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Abstract

An active compound, triterpene saponin, astersaponin | (AKNS-2) was isolated from Aster koraiensis Nakai (AKNS) and the
autophagy activation and neuroprotective effect was investigated on in vitro and in vivo Parkinson’s disease (PD) models. The
autophagy-regulating effect of AKNS-2 was monitored by analyzing the expression of autophagy-related protein markers in SH-
SY5Y cells using Western blot and fluorescent protein quenching assays. The neuroprotection of AKNS-2 was tested by using
a 1-methyl-4-phenyl-2,3-dihydropyridium ion (MPP*)-induced in vitro PD model in SH-SY5Y cells and an MPTP-induced in vivo
PD model in mice. The compound-treated SH-SY5Y cells not only showed enhanced microtubule-associated protein 1A/1B-light
chain 3-Il (LC3-Il) and decreased sequestosome 1 (p62) expression but also showed increased phosphorylated extracellular
signal-regulated kinases (p-Erk), phosphorylated AMP-activated protein kinase (p-AMPK) and phosphorylated unc-51-like kinase
(p-ULK) and decreased phosphorylated mammalian target of rapamycin (p-mTOR) expression. AKNS-2-activated autophagy
could be inhibited by the Erk inhibitor U0126 and by AMPK siRNA. In the MPP*-induced in vitro PD model, AKNS-2 reversed
the reduced cell viability and tyrosine hydroxylase (TH) levels and reduced the induced a-synuclein level. In an MPTP-induced
in vivo PD model, AKNS-2 improved mice behavioral performance, and it restored dopamine synthesis and TH and a-synuclein
expression in mouse brain tissues. Consistently, AKNS-2 also modulated the expressions of autophagy related markers in mouse
brain tissue. Thus, AKNS-2 upregulates autophagy by activating the Erk/mTOR and AMPK/mTOR pathways. AKNS-2 exerts its
neuroprotective effect through autophagy activation and may serve as a potential candidate for PD therapy.
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INTRODUCTION the SNpc (Kostrzewa, 2014). In many kinds of animals, MPTP
produces severe and irreversible symptoms similar to those in
Parkinson’s disease (PD) is the second most common neu- PD. Once MPTP crosses the blood-brain barrier (BBB), it can
rodegenerative disease after Alzheimer’s disease. The central be converted to the real toxin 1-methyl-4-phenylpyridinium
pathological feature of PD is the loss of dopaminergic neurons (MPP*) by monoamine oxidase type B (MAO-B). A portion of
in the substantia nigra pars compacta (SNpc). Lewy bodies MPP* enters mitochondria and blocks the mitochondrial elec-
(LBs) form due to the abnormal accumulation of a-synuclein tron transport enzyme NADH dehydrogenase, thus inhibits
in the neurons is another neuropathology of PD (Poewe et al., cellular respiration (Ramsay and Singer, 1986; Klaidman et
2017). Moreover, abnormal motor symptoms are frequently al., 1993). Exposure to MPTP also leads to the pathological
found in PD patients (Dauer and Przedborski, 2003). aggregation of proteins, including ubiquitin and a-synuclein,
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), is a and the aggregated proteins cannot be metabolized (Conway
potent neurotoxin that can destroy dopaminergic neurons in et al., 2000). MPTP is applied and considered the best experi-
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mental tool to mimic the specific features of PD.

Autophagy is a self-degradative process, and it is impor-
tant to balance energy sources and adapt to nutrient stress.
Autophagy is a crucial survival mechanism and plays a key
role in treating various diseases, including neurodegeneration
diseases (Glick et al., 2010), it can be regulated through a
complicated signaling pathway. mTOR complex 1 (mTORC1)
reflects cellular nutritional status and links nutrient signals
to autophagy regulation (Kim et al., 2011). The inhibition of
mTORC1 by rapamycin induces autophagy in the presence of
nutrients, which demonstrates that TOR is an autophagy inhib-
itor (Noda and Ohsumi, 1998). AMP-activated protein kinase
(AMPK) plays a role in cellular energy homeostasis. AMPK
can be activated by low energy levels through the regulation
of the upstream kinase LKB1, thereby activating the TSC1/2
complex. The activation of TSC1/2 leads to the inhibition of
mTOR activity through inactivating the TOR activator Rheb
(He and Klionsky, 2009). AMPK can directly activate ULK1
by upregulating phosphorylation, while it also regulates ULK1
activity through mediating the activity of TSC2 and mTOR1
(Inoki et al., 2003; Egan et al., 2011). Autophagy can also be
up-regulated under nutrient starvation through Erk1/2 activa-
tion, Erk1/2 activates autophagy through mTORC1 inhibition
via binding to and activating TSC, the depletion of Erk can
partially inhibit autophagy (Pattingre et al., 2003; Wang et al.,
2009). Numerous studies indicate that the age-related decline
in autophagy disturbs neuronal homeostasis, thus leading
to the deposition of toxic components in the cytoplasm and
subsequently the progression of neurodegenerative disorders
such as PD. Postmortem examinations of brains from PD pa-
tients show the distinct accumulation of autophagosomes and
loss of lysosomal markers in dopaminergic neurons (Chu et
al., 2009; Dehay et al., 2010).

Aster koraiensis Nakai (AKNS), is commonly distributed in
the southern and central parts of the Korean peninsula and
Jeju Island (Prabakaran et al., 2017). AKNS is used in tra-
ditional Korean medicine for treating diseases such as dia-
betes, chronic bronchitis, pertussis, and pneumonia (Hyun et
al., 2018; Kim et al., 2018). Recently, research by our team
reported that a compound, triterpene saponin, astersaponin
| (AKNS-2) was isolated from AKNS (Kwon et al., 2019), the
present research tried to study the effect AKNS-2 on autoph-
agy induction and elucidate the underlying pathways, eventu-
ally explore its protective effect on PD.

MATERIALS AND METHODS

Isolation of active compound AKNS-2

The process of Aster koraiensis extraction and compound
isolation is described in another published research (Kwon
et al., 2019). Briefly the plant was ground by a pulverizer,
and then was extracted with 95 % EtOH solution. Next, the
powdered product (named AKNS extract) was extracted
by using n-hexane, EtOAc and n-BuOH, respectively. Sub-
sequently, n-BuOH fraction was isolated using a reversed
phase HPLC (YMC-Triart C18 column). Finally the mixture of
target compounds was separated by Sephadex® LH-20 (GE
Healthcare, Chicago, IL, USA). One of the active compounds
was purified and the structure was identified as 3-O-B-D-
xylopyranosyl-(1—3)-B-D-glucopyranosylpolygalacic acid 28-
O-a-L-rhamnopyranosyl-(1—3)-p-D-xylopyranosyl-(1—4)-
[B-D-xylopyranosyl-(1—3)]-a-L-rhamnopyranosyl-(1—2)-
a-L-arabinopyranosyl ester, which termed astersaponin |
(AKNS-2), using NMR (500 MHz) (showed as Fig. 1).

Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), 100 units/mL penicillin and 100 mg/mL strepto-
mycin are purchased from Gibco (Thermo Fisher Scientific-
Waltham, MA, USA). 1-Methyl-4-pheynl-1,2,3,6-tetrahydro-
pyridine (MPTP) hydrochloride, 1-Methyl-4-phenylpyridinium
(MPP*) iodide, 3-methyladenine (3-MA) and ropinirole were
purchased from Sigma Chemical Co (St. Louis, MO, USA).
Wortmannin (Wort) and bafilomycin A1 (Baf) are from Abcam
(MA, USA). Anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), anti-AMPK, anti-phosphorylated AMPK (p-AMPK),
anti-ULK, anti-phosphorylated ULK555 (p-ULK555), anti-Erk,
anti-phosphorylated Erk (p-Erk), anti-mTOR, anti- phosphory-
lated mTOR (p-mTOR), anti-LC3B, anti-tyrosine hydroxylase
(TH), anti-a-synuclein primary antibodies sourced from rabbit,
anti-rabbit horseradish peroxidase-conjugated IgG secondary
antibody, the Erk inhibitor U0126, the AMPK siRNA, AMPK
siRNA control were purchased from Cell Signaling Technology
(Boston, MA, USA). An autophagy Tandem Sensor RFP-GFP-
LC3B kit was from Thermo Fisher Scientific. MTT assay kit Z-
Cytox was from DAEILLAB Co, Ltd (Seoul, Korea). Dopamine
ELISA kit was from Abnova (Taipei City, Taiwan) and the MAO-
B assay kit was supplied by Promega (Woods Hollow Road
Madison, WI, USA). All other chemicals were of the highest

AKNS-2

Fig. 1. Chemical structure of the active compound AKNS-2.
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grade and were found from commercial resources.

Cell culture

Human neuroblastoma cells of SH-SY5Y were supplied by
the company of American Type Culture Collection (Manassas,
VA, USA), and were cultured in DMEM supplemented with
10% heat-inactivated FBS and 1% penicillin/streptomycin.
SH-SY5Y cells were incubated under condition of 37°C in hu-
midified atmosphere with 5% CO.. First cells were seeded on
6-well plate at a density of 80x10* cells/well in 2 mL medium,
after 24 h were treated with samples AKNS-2 at the desired
concentrations. Under the conditions of 3-MA, Wort, Baf or
U0126 presence, cells were treated with these reagents 30
min prior to sample treatment. For AMPK siRNA transfected
SH-SY5Y cells, AKNS-2 should be administered 36 h af-
ter siRNA transfection. When MPP* treatment was needed,
cells should be treated with MPP* 1 h after sample treatment.
Twenty-four h after sample treatment, SH-SY5Y cells were
harvested and used for further analysis.

MTT assay for measurement of cell viability

Cell viability was detected by using a MTT assay kit Z-Cy-
tox (DAEILLAM Co, Ltd, Seoul, Korea). Briefly, SH-SY5Y cells
were seeded on a 96-well plate at a density of 2x10* cells/
well in 100 puL medium. Twenty-four h later, to determinate
the cytotoxicity of AKNS-2 and MPP*, SH-SY5Y cells were
treated with AKNS-2 and/or MPP+ at desired concentrations.
After 24 h, 10 uL of MTT reagent was added to each cell con-
taining well of 96-well plate. The absorbance at 450 nm was
measured using a microplate spectrophotometer (BioTek, VT,
USA). In order to verify the protective effect of AKNS-2 against
MPP* induced cytotoxicity, we treated cells with 2 mM MPP* 1
h after the AKNS-2 treatment. The next day, the absorbance
was measured 1 h after addition of MTT reagent. To elucidate
if AKNS-2 exerts its protective effect on MPP*-induced cyto-
toxicity through autophagy induction, we treated SH-SY5Y
cells with U0126 or AMPK siRNA, followed by AKNS-2 (5 and
10 uM) addition 30 min or 36 h later, respectively, 1 h after
AKNS treatments, cells were added 2 mM MPP".

Measurement of RFP-GFP-LC3 by fluorescence microscope

SH-SY5Y cells were cultured on glass coverslips in 24-well
plates at a density of 8x10%well. The transfection process
were conducted according to the instruction of the Autophagy
Tandem Sensors RFP-GFP-LC3B kit (Invitrogen, Carlsbad,
CA, USA). After cultivation for 24 h, cells were treated with
LC3B reagent. The transfected cells were incubated for 24 h,
then 50 nM Wort or 100 nM Baf was administered followed by
the addition of AKNS-2 (10 uM). The cells were further fixed
with 4% paraformaldehyde and then permeabilized with 0.1%
Triton X100. Nuclei were stained with 4,6-diamidino-2-phenyl-
indole (DAPI, 25 pg/mL). Fluorescence signals were detected
using a confocal microscope (Leica, Solms, Germany).

Preparation of cell lysates

Twenty-four h after drug treatment, medium in the wells of
6-well plate was discarded and the cells were gently rinsed
one time using cold saline. Next, 1 mL cold saline was added
to each well, cells adhered to the bottom were suspended by
scouring the bottom with a 1 mL pippet. The suspension liquids
were collected in 1.5 mL tubes and centrifuged at 13000xg,
4°C for 5 min. After supernatants removal, cell pellets were
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added 50 pL of RIPA lysis buffer from Cell Signaling Technol-
ogy containing protease inhibitor cocktail (Roche, Mannheim,
Germany). After shaking at 4°C for 30 min, obtained cell
samples were centrifuged at 13000xg, 4°C for 20 min. The
supernatants were collected and the protein concentrations
were measured by Bradford method with a BSA constructed
standard curve. Subsequently, supernatants were diluted with
loading buffer, and then heated at 99°C for 5 min. The resul-
tant cells samples were used for further Western blot analysis.

Animals

All the animal care and experimental protocols in the pres-
ent study complied with the guidelines of the Korea Institute of
Science and Technology Animal Care Committee (no. 2017-
018). All efforts were made to minimize the mice number and
relieve their suffering. Forty mice (C57BL/6j, male, 8 weeks
old) were ordered from Japan SLC Inc (Shizuoka, Japan).
After arrival, four mice were fed in each cage (30%18.5x13
cm) and were supplied with unlimited food and water. All mice
were housed under the following constant conditions: lights on
from 6:00 to 18:00, temperature of 23 + 1°C, and humidity of
50 = 10%. After a habituation period of 7 days, the mice were
subjected to a series of experimental operations according to
standard protocols.

Animal grouping and sample treatment

Forty mice were divided into 5 groups randomly, with 8 mice
in each group. After the habituation period, all mice were orally
administered a single dose of drug each day. The mice in group
1 and group 2 were administered saline (p.o.), while the mice
in group 3, group 4, and group 5 were administered 5 mg/kg
ropinirole (p.o.), 5 mg/kg AKNS-2 (p.o.), and 15 mg/kg AKNS-
2 (p.o.), respectively. Here dopamine agonist ropinirole was
applied as a positive control. From day 5, the mice in group 1
were intraperitoneally injected with saline 1 h after saline ga-
vage, and the mice in groups 2, 3, 4 and 5 were administered
30 mg/kg MPTP (i.p.) 1 h after the saline, ropinirole, AKNS-2
5 mg/kg and AKNS-2 15 mg/kg gavage, respectively. Each
mouse received a single dose of saline/MPTP injection for 8
days. Seven days after the last MPTP injection, all mice were
killed by cervical dislocation, and the whole brain, SNpc and
striatum (ST) were dissected for further biochemical analysis.

Rotarod test

The rotarod test was conducted following the description
(Hu et al., 2017a) with minor modifications. Briefly, the test
consisted of a pretraining section and a test section. The pre-
training section was performed over 4 consecutive days. All
mice were placed on the cylinder of the rotarod apparatus with
the tail towards the operator, and then the training was started
at a constant speed of 16 rpm over a period of 300 s. During
this 300 s, the mice that fell to the ground were placed back
on the cylinder by the operator. All mice were subjected to a
total of 3 trials within a 30-min interval each day before MPTP
administration. Beginning on the day after the last behavioral
training day, we treated mice with a single dose of 30 mg/kg
MPTP for 8 consecutive days 1 h after AKNS-2 (5 and 15 mg/
kg) administration. The latency of falling to the ground was re-
corded for each mouse. For the test section, the performance
of all mice on the rotarod was tested following the protocol
used during the pretraining section at the 3 time points of 2
h, 24 h and 48 h after the last injection of MPTP. The latency
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of each mouse to fall to the ground was recorded. Only mice
that remained on the cylinder longer than 60 s in the pretrain-
ing section were used in the statistical analysis. The average
time of the three trials was calculated to evaluate balance, grip
strength and motor coordination.

Pole test

A pole test was conducted following the description in a
study (Choi et al., 2013) with minor modifications. Briefly, on
the day before MPTP administration, a wooden pole (50 cm
in length, 1 cm in diameter) with a rough surface was set up
in a sound-proof room. Mice were placed on the top of the
pole with its head arranged skyward, and the time mice took
to turn around and climb down the pole was recorded, up to a
maximum of 120 s, by a stopwatch. The same training opera-
tion was performed in triplicate within an interval of 30 min.
After MPTP injection, the performance of all mice on the pole
was tested using the same protocol as in pretraining at the 3
time points of 2 h, 24 h and 48 h after the last MPTP injection.
The average time of three trials was analyzed to assess motor
function.

Wire hanging test

The wire hanging test was performed according to the
study (Zhu et al., 2018) with modification. Briefly, a horizontal
wire (1.5 mm in diameter, 50 cm in length and 30 cm above
the bedding material) was fixed between two poles. Soft bed-
ding was placed underneath the wire. A mouse was handled
by the tail and allowed to grasp the middle point of the wire
with its forepaws. The timer was started immediately after the
proper suspension of the mouse. The time until the mouse
fell down from the wire was recorded, up to a maximal dura-
tion of 300 s. On the day before MPTP injection, each mouse
was subjected to 3 trials, and the average hanging time of 3
trials was analyzed as an index to evaluate balance, muscle
function and coordination. At 2 h, 24 h, and 48 h after MPTP
injection, we tested mouse performance on the wire hanging
task. The average latency of each mouse to fall down to the
bedding material was calculated.

Preparation of mouse brain tissue

Seven days after the last injection of MPTP, the SNpc
and ST of mice were carefully dissected and stored at —-80°C
before use. Subsequently, the brain tissues of the SNpc and
ST were homogenized in PRO-PREP™ lysis buffer (iNtRON,
Gyeonggi, Korea) containing Phosphatase Inhibitor Cocktail
Set | (Sigma-Aldrich, MO, USA). After shaking at 4°C for 30
min, the homogenates were centrifuged at 13000xg and 4°C
for 20 min, and then the obtained supernatants were collected
in a new 1.5 mL tube. The protein concentrations in the super-
natants were measured using the Bradford method. A portion
of supernatant was mixed with an equal volume of loading buf-
fer and denatured on a 99°C heater for 5 min for Western blot
analysis. The remaining supernatants were stored at —-80°C
for further analysis of MAO-B activity and DA level by ELISA
kits (MAO-B activity ELISA kits, Promega, Madison, WI, USA;
DA level ELISA kits, Abnova).

Measurement of DA level

DA levels in the ST were measured by a competitive ELISA
kit (Abnova) following the manufacturer’s instructions. Briefly,
the ST was homogenized in 0.01 N HCI in the presence of
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EDTA and sodium metabisulfite. The homogenate was centri-
fuged at 13000xg for 5 min. The supernatants were collected
and used to measure DA level. After the determination of the
protein concentrations in the supernatants, the DA levels in
each brain sample were detected in duplicate using an ELISA
kit (Abnova). The absorbance at 450 nm was detected by a
microreader (BioTek), and the intensity was inversely propor-
tional to the DA level. The DA level is expressed as ng/mg
protein.

Determination of MAO-B activity

The MAO-B activity of the ST and SN was determined by
a MAO-B assay kit from Promega according to the manufac-
turer’s instructions. The kit applied a homogeneous lumines-
cent method for detecting MAO activity. The assay includes
2 steps. First, the MAO-B substrate was added to MAO-B
enzyme-containing material (ST and SN samples) to gener-
ate methyl ester luciferin; second, the produced methyl ester
luciferin reacted with esterase and luciferase to produce light.
The MAO-B activity was directly proportional to the amount
of developed light. The luminescent signal was measured us-
ing an Infinite M1000 multimode microplate reader (TECAN,
Mannedorf, Switzerland). MAO-B activity was expressed as
relative light units (RLU)/mg protein.

Western blot analysis

The protein markers in the lysates from SH-SHY5Y cells
and mouse brain tissues (SNpc and ST) were measured using
Western blot analysis. Briefly, after determining the concentra-
tion, protein samples (20 pg) were separated by 8%, 10% or
15% sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE). Then, the separated proteins on the gel were
transferred onto a polyvinylidene fluoride (PVDF) buffered sa-
line with 0.1% Tween 20 (TBST) for 5 min, the membrane was
blocked with 5% skim milk dissolved in TBST buffer. The mem-
brane was further incubated with monoclonal primary antibod-
ies sourced from rabbits (including anti-GAPDH, anti-AMPK,
anti-p-AMPK, anti-ULK, anti-p-ULK555, anti-Erk, anti-p-Erk,
anti-mTOR, anti-p-mTOR, anti-LC3B, anti-p62, anti-TH and
anti-a-synuclein antibodies). Primary antibodies were diluted
to a ratio of 1:1000 in blocking buffer and incubated at 4°C
overnight. On the second day, membrane was washed with
TBST 3 times (10 min each time) and then incubated in horse-
radish peroxidase-conjugated goat anti-rabbit IgG secondary
antibodies (diluted to a ratio of 1:2000 in blocking buffer) at
room temperature. After incubation in secondary antibody for
1 h, the membrane was washed for 30 min. The protein blots
on the membrane were developed with an ECL detection kit
and visualized using a LAS-4000 mini system (Fujifilm, Tokyo,
Japan). Once the protein blot signal saturated, LAS-4000 mini
system automatically paints it red color and we stop the detec-
tion. In order to accurately quantify the intensity of target pro-
tein, only the band showing unsaturated signal should be used
for the quantitative analysis (Ghosh et al., 2014). The present
research chose the unsaturated bands and quantified the in-
tensities of protein with Multi Gauge V3.0 software (Fuijifilm).

Statistical analysis

All the data in this study were analyzed using GraphPad
Prism 7 software (GraphPad Software, CA, USA) and present-
ed as mean = SEM. Statistical analysis were carried out using
one-way analysis of variance (ANOVA) or Student’s t-test. A



value of p<0.05 was considered statistical significance.

RESULTS

AKNS-2 activated autophagy through the mTOR-dependent
signaling pathway

To investigate the autophagy-inducing effects of AKNS-2,
SH-SY5Y cells were treated with AKNS-2 at 5, 10, or 20 uM.
After treatment for 24 h, the expression levels of autopha-
gy-related protein markers were measured by Western blot
analysis. As shown in Fig. 2A, AKNS-2 treatment induced the
expression of LC3-Il, a key autophagy indicator, in SH-SY5Y
cells in a dose-dependent manner. Moreover, AKNS-2 treat-
ment at 10 and 20 pM significantly increased p-Erk expres-
sion, while treatment with 5, 10, and 20 uM AKNS-2 led to sig-
nificant increases in p-AMPK and p-ULK expression. p-mTOR
expression was inhibited by 10 and 20 uM AKNS-2. These
findings indicate that AKNS-2 may upregulate autophagy by
activating the AMPK/mTOR pathway and/or the Erk/mTOR
pathway.

3-Methyladenine (3-MA) inhibits the formation of autopha-
gosome (Pattingre et al., 2003). To confirm the autophagy ac-
tivation induced by AKNS-2, we employed 3-MA (5 mM) to
disturb the autophagosome accumulation 30 min before treat-
ing SH-SY5Y cells with 10 uM AKNS-2. The results suggested
10 uM AKNS-2 significantly increased LC3-II expression (as
shown in Fig. 2B), however this enhancement was significant-
ly inhibited by 3-MA; p62 also plays critical role in autophagy,
it binds to LC3 through a region called the LC3-interacting re-
gion (LIR) and can be degraded when autophagy is activated

A AKNS-2
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(Bjerkay et al., 2009; Moscat and Diaz-Meco, 2009). Inter-
estingly, AKNS-2 also induced a significant reduction in p62
expression (Fig. 2B), and 3-MA treatment markedly blocked
the inhibitory effect of AKNS-2 on p62 level. In a tandem fluo-
rescent protein quenching assay, accumulation of GFP-RFP-
LC3-Il puncta (Fig. 2C) was evaluated using an autophagy
sensor from Thermo Fisher Scientific. More cytoplastic puncta
stained by green fluorescence and red fluorescence were ob-
served in the transfected cells treated with only AKNS-2 than
in the control cells. To confirm that AKNS-2 enhanced autoph-
agy, transfected cells were cotreated with AKNS-2 and the
autophagy inhibitors wortmannin (Wort; 50 nM) or bafilomycin
A, (Baf; 100 nM). As a the PI3K inhibitor, wortmannin inhibits
autophagy through blocking the formation of autophagosome
(Wu et al., 2010), while bafilomycin A; prevents lysosomal
acidification, thus interfering with the degradation of autopha-
gosome (Yang et al., 2013; Yoshii and Mizushima, 2017).
AKNS-2-enhanced accumulation of green and red LC3-ll
puncta was reduced by Wort, while Baf increased green fluo-
rescence and decreased red fluorescence. These findings
demonstrated that AKNS-2 activated autophagy.

AKNS-2 protects SH-SY5Y cells against MPP*-induced
neurotoxicity by activating autophagy

We tried to investigate the protective effects of AKNS-2 on
an MPP*-induced in vitro PD model. Fig. 3A shows that AKNS-
2 did not significantly affect cytotoxicity up to the high concen-
tration of 40 uM by MTT assay. The working concentrations of
MPP* and AKNS-2 were also determined by an MTT assay.
Fig. 3B shows that SH-SY5Y cells were treated with MPP* at
various concentrations, and MPP* at 2 mM significantly re-
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Fig. 2. AKNS-2 activated autophagy through mTOR dependent signals pathway. Twenty-four h after treatment with AKNS-2, key markers
involved in autophagy induction in SH-SY5Y cells were measured by Western blot method. (A) shows the expressions of autophagy related
protein markers in SH-SY5Y cells treated with AKNS-2. (B) shows AKNS-2 up-regulated LC3-Il and reduced p62 expressions were reversed
by 3-MA (5 mM). (C) mRFP-GFP-LC3 Tandem Fluorescent Protein Quenching Assay indicates AKNS-2 induced autophagy was inhibited by
wortmannin (Wort, 50 nM) and bafilomycin A1 (Baf, 100 nM). The data are expressed as mean + SEM (n=3). *p<0.05, **p<0.01, ***p<0.001
significant difference from control, *p<0.05, #p<0.01 significant difference from AKNS-2 treated group.
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duced cell viability. Therefore, we decided to induce an in vitro
PD model using 2 mM MPP*. Next, we tested the protective
effect of AKNS-2 against MPP* induced neurotoxicity. Briefly,
SH-SH5Y cells were treated with AKNS-2 at various concen-
trations, and after 1 h, 2 mM MPP* was added to the cells. Cell
viability was detected 24 h after treatment. The results (Fig.
3C) showed that 5 and 10 uM AKNS-2 markedly enhanced the
cell viability impaired by 2 mM MPP*.

To investigate whether AKNS-2 exerted a protective effect
on MPP*-damaged SH-SY5Y cells by activating autophagy.
We employed an autophagy inhibitor, 3-MA, to block the au-
tophagy activated by AKNS-2. Compared to the AKNS-2 and
MPP* cotreated group, the 3-MA-treated group had signifi-
cantly inhibited LC3-1l expression (Fig. 3D), while the p62 (Fig.
3E) decrease caused by MPP* and AKNS-2 was restored by
3-MA. Thus, the autophagy activated by AKNS-2 was blocked
by 3-MA. The enzyme tyrosine hydroxylase (TH) is expressed
throughout the central nervous system. TH converts tyrosine
to L-3,4-dihydroxyphenylalanine (L-DOPA), which can be pro-
cessed into DA. TH is the rate-limiting enzyme of DA synthe-
sis. Interestingly, in addition to inhibiting autophagy, the MPP*-
induced decrease in TH (as Fig. 3F) expression was reversed
by AKNS-2 treatment, and the beneficial effect of AKNS-2 was
also abolished by 3-MA treatment.

AKNS-2 upregulates autophagy and protects against
MPP* neurotoxicity in SH-SY5Y cells by activating the Erk/
mTOR pathway

A study reported that the depletion of Erk can partially in-
hibit autophagy and that the activation of Erk inhibits mTORC1
by binding to and activating TSC, thus upregulating autophagy
(Wang et al., 2009). U0126 is an inhibitor of the kinase MEK1/2;
U0126 prevents the activation of Erk1/2 and can be used to
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investigate the role of Erk in autophagy induction. To eluci-
date whether AKNS-2 activates autophagy by modulating the
Erk/mTOR signal pathway, SH-SY5Y cells were treated with
AKNS-2 (5 and 10 uM) in the absence or presence of U0126
(10 uM). Twenty-four h after cultivation, Western blot analysis
was employed to evaluate the induction of autophagy and the
expression of protein markers involved in the Erk-modulated
autophagy pathway. The results are shown in Fig. 4. LC3-II
expression was significantly increased by AKNS-2 (5 and 10
uM) treatment compared with the control condition. When 10
uM U0126 was added 30 min before AKNS-2 treatment, a sig-
nificant reduction in LC3-Il expression (Fig. 4A) was found in
both the 5 and 10 uM AKNS-2-treated groups, which indicates
that AKNS-2-induced autophagy was inhibited by U0126. A
significant increased expression in p-Erk (Fig. 4B) was found
in both the 5 and 10 uM AKNS-2-treated groups compared
with the control group, while the increased expression of p-Erk
in 10 uM AKNS-2-treated cells was dramatically abolished by
10 uM U0126 administration. Afterwards, p-mTOR expression
(Fig. 4D) was measured. Compared with the control condi-
tion, AKNS-2 (10 uM) significantly inhibited p-mTOR expres-
sion, and when 10 uM U0126 was administered 30 min be-
fore AKNS-2 treatment, the inhibition of p-mTOR expression
induced by AKNS-2 (5 and 10 uM) was markedly recovered.
AKNS-2 (5 and 10 uM) significantly enhanced p-ULK555 ex-
pression, as shown in Fig. 4C, while 10 uM U0126 abolished
the enhancing effect of 10 uM AKNS-2 on p-ULK. Here, we
concluded that AKNS-2 upregulates autophagy in SH-SY5Y
cells by activating the Erk/mTOR pathway.

TH is the rate-limiting enzyme of DA synthesis. a-synuclein
is the primary constituent of the LB, which is one of the patho-
logic features of PD. The present research aimed to study the
protective effect of AKNS-2 on MPP*-induced neurotoxicity in
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group (for LC3 difference from AKNS-2 treated group). 4p<0.05, *p<0.01 significant difference from AKNS-2 and MPP" treated group.

SH-SY5Y cells. Cell viability was examined by MTT assay.
The results in Fig. 4E indicate that AKNS-2 at 5 and 10 uM
significantly enhanced the decreased cell viability induced by
2 mM MPP*, but this enhancement was abolished by U0126
treatment. Next, we examined the expression of LC3 (Fig. 4F).
The results showed that U0126 blocked the enhancing effect
of AKNS-2 (5 and 10 uM) on LC3-Il expression; similarly, the
increase in LC3-Il expression due to AKNS-2 and MPP* co-
treatment was also abolished by U0126 administration. These
results confirmed that AKNS-2 enhanced cell viability and that
AKNS-2 enhanced autophagy and cell viability by modulat-
ing Erk signaling. Moreover, TH expression (Fig. 4G) was
significantly reduced by 2 mM MPP*, while the TH reduction
could be recovered by AKNS-2 at 5 and 10 uM. When U0126
was administered before AKNS-2 and MPP* treatment, the
enhancing effect of AKNS-2 on TH expression was inhibited.
Regarding a-synuclein expression, 2 mM MPP* significantly
increased a-synuclein expression (as Fig. 4H) in SH-SY5Y
cells, and AKNS-2 treatment counteracted the impact of MPP*
and inhibited a-synuclein expression. Interestingly, the pro-
tective effect was blocked in the presence of U0126. AKNS-2
reversed the altered expression of TH and a-synuclein and
enhanced the decreased cell viability by MPP* treatment in
SH-SY5Y cells; however, these protective effects could be in-
hibited by disturbing autophagy by blocking the Erk signaling
pathway. These facts suggest that AKNS-2 exerts its protec-
tive effect on MPP* induced cytotoxicity via activating autoph-
agy by regulating Erk signal.

AKNS-2 upregulates autophagy and protects against
MPP* neurotoxicity in SH-SY5Y cells by activating the
AMPK/mTOR pathway

AMPK activation leads to the activation of TSC1/2, thereby
inhibiting mTOR activity through inactivating the TOR activa-
tor Rheb, which eventually activates ULK1 and autophagy.
(Sarkar, 2013). To investigate whether AKNS-2 upregulates
autophagy by modulating the AMPK/mTOR pathway, we em-
ployed an AMPK siRNA (50 nM) to disturb AMPK signaling
in SH-SY5Y cells, and then SH-SY5Y cells were treated with
AKNS-2 (5 and 10 puM). Twenty-four h after AKNS-2 treat-
ment, representative protein markers involved in the AMPK/
mTOR signaling pathway that modulates autophagy, including
LC3, AMPK, mTOR and ULK, were measured by Western blot
analysis. Significant increases in LC3-Il (Fig. 5A), p-AMPK
(Fig. 5B) and p-ULK555 (Fig. 5C) were found in the AKNS-2
treated group compared with the control group. The AKNS-
2-enhanced expression of LC3-Il, p-AMPK and p-ULK555 was
dramatically reduced in AMPK siRNA-transfected SH-SY5Y
cells compared with normal AKNS-2-treated SH-SY5Y cells.
Additionally, AKNS-2 significantly inhibited p-mTOR expres-
sion (Fig. 5D), but the inhibition was abolished in response to
disturbance of AMPK signaling.

Next, we tried to elucidate whether AKNS-2 protects SH-
SYS5Y cells from MPP*-induced cytotoxicity and to explore the
role of AMPK-mediated autophagy in this protection. After SH-
SYS5Y cells were transfected with 50 nM AMPK siRNA, the
cells were treated with AKNS-2 (5 and 10 uM) in the absence
or presence of 2 mM MPP*. Cell viability was test by MTT
assay, and as shown in Fig. 5E, significantly decreased cell
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p<0.001 significant difference from AKNS-2 and MPP" treated group.

viability was observed with MPP* treatment compared with
the control condition, and AKNS-2 (5 and 10 uM) reversed the
effect of MPP* on cell viability. The viability of AMPK siRNA-
transfected SH-SY5Y cells was significantly lower than that of
normal SY-SY5Y cells in the presence of ANKS-2 and MPP*.
Regarding the expression of protein markers, LC3-II (Fig. 5F)
expression in normal SH-SY5Y cells was markedly enhanced
by AKNS-2 (5 and 10 uM), but the LC3-II level in AMPK siR-
NA-transfected cells was markedly lower than that in normal
SH-SY5Y cells in the presence of AKNS-2. Similarly, LC3-II
expression was significantly reduced in siRNA-transfected
cells after AKNS-2 and MPP* cotreatment compared with nor-
mal cells. Moreover, TH expression (Fig. 5G) was significantly
reduced by MPP* administration, and AKNS-2 treatment
counteracted the toxicity of MPP* and reversed TH expres-
sion. Interestingly, the AKNS-2-mediated improvement in TH
expression was abolished by AMPK siRNA. MPP* significantly
increased a-synuclein expression (Fig. 5H), and the increase
in a-synuclein level was inhibited by AKNS-2 in normal cells.
However, in AMPK siRNA-transfected cells, the inhibition of
a-synuclein by AKNS-2 was abolished. These facts indicate
that AKNS-2 upregulated autophagy by modulating AMPK sig-
naling and that activated autophagy protects SH-SY5Y cells
from MPP*-induced toxicity.

AKNS-2 improved the behavioral performance of an
MPTP-induced in vivo PD model

We also tested the protective effect of AKNS-2 on an MPTP-
induced in vivo PD model (Fig. 6A showed the scheme). As a
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non-ergot dopamine agonist, ropinirole delays the motor dis-
orders and is effective in treating early PD (Nashatizadeh et
al., 2009). In the present study, ropinirole was employed as a
positive control to evaluate the protection of AKNS-2 on the
induced in vivo PD model. First, we tested the effect of AKNS-
2 on MPTP-impaired behavioral performance using rotarod
test, pole test and wire hanging test. After training, the mice
were administered MPTP once daily for 8 consecutive days.
The behavioral performance in the rotarod test, pole test and
wire hanging test were examined at 2, 24, and 48 h after the
last MPTP injection. The mouse behavioral performance in the
rotarod test was markedly impaired in the MPTP-treated group
compared with the normal group at 2 and 24 h after injection,
but the impairment was reversed by 5 mg/kg ropinirole and 15
mg/kg AKNS-2 at 2 and 24 h. Treatment with 5 mg/kg AKNS-2
significantly improved the MPTP-impaired performance in the
rotarod test at 24 h. At 48 h, the performance of all mice was
recovered to the normal level (as shown in Fig. 6B). MPTP
treatment significantly damaged performance in the pole test
at 2 h after injection; however, the damaged performance was
significantly improved by ropinirole and AKNS-2 administra-
tion (5 and 15 mg/kg) at 2 h. No significant differences were
found among all groups at 24 and 48 h after MPTP injection (as
shown in Fig. 6C). For the wire hanging test, compared with
the control condition, MPTP injection significantly decreased
the latency to fall at 2 h and 24 h. At 48 h, the MPTP-induced
decrease in latency was recovered to the level in pretraining.
The positive control ropinirole (5 mg/kg) significantly improved
the latency impaired by MPTP at 2 h, while the impaired per-
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formance in the wire hanging test was significantly improved
by 15 mg/kg AKNS-2 at 2 h and 24 h (as shown in Fig. 6D).

Protective effects of AKNS-2 on mice damaged by MPTP
administration

DA is a neurotransmitter that transmits signals to other
nerve cells in the brain. Dopaminergic neuron damage leads
the loss of DA, thereby causing the motor symptoms of PD.
The DA level in the ST was measured using an ELISA kit (Ab-
nova). The result (as shown in Fig. 7A) indicated that the DA
level in the ST was significantly reduced by 30 mg/kg MPTP
administration. Interestingly, the MPTP-induced decrease in
DA level was restored by ropinirole (5 mg/kg) and AKNS-2 (15
mg/kg). This result suggested that AKNS-2 protects dopami-
nergic neurons from the damage induced by MPTP.

MPTP can be converted to MPP* by MAO-B in glial cells,
and MPP* is the actual toxin that damages dopaminergic neu-
rons. MAO-B inhibitors prevent the metabolism of MPTP to
MPP* by blocking the action of MAO-B. The present research
tried to examine whether AKNS-2 protects dopaminergic neu-
rons from the toxicity of MPTP by inhibiting MAO-B activity.
MAO-B activities in the SN and ST were detected by a MAO-B
assay kit (Promega). The result showed that MPTP (30 mg/
kg) significantly enhanced the MAO-B activities in both the ST
(Fig. 7B) and SN (Fig. 7C). However, AKNS-2 (5 and 15 mg/
kg) failed to reduce the MPTP-enhanced MAO-B activities in
both the ST and SN. This fact indicates that AKNS-2 is not
an efficient MAO-B inhibitor and that the protective effect of
AKNS-2 on MPTP-damaged mice is not due to MAO-B inhibi-
tion.

The MPTP-induced PD model is characterized by a de-
crease in TH in dopaminergic neurons. LBs are one of the
pathologic features of PD, and a-synuclein is the primary
constituent of LBs. The present research measured the ex-

group, *p<0.05, #p<0.01, " p<0.001 significant difference from MPTP

pression of TH and a-synuclein in the ST and SN of MPTP-
damaged mice by Western blot analysis. Fig. 7D shows rep-
resentative immunoblots of TH and a-synuclein in the ST and
SN. TH levels were significantly reduced in the MPTP-treated
group (30 mg/kg) compared with the normal control group in
both the ST (Fig. 7E) and SN (Fig. 7F). Interestingly, the re-
duction in TH levels in the ST and SN was significantly re-
versed by the administration of the positive control ropinirole
(5 mg/kg) and 5 and 15 mg/kg AKNS-2. As shown in Fig. 7G
and 7H, a-synuclein levels were significantly increased by
MPTP administration in both the ST and SN, and a signifi-
cant decrease in the a-synuclein level was observed with the
positive control ropinirole at 5 mg/kg compared with MPTP.
Moreover, a marked reduction in a-synuclein levels were also
found in the ST and SN of AKNS-2-treated (5 and 15 mg/kg)
mice compared with MPTP-treated mice.

Autophagy induction by AKNS-2 in an MPTP-induced in
vivo PD model

AKNS-2 induces autophagy in SH-SY5Y cells, and it pro-
tects cells from MPP*-induced cytotoxicity through autophagy
activation. In our MPTP-induced in vivo PD model, we tried to
examine the effect of AKNS-2 on autophagy regulation. Seven
days after treatment with AKNS-2 and MPTP, autophagy-re-
lated protein markers in the ST and SN were measured by
Western blot analysis. Fig. 8A and 8B show representative im-
munoblots and the relative intensities of the protein markers in
the ST and SN, respectively. The results indicated that MPTP
enhanced LC3-Il expression to a certain extent, but no signifi-
cant difference was observed in the ST and ST. Compared with
the MPTP treatment, the 15 mg/kg AKNS-2 treatment induced
a significant increase in LC3-Il expression in the ST. Enhanced
LC3-Il expression was found in the 15 mg/kg AKNS-2-treated
group in the SN, even though no significant difference was ob-
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served. Compared with the normal group, the MPTP-treated
group showed a significant decrease in p62 expression in the
ST, and significantly reduced p62 levels were observed in both
the ST and SN in the 5 and 15 mg/kg AKNS-2-treated groups
compared with MPTP-treated group. Additionally, MPTP in-
creased p-AMPK expression levels in both the ST and SN.
Compared with the MPTP treatment, treatment with ropinirole
and AKNS-2 led to significant increases in p-AMPK in both
the ST and SN. Moreover, p-Erk expression in the ST and SN
was decreased by 30 mg/kg MPTP treatment compared with
the control condition and dramatically enhanced by 15 mg/kg
AKNS-2 treatment compared with MPTP treatment. Similar to
p-Erk expression, p-ULK levels in the ST and SN were mark-
edly reduced by MPTP administration, and the ropinirole and
AKNS-2 (5 and 15 mg/kg) treatments counteracted the effect
of MPTP and significantly enhanced p-ULK expression in the
ST and SN. We also measured p-mTOR expression in mice,
and no significant difference was found in the ST or SN be-
tween the normal and MPTP-treated groups. Ropinirole and
AKNS-2 obviously tended to reduce p-mTOR expression in
the ST, even though no significant reduction was observed.

https://doi.org/10.4062/biomolther.2021.004

624

In the SN, significant reductions in p-mTOR were found in the
ropinirole- and AKNS-2-treated groups.

DISCUSSION

PD is one of the most common neurodegenerative disor-
ders, it is characterized by neuronal cell loss within the SN and
formation of LBs due to deficient expression of genes and mis-
folded a-synuclein (Davie, 2008). Autophagy was reported to
efficiently degrade a-synuclein, and the inhibition of autopha-
gy induces the accumulation of insoluble a-synuclein (Vogiatzi
et al., 2008). Many current PD drugs have failed to prevent the
degeneration of dopaminergic neurons (Mythri et al., 2012).
Natural products, including herbal extracts, phytochemicals
and bioactive ingredients, are believed to be potent sources of
drugs for PD therapy (Mythri et al., 2012). The native Korean
plant AKNS is a valuable herb to treat several diseases (Kim
et al., 2018). The present study aimed to investigate the effect
of a triterpene saponin, astersaponin | (named AKNS-2) de-
rived from AKNS on autophagy activation and then to examine
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Fig. 8. Autophagy induction of AKNS-2 in in vivo experiment. (A) shows the typical protein bands and the relative densities of autophagy
related protein markers including LC3, p62, AMPK, Erk, ULK and mTOR in striatum. (B) shows the typical protein bands and the relative
densities of autophagy related protein markers including LC3, p62, AMPK, Erk, ULK and mTOR in substantia nigra. The data are expressed
as mean + SEM (n=5). *p<0.05, **p<0.01, ***p<0.001 significant difference from control group, *p<0.05, #p<0.01, **p<0.001 significant dif-

ference from MPTP treated group.

its beneficial effect on PD models. The autophagy enhanc-
ing effect of AKNS-2 were examined in in vitro experiments
at various concentrations. The results showed that the AKNS-
2 significantly increased the expression of LC3-Il, which re-
flects the amount of autophagosomes and autophagy-related
structures (Yoshii and Mizushima, 2017). Next, cytotoxicity
was measured by MTT assay in SH-SY5Y cells. AKNS-2 did
not show significant cytotoxicity up to 40 uM. To confirm the
autophagy-activating effect of AKNS-2, an autophagy inhibi-
tor 3-MA, which inhibits the formation of autophagosomes by
blocking class Ill PI3K, was applied to block autophagic flux
(Ito et al., 2007). In addition to LC3-II, another important au-
tophagy marker p62, which links LC3 and other ubiquitinated
substrates was tested to verify autophagy activation (Zhang et
al., 2013; Yoshii and Mizushima, 2017). The results revealed
that AKNS-2 significantly enhanced LC3-Il levels and inhibited
p62 levels were dramatically reversed by 3-MA. Furthermore,
we also carried out the mRFP-GFP-LC3 tandem fluorescent
protein quenching assay to monitor autophagic flux (Zhang et
al., 2013; Yoshii and Mizushima, 2017). Wortmanin (Wort 50

nM) and Bafilomycin A1 (Baf 100 nM) were employed to inhibit
the autophagic flux, respectively. AKNS-2-treatment dramati-
cally increased cellular green and red puncta compared with
control group, but the PI3K inhibitor Wort reduced green and
red fluorescently labeled LC3 puncta. Moreover, Baf, an au-
tophagy inhibitor which interferes green fluorescence quench-
ing and autophagosome degradation (Zhang et al., 2013),
produced more green and less red puncta than AKNS-2-treat-
ed group. These facts indicated AKNS-2-induced autophagic
flux was inhibited, thus, AKNS-2 was confirmed as a potent
autophagy inducer.

To explore the underlying pathways that AKNS-2 activates
autophagy, we measured other autophagy-related protein
markers except LC3-1l. We found that AKNS-2 significantly
enhance the cellular expression of p-AMPK, p-Erk, p-ULK555,
but reduced p-mTOR expression. Supportably, phosphory-
lated AMPK, Erk upregulate autophagy via inhibiting mTOR,
thus enhanced the phosphorylation of ULK (Inoki et al., 2003;
Meley et al., 2006; Ganley et al., 2009; Jung et al., 2009; Yang
etal., 2013; Hu et al., 2017b). Thus, AKNS-2 may activate au-
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Fig. 8. Continued.

tophagy by modulating the Erk/mTOR and AMPK/mTOR path-
ways. To clarify the involved autophagy pathways induced by
AKNS-2, the Erk inhibitor U0126 was used to block Erk signal-
ing in SH-SY5Y cells. We found that AKNS-2 enhanced p-Erk
expression was significantly inhibited by U0126. Moreover, the
AKNS-2-induced changes in the expression of downstream
autophagy regulators, including p-mTOR and p-ULK555, were
reversed by U0126 which subsequently induced a decrease in
the ratio of LC3-II/LC3-I. Therefore, AKNS-2 may upregulate
autophagy at least partly by modulating the Erk/mTOR path-
way. Additionally, the interference of AMPK signaling with siR-
NA abolished the enhancement of AKNS-2 on p-AMPK, thus
reversed the expressions of downstream markers of mTOR,
p-ULK555 and LC3-Il. These facts suggest that AKNS-2 may
also activate autophagy by the AMPK/mTOR pathway.

It is well-known that MPTP, can be converted to the actual
neurotoxin, MPP*, by MAO-B in astrocytes, MPP* blocks the
mitochondrial respiratory chain and decreases cellular en-
ergy, thereby leading to an increase in oxidative stress and
cell death (Ransom et al., 1987; Janhom and Dharmasaro-
ja, 2015). Thus, MPP*-induced PD model in SH-SY5Y cells
was used to test the neuro-protective effect of AKNS-2. TH,
the rate-limiting enzyme in DA synthesis throughout the cen-
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MPTP 30 mg/kg MPTP 30 mg/kg

tral nervous system (Tabrez et al., 2012; Liang et al., 2016),
was examined as an index to monitor the protective effect of
AKNS-2. The results suggested that TH level was significant-
ly reduced by MPP*, but AKNS-2 counteracted the effect of
MPP* and significantly restored the expression of TH. Mean-
while. We found significantly increased LC3-Il and deceased
p62 expression by AKNS-2 treatment, which indicated the
autophagy activation. Interestingly, the changed expressions
of TH, LC3-Il and p62 were reversed when autophagy was
inhibited by 3-MA, which suggested that the protective ef-
fect of AKNS-2 was attributed to its autophagy-inducing ac-
tivity. Furthermore, we tried to examine whether Erk/mTOR
and AMPK/mTOR pathways involved in the protective effect
of AKNS-2 on the MPP*-induced in vitro PD model. Western
blot analysis showed that AKNS-2 and MPP* induced changes
of LC3-1l expression was significantly reversed by Erk inhibi-
tor U0126, which suggested that AKNS-2-induced autophagy
was blocked by U0126. Additionally, U0126 abolished the
enhancement of cell viability by AKNS-2 in MPP* damaged
SH-SY5Y cells. Similar results were found when we measured
the levels of TH and a-synuclein. AKNS-2 reversed the im-
paired expression of TH and a-synuclein induced by MPP*,
but U0126 abolished the action of AKNS-2. These results



indicated that AKNS-2 protects against MPP*-induced neu-
rotoxicity via Erk-activated autophagy. To investigate the in-
volvement of AMPK signaling, AMPK signaling was disturbed
by the transfection of AMPK siRNA in SH-SY5Y cells. Results
showed AKNS-2 and MPP* induced expression change in
LC3-Il was significantly reversed by AMPK siRNA, which sug-
gested that autophagy was blocked by AMPK siRNA. Mean-
while, AMPK disturbance abolished the AKNS-2 improved cell
viability and TH, a-synuclein expressions in MPP* damaged
SH-SY5Y cells, which suggested a protective effect of AKNS-
2 on the MPP*-induced in vitro PD model via AMPK-activated
autophagy.

Since in vitro experiments demonstrated that AKNS-2 is a
potent autophagy inducer and that autophagy activation pro-
tects neuronal cells from the toxicity of MPP*. Next, we tried
to test the protective effect of AKNS-2 on an MPTP-induced
PD mouse model. The loss of dopaminergic neurons leads to
a decrease in DA in the ST, which results in motor disorders,
including tremor, rigidity, bradykinesia and postural instability
(Taylor et al., 2010). After habituation, C57BL/6j mice were
subjected to a series of behavioral training regimen (rotarod
test, pole test and wire hanging test). Mice behavioral perfor-
mance were tested at the following three time points: 2 h, 24
h, and 48 h after MPTP (30 mg/kg) injection. Performance in
the rotarod test and the wire hanging test was dramatically im-
paired by MPTP injection, however, 15 mg/kg AKNS-2 signifi-
cantly improved the impaired performance induced by MPTP
in the rotarod and wire hanging tests at 2 and 24 h after MPTP
injection. In the pole test, 5 and 15 mg/kg AKNS-2 only allevi-
ated the MPTP-induced behavior impairment at 2 h after the
MPTP injection. The behavioral tests in the present research
were used to investigate the balance, muscle strength, and
motor coordination of animals, and the results reflected the
enhancing effect of AKNS-2 on MPTP-impaired mouse behav-
ioral performance.

DA is an important neurotransmitter among of nerve cells in
the brain, but it is not sufficiently produced when dopaminergic
neurons loss was induced by MPTP, thereby leading to the
decrease in DA synthesis and motor disorders found in PD
patients (Poewe et al., 2017). We measured the DA level in
the ST of mice 7 days after MPTP administration. The striatal
DA level was significantly reduced by MPTP, and the decrease
in DA was restored by 5 mg/kg positive control ropinirole and
15 mg/kg AKNS-2. The enhancing effect of AKNS-2 on the DA
level explained the reason why AKNS-2 improved the mouse
behavioral performance damaged by MPTP. Moreover, MPTP
crosses the BBB and is converted into MPP*, the actual neu-
rotoxin, by MAO-B in astrocytes (Kupsch et al., 2001; Malla-
josyula et al., 2008). Thus, inhibiting MAO-B activity may also
alleviate the toxicity of MPTP and prevent the loss of dopa-
minergic neurons. The present study tried to clarify whether
the protection of AKNS-2 on the MPTP-induced PD model
relates to MAO-B activity. The MAO-B activities in the ST and
SN were examined by a MAO-B assay kit (Promega), the re-
sults did not show any significant difference in MAO-B activity
between the MPTP- and AKNS-2-treated groups, which indi-
cated that AKNS-2 was not an efficient MAO-B inhibitor.

We also measured the TH and a-synuclein levels in the ST
and SN from mice treated with MPTP and AKNS-2. Consis-
tent with the results of the in vitro experiment, MPTP markedly
reduced TH levels and enhanced o-synuclein accumulation in
both the ST and SN. However, the changes in the expression
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of TH and a-synuclein induced by MPTP were significantly
reversed by AKNS-2, which indicated the protective effect of
AKNS-2 against MPTP-induced toxicity. Additionally, we in-
vestigated autophagy activation by measuring the expression
of LC3-Il and p62 in mouse brain using Western blot analysis.
The results showed that LC3-1l expression in the ST was sig-
nificantly enhanced by AKNS-2, while the LC3-Il level obvi-
ously tended to increase in SN. Meanwhile, AKNS-2 signifi-
cantly decreased p62 levels in ST and SN. Based on these
data, autophagy was activated in the in vivo PD model. Subse-
quently, other protein markers related to autophagy regulation
were examined, and results were consistent with the in vitro
experiment, which showed that AKNS-2 significantly upregu-
lated p-AMPK, p-Erk, and p-ULK555 levels and inhibited p-
mMTOR levels. The upregulated autophagy induced by AKNS-2
is probably due to the activation of the AMPK/mTOR and Erk/
mTOR pathways and exerts a protective effect on the MPTP-
induced in vivo PD model. Autophagy-lysosomal pathway is
the one of the major ways for protein degradation in neuron,
and it is responsible for the degradation of abnormal aggre-
gated proteins including a-synuclein (Le, 2020). In the present
research, AKNS-2 activates the Erk/mTOR and AMPK/mTOR
signaling and enhances the transfer of a-synuclein to lyso-
some by forming the autophagosome, eventually promotes
the degradation of a-synuclein and improves the symptoms
found in MPTP induced PD models.

The present study reported a novel active compound,
AKNS-2, was isolated from natural plant Aster koraiensis.
We systematically studied the autophagy inducing effect and
neuro-protective effect of AKNS-2. Data from the in vitro ex-
periments demonstrated that AKNS-2 exerts a prominent
autophagy-inducing effect by activating Erk and AMPK signal-
ing, meanwhile, AKNS-2 showed excellent neuro-protective
effects on MPP* induced in vitro and MPTP induced in vivo
PD model through autophagy activation, it may serve as a
candidate for PD therapy.
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