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Abstract

Background
Parkinson's disease (PD) is the second most common neurodegenerative disease after Alzheimer's. The
drugs currently used to treat PD cannot inhibit the development of PD, and long-term use produces severe
drug resistance and adverse reaction. Artemisinin (ART) is an active ingredient of Artemisia annua and
has a neuroprotective effect, but the mechanism is still unclear. This study was designed to investigate
the neuroprotective effect of ART in MPP+-treated SH-SY5Y cells.

Results
There was no signi�cant cytotoxicity when the ART concentration was under. 40 µM. The 20 µM ART for
24 h could increase the cell viability by reducing oxidative stress and cell apoptosis in MPP+-treated SH-
SY5Y cell. In addition, immunoblot and immuno�uorescence results showed that MPP+ treatment
increased the expression of Beclin1, LC3II/LC3I and decreased the expression of P62, while ART can
reverse the changes caused by MPP+.

Discussion
More and more researches reported that ART and its derivates have neuroprotective effects through anti-
oxidant and anti-apoptosis. we found that pre-treated cells with 20 µM ART for 4 h could signi�cantly
increase the viability in Parkinson's disease cell model. The oxidative stress and apoptosis were the main
reason for the degeneration of dopaminergic neurons, while artemisinin can attenuate oxidative stress
and apoptosis in MPP+-lesioned dopaminergic neurons. The levels of autophagy proteins LC3II/I, Beclin1
and P62 also showed that MPP + increased the autophagy level, and pre-treatment with ART decreased
the autophagy level, which may be the pathological mechanism for artemisinin to reduce oxidative stress
damage and apoptosis.

Conclusions
These results indicate that ART exerts a positive effect on MPP+-treated SH-SY5Y cells in terms of anti-
oxidative stress and anti-apoptosis. These effects may be related to autophagy. These �ndings contribute
to a better understanding of the critical role of ART in PD treatment.

Introduction
Parkinson's disease (PD) is a neurodegenerative disease characterized by degeneration and death of
dopamine (DA) neurons in the substantia nigra of the midbrain1, with a prevalence more than 1%2. The
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main manifestations of PD include resting tremor, bradykinesia, muscle rigidity and gait disturbance3. At
present, drugs used to treat PD, such as dopamine agonists and L-DOPA, can alleviate the symptoms of
PD, but they cannot inhibit the development of PD, and long-term use produces severe drug resistance
and adverse reactions4. Therefore, studying the pathogenesis of Parkinson's disease and �nding new
drugs that can inhibit DA neuron apoptosis and in�ammation have great signi�cance for the treatment of
PD.

It has been reported that oxidative stress, apoptosis and autophagy play an important role in the
pathogenesis of PD5–7. Therefore, drugs acting on these mechanisms may become promising
approaches for the treatment of PD. Oxidative stress is a negative effect produced by free radicals in the
body and is considered to be an important factor leading to disease and aging. Studies suggested that
oxidative stress might be one of the core aspects of PD pathogenesis8,9, under various harmful factors,
oxidative stress damage to the DA neurons in the midbrain substantia nigra, followed by mitochondrial
dysfunction, �nally activating the apoptotic signal pathway, starting the programmed cell death process,
and eventually causing nervous system dysfunction. Autophagy is the process of engul�ng self-damaged
proteins or organelles and sending them into lysosomes for degradation and reuse10. The function of
autophagy is re�ected in that it is important for cells to maintain their own homeostasis and metabolic
balance. In adverse environments such as oxidative stress, the body initiates various of defense
mechanisms, such as increasing the levels of antioxidants, degrading speci�c misfolded proteins through
the ubiquitin-proteasome system, and degrading damaged proteins and organelles through autophagy.
Studies have shown that autophagy plays an important role in protecting body from cancer, infection,
neurodegeneration, type 2 diabetes, aging and so on11–13.

Artemisinin(ART), extracted from the stems and leaves of Artemisia annua, has been used as an anti-
malarial drug for a long time and have saved millions of lives14,15. However, with the deepening of
research, other effects of ART have been discovered and applied, such as anti-tumor, anti-diabetes,
antioxidant, anti-apoptotic, immunoregulation and so on16–18. Recent years, studies have reported that
ART has neuroprotective effect through anti-oxidative stress and anti-apoptosis19–21. Furthermore, study
of ART in another neurodegenerative disease, Alzheimer's disease, have been reported. Sarina et al22

reported that ART protects PC12 cells fromβ-amyloid-induced apoptosis by activating the ERK1/2
signaling pathway. However, the protective effect of ART on the mode of PD has not been studied so far.
So, in this study, we try to investigate the neuroprotective effects of ART in an in vitro model of PD and
attempt to reveal its potential molecular mechanisms.

Materials And Methods
Cell culture and drug treatment

Human neuroblastoma cell line SH-SY5Y was obtained from Sun Ye San University (Guangzhou, China),
and cultured in DMEM/H medium (Hyclone, Logan, UT, USA) with 10% fetal bovine serum(Gibco, Grand
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Island, NY, USA ) and 1% glutamine at 37℃ in a humidi�ed incubator with 5% CO2. We changed the
culture medium every other two days, and subcultured the cells when the density reached 80%. (1) To
study the effect of MPP+ or ART on cell viability, we treated the cells with different concentrations of
MPP+ or ART for 24h and performed CCK-8 assay; (2) To study the protective effect of ART on MPP+-
induced cytotoxicity, we treated the cells with PBS, ART, MPP+, ART+MPP+ as indicated concentrations for
24h. ART(20μM) pre-treated the cells for 4h, and then added MPP+ for 24h. (3) To study the changes of
autophagy, we treated the cells with PBS, ART, MPP+, ART+MPP+ and 3-MA+MPP+ for 24h. ART(20μM), 3-
MA (5mM) pre-treated the cells for 4h, and then added MPP+ for 24h. MPP+ was purchased from Sigma
(CAS No. 36913-39-0, USA). ART was purchased from DASF (CAS No. 71963-77-4, Nanjing, China).
Autophagy inhibitor 3-methyladenine (3-MA ) was purchased from sigma (M9281, USA).

Cell viability

Cell viability was measured by CCK-8 assay (Solarbio, CA1210, China) according to the manufacturer’s
instructions. Brie�y, SH-SY5Y cells were seeded in 96-wells culture plates for 24h, and treated with MPP+

or ART for another 24h, then 100μl culture medium containing 10mM CCK-8 was added to each well and
incubated at 37℃ for 2h. The absorbance at 450nm was measured by a multi-mode microplate reader
(EnSpire, PerkinElmer, Singapore). The cell viability of the control group was set to 100%, and the cell
viability of the other groups were compared with that of the control group.

Intracellular Reactive Oxygen Species (ROS) assay

Levels of intracellular ROS were measured by ROS assay kit (Beyotime Biotechnology, S0033, China)
according to the manufacturer’s instructions. After drug treatment, SH-SY5Y cells were incubated with
serum-free fresh medium which was contained 10μM DCFH-DA at 37℃ for 20min, then washed the cells
with serum-free culture medium for three times. Add 1ml fresh medium into each well, the �uorescence
was observed using the GFP channel by an inverted �uorescence microscopy (Nikon, Japan) and the
�uorescence intensity was analyzed by ImageJ.

Superoxide dismutase (SOD) activity assay

Intracellular SOD activity was measured by total SOD activity detection kit (Beyotime Biotechnology,
S0101, China) according to the manufacturer’s instructions. After drug treatment, washed the cells once
with PBS, and centrifuged to collect the cells. Lysed the cells fully with SOD sample preparation solution
and collected the supernatants at 12, 000 × g for 5min at 4°C. Detected their absorbance at 450nm and
600nm (reference wavelength) by a multi-mode microplate reader and calculated the SOD activity.

Glutathione (GSH) assay

The content of GSH was measured by the glutathione assay kit (Beyotime Biotechnology, S0052, China)
according to the manufacturer’s instructions. After drug treatment, washed the cells once with PBS, and
centrifuged to collect the cells. Prepared the samples and standards and detected their absorbance at
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412nm. Made the standard curve and calculated the contents of GSH in the samples according to the
standard curve.

Malondialdehyde (MDA) assay

Intracellular MDA levels were measured by MDA detection kit (Beyotime Biotechnology, S0131, China)
according to the manufacturer’s instructions. After drug treatment, collected the cells. Lysed the cells and
collected the supernatants at 10, 000 × g for 10min. Prepared the standards, then detected the
absorbance of samples and standards at 532nm and 450nm (reference wavelength). The contents of
MDA in the samples were quanti�ed based on the standard curve.

Mitochondrial membrane potential (MMP) assay

To monitor mitochondrial integrity, mitochondrial membrane potential assay kit with JC-1 (Beyotime
Biotechnology, C2006, China) was used according to manufacturer’s instructions. Brie�y, after drug
treatment, SH-SY5Y cells were incubated with JC-1 working solution for at 37 °C 20min and washed twice
with JC-1 buffer. Then observed the red �uorescence and green �uorescence through the GFP channel
and TRITC channel by an inverted �uorescence microscopy (Nikon, Japan), and the �uorescence intensity
was analyzed by ImageJ.

Western blot assay

Cell lysates were prepared and the protein concentrations were quanti�ed with BCA protein assay kit
(CWBIO, CW2011S, China). Equal protein samples were separated wite 12% SDS-PAGE and transferred to
PVDF membranes. After blocked with 5% skim milk at room temperature for 1h, the membranes were
incubated at 4℃overnight with primary antibody (1:1000) against cleaved caspase-3 (Cell Signaling
Technology, Aps175, USA), caspase-3 (Abcam, ab90437, UK), LC3 (Abcam, ab128025, UK), Beclin1(BD,
612113, USA), P62(Abcam, ab56416, UK) or β-actin 1:5000 (CWBIO, CW0096M, China). The next day,
membranes were washed with TBST for three times, and incubated with HRP-conjugated anti-rabbit or
anti-mouse secondary antibody (CWBIO,1:5000) at room temperature for 1h. The blots were detected by
cECL western blot kit (CWBIO, CW0049M, China) and images were analyzed by ImageJ.

Immuno�uorescence Staining

SH-SY5Y cells were seeded on slides in 12-well culture plates. After drug treatment, cells were �xed with
ice methanol for 5min, and blocked with 1% bovine serum albumin (BSA) for 30min, then incubated with
primary antibody against LC3(1:200), P62(1:100) respectively at 4℃for overnight. The next day, slides
were incubated with Alexa Fluor 488 (Bioss Antibodies, bs-0295G-AF488, China) or Alexa Fluor 555 (Bioss
Antibodies, bs-0296G-AF555, China) secondary antibody (1:500) at 37℃ for 1h and incubated with DAPI
(BOSTER, AR1177) for 5min. The �uorescence was observed by a �uorescence microscope (OLYMPUS,
BX53).

Statistical Analysis
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Results were expressed as the mean±standard error of mean (mean ± SEM). Comparison among multiple
groups were performed with One-way ANOVA followed by Tukey post- hoc test and P <0.05 was
considered statistically signi�cant.

Results
ART attenuated MPP+-induced cytotoxicity in SH-SY5Y cells

We treated the cells with different concentrations of MPP+ (0.2, 0.4, 0.8, 1.0mM) for 24h and found that
MPP+ could signi�cantly reduce the cell viability and had dose-dependent (Fig.1a). Next, we treated the
cells with different concentrations of ART (2.5, 5, 10, 20, 40μM) for 24h, the results showed that there was
no obvious cytotoxicity when the concentrations reached 40μM(Fig.1b). Then, we treated the cells with
various concentrations of ART (5, 10, 20, 40μM) for 4h before treated with 1mM MPP+, the results showed
that cell viability increased �rst and then decreased compared with the MPP+ group, cell viability reached
maximum when the ART concentration reached 20μM(Fig.1c).

ART reduced MPP+-induced oxidative stress in SH-SY5Y cells

We investigated the effect of ART on MPP+-induced oxidative stress injury in SH-SY5Y cells by detecting
the ROS production, SOD activity, GSH levels and MDA levels. As shown in Fig.2a and 2b, the ROS
production was increased to 2.48±0.20 after treated with MPP+ which had an obviously difference with
the control 1.00±0.13. However, after pre-treatment with ART, the ROS production was markedly reduced
to 1.67±0.16 compared with MPP+.

As shown in Fig. 2c and 2d, after exposed to MPP+, the levels of SOD and GSH were obviously reduced
from 29.9±2.15U/mg to 17.7±1.53U/mg and from 6.5±0.5μmol/mg to 3.23±0.31μmol/mg compared with
their corresponding control group. However, after pre-treatment with ART, the levels of SOD and GSH
markedly increased from 17.7±1.53U/mg to 23.3±2.08U/mg and from 3.23±0.31μmol/mg to
4.9±0.36U/mg compared with their corresponding MPP+ group.

As shown in Fig.2e, the content of MDA was obviously increased to 1.24±0.13nmol/mg in MPP+ group,
which was only 0.61±0.13nmol/mg in the control group. After pre-treatment with ART, the content of MDA
signi�cantly reduced to 0.91±0.09nmol/mg compared with MPP+ group.

ART alleviated MPP+-induced Mitochondrial membrane potential (MMP)  damage in SH-SY5Y cells

JC-1 is an ideal �uorescent probe and is widely used to detect MMP, and the transition of JC-1 from red
�uorescence to green �uorescence can be used as an indicator of early apoptosis. As shown in Fig. 3, In
normal cells and ART-treated cells, JC-1 staining showed bright red �uorescence, and weak green
�uorescence. After SH-SY5Y cells were treated with MPP+ for 24h, MMP decreased signi�cantly, showing
a decrease of red �uorescence and an increase of green �uorescence. However, pre-treatment with ART
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could reduce the dissipation of MMP compared with MPP+, showing an increase of red �uorescence and
a decrease of green �uorescence.

ART reduced MPP+-induced apoptosis in SH-SY5Y cells

To investigate whether ART has an anti-apoptotic effect on MPP+-induced SH-SY5Y cells, we detected the
expression of caspase-3, cleaved caspase-3 and performed hoechst33258 staining and �ow cytometry
analysis. As the results showed MPP+ signi�cantly increased the relative expression of cleaved caspase-3
compared with control group, however, pre-treatment with ART, the expression of cleaved caspase-3
signi�cantly reduced compared with MPP+ group (Fig.4a).

ART inhibited the autophagy induced by MPP+

In order to study the effect of ART on autophagy in MPP+-induced SH-SY5Y cells, we detected the
expression of Beclin-1, P62 and LC3 which were the maker proteins of autophagy. As the western blot
showed (Fig. 5a), compared with the control group, MPP+ signi�cantly increased the beclin-1 expression
and the conversion of LC3I to LC3II, but decreased the expression of P62, these indicated that MPP+ could
induced autophagy. However, pre-treatment with ART, the expression of Beclin-1 and the conversion of
LC3I to LC3II were decreased, and the expression of P62 was increased signi�cantly. Interestingly, the
regulation of ART on autophagy maker proteins had the same trend as that of 3-MA in MPP+-induced SH-
SY5Y cells. These results suggested that ART could inhibite autophagy induced by MPP+.

To verify above results, we performed immuno�uorescence staining. As the resultes showed (Fig. 5b),
MPP+ signi�cantly increased the LC3 expression and decreased the P62 expression compared with
control group, however, pre-treatment with ART, the expression of LC3 was decreased and the expression
of P62 was increased compared with MPP+ group. These results were consistent with the results of
western blot.

Discussion
ART, a sesquiterpene lactone, is the best drug for the treatment of malaria, and the combination therapy
based on it is also the most effective and important method for treating malaria23. Recently, more and
more researches reported that ART and its derivates have neuroprotective effects through anti-oxidant
and anti-apoptosis. Therefore, we study the neuroprotective effect of ART in MPP+-induced SH-SY5Y cell
model. Firstly, we studied the toxicity of ART and found that there was no signi�cant cytotoxicity when
the ART concentration reached 40 µM, and this dose was also within the range of clinically safe doses
approved by the FDA24. Next, we found that pre-treated cells with 20 µM ART for 24 h could signi�cantly
increase the viability of MPP+-treated SH-SY5Y cells. Therefore, we chose 20 µM ART in this study.

A large number of studies have con�rmed that oxidative stress damage is the main reason for the
degeneration of dopaminergic neurons and the relationship between oxidative stress and PD has been
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the focus of many scholars. Futhermore, studies have found that there is obvious oxidative stress
phenomenon in the substantia nigra of PD patients25,26. MPP+, as a neurotoxin closely related to the
pathogenesis of PD, can lead to mitochondrial dysfunction and oxidative stress, and ultimately lead to
neuronal death. Our results also proved that: MPP+ reduced the mitochondrial membrane potential,
inducesd oxidative stress damage, and leaded to apoptosis in SH-SY5Y cells, which were consistent with
previous studies. More notably, we found that ART could protect SH-SY5Y cells from oxidative stress
injury and apoptosis induced by MPP+. To our best knowledge, our study revealed for the �rst time that
ART exerted neuroprotective effects in the cell model of PD. Therefore, ART might be a potential neuron-
protective drug in PD, and may have important reference value for clinical treatment of PD.

Recent research believes that autophagy is a double-edged sword with dual functions. On the one hand, it
can protect cells by degrading abnormal proteins and organelles. On the other hand, if autophagy is
overactive or low function, it will form a autophagic stress to damages organelles, such as causing
mitochondrial dysfunction, etc., causing cell damage10,27. Similarly, autophagy also plays a dual role in
responding to oxidative stress. When the body responds to oxidative stress damage, the activation of
autophagy can facilitate the survival of cells by removing oxidized proteins and damaged organelles28.
However, on the other hand, with the continuous enhancement of autophagy, it can directly induce the
death of oxidized cells and further damage to mitochondria, thereby reversely aggravating the oxidative
stress damage of cells29. By monitoring the levels of autophagy proteins LC3II/I, Beclin1 and P62, we
found that MPP+ increased the autophagy level, and pre-treatment with ART decreased the autophagy
level compared with MPP+. However, increased levels of autophagy have been reported in
neurodegenerative diseases including PD30,31. Our results supported the previous researches that
autophagy involved in the occurrence and development of PD32,33.

The following are some limitations of our study: (1) All studies were conducted under in vitro conditions.
Although MPP+ is commonly used to prepare the in vitro model of PD, MPP+-induced in vitro model of PD
was not exactly the same as the microenvironment of dopaminergic neurons in vivo. (2) Our experiments
con�rm that ART could reduce oxidative stress damage and excessive autophagy caused by MPP+, but
the relationship between ART in reducing oxidative stress damage and its regulation of autophagy was
worthy of our further research.

Conclusion
In conclusion, our results indicated that ART reduces MPP+-induced neurotoxicity in cell model of PD by
reducing oxidative stress, apoptosis and inhibiting autophagy. At the same time, we revealed a new
therapeutic effect of ART and this might provide new hope for preventing and delaying PD in the future.
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Figure 1

ART reduced MPP+-induced cytotoxicity in SH-SY5Y cells. (a) Effects of different concentrations of MPP+
on the viability of SH-SY5Y cells. (b) Effects of different concentrations of ART on the viability of SH-
SY5Y cells. (c) Effects of different concentrations of ART on the viability of MPP+-induced SH-SY5Y cells.
Results were represented as mean ± SD (n=6), *p<0.05, **p<0.01 versus control group; #p<0.05 ##p<0.01
versus MPP+ group.
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Figure 2

ART reduced oxidative stress injury induced by MPP+. (a) ART decreased the ROS generation compared
with MPP+, (b) represented the �uorescence intensity of (a). ART increased the SOD activities (c) and the
GSH production(d), decreased the MDA production (e) compared with MPP+. bar=100μm. Results were
represented as means ± SD(n=3), *p<0.05, **p<0.01, ***p<0.001 versus control group; #p<0.05 ##p<0.01
versus MPP+ group.

Figure 3

ART alleviates MPP+-induced mitochondrial damage. (a)The red �uorescence represented JC-1
aggregates and indicated high MMP. The green �uorescence represented the JC-1 monomers and
indicated low MMP. (b)The ratio of red �uorescence intensity to green �uorescence intensity was counted
and the results were represented as means ±SD(n=3). bar=50μm.***p<0.001 versus control group;
##p<0.01 versus MPP+ group.

Figure 4

ART reduced MPP+-induced apoptosis in SH-SY5Y cells. (a)The expression of caspase-3 and cleaved
caspase-3 were measured using western blot. (b-c) **p<0.01, ***p<0.001 versus control group; #p<0.05
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##p<0.01 versus MPP+ group.

Figure 5

ART inhibited the autophagy induced by MPP+ in SH-SY5Y cells. (a)The protein levels of Beclin-1, P62
and LC3 were determined by Western blot. β-actin was used as an equal loading control. Data were
presented as the mean ± SD (n=3). bar=50μm. ***p<0.001 versus control group; #p<0.05 ##p<0.01 versus
MPP+ group. (b)The expression of P62 and LC3 basing on immuno�uorescence staining.


