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Abstract. Accumulation of α-synuclein (α-SYN) is a common 
pathology for Parkinson's disease (PD). There is abundant 
evidence that the toxic-gain-of-function of α-SYN's is associ-
ated with aggregation and consequent effects. To assess the 
potential of chondroitin sulfate (CS) in this regard, the present 
study investigated its neuroprotective on SH-SY5Y cells 
overexpressing wild-type (WT) or A53T mutant α-SYN. Cell 
viability was measured by MTT assay. Apoptosis, reactive 
oxygen species (ROS) and mitochondrial membrane potential 
were detected by flow cytometry. The protein expression 
levels of total α-SYN, phosphorylated Ser129 α-SYN, B-cell 
lymphoma 2 (Bcl-2), Bcl-2-associated X protein (Bax) and 
cytochrome-c (Cyt-c ) were analyzed by western blotting. It was 
observed that CS reduced the expression levels of total α-SYN 
and phosphorylated Ser129 α-SYN, prevented cell loss and 
inhibited apoptosis. The subsequent mechanism study indicated 
that CS inhibited ROS overproduction. CS also significantly 
attenuated WT and A53T mutant α-SYN-induced dysfunc-
tion, including decrease of mitochondrial membrane potential, 
decrease of Bcl-2 expression, and increase of Bax expres-
sion, release of Cyt-c from the mitochondria and activation 
of caspase-3 and caspase-9, which demonstrated that CS 
suppressed α-SYN-induced apoptosis possibly through mito-
chondria protection. These results suggested that CS protects 
SH-SY5Y cells overexpressing WT or A53T mutant α-SYN 
by inhibiting the expression and phosphorylation of α-SYN, 
and ROS overproduction and mitochondrial apoptosis. These 
results implicate CS as a potential therapeutic agent for the 
treatment of PD.

Introduction

Parkinson's disease (PD) is a progressive neurodegenerative 
disorder characterized by the selective loss of midbrain dopa-
minergic neurons in the substantia nigra, and the development 
of Lewy bodies. α-synuclein (α-SYN) is a major component 
of the Lewy bodies, the misfolding and aggregation of which 
contribute to the pathogenesis of both familial and sporadic 
PD (1,2). Particularly, phosphorylated Ser129 α-SYN (P-Ser129 
α-SYN) serves an important role in the formation of Lewy 
bodies and in the neurodegenerative process associated with 
PD. Inhibiting the formation and toxicity of the pathogenic 
proteins might be an applicable strategy.

Chondroitin sulfate (CS) is a natural glycosaminoglycan 
that is present in the extracellular matrix surrounding cells, 
which serves an important role in neural development and 
repair (3,4), promotes the survival of neuronal cells (5,6) and 
protects dopaminergic SH-SY5Y cells against 6-hydroxydo-
pamine and hydrogen peroxide-induced toxicity (7,8). It also 
has been reported that CS inhibits β‑amyloid' fibril formation, 
shortens the preformed amyloid fibrils (9) and attenuates 
β-amyloid-induced neurotoxicity in vitro and in vivo (10,11). 
Both β-amyloid and α-SYN are pathogenic proteins associated 
with neurodegenerative disorders. However, little is known 
about the effect of CS on the formation and toxicity of α-SYN.

Previous studies have demonstrated that PD can be caused 
by multiplications (duplication and triplication) of or mutations 
(A53T, E46K and A30P) in the α-SYN gene (12,13). Cells and 
animals overexpressing wild-type (WT) or mutant α-SYN are 
often used to study PD pathogenesis and therapeutic interven-
tions (14,15). The aim of the present study was to investigate 
the protective effects of CS on α-SYN-induced damage in 
dopaminergic SH-SY5Y cells overexpressing WT or A53T 
mutant α-SYN.

Materials and methods

Cell culture. SH-SY5Y human neuroblastoma cells were 
purchased from the Typical Culture Preservation Commission 
Cell Bank, Chinese Academy of Sciences (Shanghai, China). 
All cells were maintained in minimum essential medium and 
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Dulbecco's modified Eagle's medium/F12 (1:1; Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) supplemented 
with 10% heat-inactivated fetal bovine serum (Gibco; Thermo 
Fisher Scientific, Inc.) at 37˚C in a tissue culture incubator with 
5% CO2 and 98% relative humidity.

Stable transfection of SH‑SY5Y cells. For stable transfection 
of SH-SY5Y cells, the LV5 expression vectors (Shanghai Gene 
Pharma Co., Ltd., Shanghai, China) containing a cytomegalo-
virus promoter were used. WT or A53T mutant α-SYN green 
fluorescent protein (GFP) fusion constructs were polymerase 
chain reaction‑amplified using DNA Polymerase (Takara Bio, 
Inc., Otsu, Japan) and expression clones were created in the LV5 
expression vectors. WT α-SYN cDNA insert was generated with 
primers AGG GTT CCA AGC TTA AGC GGC CGC G (forward) 
and GAT CCA TCC CTA GGT AGA TGC ATT TA (reverse) and 
the following PCR conditions: 94˚C for 30 sec, 55˚C for 30 sec, 
and 72˚C for 30 sec, for 30 cycles. The complete A53T mutant 
α‑SYN insert was generated through three steps. In the first 
step, A53T mutant α-SYN gene fragment I was generated with 
primers AGG GTT CCA AGC TTA AGC GGC CGC G (forward) 
and AAG CCA GTG GCT GTT GCA ATG CTC CCT GCT CCC TC 
(reverse) and the following PCR conditions: 94˚C for 30 sec, 
55˚C for 30 sec, and 72˚C for 30 sec, for 30 cycles. In the second 
step, A53T mutant α-SYN gene fragment II was generated with 
primers GAG CAT TGC AAC AGC CAC TGG CTT TGT CAA 
AAAGG (forward) and GAT CCA TCC CTA GGT AGA TGC 
ATT TA (reverse) and the following PCR conditions: 94˚C for 
30 sec, 55˚C for 30 sec, and 72˚C for 30 sec, for 30 cycles. The 
complete A53T mutant α-SYN gene insert was then generated 
with the fragment I and II as templates, primers AGG GTT 
CCA AGC TTA AGC GGC CGC G (forward) and GAT CCA 
TCC CTA GGT AGA TGC ATT TA (reverse), and the following 
PCR conditions: 94˚C for 30 sec, 55˚C for 30 sec, and 72˚C for 
30 sec, for 30 cycles. Lentivirus encoding WT or A53T mutant 
α-SYN-GFP fusion constructs (Chongqing Western Biological 
Technology Co., Ltd., Chongqing, China) were generated by 
co-transfecting the LV5 expression construct together with 
the PG-p1-VSVG, PG-P2-REV and PG-P3-RRE (Shanghai 
Gene Pharma Co., Ltd.) into 293T cells. Following this, WT or 
A53T mutant α-SYN constructed in lentivirus was transfected 
into SH‑SY5Y cells. GFP fluorescence intensity was imaged 
(Fig. 1) and determined in transfected cells. The transfection 
efficiency was >70%. The individual stably transfected colony 
was subsequently selected in the presence of puromycin.

Assessment of cell viability. SH-SY5Y cells were seeded at 
a density of 1.5x104 cells/well in 96-well plates. Cells were 
treated with 50, 100, 200, 400 and 800 mg/l CS (CS sodium 
salt from shark cartilage; cat. no. C4384; Sigma-Aldrich; 
Merck KGaA, Darmstadt, Germany) for 24 or 48 h, which 
is dissolved in sterile water and added to the medium in a 
ratio of 1% vehicle, then were incubated with 10 g/l MTT 
(Sigma-Aldrich; Merck KGaA) for 4 h. The formazan dye 
was eluted by dimethyl sulfoxide. Absorbance was measured 
at a wavelength of 490 nm using a microplate reader (BioTek 
Instruments, Inc., Winooski, VT, USA).

Apoptosis detection by flow cytometry. After cells were 
exposed to 400 mg/l CS for 24 h, apoptosis was determined by 

Annexin V (AN)/7-amino-actinomycin D (7-AAD) staining 
(559763; BD Biosciences, San Jose, CA, USA ) according to 
the manufacturer's protocol. Cells were stained with AN and 
7-AAD for 15 min at room temperature. Cells with AN+/7AAD− 

(Q3%) and AN+/7AAD+ (Q2%), which correspond to early and 
late apoptotic cells, respectively, were determined by FACS 
Vantage SE (BD Influx; BD Biosciences) with BD FACSuite 
software version 1.0.6. The apoptotic rate was calculated as 
Q3%+Q2%.

Nuclear staining. After cells were exposed to 400 mg/l CS for 
24 h, nuclei morphological changes and DNA fragmentation 
were examined with 4'6-diamidino-2-phenylindole (DAPI) 
staining. SH-SY5Y cells were washed with PBS, stained with 
1.0 mg/l DAPI (Sigma-Aldrich; Merck KGaA) for 5 min at 
room temperature, then visualized by laser scanning confocal 
microscope (Leica Microsystems GmbH, Wetzlar, Germany).

Measurement of the mitochondrial membrane potential 
(DΨm). The mitochondrial membrane potential was measured 
with a JC-1 assay kit (551302, BD Biosciences). JC-1 dye 
exhibits potential-dependent accumulation in mitochon-
dria, indicated by a fluorescence emission shift from green 
(~529 nm) to red (~590 nm). Consequently, mitochondrial 
depolarization is indicated by a decrease in the red/green 
fluorescence intensity ratio. After treatment with 400 mg/l CS 
for 24 h, the cells were incubated with JC‑1 at 37˚C for 20 min. 
The red and green fluorescent intensities were measured by 
FACS Vantage SE.

Measurement of reactive oxygen species (ROS) generation. 
After cells were exposed to 400 mg/l CS for 24 h, production 
of ROS in SH-SY5Y cells was measured by 2, 7-dichlorofuo-
rescin diacetate (DCFH-DA) staining. DCFH-DA passively 
enters cells and is converted to DCFH. ROS reacts with 
DCFH to form the fluorescent product, DCF. SH‑SY5Y cells 
were incubated with 10 µmol/l DCFH-DA (Sigma-Aldrich; 
Merck KGaA) at 37˚C for 30 min, and then analyzed by FACS 
Vantage SE.

Western blot analysis of α‑SYN, B‑cell lymphoma 2 (Bcl‑2), 
Bcl‑2‑associated X protein (Bax) and cytochrome c (Cyt‑c). 
After cells were exposed to 400 mg/l CS for 24 h, the mito-
chondria and total protein were prepared using a protein 
extraction kit (Boster Biological Technology, Pleasanton, 
CA, USA). Protein concentration was quantified using a 

Figure 1. Green fluorescent protein fluorescence in WT α-SYN and A53T 
α‑SYN transgenic SH‑SY5Y cells were visualized by fluorescence micros-
copy (magnification, x100). WT, wild‑type; α-SYN, α-synuclein.
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Bradford protein assay reagent. Equal amounts (30 µg) of 
proteins were separated by 10% SDS-PAGE and blotted onto 
nitrocellulose membranes. After blocking with 5% non-fat 
dry milk in TBS with Tween-20 buffer, blots were incubated 
with primary monoclonal antibodies at 4˚C overnight: Rabbit 
anti-α-SYN (ab138501; 1:500; Abcam, Cambridge, MA, USA), 
rabbit anti-P-Ser129 α-SYN (ab51253; 1:500; Abcam), rabbit 
anti-Bcl-2 (ab32124; 1:1,000; Abcam), rabbit anti-Bax (ab32503; 
1:1,000; Abcam), rabbit anti-Cyt-c (ab133504; 1:1,000; Abcam), 
anti-GAPDH (A01622-40; 1:3,000; GenScript, Nanjing, China) 
and anti-cytochrome c oxidase (COX IV; 1:1,000, sc-376731; 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA), then 
incubated with goat horseradish peroxidase-conjugated corre-
sponding secondary antibodies (ab6721 and ab6789; 1:3,000; 
Abcam) at room temperature for 1 h. Proteins were detected 
using an enhanced chemiluminescence plus kit (Pierce; 
Thermo Fisher Scientific, Inc.) and determined by Labworks™ 
Analysis software version 4.6 (UVP, Inc., Upland, CA, USA). 
GAPDH and COX IV served as loading controls.

Caspase‑9 and caspase‑3 assay. Following exposure to 
400 mg/l CS for 24 h, caspase-3 activity in SH-SY5Y cells 
was analyzed with a phycoerythrin-conjugated anti-active 
caspase-3 antibody (550914; BD Biosciences) by FACS 
Vantage SE according to the kit instructions. The cells were 
incubated with the phycoerythrin-conjugated anti-active 
caspase-3 antibody for 30 min at room temperature. Caspase-9 
activity was analyzed with active caspase-9 FITC staining kit 
(ab65615; Abcam) by FACS Vantage SE. The cells were incu-
bated with FITC‑LEHD‑FMK for 30 min at 37˚C.

Statistical analysis. All data are expressed as the mean ± stan-
dard deviation. Statistical analysis was performed using 
one-way analysis of variance followed by a Bonferroni post 
hoc test. P<0.05 was considered to indicate a statistically 
significant difference. All analyses were performed by using 
SPSS software, version 17.0 (SPSS, Inc., Chicago, IL, USA).

Results

Effect of CS on proliferation in SH‑SY5Y cells. Compared 
with vector cells, the WT α-SYN and A53T α-SYN transgenic 
SH-SY5Y cells showed decreased cell viability. In WT α-SYN 
group, treatment with 50, 100, 200, 400 and 800 mg/l CS for 
24 h and 100, 200, 400 and 800 mg/l CS for 48 h prevented cell 
loss (P<0.05). In the A53T α-SYN group, treatment with 100, 
200, 400 and 800 mg/l CS for 24 h, and 200, 400 and 800 mg/l 
CS for 48 h, prevented cell loss (P<0.05). The most significant 
protective effect of CS was achieved at the concentration of 
400 mg/l (P<0.05; Fig. 2).

The effect of CS on control SH-SY5Y cells was investi-
gated by MTT test. Incubation of control SH-SY5Y cells with 
400 mg/l CS for 24 h did not significantly affect the OD value 
(0.45±0.01 vs. 0.46±0.02, n=3, P>0.05) (data not shown). This 
result is consistent with the finding of Cañas et al (7).

Effect of CS on P‑Ser 129 α‑SYN and total α‑SYN protein 
expression. After transfection, cells overexpressing α-SYN 
(both WT and A53T) had significant levels of P‑Ser129 α-SYN, 
while the levels of P-Ser 129 α-SYN in the vector and control 
groups were too low to detect. The increased P-Ser129 α-SYN 
observed in the WT and A53T α-SYN overexpressing cells 
was reduced by CS treatment (P<0.01; Fig. 3A). Additionally, 
cells overexpressing WT and A53T α‑SYN had significant 
increases in the levels of total α-SYN compared with vector 
cells, while 400 mg/l CS inhibited total α-SYN protein 
expression (P<0.05; Fig. 3B). No significant differences were 
observed between cells transfected with WT vs. A53T α-SYN.

Effect of CS on apoptosis in transfected SH‑SY5Y cells. As 
presented in Fig. 4, the nucleus of SH-SY5Y cells overex-
pressing WT and A53T α-SYN was condensed, and the nuclear 
apoptotic bodies were formed and brighter. The apoptotic rates 
of WT α-SYN and A53T α-SYN transgenic SH-SY5Y cells 
were higher than that of vector cells (17.77±1.7%, 20.24±2.3% 

Figure 2. CS prevents SH-SY5Y cells loss. The transfected SH-SY5Y cells were treated with 50, 100, 200, 400 and 800 mg/l CS for 24 or 48 h. Cell viability 
assay was performed with MTT. Data are presented as the mean ± standard deviation (n=3). **P<0.01 vs. Vector group, #P<0.05 vs. 0 mg/l WT, ##P<0.01 
vs. 0 mg/l WT, &P<0.05 vs. 0 mg/l A53T, &&P<0.01 vs. 0 mg/l A53T. WT, wild-type; α-SYN, α-synuclein; CS, chondroitin sulfate; OD, optical density; Con, 
control; Vec, vector.
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vs. 4.88±0.3%, respectively; P<0.01; Fig. 5A). When treated 
with 400 mg/l CS for 24 h, apoptotic rates were decreased 
to 7.98±0.9 and 9.69±0.5%, respectively (P<0.01; Fig. 5A). 
No significant differences were observed between cells trans-
fected with WT vs. A53T α-SYN.

Effect of CS on ∆Ψm in transfected SH‑SY5Y Cells. Decreased 
∆Ψm is an early event occurring in mitochondrial dysfunc-
tion and apoptosis. In WT α-SYN and A53T α-SYN groups, 
the red/green fluorescence ratios of JC-1 were decreased 
compared with the control and vector groups (P<0.01; Fig. 5B). 
Treatment with 400 mg/l CS resulted in significant increases 
of both groups (P<0.05; Fig. 5B).

Effect of CS on ROS generation in transfected SH‑SY5Y cells. 
As presented in Fig. 6, the levels of intracellular ROS in the WT 

α-SYN and A53T α‑SYN groups were increased significantly 
(P<0.01), and the increases were attenuated by 400 mg/l CS 
(P<0.01). No significant differences were observed between 
cells transfected with WT vs. A53T α-SYN.

Effect of CS on Bcl‑2, Bax and Cyt‑c protein expression 
levels. Compared with the vector group, the protein expres-
sion of anti-apoptotic Bcl-2 and mitochondrial Cyt-c in the 
WT α-SYN and A53T α-SYN groups were downregulaed, 
and expression of pro-apoptotic Bax was upregulaed, while 
400 mg/l CS reversed these effects (P<0.01; Fig. 7).

Effect of CS on activated caspase‑9 and caspase‑3. Compared 
with vector group, there was increased caspase-3 and caspase-9 
in activity in the WT α-SYN and A53T α-SYN groups, while 
400 mg/l CS inhibited the activation (P<0.05; Table I).

Figure 4. Nuclei morphological changes of SH-SY5Y cells were observed 
under laser scanning confocal microscope (DAPI, magnification, x800). 
GFP, green fluorescent protein; DAPI, 4'6‑diamidino‑2‑phenylindole; WT, 
wild-type; α-SYN, α-synuclein.

Figure 3. Effects of CS on P-Ser 129 α-SYN and total α-SYN protein expres-
sion. The transfected SH-SY5Y cells were treated with 400 mg/l CS for 
24 h. (A) P-Ser 129 α-SYN and (B) total α-SYN protein expression. Western 
blot analysis was performed with specific antibodies. GAPDH served as an 
internal loading control. Data are presented as the mean ± standard devia-
tion (n=3). **P<0.01 vs. Vector group, ##P<0.01 vs. WT, &P<0.05 vs. A53T, 
&&P<0.01 vs. A53T. WT, wild-type; α-SYN, α-synuclein; CS, chondroitin 
sulfate; Con, control; Vec, vector; P-, phosphorylated.

Table I. Effects of CS on caspase-3 and caspase-9 activities in 
transfected SH-SY5Y cells (n=4).

 Activated Activated
Group caspase-3 (%) caspase-9 (%)

Control 13.99±1.03 14.41±1.35
Vector 13.75±1.67 15.66±1.85
WT α-SYN 26.97±1.30a 31.34±2.76a

WT α-SYN + 400 mg/l CS 23.16±1.25c 27.19±1.77b

A53T α-SYN 28.33±1.53a 32.96±1.61a

A53T α-SYN + 400 mg/l CS 23.49±2.43d 28.44±2.12d

Activated caspase‑3 and caspase‑9 were determined by flow cytom-
etry. Data are presented as the mean ± standard deviation. aP<0.01 
vs. vector group, bP<0.05 vs. WT α-SYN, cP<0.01 vs. WT α-SYN, 

dP<0.05 vs. A53T α-SYN. WT, wild-type; α-SYN, α-synuclein; CS, 
chondroitin sulfate.
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Discussion

Elevated α-SYN levels are deleterious to dopaminergic 
neurons (16,17). Previous studies have demonstrated that 
α-SYN protein aggregates, causing oxidative stress, and 
increase cell vulnerability in cells and animals overexpressing 
α-SYN (18-21). In the present study, the overexpression of WT 
and A53T α-SYN in SH-SY5Y cells was successfully utilized 
in a PD model of cytotoxicity, with cells overexpressing 
a 3.5 and 3.7X increase their normal levels of the protein. 
These increases of WT and A53T α-SYN in SH-SY5Y cells 
were associated with decreased proliferation and increased 

apoptosis. It was confirmed that overexpression of either WT 
or A53T α-SYN is toxic to dopaminergic SH-SY5Y cells.

Immunohistochemical and biochemical studies have 
demonstrated that ~90% α-SYN deposits in Lewy bodies are 
phosphorylated at Ser129 (22,23). Although the precise contri-
bution of P-S129 α-SYN to the pathogenesis of PD remains 
to be elucidated, recent studies have revealed that P-Ser129 
α-SYN induces intracellular aggregate formation and endo-
plasmic reticulum stress (24), and accelerates A53T mutant 
α-SYN neurotoxicity in a rat model of familial PD (25). This 
is in line with the observation that P-Ser129 α-SYN expres-
sion increases progressively and concomitantly with the 

Figure 5. Effect of CS on apoptotic rates and ΔΨm in transfected SH-SY5Y cells. The transfected SH-SY5Y cells were treated with 400 mg/l CS for 24 h. 
(A) Apoptosis was determined by AN/7-AAD staining. (B) ΔΨm was determined by JC-1 staining. Data are presented as the mean ± standard deviation (n=4). 
**P<0.01 vs. Vector group, #P<0.05 vs. WT, ##P<0.01 vs. WT, &P<0.05 vs. A53T, &&P<0.01 vs. A53T. WT, wild-type; α-SYN, α-synuclein; CS, chondroitin 
sulfate; Con, control; Vec, vector; AN/7-AAD, Annexin V/-amino-actinomycin D; ΔΨm, mitochondrial membrane potential.
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neurodegenerative degree in mice overexpressing α-SYN (26). 
Consistently, in the present study, the cell model expressing 
WT and A53T α-SYN exhibited higher levels of Ser129 phos-
phorylation. Due to the general increase in total α-SYN, the 
increased expression of P-Ser129 α-SYN was possibly due 
to accumulation of substrate available for phosphorylation. It 
was observed that CS attenuated α-SYN-induced cytotoxicity, 
increased cell viability, inhibited apoptosis and decreased 

Figure 7. Effects of CS on Bcl-2, Bax and Cyt-c protein expression levels. The 
transfected SH-SY5Y cells were treated with 400 mg/l CS for 24 h. (A) Bcl-2, 
(B) Bax and (C) mitochondrial Cyt-c protein expression were assessed by 
western blotting. GAPDH and COX IV served as internal loading controls. 
Data are presented as the mean ± standard deviation (n=4). **P<0.01 vs.  
Vector group, ##P<0.01 vs. WT, &&P<0.01 vs. A53T. WT, wild-type; α-SYN, 
α-synuclein; CS, chondroitin sulfate; Con, control; Vec, vector. Bcl-2, B-cell 
lymphoma 2; Bax, Bcl-2-associated X protein; Cyt-c, cytochrome-c; COX 
IV, cytochrome c oxidase.

Figure 6. Effect of CS on ROS generation. The transfected SH-SY5Y cells 
were treated with 400 mg/l CS for 24 h. ROS was determined by DCFH-DA 
staining. Data are presented as the mean ± standard deviation (n=4). **P<0.01 
vs. Vector group, ##P<0.01 vs. WT, &&P<0.01 vs. A53T. ROS, reactive oxygen 
species; DCFH-DA, 2, 7-dichlorofuorescin diacetate; WT, wild-type; α-SYN, 
α-synuclein; CS, chondroitin sulfate; Con, control; Vec, vector.
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total α-SYN and P-Ser129 α-SYN levels, suggesting that these 
processes are linked.

Small amounts of ROS are necessary to undergo normal 
physiological processes. When ROS concentration greatly 
outnumbers antioxidant concentration, oxidative stress arises 
subsequently. Excessive accumulation of ROS contributes 
to neuronal losses and dysfunction. Oxidative stress serves 
an important role in the degeneration of dopaminergic 
neurons (27). Overexpression of WT α-SYN or its A53T mutant 
forms increases intracellular ROS levels and susceptibility 
to dopamine (28,29). In this study, the levels of ROS in WT 
α-SYN and A53T α‑SYN groups were increased significantly; 
400 mg/l CS was capable of blocking α-SYN-induced ROS 
generation, which demonstrated that the neuroprotective effect 
of CS may be mediated through inhibiting ROS overproduction.

Mitochondrial dysfunction due to the accumulation of 
α-SYN has been implicated as one of the mechanisms leading 
to PD (30,31). α-SYN overexpression in cell culture models and 
animals has demonstrated that α-SYN can cause mitochondrial 
dysfunction, including mitochondrial depolarization, Ca2+ 
dyshomeostasis, and Cyt-c release (18-21). In the present study, 
overexpression of WT α-SYN or A53T α-SYN impaired the 
mitochondrial membrane, resulting in the collapse of ΔΨm, 
Cyt-c release and caspase activation, thus inducing apoptosis. 
CS (400 mg/l) reduced mitochondrial transmembrane potential 
loss, inhibited the release of Cyt-c from the mitochondria and the 
activation of caspase-9 and caspase-3, and inhibited apoptosis.

The anti-apoptotic Bcl-2 and pro-apoptotic Bax proteins 
are key regulators of mitochondria by initiating mitochondrial 
remodeling, mitochondrial outer membrane permeabilization 
and the release of apoptotic factors such as Cyt-c from the 
mitochondria to cytosol. It has been reported that α-SYN 
regulates neuronal survival via Bcl-2 family expression (32). 
High levels of α-SYN downregulae Bcl-2 expression and upre-
gulae Bax expression (33). The present study confirmed this 
in cells overexpressing WT and A53T α-SYN. Furthermore, 
CS upregulaed the anti-apoptotic Bcl-2 expression, and down-
regulaed the pro-apoptotic Bax expression, then inhibited 
mitochondrial dysfunction.

Our previous study demonstrated that CS protects 
SH-SY5Y cells against 6-hydroxydopamine-induced 
injury through the upregulaion of nuclear NF-E2-related 
factor-2 (Nrf2) and inhibition of the mitochondria-mediated 
pathway (8). Cañas et al (7) have reported that CS protects 
SH-SY5Y cells under oxidative stress conditions by acti-
vating protein kinase C (PKC), which phosphorylates protein 
kinase B (Akt) via the phosphoinositide 3-kinase (PI3K)/Akt 
signaling pathway, and induces the synthesis of the antioxidant 
protein heme oxygenase-1 (HO-1) and Nrf2 nuclear transloca-
tion, which is subsequently activated by PKC and PI3 K/Akt 
upstream of HO-1 expression (34,35). Therefore, it may be 
hypothesized that the PI3K/Akt/Nrf2/HO-1 signaling pathway 
might also be responsible for the protective effect of CS in 
SH-SY5Y cells overexpressing WT or A53T mutant α-SYN.

In conclusion, to the best of our knowledge, this is the 
first report to study the neuroprotective effects of CS using 
α-SYN-based cell models. The data demonstrated that CS atten-
uates α-SYN-induced cytotoxicity. The neuroprotective effect 
may be associated with downregulation of P-Ser129 α-SYN 
and total α-SYN expression, inhibiting ROS overproduction 

and changes of mitochondrion mediated apoptotic pathways. 
Therefore, CS might be useful agent for the treatment of 
α-SYN-associated neurodegeneration.
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