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Parkinson’s disease (PD) is a common neurodegenerative disease characterized by the degeneration of nigrostriatal dopaminergic
(DA) neurons. Our previous studies have suggested that salidroside (Sal) might play neuroprotective effects against PD by
preserving mitochondrial Complex I activity. However, the exact mechanism of the neuroprotective effect of Sal remains
unclear. Growing evidence indicates that PINK1/Parkin-mediated mitophagy is involved in the development of PD. In this
study, we investigated whether Sal exerts a neuroprotective effect by modulating PINK1/Parkin-mediated mitophagy. Results
showed that Sal alleviated MPTP-induced motor deficits in pole test. Moreover, Sal diminished MPTP-induced degeneration of
nigrostriatal DA neurons as evidenced by upregulated TH-positive neurons in the substantia nigra, increased DAT expression,
and high dopamine and metabolite levels in the striatum. Furthermore, in comparison with the MPP+/MPTP group, Sal
considerably increased the mitophagosome and mitophagy flux. Moreover, in comparison with the MPP+/MPTP group, Sal
evidently enhanced the mitochondrial expression of PINK1 and Parkin, accompanied by an increase in the colocalization of
mitochondria with Parkin. However, transfection of MN9D cells with PINK1 siRNA reversed Sal-induced activated mitophagy
and cytoprotective effect. In conclusion, Sal may confer neuroprotective effects by enhancing PINK1/Parkin-mediated
mitophagy in MPP+/MPTP-induced PD models.

1. Introduction

Parkinson’s disease (PD) is the most common movement
disorder and the second most common neurodegenerative
disease after Alzheimer’s disease [1]. However, due to the
clinical challenges of PD, including an inability to make a
definitive diagnosis at the earliest stages of the disease, diffi-
culties in the management of symptoms at later stages, and
absence of treatments that slow the neurodegenerative pro-
cess, no effective therapies to cure PD are available [2, 3].
Although the etiology of PD remains unclear, increasing evi-
dence suggests mitochondrial dysfunction as a final common
pathway in the pathogenesis of PD [4, 5].

Mitochondrial homeostasis is important for maintaining
cell metabolism and function. Mitophagy is a key protective
mechanism that selectively removes damaged or excessive
mitochondria selectively via autophagy to maintain mito-

chondrial homeostasis [6, 7]. The role of mitophagy in PD
was first highlighted from observed mitochondria marked
by activated kinases within autophagosomes in neurons of
PD patients [8]. Subsequently, an increasing number of evi-
dences have underpinned the importance of mitophagy on
the onset of PD [9–11]. However, the mechanisms that medi-
ate impaired mitochondria for mitophagy are poorly under-
stood. The studies in Drosophila for the first time depicted
the effect of PINK1 and Parkin on mitochondrial function
[12]. Today, numerous studies showed that PINK1/Parkin-
dependent mitophagy has been identified potential targets
for the treatment of PD [13–15]. Under resting conditions,
PINK1 is constitutively imported into mitochondria and
then rapidly cleaved and degraded. However, the degradation
of PINK1 after import is disrupted when mitochondria are
damaged, leading to PINK1 accumulation on the outer
mitochondrial membrane and the recruitment of Parkin.
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Subsequently, Parkin ubiquitinates mitochondria and subse-
quently recruits ubiquitin-binding autophagy receptors, such
as p62, to the mitochondria. Finally, damaged mitochondria
are engulfed by LC3-positive phagophores and eventually
fuse with lysosomes for degradation [16, 17].

Salidroside (Sal) is a bioactive component extracted from
Rhodiola rosea L., which possesses multiple pharmacological
properties, including antioxidant, antiaging, and antifatigue
properties [18, 19]. Our previous studies have suggested that
Sal may alleviate mitochondrial dysfunction by enhancing
Complex I activity in MPP+/MPTP-induced PD models
[20]. However, whether the neuroprotective effect of Sal
is mediated by regulating mitophagy to alleviate mitochon-
drial dysfunction remains unknown. The present study was
designed to (1) further assess the putative neuroprotective
properties of Sal in an MPP+/MPTP-induced PD model and
(2) determine whether the protective mechanisms involve
modulating PINK1/Parkin-mediated mitophagy.

2. Materials and Methods

2.1. Cell Culture and Drug Treatments. MN9D cells were
generated by the fusion of neuroblastoma with mice
embryonic ventral mesencephalic cells [21]. This cell line
is the closest to the primary mesencephalic dopaminergic
(DA) neuron and commonly used as a DA neuron model
to study PD [22]. MN9D cells were cultured in RPMI
medium (HyClone Laboratories Inc., Logan, USA) with
10% FBS (Gibco, Gaithersburg, MD, USA) in a humidified
atmosphere incubator of 5% CO2 at 37°C. The cells were
pretreated with Sal (10, 25, and 50 μM) for 24 h and incu-
bated with 200 μM of MPP+ for an additional 24 h based
on a previous dose-effect study [20].

2.2. Cell Transfection. SiRNA duplexes were synthesized and
purified by Biomics Biotechnologies Co. Ltd. (Nantong,
China). MN9D cells were transfected with PINK1 siRNA
(the sequences of si-PINK1 are depicted in Table 1) or scram-
ble control siRNA using Lipofectamine 2000 (Thermo Fisher
Scientific, Waltham, MA, USA) following the manufacturer’s
protocol. After 72 h, the transfection efficiency was detected
by Western blot.

2.3. Animals and Drug Treatments. Adult male C57BL/6
mice (22–25 g) were purchased from the Fourth Military
Medical University and were housed in a controlled environ-
ment (12 h on/off light cycle at 23 ± 1°C). According to a
previous study, mice were randomly assigned to four groups
(10 mice per group): Group A, control mice; Group B, Sal
only (50mg/kg/day); Group C,MPTP challenged; and Group

D, MPTP (30mg/kg/day)+Sal (50mg/kg/day) [20]. The
MPTP group received intraperitoneal injections with MPTP
for five consecutive days (30mg/kg/day) as previously used,
and the control group and Sal alone-treated group received
equal volumes of saline for five days. After an MPTP injec-
tion, mice of Groups B and D were administered with Sal
(50mg/kg/day) intraperitoneally for seven days, and the
control and MPTP groups received an equivalent volume of
saline. Mice were subjected to behavioral tests seven days
after the last administration of MPTP or saline.

2.4. Behavioral Tests. The pole test was performed to evaluate
the movement disorder caused by striatal dopamine deple-
tion in PD models [23]. Briefly, mice were placed with their
head facing upside on top of a rough-surfaced pole (8mm
in diameter and 50 cm in height). The time required for the
mice to turn completely downward (T-turn) and climb down
to the floor (T-LA) was recorded.

2.5. Immunofluorescent Assay. For an immunofluorescent
assay, the cells were seeded onto chamber slides and fixed
with 4% paraformaldehyde for 30min and the animals were
transcardially perfused with 4% paraformaldehyde. Brains
were isolated, frozen, and cut into 30 μm slices on a cryostat
(Thermo Fisher Scientific, Waltham, MA, USA). Then, the
sections and cells were permeabilized with 0.1% Triton X-
100 for 30min and blocked in 2% BSA for 30min at room
temperature. After washing with PBS, the slides and cells
were incubated with antibodies against TH (Sigma-Aldrich,
USA), DAT (Bioss, China), LC3B (CST, USA), and Parkin
(CST, USA) at 4°C overnight and incubated with Cy3-
labeled or FITC-labeled goat anti-rabbit IgG (Beyotime,
Beijing, China) for 1 h in the dark. Mitochondria and
nucleus were labeled with MitoTracker and DAPI, respec-
tively. Images were investigated by using an inverted micro-
scope (IX51-12PH, Olympus) and analyzed using ImageJ
software.

2.6. High-Performance Liquid Chromatography (HPLC).
The dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC),
and homovanillic acid (HVA) levels in the striatum were
measured by HPLC with electrochemical detection. Briefly,
after the mice were sacrificed, we rapidly dissected the stri-
atum and the neurotransmitters were extracted in 100 μL
of ice-cold perchloric acid via sonication. Homogenates
were centrifuged at 13,200× g for 10min at 4°C. Superna-
tants were filtered (pore size: 0.45 μm; Millipore, MA,
USA) and then injected directly into the HPLC system.
The dopamine, DOPAC, and HVA contents were deter-
mined with electrochemical detection (Eicom Corp., Kyoto,

Table 1: The siRNA sequences of PINK1 in MN9D cells.

Gene Forward primer Reverse primer

PINK1 (#1) 5′-UGGAUUUGUACCAUUCUUCUGdTdT-3′ 5′-GAAGAAUGGUACAAAUCCAAGdTdT-3′
PINK1 (#2) 5′-ACUCAUUGGUUCCUUUAAGGGdTdT-3′ 5′-CUUAAAGGAACCAAUGAGUCCdTdT-3′
PINK1 (#3) 5′-AGAAGUUUCGUUGAUAACCUGdTdT-3′ 5′-GGUUAUCAACGAAACUUCUCAdTdT-3′
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Japan). Concentrations of dopamine and its metabolites were
expressed as ng/mg tissue weight.

2.7. Transmission Electron Microscopy (TEM). For TEM, the
cells or tissues were fixed in 2.5% glutaraldehyde for 4 h at
4°C. Then, the pellets were postfixed in 1% osmium
tetroxide/0.1M phosphate buffer (pH = 7 4) and dehydrated
serial dilutions in acetone and embedded with the SPI-PON
812 Epoxy Resin Monomer (SPI Supplies Division, Structure
Probe Inc., West Chester, PA). Ultrathin sections (60–80 nm)
were stained with uranyl acetate and lead citrate and
observed with TEM (Hitachi, Tokyo, Japan).

2.8. Western Blot. The total proteins of cells or tissues were
collected using RIPA lysis buffer (Beyotime, Beijing, China),
and the cytoplasmic and mitochondrial proteins in cells or
tissues were collected using a Cytoplasmic Protein Extraction
Kit and Cell or Tissue Mitochondria Isolation Kit (Beyotime,
Beijing, China). Protein of equal quality was electrophoresed
on an SDS-PAGE gel and transferred to PVDF membranes.
The membranes were blocked and incubated with antibodies
against LC3B (CST, USA), p62 (CST, USA), Parkin (CST,
USA), PINK1 (CST, USA), TH (Sigma-Aldrich, USA),
DAT (Bioss, China), and LAMP2A (Abcam, USA) antibodies
at 4°C overnight followed by goat anti-rabbit IgG antibody
(Santa Cruz Biotechnology Inc., USA). The membrane was
visualized using chemiluminescent reagents and quantified
using ImageJ software. All protein levels were adjusted for
the corresponding β-actin (CST, USA) and VDAC1 (CST,
USA) and were consistent across different treatment
conditions.

2.9. Cell Viability. The cell viability was measured with MTT
assay kit (Sigma-Aldrich, USA) following the manufacturer’s
instructions. The absorbance at 570nm was measured and
cell viability was expressed as the percentage to the control
group.

2.10. Statistical Analysis. All experiments were repeated at
least three times. The data were expressed as mean ±
standard deviation. One-way analysis of variance and

Tukey’s multiple comparison test were used to analyze the
results. A value of P < 0 05 was considered significant.

3. Results

3.1. Effect of MPP+ on Autophagic Flux. Our previous study
showed that 200 μM of MPP+ remarkably reduced the cell
viability, and Sal (10, 25, and 50 μM) markedly prevented
the cell toxicity induced by MPP+ [20]. We first treated
MN9D cells with 200μM of MPP+ for 0, 6, 12, 24, 36, and
48 h to investigate the level of mitochondrial autophagic flux
in the MPP+-induced PD model at different time points.
Western blot results indicated that after MPP+ treatment,
the ratio of LC3II/LC3I peaked at 24 h and decreased over
time. The expression of p62 was minimized at 24 h and
increased over time (Figure S1; P < 0 05, P < 0 01). These
results indicated that after MPP+ treatment, the autophagic
flux of mitochondria was induced at an early stage and was
damaged over time. Therefore, we chose the time point of
24 h for the following experiments.

3.2. Effect of Sal on MPTP-Induced Behavioral Impairment.
Given that motor impairment is the main clinical backbone
of PD, we assayed the behavioral deficits by using pole test
as in the previous study [20]. The results of the pole test are
shown in Figure 1. In the pole test, the time obtained to turn
completely downward (T-turn) and the time obtained to
climb to the floor (T-LA) are longer in MPTP-treated mice
than in control mice (Figures 1(a) and 1(b); P < 0 01). Sal
treatment significantly alleviated these behavioral disorders
induced by MPTP (P < 0 05; P < 0 01), while Sal alone had
no apparent effect.

3.3. Effect of Sal on MPTP-Induced DA Neuron Damage.
Given that nigrostriatal DA neurodegeneration correlates
with the Parkinsonian motor features, we explored
whether Sal ameliorated MPTP-induced DA neuron
damage. Immunofluorescent assay results showed that Sal
abrogated MPTP-induced decreases in TH-positive
neurons in the substantia nigra (SN) and DAT-positive
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Figure 1: Effect of Sal on MPTP-induced behavioral impairment. The time obtained for mice to turn completely downward (T-turn) (a) and
the time obtained for mice to climb to the floor (T-LA) (b) were determined using the pole test. Each column represents the mean ± SD
(n = 10). ∗P < 0 05 and ∗∗P < 0 01, compared with the control group; #P < 0 05 and ##P < 0 01, compared with MPTP-treated group.
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Figure 2: Effect of Sal on MPTP-induced DA neuron damage. Representative photomicrographs and quantitative analysis of DAT-positive
neurons in the striatum (a) and TH-positive neurons in the SN (b). Scale bar, 50 μm. (c) Western blot analysis of DAT expression in the
striatum and TH expression in the SN of mice. β-Actin served as loading controls. (d) Qualification analysis of protein expression of DAT
and TH in mice. (e) Effect of Sal on the level of dopamine, DOPAC, and HVA in the striatum of mice. Each column represents the mean ±
SD (n = 3). ∗P < 0 05 and ∗∗P < 0 01, compared with the control group; #P < 0 05 and ##P < 0 01, compared with the MPTP-treated group.
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Figure 3: Sal treatment enhanced mitophagy in the MPP+/MPTP-induced PDmodel, and silencing PINK1 inhibited Sal-induced mitophagy.
Representative TEM image of mitophagy autophagosomes in MN9D cells (a) and in MN9D cells transfecting with si-PINK1 (b).
(c) Representative TEM image of mitophagy autophagosomes in the SN of mice. The arrows indicated mitophagy autophagosomes. Scale
bar, 1μm.
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Figure 4: Sal pretreatment increased the colocalization of LC3 withMitoTracker. (a) Immunofluorescence colocalization analysis of LC3 with
MitoTracker. (b) Quantification of Pearson’s colocalization coefficient between LC3 and MitoTracker. Scale bar, 50 μm. Each column
represents the mean ± SD (n = 3). ∗P < 0 05 and ∗∗P < 0 01, compared with the control group; #P < 0 05 and ##P < 0 01, compared with the
MPP+-treated group.
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neurons in the striatum (Figures 2(a) and 2(b); P < 0 05;
P < 0 01). Consistent with these results, Western blot results
indicated that Sal ameliorated MPTP-induced decline in the
protein expression of TH and DAT (Figures 2(c) and 2(d);
P < 0 05; P < 0 01). Furthermore, HPLC results demonstrated
that Sal reversed MPTP-induced reduction of dopamine,
HVA, and DOPAC levels in the striatum (Figure 2(e)). Sal
per se had no effect on DA neuron damage compared with
the control group.

3.4. Sal Promotes Mitophagy in MPP+/MPTP-Induced PD
Model. Mitophagy is a form of selective autophagy that
removes damaged or dysfunctional mitochondria to
maintain cellular homeostasis and cell survival [6]. We
examined whether Sal exerts a neuroprotective effect by
inducing mitophagy. TEM results in vitro demonstrated that
in comparison with the control group, MPP+ treatment
increased the number of mitophagy autophagosomes,
accompanied by elevated mitochondria damage. However,
Sal pretreatment significantly induced more mitophagy
autophagosomes and less mitochondrial damage in compar-
ison with theMPP+ group (Figure 3(a)). Similar to the in vitro
results, the in vivo results showed that Sal treatment signifi-
cantly induced mitophagy in comparison with the MPTP

group (Figure 3(c)). In addition, we further examined the for-
mation of the “mitophagosome” by measuring the colocaliza-
tion of LC3 and MitoTracker. Immunofluorescent assay
results indicated that Sal pretreatment significantly
increased the colocalization of LC3 and MitoTracker com-
pared with the MPP+ group (Figure 4; P < 0 01). We also
found that Sal significantly increased the mitochondrial
ratio of LC3II/LC3I in comparison with the MPP+/MPTP
group (Figure 5; P < 0 05; P < 0 01). Given that p62 is a
marker of autophagy flux, we examined the mitochondrial
protein expression of p62 by using Western blot. Com-
pared with the MPP+/MPTP group, Sal significantly
decreased the expression of p62 (Figure 5; P < 0 05; P <
0 01). We then measured the protein expression of lyso-
some protein LAMP2A, which is related to autophagy flux
[24]. Western blot data indicated that Sal significantly
induced the expression of LAMP2A in comparison with
the MPP+/MPTP group. Sal per se had no apparent effect
on mitophagy.

3.5. Sal Stimulates Mitophagy by Modulating the
PINK1/Parkin Pathway. Increasing evidence has suggested
that the PINK1/Parkin pathway is involved in mitophagy
[25]. Given that the translocation of Parkin to mitochondria
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Figure 5: Regulation of LC3, p62, and LAMP2A expression. Regulation of the ratio of LC3II/LC3I, p62, and LAMP2A expression in the
mitochondria of MN9D cells (a) and the SN of mice (b). Each column represents the mean ± SD (n = 3). ∗P < 0 05 and ∗∗P < 0 01,
compared with the control group; #P < 0 05 and ##P < 0 01, compared with the MPP+/MPTP-treated group.
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is a hallmark of PINK1/Parkin-mediated mitophagy, we
examined the colocalization of Parkin and MitoTracker
[26]. Immunofluorescent assay results showed that Sal
pretreatment significantly increased the colocalization of
Parkin andMitoTracker in comparison with theMPP+ group
(Figure 6; P < 0 01). Similar to immunofluorescent assay
results, Western blot showed that Sal evidently increased
the mitochondrial Parkin expression in comparison with
the MPP+/MPTP group (Figure 7; P < 0 01). In addition,
Sal significantly increased the mitochondrial expression of
PINK1 in comparison with the MPP+/MPTP group
(Figure 7; P < 0 01). We used siRNA to silence PINK1
expression in MN9D cells to further determine the role of
PINK1/Parkin on Sal-induced mitophagy and neuropro-
tective effect. As shown in Figure S2, si-Parkin (#2,
100 nM) was used for the following experiments. The
TEM results showed that silencing PINK1 inhibited Sal-
induced mitophagy in MN9D cells (Figure 3(c)). In
addition, Western blot results showed that silencing
PINK1 inhibited Sal-induced increase in autophagosome
and autophagy flux as evidenced by the decrease in the
LC3II/LC3I ratio and LAMP2A expression and the
increase in p62 expression (Figure 8; P < 0 05; P < 0 01).
Furthermore, MTT results showed that silencing PINK1
abrogated Sal-induced cytoprotective effect (Figure 9; P <
0 01). These findings support the role of PINK1/Parkin-
mediated mitophagy in Sal-induced neuroprotective effect.

4. Discussion

In the present study, we demonstrated that Sal may play a
neuroprotective effect by modulating PINK1/Parkin-medi-
ated mitophagy as evidenced by the following: (1) Sal treat-
ment ameliorated MPTP-induced behavioral impairment;
(2) Sal treatment attenuated MPTP-induced DA neuron
damage; (3) Sal treatment notably increased mitophagy; (4)
Sal treatment activated the PINK1/Parkin pathway; and
(5) silencing PINK1 inhibited Sal-induced mitophagy and
cytoprotective effect.

The main symptoms of PD are motor disorders, such as
muscle stiffness, tremor, bradykinesia, and postural instabil-
ity, which are believed to be correlated with DA neuron loss.
In the present study, we found that Sal alleviated MPTP-
induced motor disorders as evidenced by the obvious short-
ened time for T-turn and T-LA in the pole test. The densities
of TH and DAT are biomarkers for detecting the integrity of
DA neurons. In the present study, Sal also diminished
MPTP-induced decrease in TH-positive neurons in the SN
and DAT-positive neurons, dopamine, and its metabolites
in the striatum. Overall, our results showed that Sal markedly
alleviated MPTP-induced DA neuron damage to recover
motor function.

Our previous study had demonstrated that 200 μM of
MPP+ significantly decreases the cell viability of MN9D
cells after 24 h exposure [20]. In the present study, we
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Figure 6: Sal pretreatment increased the colocalization of Parkin withMitoTracker. (a) Immunofluorescence colocalization analysis of Parkin
with MitoTracker. (b) Quantification of Pearson’s colocalization coefficient between Parkin and MitoTracker. Scale bar, 50μm. Each column
represents the mean ± SD (n = 3). ∗P < 0 05 and ∗∗P < 0 01, compared with the control group; #P < 0 05 and ##P < 0 01, compared with the
MPP+-treated group.
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assessed the level of mitochondrial autophagic flux in
MN9D cells treated with 200 μM of MPP+ at different
incubation times by measuring the ratio of LC3II/LC3I
and p62 expression in mitochondria. Results showed that
autophagic flux of mitochondria was activated by MPP+,
peaking at 24 h and then decreasing thereafter. Thus,
200 μM of MPP+ for 24 h was used for constructing in vi-
tro mitophagy models.

Mitophagy is a specialized form of autophagy that
removes damaged or excess mitochondria, thereby maintain-
ing cellular function [6]. Growing evidence suggests deficits
in mitophagy as a key mechanism in PD pathogenesis [7].
Targeting mitophagy may confer advantages of mitochon-
drial homeostasis and neuronal survival. In the present
study, we observed that Sal treatment markedly increased
mitophagy autophagosomes in comparison with the
MPP+/MPTP group, as evidenced by the increase in
autophagosome/autolysosome-engulfed mitochondria in
TEM. LC3 colocalization with mitochondrial markers indi-
cated that the damaged mitochondria are destined for
autophagic degradation. In our study, we also observed
the induced colocalization of mitochondria with endoge-
nous LC3 after pretreatment with Sal in MPP+-induced
MN9D cells. Upregulation of LC3II/LC3I concurrent with

a decline in p62 is a biomarker of autophagy flux [27].
We also found that in comparison with the MPP+/MPTP
group, Sal treatment increased the ratio of LC3II/LC3I
and decreased p62 expression in mitochondrial fraction,
suggesting that mitochondrial autophagic flux is activated
in response to Sal. We further investigated autophagosome
flux to the lysosome by measuring the expression of
LAMP2A, a lysosomal transmembrane protein [24, 28].
Results indicated that Sal enhanced the protein expression
of LAMP2A in comparison with the MPP+/MPTP group.
On the basis of the aforementioned results, Sal may enhance
mitophagy in the MPP+/MPTP-induced PD model.

The PINK1/Parkin pathway is the major mechanism
underlying mitophagy. Increasing evidence suggests that
the PINK1/Parkin pathway plays an important role in PD
pathogenesis [13, 16]. The lack of PINK1/Parkin in
SH-SY5Y cells disrupted mitophagy at different pathways
[29]. PINK1 and Parkin deficiency in the midbrain of mice
leads to a loss of DA neurons in the SN and a decline in mito-
chondrial mass [30, 31]. This finding is supported by our
results in the present study, showing that Sal increased the
colocalization of mitochondria with endogenous Parkin and
the expression of PINK1 and Parkin in mitochondrial frac-
tion compared with the MPP+/MPTP group. However, the
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Figure 7: Regulation of PINK1 and Parkin expression. Regulation of PINK1 and Parkin expression in the mitochondria of MN9D cells (a)
and the SN of mice (b). VDAC1 served as loading controls. Each column represents the mean ± SD (n = 3). ∗P < 0 05 and ∗∗P < 0 01,
compared with the control group; #P < 0 05 and ##P < 0 01, compared with the MPP+/MPTP-treated group.
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transfection of cells with PINK1 siRNA reversed the
Sal-induced increase in mitophagy autophagosomes, mito-
phagy flux, and cell viability in the MPP+-induced PDmodel.

However, our study has limitations. Our previous studies
revealed that Sal treatment can preserve Complex I activity
via the DJ-1/Nrf2 pathway to protect DA neurons against
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Figure 8: Silencing PINK1 inhibited Sal-induced activation of mitophagy in MN9D cells. (a) Mitochondrial protein expression of Parkin,
LC3, p62, and LAMP2A in MN9D cells. VDAC1 served as loading controls. Qualification analysis of protein expression of Parkin (b),
ratio of LC3II/LC3I (c), p62 (d), and LAMP2A (e) in the mitochondria. Each column represents the mean ± SD (n = 3). ∗P < 0 05
and ∗∗P < 0 01, compared with the control group; #P < 0 05 and ##P < 0 01, compared with MPP+-treated group.
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MPP+/MPTP [20]. Data show that lack of DJ-1 results in an
aberrant mitophagy response in cells and in the SN of rats
[32, 33]. Moreover, studies have indicated that activating
Nrf2 can upregulate mitophagy in Caenorhabditis elegans
and MEFs [34, 35]. Therefore, whether Sal exerts neuropro-
tective effects by activating mitophagy via the DJ-1/Nrf2
pathway is worthy of further study. Another limitation of
our study was related to Sal. Sal is the main active bioactive
component of Rhodiola rosea [19]. Once absorbed, Sal is sub-
jected to extensive metabolism by phase I or phase II
enzymes to undergo deglycosylation and might be further
metabolized to its sulfate or glucuronide conjugates or even
to methylate [36–38]. Thus, more studies need to be con-
ducted to investigate the effect of possible physiological
metabolites, such as tyrosol and phase II derivatives, on the
PD models. Collectively, our study revealed that Sal could
induce mitophagy through the PINK/Parkin pathway. The
neuroprotective effects of Sal indicate its potential as a
preventive therapy of PD.
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compared with the control group. Figure S2: protein expres-
sion of PINK1 after transfecting with various concentrations
of siRNA for 72 h. Si-PINK1 (#2, 100nM) was used for the
following experiments. Each column represents the mean ±
SD (n = 3). ∗∗P < 0 01, compared with the control group.
(Supplementary Materials)

References

[1] A. Lee and R. M. Gilbert, “Epidemiology of Parkinson disease,”
Neurologic Clinics, vol. 34, no. 4, pp. 955–965, 2016.

[2] L. V. Kalia and A. E. Lang, “Parkinson’s disease,” The Lancet,
vol. 386, no. 9996, pp. 896–912, 2015.

[3] K. Jamebozorgi, E. Taghizadeh, D. Rostami et al., “Cellular and
molecular aspects of Parkinson treatment: future therapeutic
perspectives,” Molecular Neurobiology, vol. 56, no. 7,
pp. 4799–4811, 2019.

[4] H. Li, A. Ham, T. C. Ma et al., “Mitochondrial dysfunction and
mitophagy defect triggered by heterozygous GBA mutations,”
Autophagy, vol. 15, no. 1, pp. 113–130, 2018.

[5] H. E. Moon and S. H. Paek, “Mitochondrial dysfunction in
Parkinson’s disease,” Experimental Neurobiology, vol. 24,
no. 2, p. 103, 2015.

[6] W. X. Ding and X. M. Yin, “Mitophagy: Mechanisms, Patho-
physiological Roles, and Analysis,” Biological Chemistry,
vol. 393, no. 7, 2012.

[7] R. J. Youle and D. P. Narendra, “Mechanisms of mitophagy,”
Nature Reviews Molecular Cell Biology, vol. 12, no. 1, pp. 9–
14, 2011.

[8] J. H. Zhu, F. Guo, J. Shelburne, S. Watkins, and C. T. Chu,
“Localization of phosphorylated ERK/MAP kinases to mito-
chondria and autophagosomes in Lewy body diseases,” Brain
Pathology, vol. 13, no. 4, pp. 473–481, 2010.

[9] S. J. Chinta, J. K. Mallajosyula, A. Rane, and J. K. Andersen,
“Mitochondrial alpha-synuclein accumulation impairs com-
plex I function in dopaminergic neurons and results in
increased mitophagy in vivo,” Neuroscience Letters, vol. 486,
no. 3, pp. 235–239, 2010.

[10] C. T. Chu, J. Ji, R. K. Dagda et al., “Cardiolipin externalization
to the outer mitochondrial membrane acts as an elimination
signal for mitophagy in neuronal cells,” Nature Cell Biology,
vol. 15, no. 10, pp. 1197–1205, 2013.

[11] R. K. Dagda, J. Zhu, S. M. Kulich, and C. T. Chu, “Mitochond-
rially localized ERK2 regulates mitophagy and autophagic cell
stress,” Autophagy, vol. 4, no. 6, pp. 770–782, 2008.

[12] J. Park, S. B. Lee, S. Lee et al., “Mitochondrial dysfunction in
Drosophila PINK1 mutants is complemented by parkin,”
Nature, vol. 441, no. 7097, pp. 1157–1161, 2006.

[13] S. Sato and N. Furuya, “Induction of PINK1/Parkin-mediated
mitophagy,” in Mitophagy, N. Hattori and S. Saiki, Eds.,
vol. 1759 of Methods in Molecular Biology, Humana Press,
New York, NY, USA, 2017.

[14] N. Cummins and J. Götz, “Shedding light on mitophagy in
neurons: what is the evidence for PINK1/Parkin mitophagy
in vivo?,” Cellular and Molecular Life Sciences, vol. 75, no. 7,
pp. 1151–1162, 2017.

[15] S. Sekine, C. Wang, D. P. Sideris, E. Bunker, Z. Zhang, and R. J.
Youle, “Reciprocal roles of Tom7 and OMA1 during mito-
chondrial import and activation of PINK1,” Molecular Cell,
vol. 73, no. 5, pp. 1028–1043.e5, 2019.

C
el

l v
ia

bi
lit

y 
(%

 o
f c

on
tro

l)
150

100

50

0

NC
si-PINK1

Control Sal MPP+ MPP++Sal

⁎⁎

⁎⁎

⁎⁎##

Figure 9: Silencing PINK1 inhibited Sal-induced activation of the
cytoprotective effect in MN9D cells. Each column represents the
mean ± SD (n = 3). ∗∗P < 0 01, compared with the control group;
##P < 0 01, compared with the MPP+-treated group.

10 Oxidative Medicine and Cellular Longevity

http://downloads.hindawi.com/journals/omcl/2019/9341018.f1.pdf


[16] C. T. Chu, “Multiple pathways for mitophagy: a neurode-
generative conundrum for Parkinson’s disease,” Neuroscience
Letters, vol. 697, pp. 66–71, 2019.

[17] N. J. Dolman, K. M. Chambers, B. Mandavilli, R. H. Batchelor,
and M. S. Janes, “Tools and techniques to measure mitophagy
using fluorescence microscopy,” Autophagy, vol. 9, no. 11,
pp. 1653–1662, 2013.

[18] J.-L. Cui, T.-T. Guo, Z.-X. Ren, N.-S. Zhang, and M.-L. Wang,
“Diversity and antioxidant activity of culturable endophytic
fungi from alpine plants of Rhodiola crenulata, R. angusta,
and R. sachalinensis,” PLoS One, vol. 10, no. 3, article
e0118204, 2015.

[19] H. M. Chiang, H. C. Chen, C. S. Wu, P. Y. Wu, and K. C. Wen,
“Rhodiola plants: chemistry and biological activity,” Journal of
Food and Drug Analysis, vol. 23, no. 3, pp. 359–369, 2015.

[20] R. Li, S. Wang, T. Li et al., “Salidroside protects dopaminergic
neurons by preserving complex I activity via DJ-1/Nrf2-medi-
ated antioxidant pathway,” Parkinson’s Disease, vol. 2019, 10
pages, 2019.

[21] H. K. Choi, L. A. Won, P. J. Kontur et al., “Immortalization of
embryonic mesencephalic dopaminergic neurons by somatic
cell fusion,” Brain Research, vol. 552, no. 1, pp. 67–76, 1991.

[22] G. Hu, X. Gong, L. Wang et al., “Triptolide promotes the clear-
ance of α-synuclein by enhancing autophagy in neuronal
cells,” Molecular Neurobiology, vol. 54, no. 3, pp. 2361–2372,
2017.

[23] K. Matsuura, H. Kabuto, H. Makino, and N. Ogawa, “Pole test
is a useful method for evaluating the mouse movement disor-
der caused by striatal dopamine depletion,” Journal of Neuro-
science Methods, vol. 73, no. 1, pp. 45–48, 1997.

[24] P. Rusmini, K. Cortese, V. Crippa et al., “Trehalose induces
autophagy via lysosomal-mediated TFEB activation in models
of motoneuron degeneration,” Autophagy, vol. 15, no. 4,
pp. 631–651, 2018.

[25] H. Shang, Z. Xia, S. Bai, H. Zhang, B. Gu, and R. Wang,
“Downhill running acutely elicits mitophagy in rat soleus mus-
cle,” Medicine & Science in Sports & Exercise, vol. 51, no. 7,
pp. 1396–1403, 2019.

[26] C. B. Lücking, A. Dürr, V. Bonifati et al., “Association between
early-onset Parkinson’s disease and mutations in the parkin
gene,” The New England Journal of Medicine, vol. 342,
no. 21, pp. 1560–1567, 2000.

[27] S. R. Yoshii and N. Mizushima, “Monitoring and measuring
autophagy,” International Journal of Molecular Sciences,
vol. 18, no. 9, p. 1865, 2017.

[28] Z. Gan-Or, P. A. Dion, and G. A. Rouleau, “Genetic per-
spective on the role of the autophagy-lysosome pathway in
Parkinson disease,” Autophagy, vol. 11, no. 9, pp. 1443–1457,
2015.

[29] S. Geisler, K. M. Holmström, D. Skujat et al., “PINK1/parkin-
mediated mitophagy is dependent on VDAC1 and
p62/SQSTM1,” Nature Cell Biology, vol. 12, no. 2, pp. 119–
131, 2010.

[30] Y. Lee, D. A. Stevens, S. U. Kang et al., “PINK1 primes parkin-
mediated ubiquitination of PARIS in dopaminergic neuronal
survival,” Cell Reports, vol. 18, no. 4, pp. 918–932, 2017.

[31] D. A. Stevens, Y. Lee, H. C. Kang et al., “Parkin loss leads to
PARIS-dependent declines in mitochondrial mass and respira-
tion,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 112, no. 37, pp. 11696–11701,
2015.

[32] D. Strobbe, A. A. Robinson, K. Harvey et al., “Distinct mecha-
nisms of pathogenic DJ-1 mutations in mitochondrial quality
control,” Frontiers in Molecular Neuroscience, vol. 11, p. 68,
2018.

[33] H. Gao, W. Yang, Z. Qi et al., “DJ-1 protects dopaminergic
neurons against rotenone-induced apoptosis by enhancing
ERK-dependent mitophagy,” Journal of Molecular Biology,
vol. 423, no. 2, pp. 232–248, 2012.

[34] E. F. Fang, T. B. Waltz, H. Kassahun et al., “Tomatidine
enhances lifespan and healthspan in C. elegans through mito-
phagy induction via the SKN-1/Nrf2 pathway,” Scientific
Reports, vol. 7, no. 1, article 46208, 2017.

[35] N. D. Georgakopoulos, M. Frison, M. S. Alvarez, H. Bertrand,
G.Wells, andM. Campanella, “Reversible Keap1 inhibitors are
preferential pharmacological tools to modulate cellular mito-
phagy,” Scientific Reports, vol. 7, no. 1, article 10303, 2017.

[36] G. Williamson, A. J. Day, G. W. Plumb, and D. Couteau,
“Human metabolic pathways of dietary flavonoids and cinna-
mates,” Biochemical Society Transactions, vol. 28, no. 2,
pp. 16–22, 2000.

[37] A. J. Day, M. S. DuPont, S. Ridley et al., “Deglycosylation of fla-
vonoid and isoflavonoid glycosides by human small intestine
and liver β-glucosidase activity,” FEBS Letters, vol. 436, no. 1,
pp. 71–75, 1998.

[38] G. Na, M. Zhu, X. Han, D. Sui, Y. Wang, and Q. Yang, “The
metabolism of salidroside to its aglycone p-tyrosol in rats fol-
lowing the administration of salidroside,” PLoS One, vol. 9,
no. 8, article e103648, 2014.

11Oxidative Medicine and Cellular Longevity



Stem Cells 
International

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

MEDIATORS
INFLAMMATION

of

Endocrinology
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Disease Markers

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International

Oncology
Journal of

Hindawi
www.hindawi.com Volume 2013

Hindawi
www.hindawi.com Volume 2018

Oxidative Medicine and 
Cellular Longevity

Hindawi
www.hindawi.com Volume 2018

PPAR Research

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Immunology Research
Hindawi
www.hindawi.com Volume 2018

Journal of

Obesity
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Computational and  
Mathematical Methods 
in Medicine

Hindawi
www.hindawi.com Volume 2018

Behavioural 
Neurology

Ophthalmology
Journal of

Hindawi
www.hindawi.com Volume 2018

Diabetes Research
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Research and Treatment
AIDS

Hindawi
www.hindawi.com Volume 2018

Gastroenterology 
Research and Practice

Hindawi
www.hindawi.com Volume 2018

Parkinson’s 
Disease

Evidence-Based 
Complementary and
Alternative Medicine

Volume 2018
Hindawi
www.hindawi.com

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/
https://www.hindawi.com/

