494-3p and BDNF was confirmed by luciferase reporter and RNA 
immunoprecipitation assays. miR-494-3p expression was increased and BDNF level was decreased in  MPP+-treated SK-N-
SH and CHP 212 cells, which were reversed by introduction of PPX. Pramipexole attenuated cell apoptosis, inflammatory 
response and oxidative stress in  MPP+-treated SK-N-SH and CHP 212 cells. Knockdown of miR-494-3p also suppressed 
neurotoxicity induced by  MPP+ in SK-N-SH and CHP 212 cells. BDNF was validated as a target of miR-494-3p and its 
silence abated the suppressive effect of miR-494-3p on  MPP+-induced neurotoxicity. Moreover, addition of miR-494-3p and 
silence of BDNF mitigated the effect of PPX on  MPP+-induced neurotoxicity. PPX inhibited  MPP+-induced neurotoxicity 
in SK-N-SH and CHP 212 cells by decreasing miR-494-3p and increasing BDNF, indicating the potential therapeutic effect 
of PPX on Parkinson’s disease.
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Introduction

Parkinson’s disease is one of the common neurodegenerative 
diseases involving multiple pathways, such as mitochondrial 
dysfunction, oxidative stress, neuroinflammation and cell 
death [1]. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) is a potent toxin and metabolizes to 1-Methyl-
4-phenylpyridinium  (MPP+) in glia, which could lead to 

the neurotoxicity, contributing to the development of Par-
kinson’s disease [2, 3]. Although great advance has been 
gained on understanding the pathogenesis and treatment of 
Parkinson’s disease [4], the outcomes of patients remain 
unsatisfactory. Hence, it is urgent to explore novel strategies 
for the neuroprotection and neurorestoration in Parkinson’s 
disease [5].

Pramipexole (PPX) is a selective dopamine D2 recep-
tor agonist with dopaminergic activity and neuroprotective 
actions by acting as an antioxidant to decrease motor deficits 
[6]. Moreover, PPX has high bioavailability of > 90% with 
little metabolism, and the max daily dose of PPX should not 
exceed 4.5 mg in the treatment of Parkinson’s disease [7]. 
Previous studies suggest that PPX has been used as a com-
mon neuroprotective drug in the treatment of Parkinson’s 
disease [8–10]. However, the mechanism elucidating the 
pharmacological role of PPX in Parkinson’s disease remains 
elusive.
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Previous study suggests that dysregulation of micro-
RNA (miRNA) is mediated by PPX in Parkinson’s disease 
[11]. miRNAs have been revealed to play essential roles in 
the development, diagnosis and treatment of Parkinson’s 
disease [12, 13]. Increasing evidences suggest that miR-
494-3p could act as an oncogene or tumor suppressor in 
multiple cancers, including prostate cancer, glioblastoma, 
oral squamous carcinoma and endometrial cancer [14–17]. 
Especially, miR-494-3p exhibits the promoting role in the 
development of Parkinson’s disease [18, 19]. Furthermore, 
brain derived neurotrophic factor (BDNF) has been reported 
as a promising therapeutic option for the neurodegeneration 
in brain disorders, which plays as an important target for 
the diagnosis and treatment of neurodegenerative disorders, 
including Parkinson’s disease [20–22]. More importantly, 
the database of starBase online predicts the existence of 
complementary sequences between miR-494-3p and BDNF, 
indicating that BDNF might be a target of miR-494-3p. We 
hypothesized that miR-494-3p and BDNF might be associ-
ated with PPX-mediated inhibition in Parkinson’s disease 
development.

In this study, we established Parkinson’s disease model 
in vitro using SK-N-SH and CHP 212 cells challenged by 
 MPP+. We measured the effect of PPX on expression lev-
els of miR-494-3p and BDNF in  MPP+-treated cells and 
explored its effect on cell apoptosis, inflammatory response 
and oxidative stress. Moreover, we confirmed the target 
association between miR-494-3p and BDNF and explored 
the interaction between PPX and miR-494-3p/BDNF axis.

Materials and Methods

Cell Culture, Treatment and Transfection

The human neuroblastoma cell lines SK-N-SH and CHP 212 
cells were purchased from BeNa Culture Collection (Bei-
jing, China) and maintained in Dulbecco’s Modified Eagle 
Medium (DMEM) (Thermo Fisher Scientific, Wilmington, 
DE, USA) with 10% fetal bovine serum at 37 °C in a humidi-
fied incubator with 5%  CO2. To induce neurotoxicity, SK-N-
SH and CHP 212 cells were incubated with 0.5, 1 and 2 mM 
 MPP+ (Sigma, St. Louis, MO, USA) for 24 h. To investigate 
the effect of PPX on neurotoxicity, cells were treated with 
10, 50 and 100 μM PPX (Sigma) for 24 h.

Small interfering RNA (siRNA) against BDNF (si-
BDNF) (5′-UUU UGC UAU CCA UGG UAA GGG-3′), siRNA 
negative control (scramble) (5′-UCU UCC GAA CGU GUC 
ACG UTT-3′), miR-494-3p mimic (miR-494-3p) (5′-UGA 
AAC AUA CAC GGG AAA CCUC-3′), miRNA negative con-
trol (NC) (5′-UUC UCC GAA CGU GUC ACG UTT-3′), miR-
494-3p inhibitor (anti-miR-494-3p) (5′-GAG GUU UCC 
CGU GUA UGU UUCA-3′) and inhibitor negative control 

(anti-NC) (5′-CAG UAC UUU UGU GUA GUA CAA-3′) were 
generated by GenePharm (Shanghai, China). For cell trans-
fection, SK-N-SH and CHP 212 cells (1 × 105) in 6-well 
plates were transfected with 40 nM oligonucleotides for 
24 h using Lipofectamine 2000 (Thermo Fisher Scientific).

Quantitative Real‑Time Polymerase Chain Reaction 
(qRT‑PCR)

qRT-PCR assay was performed to measure the RNA levels 
of miR-494-3p and BDNF. After washing with phosphate 
buffer saline (PBS), cells were incubated in Trizol reagent 
(Thermo Fisher Scientific) for the isolation of total RNA 
following the manufacturer’s instructions. The complemen-
tary DNA (cDNA) was generated from mRNA or miRNA 
by using specific reverse transcription kit (Thermo Fisher 
Scientific) and then subjected to qRT-PCR response on Bio-
Rad CFX96 Real-time PCR Systems (Bio-Rad, Hercules, 
CA, USA) with SYBR mix (TaKaRa, Dalian, China) and 
specific primers. GAPDH and U6 were used as controls for 
BDNF and miR-494-3p, respectively. The primer sequences 
were listed as follows: BDNF (Forward, 5′-CTA CGA GAC 
CAA GTG CAA TCC-3′; Reverse, 5′-AAT CGC CAG CCA 
ATT CTC TTT-3′); GAPDH (Forward, 5′-ATC ACT GCC 
ACC CAG AAG AC-3′; Reverse, 5′-TTT CTA GAC GGC AGG 
TCA GG-3′); miR-494-3p (Forward, 5′-GAA ACA TAC ACG 
GGA AAC C-3′; Reverse, 5′-GTG CAG GGT CCG AGGT-3′); 
U6 (Forward, 5′-CTC GCT TCG GCA GCACA-3′; Reverse, 
5′-AAC GCT TCA CGA ATT TGC GT-3′). The relative expres-
sion levels of miR-494-3p and BDNF mRNA were deter-
mined by  2−ΔΔCt method [23].

Flow Cytometry

Flow cytometry was used to determine cell apoptosis 
through using Annexin V-FITC apoptosis detection kit 
(Beyotime, Shanghai, China). In brief, SK-N-SH and CHP 
212 cells (5 × 105/well) in 24-well plates were subjected to 
1 mM  MPP+ or combined with 100 μM PPX for 24 h. Every 
group was prepared in triplicates. Subsequently, cells were 
resuspended in binding buffer after washing with PBS, fol-
lowed by staining in the dark with Annexin V-FITC and 
PI for 10 min. Stained cells were analyzed through a flow 
cytometer (BD, San Jose, CA, USA) and cells with Annexin 
V-FITC positive and PI positive or negative were regarded 
as apoptotic cells.

Western Blot

After washing with PBS, SK-N-SH and CHP 212 cells were 
lysed in Radio-Immunoprecipitation Assay (RIPA) buffer 
(Beyotime) on ice and the protein contents were determined 
by bicinchoninic acid (BCA) protein assays kit (Thermo 
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Fisher Scientific). Proteins (20 μg) were subjected to sodium 
dodecyl sulfate polyacrylamide gel electrophoresis and each 
sample was run in triplicate, followed by transferring onto 
nitrocellulose membranes (Millipore, Billerica, MA, USA). 
Subsequently, the membranes were blocked using 5% skim 
milk and then incubated at 4 °C overnight with primary anti-
bodies against Cleaved caspase 3 (ab2302, 1:300 dilution, 
Abcam, Cambridge, MA, USA), B cell lymphoma-2 (Bcl-
2) (ab196495, 1:1000 dilution, Abcam), Bcl-2-associated X 
protein (Bax) (ab199677, 1:1000 dilution, Abcam), BDNF 
(ab220679, 1:300 dilution, Abcam) or GAPDH (ab70699, 
1:5000 dilution, Abcam). GAPDH was used as a control. 
After an incubation of corresponding secondary antibody, 
protein signals were visualized using enhanced chemilumi-
nescence reagent (Beyotime).

MTT

SK-N-SH and CHP 212 cells (1 × 104/well) were placed 
into 96-well plates in triplicates overnight and then incu-
bated with 1 mM  MPP+ or combined with 100 μM PPX for 
24 h. Subsequently, the medium was replaced with fresh 
DMEM medium containing 0.5  mg/mL MTT solution 
(Solarbio, Beijing, China) and cells were cultured for 4 h. 
Then medium was removed and 150 μL dimethyl sulfoxide 
(DMSO) (Sigma) was added to each well. The absorbance 
of each well at 490 nm was determined through a microplate 
reader (Bio-Rad) and cell viability was normalized to the 
matched control group.

Enzyme Linked Immunosorbent Assay (ELISA)

The secretion levels of inflammatory cytokines were deter-
mined by using specific ELISA kit (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. Briefly, 
SK-N-SH and CHP 212 cells (5 × 105/well) in 24-well plates 
in triplicates were subjected to 1 mM  MPP+ or combined 
with 100 μM PPX for 24 h, followed by detection of concen-
trations of tumor necrosis factor-alpha (TNF-α) and interleu-
kin-1 beta (IL-1β) in cell culture supernatant.

Lactate Dehydrogenase (LDH) Release 
and Superoxide Dismutase (SOD) Detection

LDH is a soluble cytosolic enzyme present in most eukary-
otic cells, released into the culture medium upon cell death 
due to the damage of plasma membrane. Cell apoptosis was 
also investigated by LDH release in culture medium. The 
oxidative stress was evaluated by SOD activity. After the 
treatment of 1 mM  MPP+ or combined with 100 μM PPX 
for 24 h, SK-N-SH and CHP 212 cells were lysed for SOD 
activity analysis using SOD assay kit (Beyotime) and cul-
ture medium was collected for LDH level assay using LDH 

cytotoxicity assay kit (Beyotime) according to the manufac-
turer’s instructions [24, 25]. The relative levels of LDH and 
SOD were normalized to the indicated control group.

Luciferase Reporter Assay and RNA 
Immunoprecipitation (RIP)

The potential complementary sequences of miR-494-3p and 
BDNF were predicted by starBase. The wild-type (wt) 3′ 
untranslated regions (UTR) sequences of BDNF containing 
binding sites of miR-494-3p were cloned into pGL3-Report 
vector (Promega, Madison, WI, USA) and generated corre-
sponding luciferase reporter vectors BDNF-wt. The mutant 
(mut) luciferase reporter vectors BDNF-mut were produced 
by mutating the predicted seed sites of miR-494-3p using 
Quick Change Site-Directed Mutagenesis kit (Stratagene, 
La Jolla, CA, USA). For luciferase reporter assay, SK-N-SH 
and CHP 212 cells were co-transfected with the constructed 
vectors BDNF-wt or BDNF-mut and miR-494-3p mimic or 
NC. After transfection for 48 h, cells were harvested for the 
detection of luciferase activity using dual-luciferase reporter 
assay system (Promega).

For RIP assay, SK-N-SH and CHP 212 cells transfected 
with miR-494-3p mimic or NC were lysed and used for 
enrichment response with Magna RIP kit (Millipore) and 
Ago2 antibody according to the manufacturer’s instructions. 
IgG was used as control. The enrichment level of BDNF in 
each group was detected by qRT-PCR.

Statistical Analysis

Statistical analysis was performed by GraphPad Prism 7 
software (GraphPad Inc., La Jolla, CA, USA). The differ-
ence was analyzed by paired Student’s t-test for two groups 
and one-way ANOVA with Tukey post hoc test for three or 
more groups. The data were presented as mean ± standard 
deviation (S.D.) from three independent experiments and 
the significant difference was considered at P value less than 
0.05.

Results

PPX Down‑Regulates miR‑494‑3p Expression 
and Up‑Regulates BDNF level in  MPP+‑Treated Cells

To explore the role of PPX in  MPP+-induced injury, the 
related miRNAs and mRNA were analyzed. In  MPP+-treated 
SK-N-SH and CHP 212 cells, the expression of miR-494-3p 
was progressively elevated in a concentration dependent 
manner (Fig. 1a and Supplementary Fig. 1A). However, the 
treatment of PPX significantly decreased the level of miR-
494-3p in the two cell lines challenged by  MPP+ (Fig. 1b 
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and Supplementary Fig. 1B). Moreover, the mRNA level 
of BDNF in SK-N-SH and CHP 212 cells was markedly 
reduced by the exposure of different concentrations of  MPP+ 
(Fig. 1c and Supplementary Fig. 1C), while it was progres-
sively up-regulated by the introduction of PPX (Fig. 1d and 
Supplementary Fig. 1D). These results suggested that abnor-
mally expressed miR-494-3p and BDNF might be associated 
with the development of Parkinson’s disease.

PPX Suppresses  MPP+‑Induced Neurotoxicity

To investigate the effect of PPX on  MPP+-induced toxicity, 
SK-N-SH and CHP 212 cells were stimulated with PPX for 
24 h before the treatment of  MPP+. As a result, PPX could 
protect cell viability from  MPP+ in SK-N-SH and CHP 212 
cells, but it did not affect the viability on normal condition 
(Supplementary Fig. 2A and B). Hence, this study just inves-
tigated the role of PPX in  MPP+-treated cell lines. As shown 
in Fig. 2a and Supplementary Fig. 3A, flow cytometry analy-
sis displayed that treatment of 1 mM  MPP+ induced obvious 
apoptosis production in SK-N-SH and CHP 212 cells, which 
was evidently attenuated by introduction of 100 μM PPX. 
Furthermore, the levels of proteins that were involved in cell 
apoptosis were detected and results showed that the protein 

levels of Bax and Cleaved caspase 3 were notably increased 
and Bcl-2 level was decreased by treatment of  MPP+ in SK-
N-SH and CHP 212 cells, while these events were weakened 
via PPX (Fig. 2b and Supplementary Fig. 3B). Meanwhile, 
the viability of SK-N-SH and CHP 212 cells was remark-
ably inhibited by  MPP+, which was restored by introduction 
of PPX (Fig. 2c and Supplementary Fig. 3C). In addition, 
the levels of TNF-α and IL-1β in the cultured supernatant 
were significantly enhanced in  MPP+-treated SK-N-SH and 
CHP 212 cells compared with those in control group, which 
were mitigated by challenge of PPX (Fig. 2d, e and Sup-
plementary Fig. 3D and E). Besides, treatment of  MPP+ led 
to obviously increased LDH level and reduced SOD level 
in SK-N-SH and CHP 212 cells, whereas this effect was 
abated by PPX (Fig. 2f, g and Supplementary Fig. 3F and 
G). These data indicated that PPX decreased cell apoptosis, 
inflammatory response and oxidative stress caused by  MPP+ 
in SK-N-SH and CHP 212 cells.

Knockdown of miR‑494‑3p Inhibits  MPP+‑Induced 
Neurotoxicity

To evaluate the role of miR-494-3p in  MPP+-induced tox-
icity, SK-N-SH and CHP 212 cells were transfected with 

Fig. 1  PPX decreases miR-
494-3p expression and increases 
BDNF level in  MPP+-treated 
SK-N-SH cells. a qRT-PCR 
assay was performed to detect 
the expression of miR-494-3p 
after treatment of different con-
centrations (0, 0.5, 1 and 2 mM) 
of  MPP+ for 24 h. b The level 
of miR-494-3p was measured in 
1 mM  MPP+-treated SK-N-SH 
cells after exposure of different 
concentrations (0, 10, 50 and 
100 μM) of PPX for 24 h. c The 
expression of BDNF mRNA 
was examined after treatment 
of different concentrations (0, 
0.5, 1 and 2 mM) of  MPP+ for 
24 h. d The level of BDNF 
mRNA was measured in 1 mM 
 MPP+-treated SK-N-SH cells 
after exposure of different 
concentrations (0, 10, 50 and 
100 μM) of PPX for 24 h. 
*P < 0.05 compared with con-
trol (non-treated with  MPP+) 
group for A and C or  MPP+ 
(non-treated with PPX) group 
for B and D
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anti-miR-494-3p or anti-NC and then treated with  MPP+ 
for 24 h. As shown in Fig. 3a and Supplementary Fig. 4A, 
the abundance of miR-494-3p up-regulated by  MPP+ was 
effectively decreased in SK-N-SH and CHP 212 cells 
transfected with anti-miR-494-3p compared with that 
in anti-NC group. Moreover, by detecting apoptotic rate 

and apoptosis-related protein levels, results presented that 
knockdown of miR-494-3p decreased the apoptosis of 
SK-N-SH and CHP 212 cells induced by  MPP+ (Fig. 3b, 
c and Supplementary Fig. 4B and C). Meanwhile, defi-
ciency of miR-494-3p reversed  MPP+-induced viability 
suppression in SK-N-SH and CHP 212 cells (Fig. 3d and 

Fig. 2  PPX inhibits neurotoxicity in  MPP+-treated SK-N-SH cells. 
Cell apoptosis (a), apoptotic related protein levels (b), cell viabil-
ity (c), TNF-α (d), IL-1β (e), LDH level (f) and SOD level (g) were 

determined after treatment of 1 mM  MPP+ and 100 μM PPX for 24 h. 
*P < 0.05 compared with control (non-treated with  MPP+) group or 
 MPP+ (non-treated with PPX) group

Fig. 3  Knockdown of miR-494-3p suppresses neurotoxicity in 
 MPP+-treated SK-N-SH cells. miR-494-3p level (a), cell apoptosis 
(b), apoptotic related protein levels (c), cell viability (d), TNF-α (e), 
IL-1β (f), LDH level (g) and SOD level (h) were examined in SK-

N-SH cells transfected with anti-miR-494-3p or anti-NC after treat-
ment of 1 mM  MPP+ for 24 h. *P < 0.05 compared with control (non-
treated with  MPP+) group or  MPP++anti-NC group
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Supplementary Fig. 4D). Additionally, down-regulation 
of miR-494-3p alleviated the secretion levels of TNF-α 
and IL-1β triggered by  MPP+ in SK-N-SH and CHP 
212 cells (Fig. 3e, f and Supplementary Fig. 4E and F). 
Besides,  MPP+-induced the elevated LDH and reduced 
SOD in SK-N-SH and CHP 212 cells were relieved by 
exhaustion of miR-494-3p (Fig. 3g, h and Supplemen-
tary Fig. 4G and H). These findings showed that miR-
494-3p knockdown inhibited cell apoptosis, inflammatory 
response and oxidative stress caused by  MPP+ in SK-N-
SH and CHP 212 cells.

BDNF is a Target of miR‑494‑3p in SK‑N‑SH and CHP 
212 Cells

starBase predicted that there are potential complementary 
sequences between miR-494-3p and BDNF (Fig. 4a). To 
validate the target association between them, the lucif-
erase reporter vector BDNF-wt and BDNF-mut contain-
ing wild-type or mutant binding sites of miR-494-3p 
were generated. As shown in Fig. 4b and Supplementary 
Fig. 5A, luciferase activity in the BDNF-wt group was 
markedly decreased by more than 70% in both cell lines 
due to miR-494-3p overexpression. Moreover, Ago2 RIP 
assay showed that the enrichment level of BDNF in SK-
N-SH and CHP 212 cells transfected with miR-494-3p 
was obviously increased in comparison to that in NC 
group (Fig. 4c and Supplementary Fig. 5B). In addition, 
the protein level of BDNF in SK-N-SH and CHP 212 cells 
was negatively regulated by miR-494-3p when compared 
with the matched control groups (Fig. 4d and Supplemen-
tary Fig. 5C). These results suggested that BDNF acted as 
a target of miR-494-3p in SK-N-SH and CHP 212 cells.

Silence of BDNF Reverses the Effect of miR‑494‑3p 
Knockdown on  MPP+‑Induced Neurotoxicity

To explore whether BDNF is required for miR-494-3p-
mediated neurotoxicity, SK-N-SH and CHP 212 cells were 
transfected with anti-NC, anti-miR-494-3p, anti-miR-494-3p 
and scramble or si-BDNF and then treated with  MPP+ for 
24 h. In  MPP+-treated SK-N-SH and CHP 212 cells, the 
protein level of BDNF up-regulated by miR-494-3p knock-
down was significantly decreased by interference of BDNF 
(Fig. 5a and Supplementary Fig. 6A). Furthermore, the sup-
pressive effect of miR-494-3p knockdown on cell apoptosis 
was counteracted by silence of BDNF in SK-N-SH and CHP 
212 cells challenged by  MPP+ (Fig. 5b, c and Supplemen-
tary Fig. 6B and C). Additionally, knockdown of miR-494-
3p-induced viability restoration was markedly abrogated 
by silence of BDNF in  MPP+-treated SK-N-SH and CHP 
212 cells (Fig. 5d and Supplementary Fig. 6D). What’s 
more, the secretion levels of TNF-α and IL-1β repressed 
by miR-494-3p deficiency were evidently up-regulated by 
BDNF interference in SK-N-SH and CHP 212 cells treated 
by  MPP+ (Fig. 5e, f and Supplementary Fig. 6E and F). 
Moreover, the regulatory effect of miR-494-3p knockdown 
on levels of LDH and SOD was reversed by BDNF inhibi-
tion in the two cell lines after treatment of  MPP+ (Fig. 5g, 
h and Supplementary Fig. 6G and H). These data revealed 
that miR-494-3p targeted BDNF to regulate neurotoxicity 
induced by  MPP+ in SK-N-SH and CHP 212 cells.

miR‑494‑3p Overexpression or BDNF Knockdown 
Attenuates the Effect of PPX on  MPP+‑Induced 
Neurotoxicity

In order to further explore whether PPX-induced inhibi-
tion of neurotoxicity was mediated by miR-494-3p and 

Fig. 4  BDNF is a target of miR-
494-3p in SK-N-SH cells. a The 
binding sites of miR-494-3p 
and BDNF were predicted by 
starBase. b and c Luciferase 
reporter and RIP assays were 
carried out to validate the asso-
ciation between miR-494-3p 
and BDNF. d The effect of 
miR-494-3p on BDNF protein 
level was measured. *P < 0.05 
compared with NC group or 
anti-NC group



274 Neurochemical Research (2020) 45:268–277

1 3

BDNF, SK-N-SH and CHP 212 cells were transfected with 
NC, miR-494-3p, scramble or si-BDNF, followed by treat-
ment of PPX and  MPP+ for 24 h. As displayed in Fig. 6a, 
b and Supplementary Fig. 7A and B, the apoptosis inhibi-
tion mediated by PPX was significantly abolished via miR-
494-3p overexpression or BDNF knockdown compared with 

their corresponding controls in  MPP+-treated SK-N-SH 
and CHP 212 cells. Moreover, addition of miR-494-3p or 
silence of BDNF attenuated the cell viability induced by 
PPX in  MPP+-treated SK-N-SH and CHP 212 cells (Fig. 6c 
and Supplementary Fig. 7C). In addition, PPX-mediated 
inhibitive effect on inflammatory cytokine secretions was 

Fig. 5  Interference of BDNF reverses the effect of miR-494-3p 
knockdown on neurotoxicity in  MPP+-treated SK-N-SH cells. BDNF 
protein level (a), cell apoptosis (b), apoptotic related protein levels 
(c), cell viability (d), TNF-α (e), IL-1β (f), LDH level (g) and SOD 

level (h) were analyzed in SK-N-SH cells transfected with anti-
NC, anti-miR-494-3p, anti-miR-494-3p and scramble or si-BDNF 
after treatment of 1  mM  MPP+ for 24  h. *P < 0.05 compared with 
 MPP+ + anti-NC group or  MPP+ + anti-miR-494-3p + scramble group

Fig. 6  miR-494-3p overexpression or BDNF knockdown attenuates 
the effect of PPX on neurotoxicity in  MPP+-treated SK-N-SH cells. 
Cell apoptosis (a), apoptotic related protein levels (b), cell viabil-
ity (c), TNF-α (d), IL-1β (e), LDH level (f) and SOD level (g) were 

detected in SK-N-SH cells transfected with NC, miR-494-3p, scram-
ble or si-BDNF after treatment of 1 mM  MPP+ and 100 μM PPX for 
24 h. *P < 0.05 compared with matched control group
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weakened by miR-494-3p overexpression or BDNF inhibi-
tion in the two cell lines challenged by  MPP+ (Fig. 6d, e 
and Supplementary Fig. 7D and E). Besides, reduction of 
LDH level and increase of SOD level induced by PPX in 
 MPP+-treated SK-N-SH and CHP 212 cells were obviously 
abrogated by miR-494-3p addition or BDNF deficiency 
(Fig. 6f, g and Supplementary Fig. 7F and G). These data 
indicated that PPX inhibited neurotoxicity induced by  MPP+ 
in SK-N-SH and CHP 212 cells by regulating miR-494-3p 
and BDNF.

Discussion

Previous studies demonstrated the neuroprotective role of 
PPX in Parkinson’s disease [26, 27]. However, the mecha-
nism underlying PPX in the development of Parkinson’s 
disease remains to be further explored. In the present study, 
we using  MPP+-induced cell model of Parkinson’s disease 
investigated the suppressive effect of PPX on cell apoptosis, 
inflammatory response and oxidative stress. Moreover, we 
were the first to disclose that the mechanism mediated by 
PPX was associated with miR-494-3p and BDNF.

Previous study displayed that patients received PPX 
extended-release formulation 0.375–4.5 mg once daily 
and immediate-release formulation 0.125–1.5 mg three 
times daily [6]. According to the data of in vitro study, 
0–1000 μM PPX showed little effect on oxidative stress 
in normal cells, but 100 and 1000 μM PPX could inhibit 
the oxidative stress induced by  MPP+ [28]. Moreover, this 
study showed that 100 μM PPX could affect the viabil-
ity on normal but protected the cell viability from  MPP+. 
Meanwhile, 100 μM PPX led to significant change on 
miR-494-3p expression. Hence, cells treated by 100 μM 
PPX were used for the further study, which was also in 
agreement with previous work [11]. Programmed cell 
death such as apoptosis is a key cause of dopaminergic 
neurons loss in Parkinson’s disease [29]. Bcl-2 family is 
associated with regulation of apoptosis in diseases [30], 
in which Bcl-2 protein plays an anti-apoptotic role [31] 
and Bax protein is an important regulator of intrinsic 
apoptosis [32]. Moreover, caspase proteins are involved 
in apoptosis and caspase 3 activation mediates apoptosis 
in Parkinson’s disease [33, 34]. Furthermore, LDH release 
indicates the damage of cell membrane integrity induced 
by apoptosis. By detecting cell viability, apoptotic rate, 
related protein levels and LDH level, we confirmed that 
 MPP+ induced cell apoptosis in our cell lines. In addition, 
neuroinflammation contributes to neurodegeneration in 
Parkinson’s disease [35, 36]. Through measuring inflam-
matory cytokines (TNF-α and IL-1β) levels, we found that 
inflammatory response was triggered by  MPP+ in our cell 
lines. Besides, oxidative stress is also a common feature of 

neurodegenerative diseases, including Parkinson’s disease 
[37] and SOD is a key anti-oxidant enzyme in oxidative 
stress modulation [38]. Our results showed that  MPP+ led 
to oxidative stress by decreasing SOD activity. These data 
revealed that treatment of  MPP+ resulted in neurotoxic-
ity in our cell lines. Moreover, to investigate the func-
tion of PPX on  MPP+-induced injury, the cells were pre-
treated with PPX before the exposure of  MPP+. The results 
showed that PPX attenuated  MPP+-induced neurotoxicity, 
uncovering the therapeutic role of PPX in Parkinson’s dis-
ease by acting as an anti-inflammatory response and anti-
oxidative agent, which is also in agreement with former 
works [39, 40]. However, the underlying mechanism by 
which PPX participates in the inhibition of neurotoxicity 
remains poorly understood.

Previous study suggested that PPX could induce the dys-
regulation of noncoding RNA, including miRNA [11]. This 
study displayed that miR-494-3p expression was up-regu-
lated and BDNF was down-regulated in  MPP+-induced cells, 
which was reversed by PPX, indicating that miR-494-3p 
and BDNF might be associated with regulation of PPX on 
 MPP+-induced neurotoxicity. Loss-of-function experiments 
showed that miR-494-3p knockdown inhibited neurotoxicity 
induced by  MPP+ in our cell lines, indicating the promoting 
role of miR-494-3p in neurodegeneration, which is consist-
ent with previous studies [18, 19]. Moreover, overexpression 
of miR-494-3p reversed the effect of PPX on neurotoxicity, 
suggesting that the therapeutic effect of PPX on Parkinson’s 
disease development might be associated with miR-494-3p. 
In addition, the function of miRNAs is realized by targeting 
mRNAs. This study validated BDNF as a functional target of 
miR-494-3p by luciferase reporter and RIP assays, which has 
been reported as potential therapeutic target in neurodegen-
erative diseases including Parkinson’s disease [41, 42]. By 
performing rescue experiments, silence of BDNF abated the 
suppressive role of miR-494-3p knockdown or PPX in neu-
rotoxicity induced by  MPP+, indicating that PPX inhibited 
the neurotoxicity via miR-494-3p/BDNF axis. The animal 
model is responsible for better understanding the pathogen-
esis of Parkinson’s disease [43]. However, the in vivo data 
were absent in the present work, which is expected to be 
explored in future study. Besides, PPX is a selective dopa-
mine D2 receptor agonist to involve in the treatment of Par-
kinson’s disease. However, the high concentration (100 μM) 
of PPX might open the possibility that PPX is acting through 
an D2-independent mechanism, indicating that the neuropro-
tective effects of PPX described in this study may be medi-
ated by a D2-independent mechanism, which may involve 
direct interrelations between MMP+ and PPX. This should 
be explored in future.

In conclusion, this study investigated the neuroprotective 
role of PPX in  MPP+-induced neurotoxicity via inhibiting 
cell apoptosis, inflammatory response and oxidative stress, 
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possibly by decreasing miR-494-3p and increasing BDNF, 
elucidating a novel mechanism for understanding the phar-
macological role of PPX in Parkinson’s disease.
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