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ARTICLE INFO ABSTRACT

Keywords: Background: Parkinson’s disease (PD) is a neurodegenerative disorder involving the degeneration of dopami-
Pafkmsfm’s disease nergic neurons in the substantia nigra pars compacta (SNpc). Cellular clearance mechanisms, including the
:oz;rgyl autophagy-lysosome pathway, are commonly affected in the pathogenesis of PD. The lysosomal Ca?* channel

TRPML1 . . .
Autophagy phagy. Artemisia argyi Lev. et Vant., is a traditional Chinese herb, that has diverse therapeutic properties and is
Mitophagy used to treat patients with skin diseases and oral ulcers. However, the neuroprotective effects of A. argyi are not
a-synuclein explored yet.

Hypothesis: This study aims is to investigate the neuroprotective effects of A. argyi in promoting the TRPML1-

mediated autophagy/mitophagy-enhancing effect

Methods: In this study, we used 1-methyl-4-phenyl-pyridinium (MPP+)-induced PD model established in an SH-
SY5Y human neuroblastoma cell line as well as in a 1-methyl-4-phenyl-1,2,3,6-tetrahydro-pyridine (MPTP)-
induced PD model in C57BL/6 J mice. MTT assay was conducted to measure the cell viability and further
MitoSoX and DCFDA assay were used to measure the ROS. Western blot analysis was used to access levels of
TRPML1, p-DRP1 (ser616), p-AKT, PI3K, and B-catenin, Additionally, IF and IHC analysis to investigate the
expression of TRPML1, LC3B, p-catenin, TH+, a-synuclein. Mitotracker stain was used to check mitophagy levels
and a lysosomal intracellular activity kit was used to measure the lysosomal dysfunction. Behavioral studies were

conducted by rotarod and grip strength experiments to check motor functions.

Abbreviations: A. Argyi (AA), Artemisia Argyi Lev. et Vant.; DCFDA, 2,7-Dichlorofluorescein diacetate; DRP1, dynamin-related protein 1; LC3B, light chain 3B;
MPP+, 1-methyl-4-phenyl-pyridinium; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydro-pyridine; MTT, 3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bro-
mide; PI3K, Phosphoinositide 3-kinases; PD, Parkinson’s disease; ROS, Reactive Oxygen Species; SNpc, substantia nigra pars compacta; TH+, Tyrosine Hydroxylase;

TRPMLI1, Transient receptor potential mucolipin 1.
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mucolipin TRP channel 1 (TRPML1) is one of the most important proteins involved in the regulation of auto-
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Resuits: In our in vitro study, A. argyi rescued the MPP+-induced loss of cell viability and reduced the accumu-
lation of mitochondrial and total reactive oxygen species (ROS). Subsequently, it increased the expression of
TRPMLL1 protein, thereby inducing autophagy, which facilitated the clearance of toxic accumulation of a-syn-
uclein. Furthermore, A. argyi played a neuroprotective role by activating the PI3K/AKT/f-catenin cell survival
pathway. MPP+-mediated mitochondrial damage was overcome by upregulation of mitophagy and down-
regulation of the mitochondrial fission regulator p-DRP1 (ser616) in SH-SY5Y cells. In the in vivo study, A. argyi
ameliorated impaired motor function and rescued TH+ neurons in the SNpc region. Similar to the results of the in
vitro study, TRPML1, LC3B, and p-catenin expression was enhanced in the SNpc region in the A. argyi-treated

mice brain.

Conclusion: Thus, our results first demonstrate that A. argyi can exert neuroprotective effects by stimulating
TRPML1 and rescuing neuronal cells by boosting autophagy/mitophagy and upregulating a survival pathway,
suggesting that A. argyi can further be exploited to slow the progression of PD.

Introduction

Parkinson’s disease (PD) is a progressive, degenerative neurological
disease characterized by a large number of motor and non-motor
symptoms (Lew 2007) and is the fastest-growing neurodegenerative
disorder, which is estimated to increase to 1.24 million by 2030 (Wang
et al., 2015). PD involves dysfunction or loss of dopaminergic (DAergic)
neurons in the substantia nigra par compacta (SNpc) of the midbrain
along with inclusions of Lewy bodies and cytoplasmic aggregations of
the protein a-synuclein (Kalia and Lang 2015). The precise mechanisms
involved in the degeneration of neurons are still unclear, but an array of
modulators are predicted to be involved, including oxidative stress,
mitochondrial dysfunction, DNA damage, lipid peroxidation, and
neuronal excitotoxicity (Marino et al., 2020). Neuronal tumor cells from
the human neuroblastoma SH-SY5Y line treated with neurotoxins like
1-methyl-4-phenyl-pyridinium (MPP+) are presently used to mimic the
DAergic neuronal death in PD. In animal models, 1-methyl-4-phenyl-1,
2,3,6-tetrahydro-pyridine (MPTP) is used to simulate the PD condition
(Xie et al., 2010; Ito et al., 2017). Current treatments include dopamine
replacement therapies and other drugs which cannot reverse the disease
progression (Lohle and Reichmann 2010) but its long-term usage can
cause severe side effects as well as therapy-related motor complications
like dyskinesia (Calabresi et al., 2010). Therefore, the search for safer
and more reliable alternative treatments is demanded.

TCM has been used for several years by the Chinese community to
treat several diseases, and many drugs evaluated in recent clinical trials
have been extracted from plants because of the fewer adverse effects and
multi-targeted effects of such drugs (Li et al., 2017; Li and Le 2021).
Increasing evidence suggests that TCM can ameliorate neurodegenera-
tive symptoms by upregulating the autophagy pathway (Xia et al., 2020;
Wang et al., 2021). Herbs from the Artemisia genus have been widely
used for their medical properties (Kim et al., 1997; Hussain 2020).
Artemisia argyi Lev. et Vant. (A. argyi) is a perennial herb (Kang et al.,
2016) that has been proven to possess anti-inflammatory and
anti-oxidant properties (Zeng et al., 2014; Li et al., 2018). Previous
literature has shown that the extract from A. argyi leaves has therapeutic
effects on abdominal pain, dermatitis (Yun et al., 2016) oral ulcer (Yin
etal., 2017) obesity and diabetes (Yamamoto et al., 2011) however little
to no study has shown the neuroprotective effects of A. argyi. Therefore,
in the present study, we investigated the neuroprotective effect of
A. argyi against MPP+/MPTP-induced toxicity in SH-SY5Y cells and B6
mice.

Recent studies have suggested that mucolipin TRP channel 1
(TRPML1) or mucolipin-1, a cation-permeable channel localized on the
membrane of lysosomes, plays a major role in regulating autophagy
(Scotto Rosato, Montefusco et al. 2019; Tedeschi et al., 2019). It is
widely distributed in the brain and other tissues and plays an important
role in lysosomal storage, signal transduction, membrane trans-
portation, and acidic homeostasis (Santoni et al., 2020). Previous studies
have shown that increased lysosomal Ca®" activity can clear a-synuclein
accumulation and protect DAergic neurons in Parkinson’s disease

(Tedeschi et al., 2019). Moreover, increased TRPML1 expression has
been also shown to clear damaged mitochondria and remove excess
reactive oxygen species (ROS), which can help reduce neuronal toxicity
(Zhang et al., 2016; Zhang et al., 2021). Since this channel is of utmost
importance in PD, we hypothesized that it may have been compromised
in the disease. There is evidence indicating impaired autophagy
(Anglade et al., 1997) and mitophagy (Liu et al., 2019) in vulnerable
brain regions in PD patients, which are correlated with a-synuclein
accumulation in the same brain samples (Fowler and Moussa 2018; Hou
et al., 2020). Thus, defective autophagy can aggravate disease pheno-
types, suggesting that autophagy may be an attractive therapeutic target
for the prevention and treatment of PD-associated neurodegeneration.
In particular, increasing the efficiency of autophagy could ameliorate
the toxic effects of aggregates in PD.

On other hand, activation of phosphatidylinositol-3 kinase (PI3K)/
Akt (protein kinase-B) has shown neuroprotective effects against
oxidative stress and apoptosis in the progression of PD (Jiang and Peng
2021). Furthermore, activated Akt can phosphorylate and stabilize
b-catenin which can then translocate to the nucleus and activate several
anti-apoptotic genes like Bcl2 thereby promoting cell survival (Fang
et al., 2007). Therefore, the current study provides evidence to support
the neuroprotective effects of A. argyi by up-regulating TRPML1 to
modulate autophagy thereby activating the PI3K/ Akt/b-catenin
pathway both in vitro and in vivo.

Materials and methods
Cell culture and treatment

The SH-SY5Y neuroblastoma cell line was obtained from the Amer-
ican Type Culture Collection (ATCC). The cells were cultured in a 1:1
mixture of Dulbecco’s modified Eagle medium and Ham’s F12 supple-
mented with 10% fetal bovine serum and 1% penicillin-streptomycin
antibiotics (Gibco, Gaithersburg, MD, USA). Cells were cultured in an
atmosphere of 5% CO5 at 37 °C, consistent with our previous study (Liu
et al., 2020). Briefly, cells were seeded in a 96-well plate (12,000
cells/well) or chamber slides (22,000 cells/well) and incubated over-
night to reach the desired confluency. To induce a PD-like phenotype,
the cells were treated with 1 mM MPP+ jodide (Sigma Chemical Co., St.
Louis, MO, U.S.A.) diluted in dimethyl sulfoxide (DMSO) for 24 h.

Preparation of ethanol crude extract of A. argyi

Artemisia argyi was provided by the Department of Chinese Medi-
cine, Hualien Tzu Chi Hospital, Taiwan. The healthy, mature, and fresh
A. argyi leaves (Chinese mugwort) were collected locally from Taiwan.
The leaves (150 g) were washed, dried under the shade, and then
crushed in a grinder with 500 ml of 75% ethanol. The solution was
placed in an ultrasonic water bath at 40 kHz, 30 °C for 1 h, and
centrifuged at 1300 rpm for 30 min at 4 °C. The centrifugate was filtered
using a 0.45 pm pore size filter and concentrated in a hot air oven at 40
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°C until the solvent is evaporated (Zainol et al., 2018).
HPLC-MS/MS analysis

HPLC-MS/MS Analysis was performed to identify the main com-
pounds of A. argyi ethanol extract. It was analyzed using AB Sciex In-
struments QTRAP 5500 (Agilent Corporation, CA, USA) equipped with
Agilent 1260 G1312B Binary Pump, a Phenomenex Kinetex-Phenyl-
Hexyl-100A (100 mm x 2.1 mm i.d., 2.6 um; flow rate 0.1 ml/min)
column maintained at -20°C. The chromatographic data were inter-
preted using Analyst 1.5 software (Thermo Fisher Scientific). The
analysis showed the presence of 0.53 ng/ml of Swertisin, 0.94 ng/ml
Isoliquiritigenin, 0.014 ng/ml 3,4-Dimythoxyflavone, 138.9 ng/ml
Eupatilin, 108.6 ng/ml Nerolidol.

3- (4,5-dimethylthiazol-2-yl)-2, 5-diphenyl-2H-tetrazolium bromide
(MTT) assay

The cytotoxicity of the compounds administered to the cells was
evaluated using the MTT (Sigma-Aldrich, St. Louis, MO, USA) after
treatment as described previously (Chang et al., 2021). The cells were
plated in a 96-well plate in triplicates and then were treated first with 1
mM MPP+ for 24 hrs followed with A. argyi at different concentrations
for another 24 hrs. After that, 0.5 mg/ml MTT was added to each well
and incubated for 2-3 hrs. Then the blue formazan crystals were diluted
in 100 ul of DMSO and the absorbance was checked at 570 nm using a
microplate ELISA reader (Bio-Tek Instruments, Winooski, VT, USA). The
dosages of 60 pg/ml and 80 pg/ml were fixed for all further experiments
as it was found efficient to overcome the toxic effects of MPP+-.

Lysosomal intracellular activity assay

The lysosomal activity was measured with a self-quenched substrate,
using Bafilomycin 1 x as control, based on the manufacturer’s in-
structions (Lysosomal Intracellular Activity Assay kit, Abcam, Cam-
bridge, United Kingdom; Catalog No. ab234622). Briefly, the SH-SY-5Y
cells were incubated with a self-quenched substrate for 1 h at 37 °C. The
cells were then washed with the ice-cold assay buffer provided in the kit.
The treated cells were then fixed with 4% paraformaldehyde for 15 min
and permeabilized with 0.1% Triton X-100 for 30 mins. The mounting
media with 4,6-diamidino-2-phenylindole (DAPI; ab104139) and
observed with the Axio Observer Al digital fluorescence microscope
(Olympus, Tokyo, Japan)

Immunofiuorescence (IF) staining

SH-SY5Y cells were fixed in paraformaldehyde and permeabilized
with 0.1% Triton X-100 and 1% sodium citrate for 2 min on ice. After
blocking with 2% bovine serum albumin (BSA), the cells were incubated
with the primary antibody (LC3B, #2775; TRPML1, ab272608; a-syn-
uclein [4D6], abl903; a-synuclein (phospho S129) (EP1536Y),
ab51253: 1:200) diluted in 2% BSA at 4 °C overnight. Subsequently, the
cells were washed in PBS and incubated with a secondary Alexa Fluor®
594 goat anti-rabbit IgG (H + I) 1:500 (A11012, Invitrogen) in 2% BSA
at room temperature for 1 h. Finally, the cells were counterstained with
a mounting medium containing 4,6-diamidino-2-phenylindole (DAPIL;
ab104139) and observed with the Axio Observer Al digital fluorescence
microscope (Olympus, Tokyo, Japan)

Immunoblotting assay

Fifty micrograms of protein were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then trans-
ferred onto a 0.45-pm polyvinylidene difluoride (PVDF) membrane
(Sigma-Aldrich). After transfer, the membranes were blocked using 5%
non-fat dry milk in Tris-buffered saline with 0.1% Tween® 20 detergent
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(TBST) for 1 h at room temperature and then incubated with the primary
antibodies (1:1000 PI3K [sc-374534], 1:1000 p-catenin [sc-7963],
1:1000 LEF [sc-374412], 1:1000 p-AKT [sc-514032], 1:1000 BCL-2
[610539], 1:1000 DRP1 [sc-271583], 1:1000 p-DRP1 (ser616)
[#3455], and 1:5000 GAPDH [sc-32233] diluted in 1% BSA) overnight
at 4 °C. The membranes were then incubated with a secondary antibody
with appropriate hosts for 1 h at room temperature. The ECL substrate
(Millipore, Billerica, MA, USA) was poured onto the membrane, and the
membrane was viewed under UVP iBright 1500 (ThermoFisher Scien-
tific). The intensity was measured using ImageJ software (NIH,
Bethesda, MD, USA), as previously described (Lin et al., 2019).

MitoSoX assay

Mitochondrial ROS levels were measured using a MitoSoX Red
mitochondrial superoxide indicator kit (M36008; Invitrogen, Carlsbad,
CA, USA). The cells were fixed and permeabilized according to the
protocol described above. The cells were incubated with 4 uM MitoSoX
reagent (diluted in warm 1X PBS) for 30 min at 37 °C in the dark.
Subsequently, the cells were washed with warm PBS three times,
mounted with mounting media containing 4,6-diamidino-2-phenylin-
dole (DAPI; ab104139), and observed with the Axio Observer Al digi-
tal fluorescence microscope (Olympus, Tokyo, Japan). Similarly,
MitoSox Red fluorescence intensity was measured using a Synergy HTX
Multi-Mode Microplate Reader (Bio-Tek).

MitoTracker assay

The treated cells were incubated with 150 nM MitoTracker™ Red
CMXRos (M7512, Invitrogen, Carlsbad, CA, USA) (diluted in serum-free
media) for 30 min at 37 °C in the dark. Then, the cells were fixed and
permeabilized according to the above protocol and incubated with LC3B
(1:200) [#2775, abcam] antibody overnight at 4 °C. The slides were
then incubated with the appropriate fluorescent secondary antibody and
mounted with a fluoromount aqueous mounting medium containing
4,6-diamidino-2-phenylindole (DAPI; ab104139) and observed with the
Axio Observer Al digital fluorescence microscope (Olympus, Tokyo,
Japan)

2,7-Dichlorofluorescein diacetate (DCFDA)/dichlorodihydrofluorescein-
diacetate (H2DCFDA) staining

Endogenous ROS levels were measured using the DCFDA/H2DCFDA-
Cellular ROS Assay Kit (ab113851, Abcam, Cambridge, MA, USA) ac-
cording to the manufacturer’s protocol. DCFDA (25 pM) was added to
the culture plate and incubated for 45 min at 37 °C in the dark. Un-
stained cells were used as a blank control. Fluorescence intensity was
measured using a Synergy HTX Multi-Mode Microplate Reader (BioTek).

Animals

Twelve male C57BL/6 J mice weighing 25-30 gs (10 weeks old) were
obtained from BioLASCO Co., Taiwan. They were maintained in filter-
top holding cages with free access to food and water in an environ-
mentally controlled room maintained at a temperature of 23 °C, with a
humidity of 55%, and a 12-h light-dark cycle (light period, 7 AM to 7
PM). After 1 week of acclimatization to the new environment, the mice
were randomly assigned to one of three groups: (i) control (n = 4), (ii)
MPTP (n = 4), and (iii) MPTP + AA (n = 4). An acute mouse model of PD
was created by injecting four doses of MPTP (25 mg/kg, diluted in
DMSO) intraperitoneally at 2-h intervals (Meredith and Rademacher
2011). Animals in the A. argyi group received AA at a concentration of
100 mg/kg diluted in 25% ethanol for 2 weeks. Throughout the 3-week
treatment regimen, the groups were monitored using behavioral tests.
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Rotarod test

The rotarod test was performed on the mice by using the Biosep Rota
rod Model LE8205. The mice were pre-trained for 1 week before the
experiment. On the third week after MPTP treatment, the mice were
tested on the rotarod. The latency to fall was recorded (Deacon 2013).

Grip strength

The grip strength of mice was measured using a grip strength meter
(Ugo Basile, Cat. No. 47200; Gemonio, Italy) to measure the grip
strength (peak force and time resistance) of the forelimbs. The mouse
was held by the tail and lowered to just above the grid. Once the mouse
grabbed the metal grid, it was then gently pulled back by its tail, and the
maximal value of grip strength was recorded. Each mouse was tested six
times and the values averaged were used for data analysis. (Zheng et al.,
2021)

Immunohistochemistry (IHC)

The sectioned samples were fixed with 4% PFA, permeabilized, and
blocked with 0.3% Triton X-100 and 2% BSA in PBS for 1 h. The cells
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were then incubated with the primary antibody (Tyrosine Hydroxylase
(TH), abl112; p-Catenin (E-5), sc-7963; LC3B, #2775; TRPMLI,
ab272608) 1:200 diluted in 2% BSA overnight at 4 °C. Thereafter, the
slides were incubated with the secondary antibody Alexa Fluor® 488
goat anti-rabbit IgG (H + I) 1:500 (A11008, Invitrogen) diluted in 2%
BSA and 1 x PBS for 1 h at room temperature. Finally, the cells were
counterstained with a mounting medium containing 4,6-diamidino-2-
phenylindole (DAPI; ab104139) and observed with the Axio Observer
Al digital fluorescence microscope (Olympus, Tokyo, Japan).

Statistical analysis

All statistical analyses were performed using GraphPad Prism
v5.0.3.477 (GraphPad Software Inc., San Diego, CA). T-test followed by
a non-parametric Mann-Whitney U test was used for comparisons be-
tween groups. All data are presented as mean =+ standard deviation (S.
D.). p values less than 0.05 were considered statistically significant, with
* representing p< 0.05, ** indicating p< 0.01, and *** indicating p<
0.001.

Fig. 1. Effects of 1-methyl-4-phenylpyridinium (MPP+) and A. argyi (AA) on SH-SY5Y cell viability. (A) Cells were incubated with different concentrations of MMP+
ranging from 0.2 mM to 3 mM for 24 h for the 3-(4,5-dimethylthiazol-2-yl) -2,5-diphenyl tetrazolium bromide (MTT) assay. (B) Cells were treated with 10 to 250 pg/
ml of A. argyi for 24 h to check cell toxicity. (C) Cells were pretreated with 1 mM of MPP+ for 24 h followed by incubation with different concentrations of AA for
another 24 h. Cell viability was assessed and expressed as the percentage of the viability of the control group. Data are expressed as the mean + standard deviation. *,
#p< 0.05, ***p< 0.001; *indicates the p-value for the comparison between MPP-+ and AA groups, # indicates the p-value for comparison between the MPP+ group

and control.
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Results
A. argyi ameliorated MPP+-mediated cytotoxicity in sh-sy5y cells

The viability of SH-SY5Y cells was monitored using the MTT assay.
As shown in (Fig. 1A), MPP+ treatment at concentrations of 0.2-3 mM
significantly reduced the viability of SH-SY5Y cells in a dose-dependent
manner in comparison with untreated cells. Based on the MTT data, we
chose an MPP+ concentration of 1 mM to generate the PD model. As
shown in Fig. 1B, the treatment of A. argyi had no significant cytotoxic
effect on cell viability upto 80 pg/ml. Further to finalize the effective
doses of A. argyi, cells were incubated with MPP+ (1 mM) for 24 hrs,
followed by post-treatment with different concentrations of A. argyi for
another 24 h. We found that A. argyi treatment at 60 and 80 pg/ml
significantly attenuated MPP+-induced loss of cell viability (Fig. 1C).

A. argyi attenuated MPP+-induced oxidative stress in SH-SY5Y cells

Numerous studies have suggested that ROS represent a common
denominator associated with neurodegenerative diseases; therefore, we
analyzed mitochondrial superoxide levels using MitoSoX and intracel-
lular ROS levels by using the DCFDA assay. A. argyi treatment resulted in
a significant reduction in MitoSoX red fluorescence emission, indicating
reduced levels of superoxide in the mitochondria in AA-treated groups in
comparison with those in the MPP+-treated groups (Fig. 2A). Similarly,
the DCFDA assay showed a significant reduction of 31.12% (60 pg/ml)
and 36.57% (80 pg/ml) in the total ROS levels in the A. argyi-treated
groups in comparison with those in the MPP+-treated group (Fig. 2B).
These results suggest that A. argyi diminished MPP+-induced ROS
generation.

Phytomedicine 104 (2022) 154250
A. argyi can enhance TRPML1 levels and promoted lysosomal activity

TRPML1 deficits have been shown to increase neuronal toxicity and
have been implicated in PD. Immunostaining and western blotting
showed decreased expression of TRPML1 in MPP-+-induced cells, while
treatment with A. argyi significantly enhanced the expression of
TRPML1 in a dose-dependent manner (Fig. 3A, 9A). Similarly, lysosomal
activity was reduced in the MPP-+-treated group, while A. argyi treat-
ment resulted in increased lysosomal activity in comparison with the
activity levels in both MPP+- and BAl-treated groups (Fig. 3B). These
data suggest that A. argyi can upregulate TRPML1 activity and therefore
repair lysosomal dysfunction.

A. argyi promoted autophagy-dependent clearance of a-synuclein

Immunostaining showed increased o-synuclein accumulation and
reduced LC3B expression in MPP--treated cells in comparison with
untreated cells. Treatment with A. argyi decreased a-synuclein accu-
mulation, and increased LC3 expression showed a puncta-like appear-
ance in a dose-dependent manner in comparison with the cells treated
with MPP—+ alone (Fig. 4A). These data suggest that A. argyi can upre-
gulate autophagy and remove a-synuclein aggregates. To confirm this
finding, active form of a-synuclein protein was cultured with cells, and
the results showed that A. argyi can also reduce the levels of active
a-synuclein aggregates in a dose-dependent manner, in comparison with
the findings obtained after culturing with a-synuclein alone (Fig. 4B).
Similarly, LC3B expression in the SNpc region of brain sections was
significantly enhanced in the AA-treated group, in comparison with the
expression in the MPTP group (Fig. 9B).

Fig. 2. A. argyi (AA) can upregulate mucolipin TRP channel 1 (TRPML1) and thereby promote lysosomal activity. (A) Immunohistochemical staining was performed
to detect TRPML1(green) and DAPI (blue) to detect nucleus. Scale bar-100 pm. Western blot analyses showed increased TRPML1 expression in the AA-treated group.
(B) Immunohistochemical analyses showed increased lysosomal intracellular activity(green) and nuclear (blue). BA1 was used as a negative control. Scale bar-

100 pm.
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Fig. 3. Attenuation of 1-methyl-4-phenylpyridinium (MPP+)-induced mitochondrial oxidative stress in SH-SY5Y cells. (A) MitoSoX assay was used to stain ROS (red)
and DAPI was used to stain nucleas (blue) Scale bar- 100 pm. Bar chart showing the fluorescence intensity (B) 2,7-Dichlorofluorescein diacetate (DCFDA) assay
showed reduced levels of reactive oxygen species (ROS). Data are expressed as the mean + standard deviation; ***p< 0.001.

Fig. 4. Upregulated autophagy can inhibit pathogenic a-synuclein in 1-methyl-4-phenylpyridinium (MPP+)-induced SH-SY5Y cells. SH-SY5Y cells were treated with
1 mM MPP+ for 24 hrs followed by incubation with different concentrations of A. argyi (AA) for another 24 hrs (A) Immunofluorescence (IF) analyses show the
expression of LC3B (green) and total a-synuclein (red). Arrowheads showing the expression of LC3B. Scale bar- 50 pm (B) IF analyses showing active a-synuclein
protein (green) expression in SH-SY5Y cells. Scale bar- 100 pm. DAPI (blue) staining was used to determine the position of the nuclei. Data are expressed as the mean
+ standard deviation; *, #p< 0.05, ***p< 0.001; *indicates the p-value for the comparison between a-synuclein and other groups, # indicates the p-value for
comparison between the MPP+ group and other groups.
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A. argyi increased the levels of cell survival markers and upregulated the
p-catenin signaling pathway in SH-SY5Y cells

To determine the mechanism underlying A. argyi-mediated neuro-
protection, immunoblotting was performed. As shown in Fig. 5A, B, in
comparison with untreated cells, MPP+-treated cells showed markedly
reduced expression of PI3K, p-AKT, p-catenin, LEF, and BCL-2. However,
the protein expression of all markers was significantly upregulated in the
AA-treated group. Similarly, the expression of p-catenin in the SNpc
region of brain sections was significantly enhanced in the AA-treated
group in comparison with that in the MPTP group (Fig. 9C). These re-
sults suggest that A. argyi induces the activation of the PI3K/p-AKT/
fB-catenin/bcl-2 signaling pathway in MPP+-induced cell death.

A. argyi can also protect SH-SY5Y cells through upregulation of mitophagy

Mitochondrial damage and dysfunction are known to be key
contributing factors in PD. We analyzed the co-localization of Mito-
Tracker Red with LC3B as an index of mitophagy and observed no co-
localization per cell after treatment with MPP+. However, the AA-
treated group clearly showed co-localization of LC3B with mitochon-
dria, indicating autophagic mitochondrial sequestration (Fig. 6A).
Immunoblot analyses also showed that both Drpl and p-Drpl(ser616)
were significantly downregulated in the AA-treated group in comparison
with the MPP+-treated group (Fig. 6B). These data indicate that A. argyi
treatment restored MPP+-mediated impaired mitophagy to remove
damaged mitochondria and also protected the mitochondria by down-
regulating mitochondrial fission protein.

Behavioral analysis in the MPTP-induced PD mice model

We quantified the grip strength and rotarod latency starting one day
after the last drug treatment. As shown in Fig. 6A, forelimbs were
significantly impaired in MPTP-treated mice (Fig. 7A). Similarly,
rotarod analyses indicated defects in motor function, with the MPTP-
treated mice showing a significantly lower latency to fall in compari-
son with their control littermates (Fig. 7B). However, mice treated with
A. argyi showed improved strength in the forelimbs and a longer latency
to fall compared to only MPTP-treated mice. Thus, these results suggest
that A. argyi can improve motor functions in an MPTP-induced PD
mouse model.
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A. argyi prevented the loss of DAergic neurons in the SNpc in MPTP-
injected mice

We analyzed the neuroprotective effects of A. argyi on DAergic
neurons in MPTP-induced PD mice. The number of TH+ neurons in the
SNpc region was assessed by IHC, and the results suggested that the
MPTP-induced group had significantly fewer DAergic neurons than the
control group. In contrast, the number of TH+ neurons were signifi-
cantly greater in the AA-treated group in comparison with the MPTP-
only group (Fig. 8). These results indicate that A. argyi reduces MPTP-
induced loss of SNpc DAergic neurons.

Discussion

Recent research has targeted the identification of potent neuro-
protective candidate agents for disease-modifying therapy in several
neurodegenerative diseases. In this regard, the present study is the first
to report the neuroprotective potential of A. argyi ethanol extract against
MPP+-mediated PD in SH-SY5Y cells and an MPTP-mediated PD mouse
model. Our findings explored the neuroprotective effects of A. argyi,
which ameliorated MPP+-mediated SH-SYS5Y cell damage by decreasing
MPP+-mediated ROS generation, upregulating TRPML-1 mediated
autophagy, attenuating the accumulation of a-synuclein, upregulating
the cell survival pathway, and preventing mitochondrial damage.
Furthermore, in a mouse model, A. argyi also restored motor deficits,
recovered DAergic neurons, and upregulated autophagy. However, an-
alyses of the effectiveness of A. argyi in differentiated SH-SY5Y cells will
help to prove its efficacy in neuron-like cells, which is a limitation of the
current study.

Mutations in TRPML1 can affect lysosomal storage, which is known
to be responsible for autophagy dysfunction (Kendall and Holian 2021).
A recent study showed that the enhanced functioning of TRPML1 can
remove excess ROS and attenuate photoreceptor apoptosis by upregu-
lating autophagy (Yan et al., 2021). We found that TRPML1 was
under-expressed in PD-modeled neurons, and the forced expression of
TRPML1 by A. argyi could repair lysosome dysfunction and reduce
mitochondrial damage and ROS production in the cell model. Some
studies indicate that TRPML1 can reduce the over-acidification of ly-
sosomes by dissipating the excess H+ ions to maintain the lysosomal pH
and thereby maintain its activity (Santoni et al., 2020). Blocking auto-
phagy flux with MPP+ as well as BA1 which inhibits endocytosis and
served as a control significantly reduced the lysosomal proteolysis which

Fig. 5. Effect of A. argyi (AA) on the expression of cell survival regulators. SH-SY5Y cells were treated with 1 mM MPP+ for 24 hrs followed by incubation with
different concentrations of AA for another 24 hrs. (A) Protein expression levels of anti-PI3K, p-AKT, p-catenin, LEF and BCL-2 was measured using western blot.
GAPDH was used as internal control. (B) Statistical analysis relative to GAPDH. Data are expressed as the mean + standard deviation; *p < 0.05, **p < 0.01. The

band intensities were normalized against internal control using ImageJ software.
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Fig. 6. Protective effect of A. argyi (AA) by induction of mitophagy in SH-SY5Y cells. (A) IHC showing localization of the mitotracker (red) with LC3B (an autophagy
marker, green) in the AA-treated group. DAPI (blue) staining was used to determine the position of the nuclei. Arrowheads showing the localization of mitochondria.
Scale bar- 200 pm (B) Protein expression levels of Drpl, p-DRP1(ser 616) p-DRP1(ser 637). GAPDH was used as internal control.

Fig. 7. A. argyi (AA) improved motor function in a 1-methyl-4-phenyl-1,2,3,6-tetrahydro-pyridine (MPTP)-induced Parkinson disease (PD) mouse model. (A) Latency
to fall off on the rotarod apparatus. The MPTP- treated mice significantly decreased the latency to fall (**p < 0.01) and the treated with AA significantly increased the
latency to fall (**p < 0.01). (B) In grip strength test, MPTP injection significantly reduced the absolute grip strength (****p <0.0001) which was ameliorated by AA
treatment (****p <0.0001). Data are expressed as the mean + standard deviation. (n = 6).

was observed by decreased fluorescence. However, treatment with A.
argyi recovered the lysosomal activity. This indicate that upregulated
TRPMLL is integral to formation of autophagolysosome and maintain
the lysosomal function (Kendall and Holian 2021). To further validate
the data, we also checked the expression of TRPML1 in the SNpc region
which showed increased expression compared to MPTP induced mice.
Impairment of the autophagy pathway has been known to play a
central role in neurodegenerative diseases (Ravanan et al., 2017). Pre-
vious studies have shown that increased TRPML1 activity can promote
autophagy (Tedeschi et al., 2019) and thereby counteract o-synu-
clein-mediated neuron toxicity (Xilouri et al., 2016). Similarly in our
study, TRPMLI also activates autophagy and promotes the degradation
of accumulated proteins induced by MPP+ in SH-SY5Y cells. We further
found that cells overexpressing a-synuclein active protein also showed
reduced a-synuclein toxicity after treatment with A. argyi. Similarly,
A. argyi treatment upregulated LC3B expression in brain tissue sections.

In contrast, we did not detect a-synuclein expression in brain sections.
This finding was somewhat surprising since previous reports have
shown that MPTP administration for over seven days induced a-synu-
clein aggregation in the substantia nigra of baboons (Kowall et al.,
2000). The time required for the development of inclusion bodies or
aggregation may have precluded their formation in this study (Maries
et al., 2003); therefore, more chronic administration of MPTP could
result in the formation of a-synuclein aggregates.

Several studies have indicated that the PI3K/Akt signaling pathway
has a remarkable influence on protection against various apoptotic
stimuli. Akt is known to be involved in a large number of brain diseases
such as PD, cancer, ischemia, and autism. Previous studies have shown
that activation of the PI3K/AKT pathway can facilitate the survival of
DAergic neurons by inhibiting apoptosis (Wang et al., 2017). Similarly,
previous studies also showed that up-regulation of p-catenin can prevent
the cells from going into apoptosis, whereas downregulation of f-catenin
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Fig. 8. A. argyi can protect dopaminergic neurons and reduce apoptosis in the substantia nigra par compacta (SNpc) of the mice model. Representative data obtained
by immunostaining with tyrosine hydroxylase (TH) stain showing TH+ cell bodies in the entire SNpc (left side) (green); DAPI (blue) staining was used to determine

the position of the nuclei (right side). Scale bar- 200 pm, (n = 6).

can induce MPTP/MPP-induced DAergic cell death (L’Episcopo, Tirolo
et al. 2011). Our results are consistent with the previous findings indi-
cating that the MPP+ intervention dramatically downregulated the
protein levels of PI3K, p-AKT, and f-catenin in SH-SY5Y cells, and
A. argyi upregulated the levels of these survival markers to inhibit
apoptosis.

Mitochondrial dysfunction is a critical mechanism associated with
the pathogenesis of PD. Mitophagy plays an important role in main-
taining mitochondrial homeostasis and preventing cell death (Fivenson
et al.,, 2017). Here, we demonstrated that treatment with A. argyi
reduced MPP-+-mediated mitochondrial damage by upregulating
mitophagy. Although research on the connection of TRPML1 with
mitochondria is limited, one previous study showed that activated
MCOLN1/TRPML1 can facilitate the removal of damaged mitochondria
(Zhang et al., 2016). So, we hypothesize that the upregulated mitophagy
could be due to increased expression of TRPML1, however further
studies need to be performed for direct evidence. Interestingly, we also
observed that MPP+ induced mitochondrial fragmentation in the cells
(fig 6A, mitotracker alone), while administration of A. argyi abolished
the disruption of mitochondrial integrity. A recent study revealed that
Drpl-mediated fission is required for mitophagy, which exerts a pro-
tective effect on neurons. However, abnormal mitochondrial fission or
dysregulation in mitochondrial dynamics can cause neuronal cell death,
suggesting that Drpl may play a pivotal role in the pathogenesis of PD
(Feng et al., 2020). We found that A. argyi inhibited Drpl phosphory-
lation at serine 616, reducing excessive mitochondrial fission and

preserving mitochondrial morphology when compared with MPP+. In
addition, we also observed the increase of Drpl (ser 616) in the control
group in western blot but a normal mitochondria morphology in our
staining data (fig 6A). This could be because Drp1 is widely distributed
in the central nervous system and is highly expressed in the brain (Luo
etal., 2020). It is the main regulator of mitochondrial fission but is alone
not responsible for the pathological processes (Hu et al., 2017).
Furthermore, some studies show endogenous Drpl is required to
mediate mitochondrial autophagy in the heart and their downregulation
can upregulate mitochondrial dysfunction (Shirakabe et al., 2016).
Therefore, the balance between mitochondrial fission and fusion is
required to maintain the structural integrity and overall health of the
cells. So, we hypothesize that though our control group has a higher
expression of Drpl, it does not necessarily indicate that it is involved in
the implication of disease. However, additional mitochondrial fission
and fusion markers still need to be checked to confirm this hypothesis.
Taken together, our findings suggest that A. argyi can exert neuro-
protective effects by mitophagy-mediated elimination of impaired
mitochondria generated during excessive mitochondrial fission.

To further confirm the degree of neuroprotection achieved by
A. argyi, we investigated its effects in an in vivo model of MPTP-induced
PD. We performed the behavioral assessment of mice, and the group
treated with A. argyi showed improved mobility among parkinsonian
mice. Tyrosine hydroxylase (TH) is a rate-limiting enzyme required for
dopamine synthesis, and its loss is considered to contribute to DAergic
deficiency and induce the onset of PD (Shams et al., 2012). The present
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Fig. 9. Expression profile of protein markers in the SNpc in Mouse brain. Representative data obtained by immunostaining with (A) TRPML1(green), arrowheads
showing the presence of TRPML1 around the nucleus, (B) LC3B (green), and (C) p-catenin (red). DAPI (blue) staining was used to determine the position of the nuclei.

Scale bar- 100 pm, (n = 6).

study revealed that A. argyi significantly prevented the depletion of
TH-positive cells in MPTP-treated mice. These results are similar to
those of previous studies, demonstrating that diminished TH expression
correlates with behavioral deficits in a toxin-induced animal model of
PD (More and Choi 2017). This data suggests that TRPML1 stimulation
may protect motor neurons from neurotoxicity by enhancing autophagy.
In summary, this is the first study to demonstrate the neuroprotective
role of A. argyi by upregulating the survival pathway and inducing
autophagy in SH-SYS5Y cells and mice models.

Conclusion

Our study provided evidence that A. argyi efficiently inhibited
MPP+-induced cell death in SH-SY5Y cells and exhibited a prominent
neuroprotective effect against MPTP-induced brain lesions. However,
the active compounds present in the A. argyi ethanol extract still need to
be explored in further studies to check its efficacy for neuroprotection.
Furthermore, exploiting TRPML1 channel can provide mechanistic
insight into the molecular targets and how A. argyi can modulate the
mitochondrial dynamics. Thus, the therapeutic potential of A. argyi
explored in this study implies that ethanol extract of A. argyi leaves is a
promising source for the development of new drugs against PD and other
neurodegenerative disorders.

Ethics approval and consent to participate

All animal use protocol was approved and conducted in accordance
with the Institutional Animal Care and Use Committee (IACUC), Taiwan.
All experiments were maintained and approved by Animal center of Tzu
Chi University Institutional Animal Care and Use Committees (No. 108-
40) (04.2020-03.2021).

10

CRediT authorship contribution statement

Li-Kung Wu: Conceptualization, Data curation, Investigation,
Methodology. Surbhi Agarwal: Formal analysis, Investigation, Meth-
odology, Writing — original draft, Writing — review & editing. Chia-Hua
Kuo: Methodology. Yen-Lun Kung: Formal analysis, Writing — original
draft. Cecilia Hsuan Day: Data curation. Pi-Yu Lin: Writing — original
draft. Shinn-Zong Lin: Project administration. Dennis Jine-Yuan
Hsieh: Formal analysis. Chih-Yang Huang: Funding acquisition, Proj-
ect administration, Resources. Chien-Yi Chiang: Conceptualization,
Funding acquisition, Resources, Writing — review & editing.

Declarations of Competing Interest

We wish to confirm that there are no known conflicts of interest
associated with this publication and there has been no significant
financial support for this work that could have influenced its outcome.

Acknowledgement

The authors acknowledge the core facilities provided by Advanced
Instrumentation Center of Department of Medicine Research, Hualien
Tzu Chi Hospital, Buddhist Tzu Chi Medical Foundation, Hualien,
Taiwan

References

Anglade, P., Vyas, S., Javoy-Agid, F., Herrero, M.T., Michel, P.P., Marquez, J., Mouatt-
Prigent, A., Ruberg, M., Hirsch, E.C., Agid, Y., 1997. Apoptosis and autophagy in
nigral neurons of patients with Parkinson’s disease. Histol. Histopathol. 12 (1),
25-31.

Calabresi, P., Di Filippo, M., Ghiglieri, V., Tambasco, N., Picconi, B., 2010. Levodopa-
induced dyskinesias in patients with Parkinson’s disease: filling the bench-to-bedside
gap. Lancet Neurol. 9 (11), 1106-1117.


http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0001
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0001
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0001
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0001
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0002
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0002
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0002

L.-K. Wu et al.

Chang, W.S., Tsai, C.W., Yang, J.S., Hsu, Y.M., Shih, L.C., Chiu, H.Y., Bau, D.T., Tsai, F.J.,
2021. Resveratrol inhibited the metastatic behaviors of cisplatin-resistant human
oral cancer cells via phosphorylation of ERK/p-38 and suppression of MMP-2/9.

J. Food Biochem. 45 (6), e13666.

Deacon, R.M., 2013. Measuring motor coordination in mice. J. Vis. Exp. (75), €2609.

Fang, D., Hawke, D., Zheng, Y., Xia, Y., Meisenhelder, J., Nika, H., Mills, G.B.,
Kobayashi, R., Hunter, T., Lu, Z., 2007. Phosphorylation of $-Catenin by AKT
Promotes p-Catenin transcriptional activity *. J. Biol. Chem. 282 (15), 11221-11229.

Feng, S.-T., Wang, Z.-Z., Yuan, Y.-H., Wang, X.-L., Sun, H.-M., Chen, N.-H., Zhang, Y.,
2020. Dynamin-related protein 1: a protein critical for mitochondrial fission,
mitophagy, and neuronal death in Parkinson’s disease. Pharmacol. Res. 151,
104553.

Fivenson, E.M., Lautrup, S., Sun, N., Scheibye-Knudsen, M., Stevnsner, T., Nilsen, H.,
Bohr, V.A., Fang, E.F., 2017. Mitophagy in neurodegeneration and aging.
Neurochem. Int. 109, 202-209.

Fowler, A.J., Moussa, C.E., 2018. Activating autophagy as a therapeutic strategy for
Parkinson’s disease. CNS Drugs 32 (1), 1-11.

Hou, X., Watzlawik, J.O., Fiesel, F.C., Springer, W., 2020. Autophagy in Parkinson’s
disease. J. Mol. Biol. 432 (8), 2651-2672.

Hu, C., Huang, Y., Li, L., 2017. Drpl-dependent mitochondrial fission plays critical roles
in physiological and pathological progresses in mammals. Int. J. Mol. Sci. 18 (1),
144.

Hussain, A., 2020. The Genus Artemisia (Asteraceae): a review on its ethnomedicinal
prominence and taxonomy with emphasis on foliar anatomy, morphology, and
molecular phylogeny. Proceed. Pakistan Acad. Sci. 57, 1-28.

Ito, K., Eguchi, Y., Imagawa, Y., Akai, S., Mochizuki, H., Tsujimoto, Y., 2017. MPP+
induces necrostatin-1- and ferrostatin-1-sensitive necrotic death of neuronal SH-
SY5Y cells. Cell Death Discov. 3 (1), 17013.

Jiang, D., Peng, Y., 2021. The protective effect of decoction of Rehmanniae via PI3K/
Akt/mTOR pathway in MPP(+)-induced Parkinson’s disease model cells. J. Recept.
Signal Transduct. Res. 41 (1), 74-84.

Kalia, L.V., Lang, A.E., 2015. Parkinson’s disease. Lancet North Am. Ed. 386 (9996),
896-912.

Kang, S.-H., Kim, K., Lee, J.-H., Ahn, B.O., Won, S.Y., Sohn, S.-H., Kim, J.S., 2016. The
complete chloroplast genome sequence of medicinal plant, Artemisia argyi.
Mitochondrial DNA Part B 1 (1), 257-258.

Kendall, R.L., Holian, A., 2021a. The role of lysosomal ion channels in lysosome
dysfunction. Inhal. Toxicol. 33 (2), 41-54.

Kim, C., Shin, M., Ahn, D., Lee, K., 1997. The Encyclopedia of Oriental Herbal Medicine.
Publication Jungdam, pp. 3348-3350.

Kowall, N.W., Hantraye, P., Brouillet, E., Beal, M.F., McKee, A.C., Ferrante, R.J., 2000.
MPTP induces alpha-synuclein aggregation in the substantia nigra of baboons.
Neuroreport 11 (1), 211-213.

L’Episcopo, F., Tirolo, C., Testa, N., Caniglia, S., Morale, M.C., Cossetti, C., D’Adamo, P.,
Zardini, E., Andreoni, L., Ihekwaba, A.E., Serra, P.A., Franciotta, D., Martino, G.,
Pluchino, S., Marchetti, B., 2011. Reactive astrocytes and Wnt/p-catenin signaling
link nigrostriatal injury to repair in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
model of Parkinson’s disease. Neurobiol. Dis. 41 (2), 508-527.

Lew, M., 2007. Overview of Parkinson’s disease. Pharmacotherapy 27 (12 Pt 2),
155s5-160s.

Li, S., Le, W., 2021. Parkinson’s disease in traditional Chinese medicine. Lancet Neurol.
20 (4), 262.

Li, S., Zhou, S., Yang, W., Meng, D., 2018. Gastro-protective effect of edible plant
Artemisia argyi in ethanol-induced rats via normalizing inflammatory responses and
oxidative stress. J. Ethnopharmacol. 214, 207-217.

Li, X., Y. Zhang, Y. Wang, J. Xu, P. Xin, Y. Meng, Q. Wang and H. Kuang (2017). "The
mechanisms of traditional Chinese medicine underlying the prevention and
treatment of Parkinson’s Disease." 8(634).

Lin, C.C., Chen, K.B., Tsai, C.H., Tsai, F.J., Huang, C.Y., Tang, C.H., Yang, J.S., Hsu, Y.M.,
Peng, S.F., Chung, J.G., 2019. Casticin inhibits human prostate cancer DU 145 cell
migration and invasion via Ras/Akt/NF-kB signaling pathways. J. Food Biochem. 43
(7), €12902.

Liu, J., Liu, W, Li, R., Yang, H., 2019. Mitophagy in Parkinson’s disease: from
pathogenesis to treatment. Cells 8 (7), 712.

Liu, S.-P., Shibu, M.A., Tsai, F.-J., Hsu, Y.-M., Tsai, C.-H., Chung, J.-G., Yang, J.-S.,
Tang, C.-H., Wang, S., Li, Q., Huang, C.-Y., 2020. Tetramethylpyrazine reverses high-
glucose induced hypoxic effects by negatively regulating HIF-1a induced BNIP3
expression to ameliorate H9¢2 cardiomyoblast apoptosis. Nutr. Metab. 17, 12-12.

Lohle, M., Reichmann, H., 2010. Clinical neuroprotection in Parkinson’s disease — Still
waiting for the breakthrough. J. Neurol. Sci. 289 (1), 104-114.

Luo, T.-T., Dai, C.-Q., Wang, J.-Q., Wang, Z.-M., Yang, Y., Zhang, K.-L., Wu, F.-F.,
Yang, Y.-L., Wang, Y.-Y., 2020. Drp1 is widely, yet heterogeneously, distributed in
the mouse central nervous system. Mol. Brain 13 (1), 90-90.

Maries, E., Dass, B., Collier, T.J., Kordower, J.H., Steece-Collier, K., 2003. The role of
a-synuclein in Parkinson’s disease: insights from animal models. Nat. Rev. Neurosci.
4 (9), 727-738.

11

Phytomedicine 104 (2022) 154250

Marino, L.B.B., de Souza, R.L., Sousa, P.A.K., Ferreira, V.J., Padilha, C.E., da Silva, H.T.P.
C., Taft, A.C., Hage-Melim, L.S.L., 2020. Parkinson’s disease: a review from
pathophysiology to treatment. Mini Rev. Med. Chem. 20 (9), 754-767.

Meredith, G.E., Rademacher, D.J., 2011. MPTP mouse models of Parkinson’s disease: an
update. J. Parkinsons Dis. 1 (1), 19-33.

More, S., Choi, D.-K., 2017. Neuroprotective role of Atractylenolide-I in an in vitro and in
vivo model of Parkinson’s disease 9 (5), 451.

Ravanan, P., Srikumar, L.F., Talwar, P., 2017. Autophagy: the spotlight for cellular stress
responses. Life Sci. 188, 53-67.

Santoni, G., F. Maggi, C. Amantini, O. Marinelli, M. Nabissi and M.B. Morelli (2020).
"Pathophysiological Role of Transient Receptor Potential Mucolipin Channel 1 in
Calcium-Mediated Stress-Induced Neurodegenerative Diseases." 11(251).

Scotto Rosato, A., Montefusco, S., Soldati, C., Di Paola, S., Capuozzo, A., Monfregola, J.,
Polishchuk, E., Amabile, A., Grimm, C., Lombardo, A., De Matteis, M.A., Ballabio, A.,
Medina, D.L., 2019. TRPML1 links lysosomal calcium to autophagosome biogenesis
through the activation of the CaMKKp/VPS34 pathway. Nat. Commun. 10 (1), 5630.

Shams, T., Nasimudeen, R.J., Shazi, S., Nigel, H.G., Qamre, A., Adel, M.A., Ghazi, A.D.,
Mohammad, A.K., 2012. A synopsis on the role of tyrosine hydroxylase in
Parkinson’s disease. CNS Neurologic. Disord. 11 (4), 395-409.

Shirakabe, A., Zhai, P., Ikeda, Y., Saito, T., Maejima, Y., Hsu, C.P., Nomura, M.,
Egashira, K., Levine, B., Sadoshima, J., 2016. Drpl-Dependent mitochondrial
autophagy plays a protective role against pressure overload-induced mitochondrial
dysfunction and heart failure. Circulation 133 (13), 1249-1263.

Tedeschi, V., Petrozziello, T., Sisalli, M.J., Boscia, F., Canzoniero, L.M.T., Secondo, A.,
2019. The activation of Mucolipin TRP channel 1 (TRPML1) protects motor neurons
from L-BMAA neurotoxicity by promoting autophagic clearance. Sci. Rep. 9 (1),
10743.

Wang, R., Yang, S., Nie, T., Zhu, G., Feng, D., Yang, Q., 2017. Transcription Factors:
potential Cell Death Markers in Parkinson’s disease. Neurosci. Bull. 33 (5), 552-560.

Wang, X., Hjorth, E., Vedin, I, Eriksdotter, M., Freund-Levi, Y., Wahlund, L.O.,
Cederholm, T., Palmblad, J., Schultzberg, M., 2015. Effects of n-3 FA
supplementation on the release of proresolving lipid mediators by blood
mononuclear cells: the OmegAD study. J. Lipid Res. 56 (3), 674-681.

Wang, Z.-Y., Liu, J., Zhu, Z., Su, C.-F., Sreenivasmurthy, S.G., Iyaswamy, A., Lu, J.-H.,
Chen, G., Song, J.-X., Li, M., 2021. Traditional Chinese medicine compounds
regulate autophagy for treating neurodegenerative disease: a mechanism review.
Biomed. Pharmacother. 133, 110968.

Xia, M.-L., Xie, X.-H., Ding, J.-H., Du, R.-H., Hu, G., 2020. Astragaloside IV inhibits
astrocyte senescence: implication in Parkinson’s disease. J. Neuroinflammation. 17
(1), 105.

Xie, H.R., Hu, L.S., Li, G.Y., 2010. SH-SY5Y human neuroblastoma cell line: in vitro cell
model of dopaminergic neurons in Parkinson’s disease. Chin. Med. J. 123 (8),
1086-1092.

Xilouri, M., Brekk, O.R., Stefanis, L., 2016. Autophagy and Alpha-Synuclein: relevance to
Parkinson’s Disease and Related Synucleopathies. Mov. Disord. 31 (2), 178-192.

Yamamoto, N., Kanemoto, Y., Ueda, M., Kawasaki, K., Fukuda, I., Ashida, H., 2011. Anti-
obesity and anti-diabetic effects of ethanol extract of Artemisia princeps in C57BL/6
mice fed a high-fat diet. Food Funct. 2 (1), 45-52.

Yan, Y., Wang, Y., Ding, J., Lu, L., Ke, G.J., Dong, K., 2021. TRPML1 inhibited
photoreceptor apoptosis and protected the retina by activation of autophagy in
experimental retinal detachment. Ophthalmic Res. 64 (4), 587-594.

Yin, S., Yan, Y., Huang, T., Guan, J., Wu, L., Li, K., 2017. [Therapeutic effect of Artemisia
argyi on oral ulcer in rats]. Zhong Nan Da Xue Xue Bao Yi Xue Ban 42 (7), 824-830.

Yun, C., Jung, Y., Chun, W., Yang, B., Ryu, J., Lim, C., Kim, J.H., Kim, H., Cho, S.I., 2016.
Anti-Inflammatory Effects of Artemisia Leaf Extract in Mice with Contact Dermatitis
In Vitro and In Vivo. Mediators Inflamm. 2016, 8027537.

Zainol, K., Wong, K., Yi, Z, Zin, Mohd, Kamarudin, K.S., Danish-Daniel, M., Shin, N.,
Mamat, H., 2018. Effect of ethanol in ultrasonic assisted extraction technique on
antioxidative properties of passion fruit (Passiflora edulis) leaves. Malaysian Appl.
Biol. 47, 19-27.

Zeng, K.-W., Wang, S., Dong, X., Jiang, Y., Tu, P.-F., 2014. Sesquiterpene dimer (DSF-52)
from Artemisia argyi inhibits microglia-mediated neuroinflammation via suppression
of NF-kB, JNK/p38 MAPKs and Jak2/Stat3 signaling pathways. Phytomedicine 21
(3), 298-306.

Zhang, L., Fang, Y., Zhao, X., Zheng, Y., Ma, Y., Li, S., Huang, Z., Li, L., 2021. miR-204
silencing reduces mitochondrial autophagy and ROS production in a murine AD
model via the TRPML1-activated STAT3 pathway. Mol. Ther. 24, 822-831.

Zhang, X., Cheng, X., Yu, L., Yang, J., Calvo, R., Patnaik, S., Hu, X., Gao, Q., Yang, M.,
Lawas, M., Delling, M., Marugan, J., Ferrer, M., Xu, H., 2016a. MCOLN1 is a ROS
sensor in lysosomes that regulates autophagy. Nat. Commun. 7 (1), 12109.

Zheng, R., Ruan, Y., Yan, Y., Lin, Z., Xue, N., Yan, Y., Tian, J., Yin, X., Pu, J., Zhang, B.,
2021. Melatonin attenuates neuroinflammation by down-regulating NLRP3
inflammasome via a SIRT1-dependent pathway in mptp-induced models of
Parkinson’s disease. J. Inflamm. Res. 14, 3063-3075.


http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0003
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0003
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0003
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0003
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0004
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0005
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0005
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0005
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0006
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0006
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0006
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0006
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0007
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0007
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0007
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0008
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0008
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0009
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0009
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0010
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0010
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0010
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0011
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0011
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0011
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0012
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0012
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0012
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0013
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0013
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0013
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0014
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0014
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0015
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0015
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0015
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0016
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0016
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0018
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0018
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0019
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0019
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0019
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0020
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0020
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0020
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0020
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0020
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0021
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0021
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0022
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0022
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0023
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0023
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0023
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0025
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0025
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0025
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0025
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0026
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0026
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0027
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0027
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0027
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0027
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0028
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0028
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0029
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0029
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0029
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0030
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0030
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0030
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0031
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0031
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0031
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0032
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0032
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0034
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0034
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0037
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0037
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0037
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0037
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0038
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0038
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0038
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0039
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0039
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0039
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0039
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0040
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0040
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0040
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0040
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0041
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0041
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0042
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0042
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0042
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0042
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0043
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0043
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0043
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0043
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0044
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0044
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0044
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0045
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0045
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0045
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0046
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0046
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0047
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0047
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0047
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0048
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0048
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0048
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0049
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0049
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0050
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0050
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0050
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0051
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0051
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0051
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0051
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0052
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0052
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0052
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0052
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0053
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0053
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0053
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0054
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0054
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0054
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0056
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0056
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0056
http://refhub.elsevier.com/S0944-7113(22)00329-4/sbref0056

	Artemisia Leaf Extract protects against neuron toxicity by TRPML1 activation and promoting autophagy/mitophagy clearance in ...
	Introduction
	Materials and methods
	Cell culture and treatment
	Preparation of ethanol crude extract of A. argyi
	HPLC-MS/MS analysis
	3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay
	Lysosomal intracellular activity assay
	Immunofluorescence (IF) staining
	Immunoblotting assay
	MitoSoX assay
	MitoTracker assay
	2,7-Dichlorofluorescein diacetate (DCFDA)/dichlorodihydrofluorescein-diacetate (H2DCFDA) staining
	Animals
	Rotarod test
	Grip strength
	Immunohistochemistry (IHC)
	Statistical analysis

	Results
	A. argyi ameliorated MPP+-mediated cytotoxicity in sh-sy5y cells
	A. argyi attenuated MPP+-induced oxidative stress in SH-SY5Y cells
	A. argyi can enhance TRPML1 levels and promoted lysosomal activity
	A. argyi promoted autophagy-dependent clearance of α-synuclein
	A. argyi increased the levels of cell survival markers and upregulated the β-catenin signaling pathway in SH-SY5Y cells
	A. argyi can also protect SH-SY5Y cells through upregulation of mitophagy
	Behavioral analysis in the MPTP-induced PD mice model
	A. argyi prevented the loss of DAergic neurons in the SNpc in MPTP-injected mice

	Discussion
	Conclusion
	Ethics approval and consent to participate
	CRediT authorship contribution statement
	Declarations of Competing Interest
	Acknowledgement
	References


