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Abstract

Background: Synucleinopathies, which are major pathological features of Parkinson’s disease (PD), are characterized by misfolded
aggregates of α-synuclein in the peripheral and central nervous system. Icariin (ICA) is the main active component of Epimedium
flavonoids. Our previous study found that ICA decreases α-synuclein expression in APPV717I transgenic mice. Methods: The aim of
the present study was to examine the potential applications and mechanisms of ICA in PD using A53T α-synuclein transgenic (A53T Tg)
mice. After 3 months of intragastric ICA administration, rotarod and pole tests were used to assess behavioral changes in A53T Tgmice at
8 and 13 months of age. SH-SY5Y cells over-expressing wild-type α-synuclein were used to further examine the pharmacological effect
and underlying mechanism of ICA. Western blotting and immunocytochemistry were used to detect the expression levels of α-synuclein
and its related proteins. Results: ICA significantly improved the impaired motor function and coordination in A53T Tg mice. It also
decreased the expression, Ser129 phosphorylation, and aggregation of α-synuclein in SH-SY5Y cells transfected with α-synuclein and
the striatum of A53T Tg mice. Moreover, ICA increased the expression of parkin, which is associated with the ubiquitin-proteasome
system (UPS), and decreased the level of polo-like kinase 2 (PLK2), an enzyme that phosphorylates α-synuclein. Conclusions: ICA
alleviated motor impairments in A53T mice, an effect which may be associated with the decreased phosphorylation and aggregation of
α-synuclein through PLK2 and parkin regulation.
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1. Introduction

α-Synuclein plays an important role in the patho-
genesis of several neurodegenerative disorders, including
Parkinson’s disease (PD), multiple system atrophy, and de-
mentia with Lewy bodies. These disorders are also known
as “synucleinopathies”, which are characterized by abnor-
mally misfolded and aggregated α-synuclein in the nervous
system [1]. Currently, only palliative treatments addressing
dopaminergic deficits have been approved, and no disease-
modifying options are available for PD and related synu-
cleinopathies [2]. However, strategies targeting misfolded
α-synuclein aggregates are being considered as new thera-
peutic approaches [3].

α-Synuclein is a neuronal presynaptic protein regulat-
ing neurotransmitter release. Structurally, α-synuclein is a
protein formed by 140 amino acids encoded by α-synuclein
(SNCA). The A53T point mutation in SNCA was the first
reported pathogenic modification associated with PD that
underlies disease initiation [4]. Post-translational modifi-
cations of α-synuclein, such as phosphorylation, favor ag-
gregation. In the healthy brain, only few α-synucleins are
phosphorylated, whereas in pathological inclusions mostα-
synucleins are phosphorylated at serine 129 (Ser129), as in
the Lewy bodies of the PD brain [5]. The polo-like kinase

2 (PLK2), which is a member of polo-like kinase (PLK)
family, has been reported to phosphorylate α-synuclein at
Ser129 and modulate its aggregation [6,7]. The ubiquitin-
proteasome system (UPS) can eliminate unfolded or mis-
folded proteins including misfolded α-synuclein [8] and
parkin plays a key role in the degradation of α-synuclein
through the UPS degradation process [9]. Moreover, the ex-
pression level of parkin has been reported to decrease due to
the overexpression ofα-synuclein [10,11]. Thus, PLK2 and
parkin might partly be involved in the modification and/or
degradation of α-synuclein in synucleinopathies, which we
investigated in this study.

Herba Epimedii is the dried leaf of the medicinal plant
Epimedii, named Yinyanghuo in Chinese. Flavonoids ex-
tracted from Epimedium constitute the main active ingredi-
ent, showing neuroprotective and anti-inflammatory effects
[12,13]. Among these flavonoids, icariin (ICA) is the most
prominently active flavonoid. In recent years, ICA has been
reported to show beneficial effects in several diseases of
the central nervous system, including Alzheimer’s disease
(AD), PD, and multiple sclerosis [14–16]. Our previous
study indicated that ICA decreases α-synuclein expression
in the hippocampus of APPV717I transgenic mice, indicat-
ing a potential effect on PD and other synucleinopathies
[17].
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Mutant A53T α-synuclein transgenic (A53T Tg)
mice, which express the mutant A53T α-synuclein, were
used to investigate mechanisms and pharmacology [18].
A53T Tg mice show obvious motor impairments at 8
months of age due to progressive pathological changes in
α-synuclein [19,20]. As we have previously identified the
potential effects of ICA on APPV717I transgenic mice, we
used A53T α-synuclein transgenic mice of varied ages to
observe the behavioral and pathological changes after ICA
treatment to investigate the potential effects and mecha-
nisms of ICA on the pathology of α-synuclein. More-
over, we used wild-type α-synuclein-transfected SH-SY5Y
cells to investigate the pharmacological effect and potential
mechanism of ICA on synucleinopathies.

2. Materials and Methods
2.1 Drugs

For animal studies, ICA (purity>98%)was purchased
from Scidoor Hi-tech Biology (Xi’an, Shaanxi, China).
ICA was diluted with normal saline and intragastrically ad-
ministered to mice.

For the cell culture, ICA (purity >99%) was pur-
chased from the National Institutes for Food and Drug
Control (Beijing, China). ICA was added to the cell cul-
ture medium after dilution with phosphate-buffered saline
(PBS).

2.2 Animals
A53T Tgmice (B6. Tg (PDGF-h-α-synuclein A53T)-

GC/ILAS, CSTR: 16397.09.0H01000945) were purchased
from the Center for Experimental Animal Research, Chi-
nese Academy of Medical Sciences (Beijing, China) [18].
Age-matched C57BL/6 (wild type, WT) mice were pur-
chased from Beijing HFK Encapee (Beijing, China).

All mice were housed under a 12 h light/dark cycle
with relative humidity of 55–60% and a temperature of 22
± 2 °C and free access to water and food. Animal stud-
ies were approved by the Bioethics Committee of Xuanwu
Hospital of the Capital Medical University (approval num-
ber: 20120912) and were performed in accordance with the
National Institutes of HealthGuide for Care andUse of Lab-
oratory Animals.

2.3 Animal Treatment and Grouping
A53T Tg andWTmice of two different ages (5 and 10

months old) were allocated to two experimental groups. (1)
5-month-old A53T mice received a daily dose of ICA (ei-
ther 50 or 100 µmol/kg) or saline (as the model group) over
a period of 3 months; coetaneous WT mice were treated
with normal saline or 100 µmol/kg ICA; n = 8–10 per group.
(2) 10-month-old A53T Tg mice received a daily dose of
ICA (either 50 or 100 µmol/kg) or saline (as the model
group) over a period of 3 months; WT mice of the same
age were treated with normal saline or 100 µmol/kg ICA;
n = 10–12 per group. According to the molecular weight

of ICA (676.65), the dose of 100 µmol/kg was converted to
67.7 mg/kg and 50 µmol/kg was converted to 33.8 mg/kg at
the time of administration to the mice. All treatments were
intragastrically administered.

2.4 Rotarod Test

The rotarod test (YLS-4C, Yanyi Life Science, Jinan,
Shandong, China) was applied to evaluate the motor coor-
dination and balance of the mice [21]. Mice were trained
three times in 5-min trials before the test at a speed of 10
rotations per minute (rpm). The mice were then individu-
ally placed on the rotarod with a fixed speed (30 rpm) and
cut-off time (180 s). The test was performed five times at
intervals of at least 30 min, and the mean of the results was
then calculated.

2.5 Pole Test

The pole test (XPS-2, Chinese Academy of Medical
Sciences and Peking Union Medical, Beijing, China) was
conducted to evaluate the coordination function of the mice
[22]. The mice were placed head-up on the top of a pole
with high rough-surface (height, 50 cm; diameter, 2 cm).
The time taken for the 8-month-old mice to climb down the
pole was recorded. The test was then performed in three
trials at intervals of at least 30 min. Trials were excluded if
the mouse jumped off or slid down the pole. The behaviors
of the 13-month-old mice were observed as they descended
from the top to the bottom of the pole and evaluated using
a scoring method. Each mouse was allowed to descend the
pole three times and the average score was then calculated.
The scoring criteria for the pole test were set as follows: 5
points, use of all limbs to climb down the pole smoothly;
4 points, step-by-step downward spiral crawling, dragging
the hind limbs; 3 points, pausing several times during the
climb down but holding tightly to the pole; 2 points, sliding
on the pole and falling off; and 1 point, inability to grab the
pole, directly dropping.

2.6 Tissue Collection and Western Blotting

Four mice from each group were anesthetized using
2.5% Avertin (Sigma-Aldrich, St. Louis, MO, USA) and
euthanized after behavioral testing. The brain was rapidly
removed, and the striatum isolated and homogenized in ly-
sis buffer containing 20 mM Tris-HCl (pH 7.5), 10% glyc-
erol, 150 mM NaCl, 0.5 mM ethylene glycol tetraacetic
acid, 1 mM ethylenediaminetetraacetic acid, and a protease
inhibitor cocktail (Cat. No. 04693116001; Sigma-Aldrich,
St. Louis, MO, USA) [17,23]. Protein concentration was
detected using an RC-DC Protein Assay Kit (Bio-Rad Lab-
oratories, Hercules, CA, USA), and the protein samples
were boiled for 5 min before storage.

Proteins were separated using sodium dodecyl sul-
fate (SDS)–Tris-glycine polyacrylamide gel and transferred
onto polyvinylidene difluoride (PVDF) membranes. The
following primary antibodies were used: mouse anti-
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α-synuclein (Cat. No. ab1903; Abcam, Cambridge,
UK), rabbit anti-p-α-syn (Ser129) (Cat. No. ab51253,
Ser129-phosphorylated α-synuclein, Abcam), rabbit anti-
parkin (Cat. No. P6248; Merck Millipore, Darmstadt,
Germany), rabbit anti-PLK2 (snk, Cat. No. sc25421;
Santa Cruz Biotechnoloy, Santa Cruz, CA, USA), and
mouse anti-β-actin (Cat. No. A5316, Sigma-Aldrich).
PVDF membranes were then incubated with horseradish
peroxidase-conjugated anti-mouse or anti-rabbit IgG anti-
body (1:2000). The immune complex was then visual-
ized using enhanced chemiluminescence detection reagents
(Cat. No. WBLUF0500, Merck Millipore). Images were
captured using the FluorChem E System (Bio-Techne, Min-
neapolis, MN, USA) and analyzed using AlphaView soft-
ware (Bio-Techne).

2.7 Cell Culture
The human dopaminergic cell line SH-SY5Ywas pur-

chased from the Cell Resource Center of Peking Union
Medical College (Beijing, China). The cell line was previ-
ously authenticated by STR and tested for Mycoplasma in-
fection by the Cell Resource Center of Peking Union Med-
ical College. The results indicated that the cell line was
derived from human and showed no mycoplasma contami-
nation. The cells transfected with Green fluorescent protein
(GFP)-tagged WT α-synuclein or vector (gifted by Prof.
Hong Ma, Beijing Institute of Technology, Beijing, China)
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Cat. No. A1896701, Thermo Fisher Scientific,
Fair Lawn, NJ, USA) supplemented with 10% fetal bovine
serum (FBS) and 0.3 g/L G418 (Cat. No. A1720, diluted
in 0.1 M HEPES, Thermo Fisher Scientific, Fair Lawn, NJ,
USA) at 37 °C in an incubator humidified with 5% CO2.
All experiments were conducted in triplicate.

2.8 Cell Viability Assay
Cell viability was detected using the 3-(4,5-

dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) assay. Cells (1 × 104 cells/mL) were seeded
and incubated with different doses of ICA (1.56, 3.125,
6.25, 12.5, 25, 50, 100, and 200 µM) for 24 or 48 h.
After incubation, MTT was mixed with the medium at
a final concentration of 0.5 mg/mL. The MTT solution
was removed after 4 h incubation at 37 °C, and 200 µL
dimethyl sulfoxide (DMSO) was added to completely
dissolve the formazan crystals. The absorbance of each
well was measured at 570 nm using a microplate reader
(Multiskan Spectrum, Thermo Fisher Scientific, Fair
Lawn, NJ, USA). Cell viability was calculated as follows:
absorbance (optical density, OD) of the drug-treated
groups/absorbance of the vehicle-treated group.

For the western blot assay, 2 × 105 cells were seeded
in a flask and treated with ICA for 48 h. Cultured cells were
harvested and lysed to obtain the protein.

2.9 Immunocytochemistry
Cells were seeded in 24-well plate and treated with 40

µM ICA for 48 h. After removing the culture medium, cul-
tured cells were fixed in by 4% paraformaldehyde and 0.1%
Triton X-100 for 30 min and then washed three times in
0.01 M PBS. After blocking with serum, the cultured cells
were incubated with mouse anti-α-synuclein (1:200, Cat.
No. ab1903, Abcam, Cambridge, UK) at 4 °C overnight.
After washing in PBS, the fixed cells were incubated with
goat anti-mouse IgG (Alexa Fluor 594, Cat. No. A-11005,
1:200, Thermo Fisher Scientific) and Hoechst33342 (Cat.
No. R37165, Thermo Fisher Scientific). The cells were
covered with mounting medium before visualization using
a Nikon 80i microscope (Nikon, Tokyo, Japan).

2.10 Statistical Analyses
All data were analyzed using SPSS software (version

20.0, IBM Corp, Armonk, NY, USA). Data were analyzed
using one-way analysis of variance (ANOVA) followed by
Dunnett’s post-hoc comparisons to identify significant dif-
ferences among groups. Numerical data are provided as the
mean ± standard error of the mean (SEM). Statistical sig-
nificance was set at p < 0.05.

3. Results
3.1 ICA Attenuated Behavioral Dysfunction in A53T
α-Synuclein Transgenic Mice at 8 and 13 Months of Age

The rotarod test was applied to detect motor balance
and coordination in A53T Tg mice after daily intragastric
administration of ICA for 3 months. Both the 8- and 13-
month-old A53T Tg mice fell off the rotarod at 30 rpm
quicker than the WT control mice, with the 13-month-old
A53T Tg group showing a statistically significant differ-
ence (p < 0.05, Fig. 1A,B). ICA (50 and 100 µmol/kg)
treatment increased the time to fall off the rotarod in both
age groups of A53T Tg mice, with the ICA (100 µmol/kg)
treatment in the 8-month-old A53T Tg group showing a sta-
tistically significant difference (p < 0.05, Fig. 1A,B).

The pole test assesses the coordination ability of mice.
The 8-month-old A53T Tg mice climbed down the pole
quicker than the WT control mice, whereas ICA-treated
A53T Tg mice took longer to climb down the pole than the
vehicle-treated A53T Tg mice, albeit without statistically
significant differences (Fig. 1C). For 13-month-old mice,
we evaluated the pole test performance score. A53T Tg
mice had lower scores than the WT group (p < 0.01), and
ICA (50 and 100 µmol/kg) treatment significantly increased
the scores of A53T Tg mice (p < 0.05, p < 0.01, Fig. 1D).
These results indicate that ICA was able to alleviate im-
paired motor function and coordination in A53T Tg mice at
8 and 13 months of age.
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Fig. 1. ICA attenuates behavior dysfunction in young and
aged A53T α-synuclein transgenic mice. The rotarod and pole
tests were applied to assess the motor balance and coordination of
the A53T Tg mice after intragastric administration of ICA for 3
months. (A) Time on the rotarod (latency to fall off the rotarod)
of the 8-month-old mice in the rotarod test. (B) Time on the ro-
tarod of the 13-month-old mice in the rotarod test. (C) Pole test;
time spent climbing down the pole by the 8-month-old mice. (D)
Pole test; performance score for climbing down the pole of mice
at 13 months of age. Data are provided as the mean ± SEM, n =
4–9 per group (8-month-old mice), n = 9–12 per group (13-month-
old mice). *p < 0.05, **p < 0.01, vs. model group. ICA, icariin;
SEM, standard error of the mean; Tg (+), A53Tα-synuclein trans-
genic mice; WT, wild type.

3.2 ICA Decreased the Expression Level and Aggregation
of α-Synuclein in the Striatum of A53T Tg Mice

We used western blotting to detect the expression lev-
els of α-synuclein in the striatum of 8-month-old and 13-
month-old mice. The results showed that the levels of α-
synuclein monomers and polymers were increased in the
striatum of A53T Tg mice compared with WT mice at 8
months of age (p< 0.05, Fig. 2A,B). ICA treatment at doses
of 50 and 100 µmol/kg significantly decreased the level of
α-synuclein monomers (p < 0.01), with 100 µmol/kg ICA
treatment significantly decreasing the level of α-synuclein
polymers in the striatum of A53T Tg mice at 13 months of
age (p < 0.05, Fig. 2C,D). These results indicate that ICA
reduced the expression and aggregation of α-synuclein in
the striatum of A53T mice.

3.3 ICA Decreased the Phosphorylation of α-Synuclein at
Serine 129 in the Striatum of A53T Tg Mice

Phosphorylation of α-synuclein at Ser129 is an impor-
tant marker of pathological forms of PD and related synu-
cleinopathies. A53T Tg mice at 8 and 13 months of age
showed elevated phosphorylation levels of α-synuclein at
Ser129 in the striatum compared with WT mice (p < 0.01,
Fig. 3). ICA treatment (100 µmol/kg) significantly de-
creased the phosphorylation level of α-synuclein at Ser129
in the striatum of A53T Tg mice at 8 months old (p< 0.01,
Fig. 3A,B), but no significant difference was observed in
A53T Tg mice at 13 months old (Fig. 3C,D). These re-
sults indicate that ICA decreased the phosphorylation of α-
synuclein, which might inhibit the formation of pathologi-
cal α-synuclein.

3.4 Effects of ICA on the Expression and Phosphorylation
Levels of α-Synuclein in SH-SY5Y Cells Transfected with
α-Synuclein

Wild-type α-synuclein-transfected SH-SY5Y cells
were used to investigate the potential effects of ICA on
α-synuclein expression and phosphorylation in vitro. α-
Synuclein-transfected SH-SY5Y cells were treated with
different dosages of ICA for 48 h. Cell viability after 24 h or
48 h of treatment with ICA was assessed using an MTT as-
say. The results indicated that ICA did not exhibit any toxic
or inhibitory effects on SH-SY5Y cells at a dose range of
1.56–200 µM (Fig. 4A,B).

The expression and phosphorylation levels of α-
synuclein were detected using western blotting. Com-
pared with vehicle-treated cells transfected with GFP-
tagged α-synuclein, ICA decreased the elevated expres-
sion level of GFP-tagged α-synuclein (p < 0.05, p < 0.01,
Fig. 4C,D). Moreover, the level of Ser129-phosphorylated
α-synuclein was significantly increased in vehicle-treated
SH-SY5Y cells transfected with α-synuclein, and ICA
treatment dose-dependently decreased the level of the
Ser129-phosphorylated α-synuclein (p < 0.01, Fig. 4E,F).

In the western blot assay, ICA at a dose of 40
µM decreased the levels of Ser129-phosphorylated α-
synuclein without decreasing the elevated expression level
of GFP-tagged α-synuclein. Since Ser129-phosphorylated
α-synuclein tends to aggregate into its pathological form,
we assessed α-synuclein aggregation in SH-SY5Y cells us-
ing immunocytochemistry. Morphologically, GFP staining
was similar in the two groups of cells, indicating compara-
ble expression levels of transfected α-synuclein (shown in
green, Fig. 4G). However, detection with the α-synuclein
antibody revealed that ICA treatment (40 µM) of SH-SY5Y
cells transfected with α-synuclein reduced the deposition
of aberrant α-synuclein compared with the vehicle-treated
cells (shown in red, Fig. 4G).

These results suggest that ICAmay inhibit the overex-
pression and aggregation of α-synuclein in SH-SY5Y cells.
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Fig. 2. Effects of ICA on the expression level and aggregation of α-synuclein (α-syn) in the striatum of A53T Tg mice (western
blotting). (A) Representative blot images of α-synuclein in 8-month-old mice. (B) Quantitative analysis of the α-synuclein monomer
and polymer forms in 8-month-old mice. (C) Representative blot images of α-synuclein in 13-month-old mice. (D) Quantitative analysis
of the α-synuclein monomer and polymer forms in 13-month-old mice. The ratio of α-synuclein to β-actin was taken as 1. Data are
provided as the mean± SEM, n = 4. *p< 0.05, **p< 0.01, vs. Tg (+) model group. ICA, icariin; SEM, standard error of the mean; Tg
(+), A53T α-synuclein transgenic mice; WT, wild type.

3.5 ICA Increased the Expression Level of Parkin and
Decreased the Expression Level of PLK2

To explain the possible mechanisms through which
ICA affects protein expression and phosphorylation, we
applied western blotting to detect the expression levels of
parkin and PLK2. The expression of parkin was decreased
in the brain of A53T Tg mice compared with WT mice at
13 months of age (p < 0.05) and ICA treatment signifi-
cantly increased the expression level of parkin (p < 0.05,
p< 0.01, Fig. 5A,B). This result suggests that ICA may ac-
tivate parkin-related pathways, including the UPS-related
pathways.

In SH-SY5Y cells transfected with α-synuclein, the
expression level of PLK2 was significantly increased (p <

0.05), while ICA treatment decreased its expression (p <

0.05, p < 0.01, Fig. 5C,D). This result suggests that ICA
inhibits the phosphorylation of α-synuclein by regulating
PLK2.

4. Discussion
In the present study, A53T mutant α-synuclein trans-

genic mice and SH-SY5Y cells transfected with wild-

type α-synuclein were used to examine the potential ef-
fect of ICA on pathological α-synuclein in PD and synu-
cleinopathies. The results indicated that intragastric treat-
ment of ICA for 3 months improved the impaired motor
function and coordination in A53T Tg (+) mice at 8 and 13
months of age. ICA decreased the expression, Ser129 phos-
phorylation, and aggregation of α-synuclein in the striatum
of A53Tmice andα-synuclein-transfected cells. Moreover,
ICA increased parkin expression and decreased PLK2 ex-
pression.

Usually, the pathology of neurodegenerative diseases,
including PD, is progressive. Initially, abnormal neuronal
activity and pathology are not evident owing to the capacity
of the cell or neighboring cells to compensate. Eventually,
clinical and pathological prodromes emerge with the fail-
ure of compensatory effects and cell degeneration [24]. To
observe the effects of ICA on different PD stages, we used
two groups of A53T Tgmice at the ages of 8 and 13months.
It has been previously reported that the motor function of
5-month-old A53T Tg mice is not impaired [18,25]. How-
ever, A53T Tg mice show obvious motor impairments at 8
months of age due to progressive pathological changes in
α-synuclein [19,20]. In the present study, A53T Tg mice
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Fig. 3. Effects of ICA on the phosphorylation of α-synuclein at serine 129 in the striatum of the A53T Tg mice (western blotting).
(A,B) Representative blots and quantitative analysis of p-α-syn (Ser129) in the striatum of mice at 8 months of age. (C,D) Representative
blots and quantitative analysis of p-α-syn (Ser129) in the striatum of mice at 13 months of age. The ratio of p-α-syn (Ser129) to β-actin
was taken as 1. Data are provided as the mean ± SEM, n = 4 per group. **p < 0.01, vs. Tg (+) model group. p-α-syn (Ser129),
α-synuclein phosphorylated at serine 129.

showed impaired motor function and coordination in the
rotarod and pole tests. Treatment with ICA for 3 months
improved the behavioral performance of A53T Tg mice at
8 and 13 months, indicating that both earlier intervention
and therapeutic treatment with ICA had beneficial effects
on α-synuclein-induced motor impairment.

High expression of α-synuclein has been found in the
early stages of PD in both the brains of patients and ani-
mal models [25]. In the present study, ICA decreased the
expression of α-synuclein in the striatum of 13-month-old
A53T mice, which might partially explain the beneficial ef-
fects of ICA on PD. Besides A53T mutant α-synuclein, the
over-expression of wild-type α-synuclein is also a risk fac-
tor for PD [26,27]. Thus, we used SH-SY5Y cells, a hu-
man dopaminergic cell line, to overexpress wild-type α-
synuclein through gene transfection. The results showed
ICA has inhibitory effects on the overexpression of α-
synuclein, which might be the underlying mechanism ame-
liorating motor deficits in PD mice.

The phosphorylation and abnormal aggregation of α-
synuclein show important impacts on α-synuclein-related
pathology in PD and synucleinopathies [28]. A previous
study on aging monkey brains showed that oligomeriza-
tion and phosphorylation of α-synuclein progressively in-
creased with age in the striatum and hippocampus of the

mice [29]. Oligomerization or the polymer form of α-
synuclein indicate its aggregation, and the aggregation of
α-synuclein appears to be a key predictor of neuronal loss
and a pivotal event in the pathogenesis of synucleinopathies
and PD [30,31]. In this study, ICA decreased the expres-
sion level of α-synuclein in 13-month-old A53T mice and
the aggregation of overexpressed α-synuclein in SH-SY5Y
cells, indicating that ICA inhibited the aggregation of α-
synuclein.

Phosphorylation at Ser129 is one of the main patho-
logical modifications of α-synuclein in sporadic and fa-
milial Lewy body disease [5]. Members of the PLK fam-
ily have been reported to phosphorylate α-synuclein, with
PLK2 phosphorylating α-synuclein at Ser129 in the cen-
tral nervous system [6,7]. Moreover, PLK2 modulates α-
synuclein aggregation in mammalian cells and yeast [6].
The inhibition of PLK2 represents a promising direction for
developing novel therapeutics for synucleinopathies [32].
In the present study, ICA decreased the phosphorylation
level of α-synuclein and the expression of PLK2, indicat-
ing the possible effects of ICA on α-synuclein accumula-
tion and toxicity.

The UPS can eliminate unfolded or misfolded pro-
teins through several enzymatic reactions involving ubiqui-
tin (Ub) protein ligases (E3), Ub-activating enzymes (E1),
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Fig. 4. Effects of ICA on the expression and phosphorylation ofα-synuclein (α-syn) in SH-SY5Y cells. (A) Cell viability after a 24-h
treatment with ICA at different doses. (B) Cell viability after a 48-h treatment with ICA at different doses; cell viability = optical density
(OD) in ICA-treated group/OD in control group. (C,D) Representative western blot images and quantitative analysis of α-synuclein in
SH-SY5Y cells. (E,F) Representative blots and quantitative analysis of Ser129-phosphorylated α-synuclein in SH-SY5Y cells. The ratio
of α-syn and p-α-syn (Ser129) to β-actin in the vehicle-treated α-syn-transfected group was taken as 100%. (G) Representative images
of immunocytochemistry staining for α-synuclein (α-syn, red), GFP (green), and nucleus (Hoechst33342, blue) as well as the merged
images; scale bar = 50 µm. Data are provided as the mean± SEM, n = 3. ##p< 0.01, vehicle-treated α-syn-transfected group vs. vector
control group; *p < 0.05, **p < 0.01, ICA-treated α-syn-transfected group vs. vehicle-treated α-syn-transfected group. GFP, green
fluorescent protein; p-α-syn (Ser129), α-synuclein phosphorylated at serine 129.
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Fig. 5. Effects of ICA on the expression of Parkin and PLK2. (A,B) Representative blots and quantitative data of parkin in the brain
of 13-month-old A53T Tg mice; n = 4; *p < 0.05, **p < 0.01, vs. Tg (+) model group. (C,D) Representative blots and quantitative
data of PLK2 in the α-synuclein-transfected SH-SY5Y cells; n = 3; #p< 0.05, vehicle-treated α-syn-transfected group vs. vector control
group; *p< 0.05, **p< 0.01, ICA-treated α-syn-transfected group vs. vehicle-treated α-syn-transfected group. The ratio of parkin and
PLK2 to β-actin was taken as 1. Data are provided as the mean ± SEM. PLK2, polo-like kinase 2.

and Ub-conjugating enzymes (E2), which contribute to the
degradation of α-synuclein [8,33]. Although the degrada-
tionmechanism ofα-synuclein in neurons is unclear, agents
targeting degradation are considered a promising strategy
for synucleinopathy treatment [34,35]. Parkin is a well-
known Ub E3 ligase that attaches a polyubiquitin chain to
proteins to target them for UPS degradation and plays a
key role in the degradation of α-synuclein [9]. The ex-
pression level of parkin is decreased in α-synuclein over-
expression models and contributes to α-synuclein degrada-
tion, dysfunction, and neurotoxicity [10,11]. Thus, increas-
ing parkin expression has been reported to show a protec-
tive effect by promoting the proteasomal clearance of α-
synuclein [36,37]. In the present study, we found that ICA
increased the expression level of parkin in A53T Tg mice,
which might partially explain the beneficial effects of ICA
on α-synuclein degradation in synucleinopathies.

5. Conclusions
In conclusion, we used A53T mutant α-synuclein

transgenic mice and SH-SY5Y cells transfected with wild-
type α-synuclein to examine the pharmacological ef-
fects of ICA on α-synuclein-related pathology in synucle-
inopathies, including PD, and the mechanisms involved.

We found that the intragastric treatment of ICA for 3months
significantly improved motor function and coordination in
A53T Tgmice at 8 and 13 months of age. ICA alleviated α-
synuclein pathology by decreasing the expression, Ser129
phosphorylation, and aggregation of α-synuclein in the
striatum of A53T Tg mice and α-synuclein-overexpressing
cells. The underlying mechanisms include an ICA-induced
decrease in the expression of PLK2 and an increase in the
expression level of the UPS-associated protein parkin.

Availability of Data and Materials
The datasets used and/or analyzed during the current

study are available from the corresponding author upon rea-
sonable request.

Author Contributions
CS, LZ and LL designed the research study. CS, XZ

and DM conducted experiments. CS and DM analyzed
the data. All authors contributed to editorial changes in
the manuscript. All authors read and approved the final
manuscript. All authors have participated sufficiently in
the work and agreed to be accountable for all aspects of the
work.

8

https://www.imrpress.com


Ethics Approval and Consent to Participate
Animal studies were approved by the Bioethics Com-

mittee of Xuanwu Hospital of Capital Medical University
(approval number: 20120912) and were performed in ac-
cordance with the National Institutes of Health Guide for
Care and Use of Laboratory Animals. The study was con-
ducted in compliance with the ARRIVE guidelines. All
methodswere performed in accordancewith relevant guide-
lines and regulations.

Acknowledgment
We thank Professor Hong Ma from the Beijing Insti-

tute of Technology for gifting the α-synuclein-transfected
SH-SY5Y cell line. We thank Li Zhang and Yali Li for their
technical assistance.

Funding
This study was supported by the National Natural Sci-

ence Foundation of China (81673406, 82104419), R&D
Program of Beijing Municipal Education Commission
(KM202210025017), Incubation Program Beijing Post-
doctoral Sustentation Fund of China (2013ZZ-25), Culti-
vation Fund of Hospital Management Center in Beijing
(PZ2022006), Beijing Hospitals Authority Ascent Plan
(DFL20190803) and Science and Technology Think Tank
Youth Talent Program (20220615ZZ07110074).

Conflict of Interest
The authors declare no conflict of interest.

References
[1] Goedert M, Jakes R, Spillantini MG. The Synucleinopathies:

Twenty Years On. Journal of Parkinson’s Disease. 2017; 7: S51–
S69.

[2] Valera E, Masliah E. Therapeutic approaches in Parkinson’s dis-
ease and related disorders. Journal of Neurochemistry. 2016;
139 Suppl 1: 346–352.

[3] Fouka M, Mavroeidi P, Tsaka G, Xilouri M. In Search of Ef-
fective Treatments Targeting α-Synuclein Toxicity in Synucle-
inopathies: Pros and Cons. Frontiers in Cell and Developmental
Biology. 2020; 8: 559791.

[4] Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A,
Dutra A, et al. Mutation in the alpha-synuclein gene identified
in families with Parkinson’s disease. Science (New York, N.Y.).
1997; 276: 2045–2047.

[5] Anderson JP, Walker DE, Goldstein JM, de Laat R, Banducci
K, Caccavello RJ, et al. Phosphorylation of Ser-129 is the dom-
inant pathological modification of alpha-synuclein in familial
and sporadic Lewy body disease. The Journal of Biological
Chemistry. 2006; 281: 29739–29752.

[6] Basso E, Antas P, Marijanovic Z, Gonçalves S, Tenreiro S, Out-
eiro TF. PLK2 modulates α-synuclein aggregation in yeast and
mammalian cells. Molecular Neurobiology. 2013; 48: 854–862.

[7] Oueslati A, Schneider BL, Aebischer P, Lashuel HA. Polo-like
kinase 2 regulates selective autophagic α-synuclein clearance
and suppresses its toxicity in vivo. Proceedings of the National
Academy of Sciences of the United States of America. 2013;
110: E3945–E3954.

[8] McKinnon C, De Snoo ML, Gondard E, Neudorfer C, Chau

H, Ngana SG, et al. Early-onset impairment of the ubiquitin-
proteasome system in dopaminergic neurons caused by α-
synuclein. Acta Neuropathologica Communications. 2020; 8:
17.

[9] Petrucelli L, O’Farrell C, Lockhart PJ, Baptista M, Kehoe K,
Vink L, et al. Parkin protects against the toxicity associated with
mutant alpha-synuclein: proteasome dysfunction selectively af-
fects catecholaminergic neurons. Neuron. 2002; 36: 1007–1019.

[10] Yang W, Wang G, Wang CE, Guo X, Yin P, Gao J, et al. Mutant
alpha-synuclein causes age-dependent neuropathology in mon-
key brain. The Journal of Neuroscience: the Official Journal of
the Society for Neuroscience. 2015; 35: 8345–8358.

[11] Meng Y, Qiao H, Ding J, He Y, Fan H, Li C, et al. Effect of
Parkin on methamphetamine-induced α-synuclein degradation
dysfunction in vitro and in vivo. Brain and Behavior. 2020; 10:
e01574.

[12] Deng-Lei M, Lan Z, Lin L. Anti-inflammatory effects and un-
derlying mechanisms of Epimedium extracts. Progress in Bio-
chemistry and Biophysics. 2020; 47: 685–699.

[13] Niu HM, Wang MY, Ma DL, Chen XP, Zhang L, Li YL, et
al. Epimedium flavonoids improve cognitive impairment and
white matter lesions induced by chronic cerebral hypoperfusion
through inhibiting the Lingo-1/Fyn/ROCK pathway and acti-
vating the BDNF/NRG1/PI3K pathway in rats. Brain Research.
2020; 1743: 146902.

[14] Ma D, Zhao L, Zhang L, Li Y, Zhang L, Li L. Icariin Promotes
Survival, Proliferation, and Differentiation of Neural Stem Cells
In Vitro and in a Rat Model of Alzheimer’s Disease. Stem Cells
International. 2021; 2021: 9974625.

[15] Zhang L, Shen C, Chu J, Zhang R, Li Y, Li L. Icariin decreases
the expression of APP and BACE-1 and reduces the β-amyloid
burden in an APP transgenic mouse model of Alzheimer’s dis-
ease. International Journal of Biological Sciences. 2014; 10:
181–191.

[16] Zhang Y, Yin L, Zheng N, Zhang L, Liu J, LiangW, et al. Icariin
enhances remyelination process after acute demyelination in-
duced by cuprizone exposure. Brain Research Bulletin. 2017;
130: 180–187.

[17] Zhang L, Shen C, Chu J, Liu Y, Li Y, Zhang L, et al. Icariin
reduces α-synuclein over-expression by promoting α-synuclein
degradation. Age (Dordrecht, Netherlands). 2015; 37: 9811.

[18] Gao N, Quan XZ, Chen W, Li WB, Liu P, Feng J, et al. Estab-
lishment of α-Synuclein transgenic mouse model of Parkinson’s
disease. Chinese Journal of Comparative Medicine. 2008; 18:
28–33. (In Chinese)

[19] Zhang LF, Yu XL, Ji M, Liu SY,WuXL,Wang YJ, et al. Resver-
atrol alleviates motor and cognitive deficits and neuropathology
in the A53T α-synuclein mouse model of Parkinson’s disease.
Food & Function. 2018; 9: 6414–6426.

[20] Oaks AW, Frankfurt M, Finkelstein DI, Sidhu A. Age-dependent
effects of A53T alpha-synuclein on behavior and dopaminergic
function. PLoS ONE. 2013; 8: e60378.

[21] Ma D, Zhu Y, Li Y, Yang C, Zhang L, Li Y, et al. Beneficial
effects of cornel iridoid glycoside on behavioral impairment and
senescence status in SAMP8 mice at different ages. Behavioural
Brain Research. 2016; 312: 20–29.

[22] Yue D, Zeng C, Okyere SK, Chen Z, Hu Y. Glycine nano-
selenium prevents brain oxidative stress and neurobehavioral ab-
normalities caused by MPTP in rats. Journal of Trace Elements
in Medicine and Biology: Organ of the Society for Minerals and
Trace Elements (GMS). 2021; 64: 126680.

[23] Yang W, Yu W, Li X, Li X, Yu S. Alpha-synuclein differentially
reduces surface expression of N-methyl-d-aspartate receptors in
the aging human brain. Neurobiology of Aging. 2020; 90: 24–
32.

[24] Schapira AHV, Olanow CW, Greenamyre JT, Bezard E. Slow-
ing of neurodegeneration in Parkinson’s disease and Hunting-

9

https://www.imrpress.com


ton’s disease: future therapeutic perspectives. Lancet (London,
England). 2014; 384: 545–555.

[25] Braak H, Ghebremedhin E, Rüb U, Bratzke H, Del Tredici K.
Stages in the development of Parkinson’s disease-related pathol-
ogy. Cell and Tissue Research. 2004; 318: 121–134.

[26] Gasser T. Identifying PD-causing genes and genetic susceptibil-
ity factors: current approaches and future prospects. Progress in
Brain Research. 2010; 183: 3–20.

[27] Masliah E, Rockenstein E, Veinbergs I, Mallory M, Hashimoto
M, Takeda A, et al. Dopaminergic loss and inclusion body for-
mation in alpha-synuclein mice: implications for neurodegen-
erative disorders. Science (New York, N.Y.). 2000; 287: 1265–
1269.

[28] Huang B, Wu S, Wang Z, Ge L, Rizak JD, Wu J, et al. Phos-
phorylated α-Synuclein Accumulations and Lewy Body-like
Pathology Distributed in Parkinson’s Disease-Related Brain Ar-
eas of Aged Rhesus Monkeys Treated with MPTP. Neuro-
science. 2018; 379: 302–315.

[29] Liu G, Chen M, Mi N, Yang W, Li X, Wang P, et al. Increased
oligomerization and phosphorylation of α-synuclein are associ-
ated with decreased activity of glucocerebrosidase and protein
phosphatase 2A in aging monkey brains. Neurobiology of Ag-
ing. 2015; 36: 2649–2659.

[30] Chakroun T, Evsyukov V, Nykänen NP, Höllerhage M, Schmidt
A, Kamp F, et al. Alpha-synuclein fragments trigger distinct ag-
gregation pathways. Cell Death & Disease. 2020; 11: 84.

[31] Ioghen OC, Ceafalan LC, Popescu BO. SH-SY5Y Cell Line In

Vitro Models for Parkinson Disease Research-Old Practice for
New Trends. Journal of Integrative Neuroscience. 2023; 22: 20.

[32] Weston LJ, Stackhouse TL, Spinelli KJ, Boutros SW, Rose EP,
Osterberg VR, et al. Genetic deletion of Polo-like kinase 2 re-
duces alpha-synuclein serine-129 phosphorylation in presynap-
tic terminals but not Lewy bodies. The Journal of Biological
Chemistry. 2021; 296: 100273.

[33] Stefanis L, Emmanouilidou E, Pantazopoulou M, Kirik D,
Vekrellis K, Tofaris GK. How is alpha-synuclein cleared from
the cell? Journal of Neurochemistry. 2019; 150: 577–590.

[34] Xilouri M, Brekk OR, Stefanis L. α-Synuclein and protein
degradation systems: a reciprocal relationship. Molecular Neu-
robiology. 2013; 47: 537–551.

[35] ShahnawazM,Mukherjee A, Pritzkow S, Mendez N, Rabadia P,
Liu X, et al. Discriminating α-synuclein strains in Parkinson’s
disease and multiple system atrophy. Nature. 2020; 578: 273–
277.

[36] Jęśko H, Lenkiewicz AM,Wilkaniec A, AdamczykA. The inter-
play between parkin and alpha-synuclein; possible implications
for the pathogenesis of Parkinson’s disease. Acta Neurobiolo-
giae Experimentalis. 2019; 79: 276–289.

[37] Li XZ, Zhang SN, Wang KX, Liu HY, Yang ZM, Liu SM, et al.
Neuroprotective effects of extract of Acanthopanax senticosus
harms on SH-SY5Y cells overexpressingwild-type or A53Tmu-
tant α-synuclein. Phytomedicine: International Journal of Phy-
totherapy and Phytopharmacology. 2014; 21: 704–711.

10

https://www.imrpress.com

	1. Introduction
	2. Materials and Methods 
	2.1 Drugs
	2.2 Animals
	2.3 Animal Treatment and Grouping
	2.4 Rotarod Test 
	2.5 Pole Test
	2.6 Tissue Collection and Western Blotting
	2.7 Cell Culture
	2.8 Cell Viability Assay 
	2.9 Immunocytochemistry 
	2.10 Statistical Analyses

	3. Results 
	3.1 ICA Attenuated Behavioral Dysfunction in A53T -Synuclein Transgenic Mice at 8 and 13 Months of Age
	3.2 ICA Decreased the Expression Level and Aggregation of -Synuclein in the Striatum of A53T Tg Mice
	3.3 ICA Decreased the Phosphorylation of -Synuclein at Serine 129 in the Striatum of A53T Tg Mice
	3.4 Effects of ICA on the Expression and Phosphorylation Levels of -Synuclein in SH-SY5Y Cells Transfected with -Synuclein
	3.5 ICA Increased the Expression Level of Parkin and Decreased the Expression Level of PLK2

	4. Discussion
	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

