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ABSTRACT

Parkinson’s disease (PD) is the second most common neurodegenerative disease after Alzheimer’s disease. At
present, the incidence rate of PD is increasing worldwide, there is no effective cure available so far, and currently
using drugs are still limited in efficacy due to serious side effects. Acteoside (ACT) is an active ingredient of many
valuable medicinal plants, possesses potential therapeutic effects on many pathological conditions. In this study,
we dissected the neuroprotection effects of ACT on PD and its potential molecular mechanism in our PD model
pathology based on network pharmacology prediction and experimental assays. Network pharmacology and
bioinformatics analysis demonstrated that ACT has 381 potential targets; among them 78 putative targets
associated with PD were closely related to cellular autophagy and apoptotic processes. Our experimental results
showed that ACT exerted significant neuroprotection effects on Rotenone (ROT) -induced injury of neuronal cells
and Drosophila melanogaster (D. melanogaster). Meanwhile, ACT treatment induced autophagy in both neuronal
cell lines and fat bodies of D. melanogaster. Furthermore, ACT treatment decreased ROT induced apoptotic rate
and reactive oxygen species production, increased mitochondrial membrane potentials in neuronal cells, and
promoted clearance of a-synuclein (SNCA) aggregations in SNCA overexpressed cell model through the
autophagy-lysosome pathway. Interestingly, ACT treatment significantly enhanced mitophagy and protected cell
injury in neuronal cells. Taken together, ACT may represent a potent stimulator of mitophagy pathway, thereby
exerts preventive and therapeutic effects against neurodegenerative diseases such as PD by clearing pathogenic
proteins and impaired cellular organelles like damaged mitochondria in neurons.

1. Introduction

containing Lewy bodies in the substantia nigra pars compacta (Ange-
lopoulou et al., 2019). As more than 90% PD cases are idiopathic (Hong

Parkinson’s disease (PD) is a debilitating neurodegenerative move-
ment disorder (Pan et al., 2019), manifests as bradykinesia, resting
tremors, speech disorders, muscle rigidity, and postural instability. From
1990 to 2015, the number of people with PD globally doubled to over 6
million, this number is predicted to double again by 2040 (Dorsey et al.,
2018). Neuropathologically, PD is characterized by degeneration and
loss of dopaminergic neurons and intracellular accumulation of SNCA
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et al., 2017), increased PD risk was closely associated with the exposure
to environmental neurotoxins, e.g., 1-methyl-4-phenyl-1, 2, 3, 6-tetrahy-
dropyridine (MPTP), paraquat, and ROT (Miller et al., 2009). As an in-
hibitor of mitochondrial electron transport chain complex I, ROT
possesses highly lipophilic properties, is generally used to develop ani-
mal and cellular models of PD (Kadigamuwa et al., 2016; Areiza-Mazo
et al., 2018; Doktor et al., 2019).
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PD drugs currently in use such as levodopa, carbidopa and safina-
mide cause serious side effects. For the sake of finding safer and effective
drugs for curing PD, we selected some indigenous herbs and their active
components by inquiring folk pharmacists. Afterword, we chose
Acteoside (ACT; Fig. 1A) as a potential drug candidate for PD treatment
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by reviewing the domestic and foreign literature. Up to date, ACT has
been found in more than 200 plant species, e.g., Cistanches Herba and
Radix Rehmanniae (An et al., 2019; Li et al., 2020). ACT has variety of
biological activities (Li et al., 2020), e.g., neuroprotective activities (Li
etal., 2018; Xia et al., 2018; Kodani et al., 2019). Weather ACT could be

Fig. 1. Venn diagram and network graph. (A) Chemical structure of ACT downloaded from DrugBank database (DB12996, CAS: 61276-17-3); (B) Venn diagram of
overlapped targets between ACT potential targets and PD targets; (C) The node-size mapping of the 78 shared targets between ACT potential targets and PD targets.
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an effective agent for PD treatment and its underlying molecular
mechanisms are largely unknown; especially its relationship with
autophagy has not been reported yet.

In the present study, in order to fully explain the interactive protein
targets and the related molecular mechanisms of action, we identified
drug targets of ACT by analyzing four types of public databases, and the
PD-related targets by analyzing public database of DisGeNET. The
shared putative targets between ACT and PD were identified for further
investigation based on protein-protein interaction, gene ontology (GO),
and Kyoto encyclopedia of genes and genomes (KEGG) pathway anal-
ysis. Our experimental results proved that in the range of none toxic
concentrations, ACT demonstrated as a specific enhancer of autophagy-
lysosome pathway, and thereby exerted beneficial effects on multiple
pathological processes including cell injury, SNCA aggregation, oxida-
tive stress, and mitochondrial dysfunction in PD cell models; while in
ROT -induced PD D. melanogaster model, ACT ameliorated movement
dysfunction, increased healthy lifespan, and improved neuronal patho-
logic changes. Electro microscopic imaging results further verified that
ACT treatment induced autophagy, thereby prevented cell damage
induced by ROT in PC-12 cells. This study for the first time identified
that ACT could be a promising candidate drug for the treatment of PD.

2. Materials and methods

2.1. Computational collection of intracellular targets associated with ACT
and PD

The structure and Canonical SMILES information of the ACT were
found in PubChem (https://pubchem.ncbi.nlm.nih.gov/). Afterward,
four public databases including PharmMapper (Liu et al., 2010),
ChemMapper (Gong et al., 2013), SwissTargetPrediction (Daina et al.,
2019), and ChEMBL (Gaulton et al., 2017) were employed to identify
ACT-related targets depending on chemical similarities, pharmacophore
models, and published data from medicinal chemistry literature (Liu
et al., 2010; Gong et al., 2013; Gaulton et al., 2017; Daina et al., 2019).
Homo sapiens data were selected, added to all targets identified by using
the above four databases for further investigation. The standard gene
names and related information of target proteins were obtained from
UniProtKB (https://www.uniprot.org/) database by limiting the species
with “Homo sapiens” (Consortium, 2017). The acknowledged PD-related
targets were collected from DisGeNET Database (http://www.disgenet.
org/), a database of gene-disease associations, containing publicly
available collections of genes and variants associated to human diseases
(Pinero et al. 2017, 2020). The standard gene names and related infor-
mation were validated and obtained from UniprotKB database as well.
The ACT-related and PD-related crossover target genes were filtered
with R 4.0.2 software using the Venn diagram package.

2.2. Network construction and bioinformatics annotation

We applied STRING 11.0 database (http://string-db.org/cgi/input.
pl) and Cytoscape 3.6.1 software to construct a node-size network for
putative targets of ACT for the treatment of PD based on their interaction
data. All parameters including protein-protein correlation degree,
closeness, betweenness, and centralities were analyzed by plugin in
Cytoscape 3.6.1 software. The database for annotation, visualization,
and integrated discovery (DAVID) Bioinformatics Resource 6.8 (https://
david.nciferf.gov/), Cluster Profiler (Yu et al., 2012), and ggplot2 (Ito
and Murphy, 2013) packages in R 4.0.2 software were used to annotate P
values and visualize GO and KEGG pathway enrichment.

2.3. Cell culture and stable cell lines
Green fluorescent protein (GFP) - microtubule - associated protein

light chain 3 (LC3) (GFP-LC3) stably expressing normal rat kidney
(NRK) cells and translocase of the outer membrane 20 (TOM20) — GFP
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(TOM20-GFP) plasmid were generous gifts from Professor Yu Li
(Tsinghua University, CN). A GFP NHy-terminal-link-SNCA and SNCA-
GFP COOH-terminal (GN-link-SNCA and SNCA-GC) stably expressing
human embryonic kidney 293 (HEK293) cell line was a kind gift from
Professor Jie Qiong Tan (Central South University, CN). Human neu-
roblastoma cells SH-SY5Y and rat pheochromoytoma cells PC-12 were
obtained from cell repository of Chinese Academy of Sciences. NRK,
HEK293 and SH-SY5Y cell lines were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, Hyclone) containing 10% Fatal Bovine Serum
(FBS, Biological Industries), and 1% penicillin-streptomycin solution
(10,000 units/ml of penicillin and 10,000 g/ml of streptomycin, Bio-
logical Industries). PC-12 cells were grown in DMEM, supplemented
with 10% FBS, 5% horse serum (Invitrogen, #16050122), and 1%
penicillin-streptomycin solution. The TOM20-GFP stably expressing PC-
12 cell line was established as previously described with minor revision
(Jiang et al., 2014). Briefly, cells were transfected with TOM20-GFP
plasmids using 4D-NucleofectorTM System (Lonza, Germany) accord-
ing to the manufacturer’s instructions. PC-12 cells constitutively
expressing TOM20-GFP were selected using 800 pg/ml Geneticin (G418,
Invitrogen, #10131027) and maintained in 200 pg/ml G418.

2.4. Cell morphology and cell viability assay

PC-12 cells were seeded in 96-well plates at a density of 10,000 cells/
well. On the next day, cells were treated with various concentrations
(25, 50, 100, 200, 400 pM) of ACT (HPLC tested purity > 99.9%,
Shanghai Yuan Ye Bio-Technology, #Y03F9H54484) and various con-
centrations (0.1, 0.2, 0.4, 0.8, 1.6 uM) of ROT (Sigma Aldrich), and
various concentrations of ACT with various concentrations of ROT for
additional 24 h, morphological changes of cells were observed by using
inverted microscope (Leica CTR 6000, DMI 6000B). Cells were seeded
and cultured with the same way in 96-well plates, and treated with 50
pM of ACT and 0.2 pM of ROT, and ACT with ROT for 24, 48, and 72 h,
respectively. At the final time point, 0.5 mg/ml 3-[4,5-dimethylthiazol-
2-y1]-2,5 diphenyl tetrazolium bromide (MTT, Sigma-Aldrich) was
added to the cells and incubated for additional 4 h, and added dimethyl
sulfoxide (DMSO, Sigma-Aldrich) to resolve it at room temperature.
Light absorption was acquired at 490 nm or 570 nm using a micro plate
reader (Thermo Scientific Multiskan FC).

2.5. Crystal violet staining

For crystal violet staining, we modified a method described previ-
ously (Jiang et al., 2016). Briefly, 5000 cells/well were seeded in 6-well
plates, treated after 10-24 h. On day 4 post-treatment, cells were
washed three times with phosphate-buffered saline (PBS, Biological In-
dustries), stained with 0.05% crystal violet in double distilled HoO for
10-20 min at room temperature, followed by three washes with PBS.
Afterward, the plates were air-dried and photographed.

2.6. D. melanogaster stocks and drug feeding

We used wild type D.melanogaster from Xinjiang University. Flies
were reared on standard cornmeal-molasses medium containing sucrose
(10%), yeast extract (2%), agar (1.5%) and corn powder (3.3%) at 23 +
1 °C. For the treatment of third instar larvae (L3 larvae), ACT and ROT
were initially dissolved in DMSO then diluted in liquid medium with
10% sucrose and 1.5% yeast extract to desired concentrations. For
starvation group, the liquid medium prepared with 10% sucrose in
distilled water. L3 larvae were collected as described elsewhere (Nichols
et al., 2012) with minor revision, transferred to corresponding groups,
and incubated for indicated time points. For the treatment of adult flies,
2-8 days old adult male flies were transferred for 7 days to flasks con-
taining cotton soaked with a 10% sucrose (BioShop) solution with either
DMSO (as control) or 500 pM ROT, or 500 pM ACT, and 10% sucrose
with dissolution of same concentration of ROT and ACT (treatmental
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flies) as described elsewhere (Doktor et al., 2019) with minor changes.
2.7. Larval crawling assay

For larval crawling assay, we modified a method described previ-
ously (Nichols et al., 2012). Briefly, we used 2% agarose in distilled
water to make harden transparent medium in 15-cm Petri-dish, and put
this dish over a graph paper with 0.2 cm? grid, and transported indi-
vidual L3 larvae to that Petri-dish put over graph paper, and finally
measured the trajectory crossed in 1 min.

2.8. LysoTracker staining and quantitative analysis of autophagic
structures

L3 larvae were dissected under stereoscope (ECOLINE, ES-39BF) in
PBS. The fat bodies were stained with 100 nM of LysoTracker Red DND-
99 (Invitrogen, #L-7528) and 200 nM of Hoechst 33342 (Invitrogen,
#45885A) in PBS for 5-10 min at room temperature. Fat body lobes
were rinsed once in PBS, mounted in 60% glycerol in PBS to a glass slide,
and was immediately visualized by laser confocal microscopy (Nikon,
Ti-E C2+ confocal microscope system). Quantitative analysis of
lysotracker-positive spots was performed according to previously
described protocol with minor revision (Lu et al., 2012).

2.9. Climbing assay to test negative geotaxis

After drug treatment, 9-15 days old (N = 15) male flies were
transferred into an empty vial according to a previously published
method with minor changes (Gargano et al., 2005). After 16 h recovery,
flies were gently tapped to the bottom of their vial; individuals climbed
vertically beyond a 5-cm marked line were counted. The experiment was
carried out in dim white light under constant conditions and was
repeated three times.

2.10. Survival test

Lifespan tests were performed at 23 + 1 °C as described elsewhere
(Oxenkrug et al., 2011) with minor changes. After drug treatment, 9-15
days old (N = 30) male flies were collected and then regularly trans-
ferred to fresh medium every 3-4 days. The number of dead flies was
observed and recorded in every 12 h. The test was carried out between
August and December.

2.11. Transmission electron microscopy

2.11.1. D. melanogaster whole brain imaging

Drug treatments were the same as previously described procedure
“2.6”. After 16 h recovery, the heads of flies were disconnected under
stereoscope, and were fixed in cacodyl-buffered paraformaldehyde
(2.5%) and glutaraldehyde (2.5%) primary fixative for 2 h, then were
post-fixed for 1 h in OsO4 (1%) in veronal acetate buffer. Subsequently,
the heads were dehydrated in an alcohol series followed by propylene
oxide, then embedded in Poly/Bed 812 resin (Polysciences). Ultrathin
sections were cut and contrasted with uranyl acetate and lead citrate.
Images of tetrad synapses in the lamina were taken using a JSM1230-
TEM (transmission electron microscopy) operating at 80 kV, and pro-
jection images were recorded on a MORADAG3 CCD camera (EMSIS,
Germany).

2.11.2. PC-12 cell imaging

The cells were cultured in 10-cm petri-dishes. After drug treatment,
cells were washed three times with PBS, trypsinized to collect cells, fixed
in glutaraldehyde (2.5%) primary fixative for 1-2 h, and rinsed 3 times
with PBS (PH 7.2-7.4). Cells were post-fixed for 1 h in OsO4 (1%) in
veronal acetate buffer, then rinsed 3 times. Subsequently, the cells were
dehydrated in an alcohol series followed by propylene oxide, and then
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infiltrated, embedded, polymerized, sectioned according to a previous
publication with minor modifications (Jiang et al., 2016). We examined
90 nm thin sections using a JSM1230-TEM operating at 80 kV, and
projection images were recorded on a MORADAG3 CCD camera.

2.12. GFP-LC3 puncta imaging and counting

After treatment for 24 h, GFP-LC3 stably expressing NRK cell images
was acquired using laser confocal microscope. GFP Puncta numbers
were counted in cells as described previously with minor revision (Lu
et al., 2012). Briefly, the GFP-LC3 puncta in each cell were manually
counted, and at least 40 cells were randomly selected for counting in
each group. The data presented were from one representative experi-
ment of three independent experiments.

2.13. Mitochondrial isolation and purification

Mitochondria were isolated from SH-SY5Y cells using a Mitochon-
dria Isolation Kit (Solarbio, #SM0020) according to the manufacturer’s
protocol. Cells were trypsinized and washed twice in PBS. Approxi-
mately 1.5 x 107 cells were collected and added 1 ml of lysis buffer
supplemented with protease inhibitor Cocktail (Sigma-Aldrich,
#P8340). The tube was vortexed and incubated on ice for exactly 2 min.
Cell lysate was transferred to Dounce Tissue Grinder (pre-chill before
use) and homogenized with 50-60 strokes on ice. Cell lysate was
returned to the original tube and centrifuged at 1000xg for 10 min at 4
°C; supernatants were transferred to a new tube. Then, supernatants
were centrifuged at 12,000xg for 15 min at 4 °C; supernatants (cytosol
fraction) were again transferred to a new tube. The pellet contains the
isolated mitochondria, was resuspend with a RIPA lysis buffer (Solarbio,
#R0020) supplemented with Protease Inhibitor Cocktails (Thermo Sci-
entific™, #78438). Protein concentration was determined using a BCA
Protein Assay Kit (Beyotime Institute of Biotechnology, CN).

2.14. Western blotting analysis

Western blotting (WB) was performed as described elsewhere (Rus-
mini et al., 2019) with minor revisions. 10-15 pg of protein samples and
prestained protein ladders (Thermo Scientific, #26619 and #26625)
were loaded onto polyacrylamide gel for electrophoresis, and subse-
quently transferred to a nitrocellulose (NC) membrane. The membrane
was blocked with 5% nonfat dried milk dissolved in PBS with 0.3%
Tween-20 (PBST) for 45 min. After washing in PBST, NC membrane was
incubated with primary antibody for 1 h at room temperature or over-
night at 4 °C, washed in PBST, followed by incubation with corre-
sponding horseradish peroxidase coupled secondary antibodies for 1 h at
room temperature. After washing in PBST, the membrane was treated
with Immobilon™ Western chemiluminescent substrate (MILLIPORE,
#WBKLS0500), immediately visualized using a chemiluminescence
system (ProteinSimple, USA) or exposed to X-ray film in darkroom. The
antibodies used are as follows: anti-LC3A/B (#L7543, 1:10,000), anti--
B-actin (#A2066, 1:10,000), anti-Cleaved-Caspase-3 (#C8487, 1:1000),
and anti-SQSTM1 (#P0067, 1:1000) were purchased from
Sigma-Aldrich. Anti-phospho-p70S6K (Thr389, #9234, 1:1000) and
anti-phospho-AMPK  (Thr172, #2535, 1:1000), anti-a-synuclein
(#2628, 1:1000), and anti-COX IV (#4844, 1:1000) were purchased
from Cell Signaling Technology. Anti-mTOR (#ab134903, 1:5000),
anti-phospho-mTOR (S2448, #ab1109268, 1:5000), anti-Pro-Caspase-3
(#ab13847, 1:1000) and anti-Bax (#ab32503, 1:1000) were purchased
from Abcam. Anti-GAPDH (#AF7021, 1:1000) was purchased from Af-
finity. The secondary antibodies peroxidase conjugated goat anti-rabbit
IgG-HRP (#4010-05) and goat anti-mouse (#1070-05) were purchased
from Southern Biotech.
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2.15. Detection of SNCA expression

After treatment for 24 h, the GN-link-SNCA and SNCA-GC stably
expressing HEK293 cells were reacted with 100 nM LysoTracker Red and
200 nM Hoechst 33342 for 15 min at 37 °C. After washed twice in cold
PBS, the live cells were visualized under a laser confocal microscope.
The GFP-SNCA fluorescence intensity relatively represents a-synuclein
expression level.

2.16. Annexin-V/7AAD staining

After treatment for 24 h, PC-12 cells in each group were trypsinized
and washed twice. Subsequently, the cells were incubated with PE
Annexin V Apoptosis Detection Kit I (BD Pharmingen™, #559763) in
the presence of ~400 pl binding buffer for 20 min at room temperature
in the dark. About 50,000 cells were acquired and analyzed by BD LSR II
flow cytometer.

2.17. Intracellular ROS detection and mitochondrial morphology analysis

After treatment for 24 h, the intracellular ROS generation of PC-12
cells was detected using 2/, 7° -dichlorofuorescein-diacetate (H,DCF-DA;
EMD Millipore, #287810) by minor modification of a previously
described method (Lu et al., 2016). Briefly, after drugs treatment, cells
were incubated with the probe HyDCF-DA working solution (25 pM) for
20 min at 37 °C. Thereafter, cells were washed with cold PBS three times
to remove the unbound dye. A laser confocal microscope was used to
evaluate the fluorescence of ROS production with the Image J software.

To observe the mitochondrial morphology, following drug treatment
for 24 h, the PC-12 cells were reacted with 100 nM MitoTracker Red
CMXRos probe (Invitrogen, #M22425) for 15 min at 37 °C. After being
washed twice in cold PBS, the live cells were visualized under a laser
scanning microscope. Fragmented and damaged mitochondria were
shortened, punctate, and sometimes gather around the nucleus, whereas
healthy or fusioned mitochondria showed a rod-like or long thread-like
tubular structure.

2.18. Measurement of mitochondrial membrane potential (Aym)

Awym is a widely used marker for mitochondria damage. To measure
the Aym, JC-1 kit (Beyotime Institute of Biotechnology, #C2006) was
used according to the manufacturer’s instructions. Briefly, after the drug
treatment for 24 h, cells were washed twice with PBS, and incubated
with JC-1 solution for 20 min at 37 °C. Afterward, the fluorescence
emissions were acquired by laser confocal microscope, the ratio of red-
to-green fluorescence intensities were calculated using Image J software
to reflect Aym. When mitochondria were healthy, JC-1 forms J-aggre-
gates at high Aym and emits redder fluorescence. Meanwhile, when
mitochondria were damaged, JC-1 remains in monomer forms at low
Aym and emits greener fluorescence.

2.19. Confocal microscopy analysis for mitophagy detection

After treatment for 24 h, the TOM20-GFP stably expressing PC-12
cells were reacted with 100 nM LysoTracker Red for 15 min at 37 °C.
Washed twice in cold PBS, the live cells were visualized under a laser
confocal microscope. The degree of colocalization (yellow fluorescence
intensity) of TOM20-GFP with lysosome represents mitophagy (mito-
chondrial autophagy) occurrence level.

3. Results
3.1. Target identification, shared targets between ACT and PD

381 potential targets of ACT were predicted by using four different
target fishing approaches as described in method section, and 1063 PD-
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related potential targets were obtained by DisGeNET Database, among
them 78 shared targets between ACT and PD (Fig. 1B) were selected for
further investigation. Afterward, the node-size mapping of these shared
targets was made. As shown in Fig. 1C, 18 proteins were identified as the
potential key targets of ACT against PD including Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), Serine/threonine kinase 1
(AKT1), Albumin (ALB), Caspase-3 (CASP3), and mitogen activated
protein-kinase (MAPK) are the key targets with the largest node size
according to “Degree” in the node size mapping, the size and color depth
of nodes are proportional to the degree of centrality by topology
analysis.

3.2. GO and KEGG pathway analysis

To further investigate the 78 shared targets of ACT and PD-related
potential targets, we performed the interaction network regulation
analysis by using DAVID database and R 4.0.2 packages of Cluster
Profiler and ggplot2. As shown in Fig. 2, we have tabulated top 15 GO
mapping of Molecular Function (Fig. 2A), Cellular Component (Fig. 2B),
and Biological Process (Fig. 2C). We have identified top 30 KEGG
pathways out of 78 shared targets (Fig. 2D). Interestingly, the KEGG
pathway-enrichment analysis showed that most pathways mentioned
here are closely related to autophagy and apoptosis.

3.3. ACT protects PC-12 cells from ROT induced toxicity

To further investigate the neuroprotective activities of ACT, we
treated PC-12 cells with different concentrations of ACT and ROT for
various time points 24, 48, 72, and 96 h. We have found that ACT itself is
not cytotoxic to PC-12 cells in the concentration range of 0-200 pM, and
showed neuroprotective activities to the cell injuries toxicated by in the
concentration range of 0-0.4 pM ROT (data not shown). Treatment of
PC-12 cells with 50 pM ACT alleviated cell injury induced by 0.2 pM
ROT (Fig. 3A), and the protective effects increased by time (Fig. 3B).
ACT treatment increased PC-12 cell survival compared with that in ROT
treatment. The colony formation assay further confirmed the protective
effects of ACT on ROT-induced neuronal cell injury (Fig. 3C).

3.4. ACT improves motor impairment and lifespan, and ameliorates brain
pathology in ROT induced PD model of D. melanogaster

The analysis of larval crawling trajectory test elucidated that 500 pM
ACT feeding had no toxicity to L3 larvae of D. melanogaster. In 250 pM
ROT treatment group, the distance travelled was significantly shortened,
indicating obvious locomotor impairment (Fig. 4A and B). The analysis
of D. melanogaster climbing test revealed that ACT treatment increased
the climbing ability of flies treated with ROT compared to the group
treated with ROT only (Fig. 4C). Lifespan tests have showed that ACT
feeding partially prevented the early death of D. melanogaster, but it does
not take effect after 80 days of life interval (Fig. 4D). TEM micrographs
(Fig. 4E) of brain tissues of D. melanogaster showed mitochondria injury
and synapse distortion after exposure to ROT. Flies fed with ROT
exhibited the altered shape of synaptic vesicles: less visible, with a
slightly broken membrane, the vesicles are lighter. The mitochondria
also become smaller, less visible, almost broken. In flies fed with ACT
and ROT, the synaptic vesicles were mostly round, electron dense, and
the morphology of mitochondria returned to normal. ACT treatment
restored correct morphology of mitochondria and synaptic vesicles.

3.5. ACT induces autophagy in D. melanogaster

Fat bodies of L3 larvae or adult D. melanogaster are sensitive to
autophagic stimuli and can be visualized by using lysotropic dye (Lu
et al., 2012). In our study, L3 larvae of D. melanogaster were fed with
100 pM and 500 pM of ACT for 6 h; another group of L3 larvae starved
for 3 h to induce autophagy, fat bodies were then isolated and subjected
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Fig. 2. Functional analysis of therapeutic targets. (A, B, and C) The GO enrichment analysis of the 78 putative targets with dot plot for top 15 molecular function, top
15 cellular component, and top 15 biological process. (D) The top 30 KEGG pathway enrichment analysis of 78 putative targets with dot plot.

to Hoechst 33342 and LysoTracker Red staining. We found that ACT
feeding induced the formation of LysoTracker Red puncta in the L3
larvae fat bodies in a similar pattern to starvation (Fig. 5). These data
suggested that ACT can induce autophagy in our in vivo model, the fat
bodies of D. melanogaster (L3 larvae).

3.6. ACT induces autophagy by enhancing AMPK phosphorylation in
vitro

To identify key signaling passway(s) involved in autophagy induc-
tion, we used GFP-LC3 constitutively expressing NRK cell line as a
model. According to network pharmacology analysis and literature in-
quiry, we identified ACT as a potent neuroprotection agent and auto-
phagy inducer which induced massive GFP-LC3 puncta formation in the
NRK GFP-LC3 cells (Fig. 6A and B). Moreover, ACT treatment promoted
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Fig. 3. ACT attenuated PC-12 cells injury induced by ROT. (A) Cytotoxicity was observed via cellular morphological changes, ACT has no toxic effects on PC-12 cells
in the range of 0-200 pM, and 50 uM ACT partially protected PC-12 cells from 0.2 pM ROT -induced injury, representative images are shown. (B) Cytotoxicity was
measured by MTT conversion. ACT demonstrated a damage repair effect on PC-12 cells in a time-dependent manner. Data were presented as mean + S.E.M. of three

independent experiments. (*P < 0.05, **P < 0.01,

P < 0.001, one-way ANOVA for multiple comparison and Newman-Keuls test as post hoc test). (C) Viable cells

were visualized by crystal violet staining; PC-12 cells were treated as indicated in a 6-well plate. After 96 h, colony formation was observed by staining with crystal
violet. As expected, the toxic effects of ROT are prevented by incubation of the cells with ACT.

the conversion of LC3-I to LC3-II in PC-12 cells in some extent, though
the difference was not statistically significant (Fig. 6C and D). In order to
understand the autophagic mechanism of ACT action, we first examined
the mammalian target of rapamycin (mTOR) and 5 adenosine mono-
phosphate activated protein kinase (AMPK) pathways. We found that
ACT treatment enhanced AMPK phosphorylation, but did not affect the
mTOR, phosphorylated mTOR and phosphorylated p70 ribosomal pro-
tein S6 kinase (p-p70S6K) (Fig. 7), indicating that ACT induces auto-
phagy in neuronal cells in an AMPK-dependent but mTOR-independent
manner. Interestingly, besides AMPK signaling pathway, there are other
pathways including MAPK, Hypoxia inducible factor 1 (HIF1),
Phosphoinositide-3-kinase (PI3K) -Akt, and Forkhead box O (FoxO)

pathways were also identified to be involved in the activation of auto-
phagy by network pharmacology approach (Fig. 2D).

3.7. ACT greatly reduces the accumulation of constitutively over-
expressed SNCA species in HEK293 cells through inducing autophagy

Safe and effective inducers of autophagy are believed to be the most
beneficial candidate drugs for treatment of PD by promoting the clear-
ance of pathogenic proteins such as SNCA. In our study, we examined
ACT -induced clearance of SNCA in GN-link-SNCA and SNCA-GC stably
expressing HEK293 cells. As shown in Fig. 8, ACT promoted the degra-
dation of SNCA oligomers as illustrated by decreased fluorescence



M. Aimaiti et al. European Journal of Pharmacology 903 (2021) 174136

Fig. 4. ACT attenuated D. melanogaster’s injury induced by ROT. ACT partly restored D. melanogaster’s motor activity. (A) A representative row data from a larval
crawling assay using L3 larvae after 6 h of ROT exposure and ACT treatment. (B) Larval crawling assay for L3 larvae. Data were presented as mean + S.E.M. of three
independent experiments. (***P < 0.001, one-way ANOVA for multiple comparison and Newman-Keuls test as post hoc test). (C) D. melanogaster climbing assay. ROT
exposure significantly affected the climbing ability of D. melanogaster, thus ACT co-treatment restored this form of activity in ROT-treated subjects. Data were
presented as mean =+ S.E.M. of three independent experiments. (**P < 0.01, two-way ANOVA for multiple comparison and Bonferroni post test as post hoc test). (D)
Lifespan test for D. melanogaster. ROT exposure affected the early lifespan of D. melanogaster, and ACT treatment slightly ameliorated ROT-induced impaired lifespan
on D. melanogaster. (E) TEM micrographs of brain tissues of D. melanogaster. ACT treatment restored the normal morphology of these synaptic vesicles and mito-
chondria in these flies injured by ROT: they are more visible, and the Mitochondria “M” are integrated, better visible, (Red Arrow - synaptic vesicles).

3.8. ACT decreases ROT -induced apoptotic rate of PC-12 cells via
inducing autophagy

intensity, and proportionately reduced SNCA levels which can be
blocked by an autophagy inhibitor 3-Methyladenine (3-MA, #5142-23-
4, Sigma-Aldrich). The observed clearance of SNCA by ACT was found to

be at least partly dependent on the autophagy-lysosome pathway,
because 3-MA proportionately abolished the pro-clearance activity of
ACT, while autophagy inducer Rapa decreased fluorescence intensity,
but did not effect on SNCA levels (Fig. 8).

ROT-induced PC-12 cell apoptotic rate was about 15.27%, much
greater than that of control cells (5.17%). When ACT was added to ROT
treated PC-12 cells for 24 h, the apoptotic rate was decreased to 8.27%,
much lower compared with ROT-only treatment group. But the observed
ACT effect was blocked by the addition of 3-MA. When 3-MA, ACT, and
ROT were simultaneously added to PC-12 cells, the apoptotic rate was
15.57%, similar to the level of ROT treatment group (Fig. 9A and B). The
expression levels of apoptosis-related proteins Bcl-2 associated X protein



M. Aimaiti et al.

European Journal of Pharmacology 903 (2021) 174136

Fig. 5. ACT induced autophagy in fat bodies of D. melanogaster (L3 larvae). (A) 96 h after egg laying, the L3 larvae were collected and fed on culture medium
containing 500 pM of ACT for 6 h and fat bodies were isolated for LysoTracker staining. Images were captured using a confocal microscope. As a positive control, a
group of L3 larvae was starved for 3 h to induce autophagy. (B) Quantification of lysotracker-positive spots in each group as described in panel (A). Data were
presented as mean =+ S.E.M. of three independent experiments. (*P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA for multiple comparison and Newman-Keuls

test as post hoc test).

(Bax) and Caspase-3 were in consistance with these results (Fig. 9C and
D).

3.9. ACT protects PC-12 cells against ROT -induced mitochondria injury
and suppresses ROS generation via inducing autophagy

Mitochondria dysfunction is involved in PD pathology (Sekigawa
et al., 2013). Mitochondria complex I inhibitor ROT decreases mito-
chondrial Aym, thereby induces mitochondria dysfunction in neuronal
cells. In our study, we used MitoTracker Red to investigate the mito-
chondria pathological changes. Our data showed that mitochondria
were impaired in ROT treated group, and the impairment was reversed
by the addition of ACT to PC-12 cells treated with ROT, indicating that
ACT treatment resulted in rescued mitochondrial morphological integ-
rity, sustained mitochondrial homeostasis. And this protection was
abolished by the addition of an autophagy inhibitor 3-MA (Fig. 10). To
further investigate the protective role of ACT on ROT -induced mito-
chondria impairment, we used JC-1 probe to measure mitochondria
Aym in various conditions. Our data indicated that ROT caused a sig-
nificant reduction of mitochondrial Aym, while the mitochondria injury
(decreased mitochondrial Aym) was substantially prevented by a 24 h
co-treatment with ACT, and the prevention was abolished by the addi-
tion of 3-MA (Fig. 11). Furthermore, we used HoDCF-DA probe to
measure the level of ROS generation. We found that ROS production was
remarkably increased in ROT treatment, the increment effect was
reversed by the co-treatment with ACT, finally the reversal effect was
abolished by the addition of 3-MA (Fig. 12), indicating that ACT reduced
ROT -induced ROS production via inducing autophagy.

3.10. ACT reverses ROT -induced impairment of mitophagy

To investigate the effect of ACT on ROT-induced mitophagy imbal-
ance, we established TOM20-GFP stably expressing PC-12 cell line as a
model for mitochondrial function measurement. The data showed that

ACT treatment enhanced mitophagy and did not cause cellular damage,
while ROT treatment enhanced mitophagy but induced serious cell
injury. As expected, co-treatment with ACT prevented ROT-induced cell
injury via promoting mitophagy proportionately in PC-12 cells
(Fig. 13A). Our results indicated that ACT abolished ROT-related mito-
chondria impairment in PC-12 cells and reversed cellular injury via
enhancing mitophagy. To confirm the mitophagic changes, cytosolic and
mitochondria proteins from SH-SY5Y cells in various treatment condi-
tions were extracted and analyzed by WB. WB analysis elucidated that
the ACT treatment caused the translocation of autophagy-related pro-
teins LC3 II and Sequestosome 1 (p62/SQSTM1) to mitochondria, while
ROT treatment almost did not induce translocation of LC3 II and
SQSTM1 to mitochondria. Co-treatment of SH-SY5Y cells with ACT and
ROT also caused the translocation of autophagic proteins to mitochon-
dria (Fig. 13B, C, D). To further investigate the effects of ACT on ROT
-induced cell injury and mitophagy imbalance, we used TEM microscopy
to observe sub-cellular changes of PC-12 cells under various treatment
conditions. The results showed that ROT caused severe cell injuries and
increased the number of mitochondria, but most of them became smaller
and abnormal. Co-treatment with ACT for 24 h substantially prevented
from the cell injury induced by ROT, since the number and size of
mitochondria were observed to be nearly normal. And we also observed
autolysosome and the initiation of mitophagic structures in the co-
treated cells (Fig. 14).

4. Discussion

We identified that 78 putative targets are closely related to ACT
treatment of PD by using drug and disease target fishing analysis; among
these targets we selected 18 hub targets for further investigation (Fig. 1B
and C). These putative targets have been identified previously in
neurodegenerative diseases including PD. For example, GAPDH protects
from mitochondria dysfunction and cell injury through enhancing
mitophagy in the pathology of Huntington’s disease (Hwang et al.,
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Fig. 6. ACT increased autophagic markers in different cells. (A) GFP-LC3 stably expressing NRK cells were treated with different concentrations of ACT and 100 nM
Rapamycin (Rapa, LC Laboratories, R5000) for 24 h. The formation of GFP-LC3 puncta was observed under a laser confocal microscope. (B) Enumeration of GFP-LC3
puncta numbers in each group was performed under the microscopy. Data were presented as mean + S.E.M. of four independent experiments. (One-way ANOVA for
multiple comparison and Newman-Keuls test as post hoc test). (C, D) PC-12 cells were treated with different concentrations of ACT and 100 nM Rapa for 24 h, and cell
lysates were subjected to WB analysis. Data were presented as mean + S.E.M. of four independent experiments. (One-way ANOVA for multiple comparison and

Newman-Keuls test as post hoc test).

2015). It has also been reported that decreasing nuclear translocation of
GAPDH in PD may exert a potential therapeutic effect (Sekar and
Taghibiglou, 2020). AKT1 is a potent mediator of cell growth and sur-
vival, involved in protection from PD through many different signaling
pathways (Xiromerisiou et al., 2008). ALB is the most abundant protein
in plasma, which has multiple functions, and directly exerts neuro-
protective actions in neuronal and glial cells (Prajapati et al., 2011).
CASP3 is a primary apoptosis-related cysteine peptidase. It has been
reported that ACT binds to CASP3 and exerts neuroprotection in the ROT
-induced rat model of PD (Yuan et al., 2016). In our study, ACT
decreased the Pro-Caspase-3 and Cleaved-Caspase-3 protein expression
levels and exerts anti-apoptosis in the ROT -induced cellular model of
PD. Studies identified that MAPK signaling pathway is often dis-
regulated in neurodegenerative diseases including PD (Obergasteiger
et al., 2018). In this study, ACT may exerts neuroprotection roles in PD
models partly through regulating the expression levels or enzymatic
activities of MAPK1, MAPKS8, and MAPK14. Catalase (CAT) is a crucial
antioxidant enzyme, CAT malfunction or deficiency often related to the
pathogenesis of many age-associated degenerative diseases like PD
(Nandi et al., 2019). Tumor necrosis factor (TNF) including TNF-a
signaling mediates neuro-inflammatory events, and plays an important
role in the pathogenesis of PD (Comoglu et al., 2013; Probert, 2015).
Matrix metallopeptidase 9 (MMP9) was reportedly associated with
neuro-inflamation, and involved in the pathogenesis of PD (Rempe et al.,
2016). AnnexinA5 (ANXAS5) related to the stimulation of extracellular
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regulated protein kinases (ERK) pathway was identified as a new ther-
apeutic target in the treatment of PD (Dong et al., 2018). Superoxide
dismutases (SODs) are playing a pivotal role in the antioxidant response;
as SOD2 overexpression was able to rescue the pathological phenotypes
in experimental PD models (Biosa et al., 2019). Heme oxygenase-1
(HMOX1) up-regulation followed by a parallel activation of other en-
zymes is associated to cell adaptation and cytoprotection, but the
excessive activation of HMOX]1 easily produce a deleterious cytopathic
effect in PD pathogenesis (Nitti et al., 2018). HIF1A plays pivotal roles in
the development and survival of dopaminergic neurons, and therapeutic
activation of HIF1A may exert a neuroprotective effect in the treatment
of PD (Kandil et al., 2019). Nitric oxide synthase 3 (NOS3) may have a
pivotal role in human neurodegenerative diseases, including PD; mod-
ulation of NOS3 function may beneficially attenuate the progression of
PD (de la Monte et al., 2007; Kapoor, 2012). Estrogen receptor ESR1 and
estrogen modulation have protective effects on PD pathogenesis that is
probably associated with the lower incidence rates of PD in women
compared with men at all ages (Chung et al., 2011; Villa et al., 2016).
Insulin like growth factor 1 (IGF1) and insulin may alleviate PD pa-
thology via triggering the PI3K/Akt/glycogen synthase kinase 3§
(GSK3p) signaling pathway (Yang et al., 2018). Amyloid beta precursor
protein (APP) is the primary constituent of amyloid plaques found in the
brains of Alzheimer’s disease (Rice et al., 2019). It has been identified
that APP interacts with leucine-rich repeat kinase 2 (LRRK2), which is a
PD-related protein, plays pivotal roles associated with diverse cellular
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Fig. 7. ACT induced autophagy in PC-12 cells in AMPK -dependent but mTOR -independent manner. PC-12 cells were treated with 50 pM ACT and 100 nM Rapa for
12 h, and cell lysates were subjected to WB analysis. Data were presented as mean + S.E.M. of three or four independent experiments. (*P < 0.05, **P < 0.01, ***P <
0.001, one-way ANOVA for multiple comparison and Newman-Keuls test as post hoc test).

mechanisms in PD pathogenesis (Lim et al., 2019). To sum up, ACT
could be a potential drug candidate for treating PD pathogenesis via
modulating above mentioned targets involved in apoptosis and auto-
phagy processes. Further studies may be necessary to confirm the ther-
apeutic potential of ACT on PD.

According to PD pathogenesis and current therapeutic strategies, the
following cellular processes modulation therapies are essential for
effective treatment. For example, lysosome-autophagy pathway,
ubiquitin-proteasome pathway, Calcium signaling, inflammation,
apoptosis/necrosis, genomic instability, metabolism, ROS generation,
and mitochondrial turnover are all or partially involved in PD patho-
genesis. To sum up, PD patients have specific epidemiological factors
according to their living environment, genetic susceptibility, age, and
sex. Optimal personalized therapies would allow adopting the best
supportive measures, e.g., modulating lysosomal-autophagy therapy for
patients with a dysfunctional autophagic response, and enhancing pro-
teasome activity therapy for patients with aggregation-prone protein
accumulation. The GO and KEGG pathway analysis indicated that ACT
possesses pleiotropic effects on modulating multiple signaling pathways
to treating PD (Fig. 2).

After further analysis of potential targets, GO and relevant signaling
pathways, we concluded that ACT possesses strong pharmacological
activities against PD. Our data guide us to further investigate triggering
autophagy process (including mitophagy), preventing apoptosis,
clearing aggregated proteins (including SNCA), and ameliorating mito-
chondrial functions in our experimental models. Hence, we have
experimentally validated the involvement of SNCA, apoptosis (CASP3),
and AMPK phosphorylation in the therapeutic activity of ACT against
PD, and these results are highly consistent with network pharmacology
analysis (Figs. 1C, 2 and 7, 8, 9).

D. melanogaster has a short life cycle and convenient access, which
made this organism an ideal model for studying a wide range of bio-
logical processes including locomotive ability, aging, autophagy, ge-
netics and pathogenesis (Gargano et al., 2005; Neufeld, 2008; Oxenkrug
etal., 2011). In our study, we have elucidated that ACT not only protects
from cytotoxicity induced by ROT in PC-12 cells (Figs. 3 and 14), but
also enhances locomotive ability, slightly increases lifespan, ameliorates
from neuronal cell injury, and synaptic vesicle impairments caused by
ROT in D. melanogaster (Fig. 4).
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Autophagy, a normal biological process and as well as a cytopro-
tective mechanism, is particularly crucial in the aging brain and during
neurodegeneration (Rubinsztein et al., 2007). Our study revealed that
ACT induces autophagy in D. melanogaster L3 larvae fat body (Fig. 5) as
well as in NRK and PC-12 cells (Fig. 6), indicating that ACT is an inducer
of autophagy in neuronal cells. We further confirmed that ACT induces
autophagy dependent on the function of AMPK phosphorylation, but
independent on the mTOR pathway (Fig. 7). Promoting autophagy has
been suggested as a promising therapeutic strategy against neurode-
generative diseases by means of clearing anomaly aggregated proteins,
e.g. a-synuclein in PD, tau and p-amyloid in Alzheimer’s disease, and
Huntington protein in Huntington’s disease (Fecto et al., 2014). Our
study identified a potent neuroprotection agent ACT, which is able to
promote the clearance of aggregate forms of SNCA in GN-link-SNCA and
SNCA-GC stably expressing HEK293 cells through inducing autophagy
(Fig. 8). Furthermore, ACT treatment reduces the rate of apoptotic cell
death (Fig. 9), modulates the imbalanced mitochondrial homeostasis
(Fig. 10), increases mitochondrial Aym (Fig. 11), and inhibites ROS
generation (Fig. 12) caused by ROT via inducing autophagy.

PD pathogenesis is usually linked with defective autophagy and
damaged sub-cellular organelles in neurons, especially linked with
disordered mitochondrial dynamics in neuronal cells (Archer, 2013;
Pickles et al., 2018; Hou et al., 2020). Mitochondrial quality and
integrity in cells are maintained by the processes of mitophagy and
mitochondrial biogenesis (Scheibye-Knudsen et al., 2015; Fang et al.,
2019). Mitophagy, the lysosomal-autophagic process of selectively
removing damaged mitochondria, was compromised in PD patients and
experimental PD models, and was found to be reversely correlated with
accelerated neurodegeneration (Liu et al., 2019). Impaired removal of
defective mitochondria is a pivotal event in PD pathogenesis, while
mitophagy enhancement is a potential therapeutic intervention. Our
study revealed that ACT induces mitophagy in PC-12 and SH-SY5Y cells,
protects from cell injuries caused by ROT (Figs. 13 and 14), indicating
that ACT is a safe enhancer of mitophagy.

ACT is a phenylethanoid glycoside, has been found in many medic-
inal plants which commonly used for the treatment of symptoms rele-
vant to neurodegenerative diseases including PD. ACT, in our study
demonstrated robust potential to induce autophagy in both in vitro and
in vivo models (Figs. 5 and 6). Pharmacological activities of autophagy
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Fig. 8. ACT decreases the accumulation of pathogenic SNCA species in GN-link-SNCA and SNCA-GC stably expressing HEK293 cells. (A) GN-link-SNCA and SNCA-GC
stably expressing HEK293 cells were treated with 50 pM ACT, 100 nM Rapa or 5 mM 3-MA as indicated for 24 h. Cells were stained with 200 nM Hoechst 33342 and
100 nM LysoTracker-Red and analyzed under confocal microscope. (B) Quantification of GFP-SNCA fluorescence intensity of cells with aggresomes as described in
panel (A), ACT partially decreased the accumulation of SNCA aggresomes, while the observed ACT activity was completely blocked by 3-MA. Data were presented as
mean + S.E.M. of three independent experiments. (*P < 0.05, **P < 0.01, one-way ANOVA for multiple comparison and Newman-Keuls test as post hoc test). (C) GN-
link-SNCA and SNCA-GC stably expressing HEK293 cells were treated with 50 pM ACT, 100 nM Rapa or 5 mM 3-MA as indicated for 24 h. Cell lysates were subjected
to WB analysis. Data were presented as mean + S.E.M. of three independent experiments. (One-way ANOVA for multiple comparison Newman-Keuls test as post
hoc test).
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Fig. 9. ACT ameliorates ROT-induced apoptosis in PC-12 cells. (A) Cells were treated with 50 uM ACT, 0.2 pM ROT or 5 mM 3-MA as indicated for 24 h, flow
cytometer analysis of apoptotic cells in PC-12 cells. (B) Ratio of apoptotic cells as shown in panel (A) was demonstrated that ACT significantly reversed the effect of
ROT on PC-12 cell apoptosis, but the addition of 3-MA completely blocked the ACT’s anti-apoptotic effect. Data were presented as mean + S.E.M. of three inde-
pendent experiments. (***P < 0.01, one-way ANOVA for multiple comparison and Newman-Keuls test as post hoc test). (C, D) Western blots analyses of Bax, Pro-
Caspase-3, and Cleaved-Caspase-3 protein expression in PC-12 cells. Data were presented as mean + S.E.M. of three or four independent experiments. (*P < 0.05, **P
< 0.01, one-way ANOVA for multiple comparison and Newman-Keuls test as post hoc test).
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Fig. 10. ACT protects ROT -induced mitochondria injury. PC-12 cells were treated with 50 pM ACT, 0.2 pM ROT or 5 mM 3-MA as indicated for 24 h; changes in
mitochondria following exposure to ROT or ACT were visualized under a laser confocal microscope. ACT remarkably ameliorated the pathological condition of ROT
-induced mitochondria injury, but 3-MA completely blocked the protection effects of ACT on mitochondria.
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Fig. 11. ACT increases mitochondrial Aym. (A) PC-12 cells were treated with 50 pM ACT, 0.2 uM ROT or 5 mM 3-MA as indicated for 24 h, changes in mitochondrial
Aym following exposure to ROT or ACT were determined by JC-1 staining and visualized under confocal microscope. (B) The quantification of red/green fluo-
rescence intensity. ACT remarkably reversed the effect of ROT on PC-12 cell mitochondrial Aym decreasing, while the addition of 3-MA completely blocked the
protective effects of ACT on mitochondria function. Data were presented as mean + S.E.M. of three independent experiments. (***P < 0.001, one-way ANOVA for
multiple comparison and Newman-Keuls test as post hoc test).
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Fig. 12. ACT inhibits ROT -induced ROS production in PC-12 cells. (A) After 24 h of drug treatment, cells were stained with Hoechst 33342 and D,CFH-DA for 30
min. ROS relevant fluorescence amount was analyzed under confocal microscope. (B) Fluorescence intensity of intracellular level of ROS generation is calculated and
analyzed. ACT remarkably reversed the effect of ROT on PC-12 cell ROS generation, but the addition of 3-MA completely blocked the ACT anti-oxidation effects. Data
were presented as mean + S.E.M. of three independent experiments. (*P < 0.05, **P < 0.01, one-way ANOVA for multiple comparison and Newman-Keuls test as post

hoc test).

inducers in the rodent models of neurodegenerative diseases have not
been thoroughly explored yet. In future studies, transgenic animals that
overexpress wild type or mutant SNCA could also be used to confirm the
neuroprotective effect of ACT. We are excited to further confirm that
enhancement of autophagy and mitophagy by ACT can reverse the
pathological processes and relieve PD symptoms in new animal models
such as rodent brain.

5. Conclusions

In our study, ACT is proven to be a safe and potent mitophagy
inducer, since it did improve mitochondrial and cellular health in both
PD cell model and D. melanogaster model. ACT decreased SNCA in
appropriate level without causing cytotoxicity. The toxic effects of ROT
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to neuronal cells and D. melanogaster are prevented by the treatment
with ACT. Collectively, our findings implied that ACT could be a more
beneficial treatment option with no or minimal side effects for neuro-
degenerative diseases, especially for PD via modulating autophagy,
apoptosis and other signaling pathways. To further confirm those find-
ings, more studies needed to be done on cell models, animal models, and
patients. Given that, ACT has a good security profile in international
pharmaceutical knowledge base “DRUG BANK”, and is currently used as
an excipient in many pharmaceutical formulations for human use. We
strongly believe that ACT could be a viable candidate for further
development as a potential therapeutic option for patients with PD,
either as a monotherapeutic or in conjunction with other therapeutic
candidates.



M. Aimaiti et al. European Journal of Pharmacology 903 (2021) 174136

Fig. 13. ACT enhances mitophagy. (A) PC-12 cells were stably transfected with TOM20-GFP plasmid and maintained for selection by G418 for 4-5 weeks. TOM20-
GFP stably expressed PC-12 cells were treated with 50 pM ACT or 0.2 pM ROT as indicated for 24 h, and subjected to confocal microscope analysis. (B) SH-SY5Y cells
were treated with 50 pM ACT or 0.2 pM ROT as indicated for 24 h. Mitochondrial and cytosolic proteins were extracted and subjected to WB analysis. (C, D)
Quantitative analysis of p62/SQSTM1, LC3IandII protein levels was demonstrated. Data were presented as mean + S.E.M. of three independent experiments. (*P <
0.05, **P < 0.01, one-way ANOVA for multiple comparison and Newman-Keuls test as post hoc test).
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Fig. 14. ACT protects ROT -induced cell injury. PC-12 cells were treated with 50 pM ACT or 0.2 pM ROT as indicated for 16 h, changes in mitochondria following
exposure to ROT or ACT were visualized under TEM. ACT treatment remarkably ameliorated the pathology of ROT -induced PC-12 cell injury. ROT treatment not
only increased the rate of mitochondria fission, also increased the number of damaged mitochondria. ACT treatment selectively activated mitophagy pathway,

thereby cleared damaged mitochondria (Blue Arrow - damaged mitochondrion).
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ACT Acteoside
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PD Parkinson’s disease
ROT rotenone
D.melanogaster Drosophila melanogaster

SNCA a-synuclein

DAVID database for annotation, visualization and integrated
discovery

GO gene ontology

KEGG Kyoto encyclopedia of genes and genomes

GAPDH glyceraldehyde-3-phosphate dehydrogenase

MAPK  mitogen activated protein-kinase

DMEM  Dulbecco’s Modified Eagle’s Medium

PBS phosphate-buffered saline

MTT 3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium
bromide

DMSO  dimethyl sulfoxide;

PC-12 cells rat pheochromoytoma cells
SH-SY5Y cells human neuroblastoma cells

L3 larvae, third instar larvae

TEM transmission electron microscopy

NRK cells, normal rat kidney cells

HEK293 cells human embryonic kidney 293 cells
Rapa rapamycin

LC3 microtubule - associated protein light chain 3
GFP green fluorescent protein

GN-link-SNCA and SNCA-GC GFP NH,-terminal-link-SNCA and SNCA-
GFP COOH-terminal
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3-MA 3-methyladenine

AMPK 5’ adenosine monophosphate activated protein kinase
mTOR  mammalian target of rapamycin

p70S6K  p70 ribosomal protein S6 kinase

HIF1 hypoxia inducible factor 1

PI3K phosphoinositide-3-kinase

FoxO forkhead box O

WB Western blotting

Bax Bcl-2 associated X protein

H5DCF-DA 2/, 7° -dichlorofuorescein-diacetate

ROS reactive oxygen species

Mitochondrial Aym mitochondrial membrane potential
p62/SQSTM1 sequestosome 1

COX IV cyclooxygenase IV

TOM20 translocase of the outer membrane 20
G418 geneticin

TNF tumor necrosis factor

MMP9  matrix metallopeptidase 9

ANXAS5 annexinA5

ERK extracellular regulated protein kinases
SOD superoxide dismutases

HMOX1Q heme oxygenase-1

NOS3 nitric oxide synthase 3

IGF1 insulin like growth factor 1
GSK3p  glycogen synthase kinase 3
APP amyloid beta precursor protein
LRRK2 leucine-rich repeat kinase 2
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