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Abstract. The aim of this study was to investigate the effect 
of lysosomal and ubiquitin-proteasome system dysfunction 
on the abnormal aggregation of α-synuclein, and to analyze 
its role in the pathogenesis of Parkinson's disease (PD). PC12 
cells subjected to nerve growth factor-induced differentia-
tion were used as the cell model to study the dopaminergic 
neurons, and the lysosomal and proteasomal inhibitors 
trans-epoxysuccinyl-L-leucylamido-(4-guanidino) butane 
(E64) and, respectively, were used exclusively and in combi-
nation to treat the PC12 cells. The viability and metabolic 
state of the cells was assessed using the MTT assay; flow 
cytometry was used to measure the rate of cell apoptosis; 
and the double immunofluorescence method was applied 
to observe the formation of thioflavin S- and α-synuclein 
protein-positive aggregates and inclusion bodies in the PC12 
cells. In addition, the Hoechst 33258 staining method was 
used to observe the apoptosis of the α-synuclein protein and 
thioflavin‑S double-labeled cells. Following the administra-
tion of the lysosomal and proteasomal pathway inhibitors, 
the cell viability decreased in a concentration-dependent 
manner and the cell apoptosis rate increased. The proportion 
of PC12 cells with α-synuclein protein-positive aggregates and 
inclusion bodies in the E64 group was 7.94%, compared with 
20.33 and 36.77% in the lactacystin and combination treat-
ment groups, respectively. Statistical analysis indicated that 
the number of inclusion body-positive cells in the treatment 
groups was significantly higher than that in the control group 
(3.78%) (P<0.05). Apoptosis was evident in the double-positive 
cells with α-synuclein protein-positive inclusion bodies 
(17.29±1.54%). In conclusion, lysosomal and proteasomal 
dysfunction may play an important role in the pathogenesis 

of PD through the induction of abnormal α-synuclein protein 
aggregation in dopaminergic neurons.

Introduction

Parkinson's disease (PD) is a common degenerative disease 
in the nervous system. The neuropathological characteristics 
of the disease include the progressive pallidal degeneration of 
dopaminergic neurons in the pars compacta of the substantia 
nigra, and the formation of intracellular inclusion bodies 
known as Lewy bodies (LBs) (1). It is believed that the nerve 
cell death in PD is induced by the change in the protein confor-
mation of α‑synuclein to form amyloid filaments, resulting in 
abnormal aggregation (2-5). Furthermore, studies of trans-
genic mice and Drosophila models have demonstrated that the 
formation of α-synuclein inclusion bodies is associated with 
the degeneration of the nervous system (6,7), and that protea-
somal dysfunction may cause the formation of the α-synuclein 
protein aggregates and inclusion bodies. The proteasomal 
inhibitor lactacystin has been shown to be able to induce 
the death of PC12 cells and the formation of cell inclusion 
bodies (8). Previous studies have demonstrated that systematic 
drug administration can result in behavioral changes similar 
to those of PD in mice; furthermore, the damage to the central 
nervous system is strikingly similar to that in patients with 
PD (9,10).

Protein degradation in the cell can also occur through the 
lysosomal pathway; however, few studies have investigated 
the association between the lysosomal pathway and PD, the 
effect of the lysosomal and ubiquitin-proteasome pathways 
on α-synuclein protein degradation or the correlation between 
the pathways. The aim of the present study, therefore, was 
to observe the effect of the lysosomal and proteasomal 
inhibitors trans-epoxysuccinyl-L-leucylamido-(4-guanidino) 
butane (E64) and lactacystin, respectively, on α-synuclein 
protein degradation, and to explore the effect of lysosomal 
pathway degradation on proteasomal pathway degradation. 
Furthermore, the apoptotic status of the inclusion body-posi-
tive cells was evaluated in order to elucidate the association 
between the inhibition of the lysosomal and proteasomal 
pathways and the death of dopaminergic neurons, and to 
provide an experimental and theoretical foundation for the 
pathogenesis of PD.
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Materials and methods

Cell culture. In this study, a rat pheochromocytoma cell line 
(PC12) was provided by the China Center for Type Culture 
Collection (Wuhan University, Wuhan, China). The cells were 
placed into Dulbecco's modified Eagle's medium (Gibco‑BRL, 
Grand Island, NY, USA) containing 10% inactivated calf 
serum (Gibco-BRL), 5% horse serum (Gibco-BRL), penicillin 
(100 U/ml) and streptomycin (100 U/ml), and cultured in a 
Forma™ CO2 cell incubator (3195/N; Thermo Fisher Scientific 
Inc., Waltham, MA, USA) with 5% CO2 and at 37˚C. The 
culture medium was renewed every two days. Nerve growth 
factor (NGF; BeiDaZhiLu Biological Engineering Co., Ltd., 
Xiamen, China) at a final concentration of 50 ng/ml was used to 
induce the neuronal differentiation of the PC12 cells one week 
prior to the drug treatment, and the morphological changes 
prior and subsequent to the PC12 cell induction were observed 
using an inverted phase contrast microscope (Olympus Corp., 
Tokyo, Japan). On the day of medication, lactacystin and 
E64 (Sigma-Aldrich) were added to 1 and 10 mmol/l culture 
medium, respectively. The final concentrations of lactacystin 
were 5, 10 and 20 µmol/l, while those of E64 were and 2, 
20 and 200 µmol/l.

MTT assay. The PC12 cell density was regulated to 2x105/ml, 
and the cells were inoculated into a 96-well tissue culture plate 
with 100 µl in each well. After 24 h, different concentrations of 
lactacystin (5, 10 and 20 µmol/l), E64 (2, 20 and 200 µmol/l) 
and lactacystin plus E64 (5+2, 10+20 and 20+200 µmol/l) were 
added, respectively, and left to react for 24 h. Six wells were 
assigned to each treatment, and parallel control wells without 
treatment reagent were also established. A total of 10 µl MTT 
(5 mg/l) (Sigma-Aldrich, St. Louis, MO, USA) was added to 
each well after 24 h, and the cells were cultured for an addi-
tional 4 h. The culture medium was subsequently removed 
and 100 µl dimethyl sulfoxide (Sigma-Aldrich) was added to 
each well and mixed through oscillation. A microplate reader 
(Bio-Rad, Hercules, CA, USA) was used to test the optical 
density (OD) value of each well at a wavelength of 570 nm. The 
A570 OD value was considered to represent the viability of the 
PC12 cells. All experiments were repeated at least three times.

Phospholipid binding protein (Annexin‑V)‑propidium iodide 
(PI) double‑staining method. The PC12 cells were treated 
with lactacystin (20 µmol/l), E64 (200 µmol/l) and lacta-
cystin plus E64 (20+200 µmol/l), respectively, for 24 h, prior 
to being collected and digested with 0.14 g/l EDTA. The 
cells were then washed with precooled phosphate-buffered 
saline (PBS) at 4˚C to generate a single cell suspension. 
The cell density was adjusted to 5x105/ml, and then 100 µl 
cell suspension was removed and supplemented with 5 µl 
Annexin-V/fluorescein isothiocyanate (FITC) and 10 µl PI at 
20 µg/ml. PBS (400 µl) was added after 15 min incubation 
in the dark at room temperature, and the fluorescence inten-
sity and rates of early cell apoptosis were detected via flow 
cytometry using the FACSCalibur™ system (BD Biosciences, 
Franklin Lakes, NJ, USA).

Immunofluorescence method. The PC12 cells were inocu-
lated into a 24-well tissue culture plate with cover glass 

(poly-L-lysine pretreatment). When the cells reached the 
logarithmic growth phase, lactacystin (20 µmol/l), E64 
(200 µmol/l) and lactacystin plus E64 (20+200 µmol/l) were 
added, respectively, and a control group was additionally 
established. After 24 h of incubation, the PC12 cells were 
immobilized by ice-cold acetone/absolute ethyl alcohol (1:1) 
for 10 min; 2% Triton X-100-PBS was then added at room 
temperature for 20 min and the cells were incubated with 
0.1% thioflavin S for a further 10 min. Following incubation, 
the cells were transferred to 80% alcohol for differentiation 
for 5 min, oscillated and washed. Bovine serum albumin 
(3%) was added for an additional 30 min of incubation at 
room temperature, excess liquid was extracted and goat 
polyclonal anti-rat α-synuclein protein antibody (1:100; 
sc-7012; Santa Cruz Biotechnology, Inc., Santa-Cruz, CA, 
USA) was added for incubation at 4˚C for 24 h. In the nega-
tive control group, the goat anti-rat α-synuclein protein 
antibody was replaced by PBS. Following incubation with 
the primary antibody, tetramethylrhodamineisothiocyanate 
(TRITC; Beijing Zhongshan Golden Bridge Biotechnology 
Co., Ltd., Beijing, China)-labeled rabbit anti-goat fluorescent 
secondary antibody (1:100; Santa Cruz Biotechnology, Inc.) 
was added and incubated for 90 min at room temperature. 
A total of 500 µl Hoechst 33258 stain (2 µg/ml) was added 
to each well, and the cells were incubated in the dark for 
15 min at room temperature to facilitate the development of 
the double-staining of the cell nucleus. The PC12 cells were 
then washed three times with PBS for 5 min each time. A 
fluorescence microscope and Image‑J (version 1.43 h) image 
processing system (Olympus Corp., Tokyo, Japan) were 
utilized to observe the formation of α-synuclein protein- and 
thioflavin S‑positive inclusion bodies within the cytoplasm 
and the morphological variations in the nuclear chromatin 
during apoptosis. Each treatment had four wells and each 
experiment was repeated three times.

Statistical analysis. SPSS software, version 16.0 (SPSS 
Inc., Chicago, IL, USA) was used to perform the statistical 
analysis. All data are expressed as the mean ± standard 
deviation. Comparisons of the data between each treatment 
group and the control group were conducted through the 
t-test or rank sum test. A homogeneity of variance test was 
implemented prior to the comparison of different groups; 
analysis of variance was applied when homogeneity was 
observed, while the rank sum test was applied when there 
was no homogeneity. The Student-Newman-Keuls method 
was applied to compare the difference between each group, 
and P<005 was considered to indicate a statistically signifi-
cant difference.

Results

Morphological changes prior and subsequent to the NGF 
induction. As shown in Fig. 1, the PC12 cells had a regular 
shape (circular or oval) prior to the induction, with each cell 
exhibiting few bulges and a short length. Intercellular connec-
tions were rare. Following the induction, the cells became 
irregularly shaped, with a polygonal or spindle outline. In 
addition, more bulges appeared, the cells became longer and 
intercellular connections became more common.
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Effect of lactacystin and E64 on the activity and metabolic 
status of the cells. The A570 value of the control group was 
0.618±0.055. As the lactacystin was administered in increasing 
concentrations, the viability of the cells decreased steadily, 
exhibiting a dose-response association (Fig. 2). An evident 
dose-response association was also observed for E64, with 
the viability of the cells decreasing markedly following the 
administration of increasing concentrations of E64. Notably, 
the OD values of the lactacystin plus E64 treatment groups 
showed more marked reductions than those in the lactacystin 
or E64 groups, indicating that the viability of the cells in the 
lactacystin plus E64 treatment groups had decreased consider-
ably.

Statistical analysis showed that the differences in the 
OD values at each concentration between the lactacystin 
and lactacystin plus E64 groups, as well as between the E64 
and lactacystin plus E64 groups, were significant (P<0.05), 
with the exception of the comparison between the 5 µmol/l 
lactacystin and the 5 µmol/l lactacystin plus 2 µmol/l E64 
groups (P>0.05). In comparison with the OD values of the 
control group, significant differences were found in the values 
of the lactacystin, E64 and lactacystin plus E64 groups at all 
concentrations (P<0.05), with the exception of the comparison 
between the OD values of the 2 µmol/l E64 and control groups 
(P>0.05).

Effect of lactacystin, E64 and lactacystin plus E64 on apop‑
tosis and necrosis in the PC12 cells. Live cells exhibited no 
FITC and PI staining (FITC-, PI-), as shown by the lower-left 
cell cluster in the analysis charts. Apoptotic cells were negative 

for PI and highly stained by FITC (FITC+, PI-), as shown by 
the lower-right cell cluster in the analysis charts. Necrotic cells 
were highly stained by PI and FITC (FITC+, PI+), as shown by 
the upper-right cell cluster in the analysis charts (Table I and 
Fig. 3).

Rates of α‑synuclein protein and thioflavin S double‑stained 
cells and apoptosis in the double‑stained cells after 24 h of 
lactacystin, E64 and lactacystin plus E64 treatment in PC12 

Figure 1. Morphological changes (A) prior and (B) subsequent to the nerve growth factor induction in PC12 cells (magnification, x100).

Figure 2. Viability of PC12 cells after 4 h of MTT treatment and the admin-
istration of pathway inhibitors at different concentrations. The cells were  
divided into the lactacystin (concentrations for L1, L2 and L3 were 5, 10 and 
20 µmol/l, respectively), E64 (concentrations for E1, E2 and E3 were 2, 20 
and 200 µmol/l, respectively) and lactacystin plus E64 (concentrations for 
LE1, LE2 and LE3 were 5+2, 10+20, 20+200 µmol/l, respectively) groups. 
Results are presented as the mean ± standard deviation. OD, optical density; 
E64, trans-epoxysuccinyl-L-leucylamido-(4-guanidino) butane.

Table I. Rates of apoptosis and necrosis following the treatment of PC12 cells with lactacystin, E64 and lactacystin plus E64, 
respectively, for 24 h.

Group Apoptotic cell death (%) t-value P-value Necrotic cell death (%) t-value P-value

Lactacystin 38.09±1.71 10.34 <0.01 1.78±0.46 0.97 >0.05
E64 29.05±0.77   8.72 <0.01 6.76±0.51 6.39 <0.01
Lactacystin + E64 44.36±1.19 12.03 <0.01 7.15±0.87 7.03 <0.01
Control   0.79±0.55 - - 1.01±0.36 - -

Results are presented as the mean ± standard deviation; n=18. E64, trans-epoxysuccinyl-L-leucylamido-(4-guanidino) butane.

  A   B
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cells. In the control group, few PC12 cells exhibited α-synuclein 
protein and thioflavin S double-positive inclusion bodies 
(3.78±0.40%). After 24 h of 20 µmol/l lactacystin treatment, 
however, the number of cells that were positive for inclusion 
bodies was increased to 20.33±2.4%; after 24 h of 200 µmol/l 
E64 treatment, the number of inclusion body-positive cells was 
also increased (7.94±0.97). The greatest increase in the number 
of inclusion body-positive cells was observed in the lactacystin 
plus E64 treatment group (36.77±3.5%). Comparisons with the 
control group showed that the differences were all significant 
(P<0.05) (Table II).

Thioflavin S staining is used to indicate the presence 
of amyloids; the protein in its normal state or small protein 
aggregates cannot undergo combination with thioflavin S (11). 
When the protein conformation changes, large clumps can 
combine with thioflavin S, and the combined complex can 

be stimulated to emit green fluorescence under the blue 
light of the fluorescence microscope. By comparison, the 
α-synuclein that has combined with the TRITC can emit red 
fluorescence under the fluorescence microscope. Fig. 4 shows 
the staining as observed under the fluorescence microscope. 
Where double-staining of α‑synuclein protein and thioflavin S 
occurred, the PC12 cells appeared yellow or orange. The nuclei 
of normal cells stained by Hoechst 33258 appeared even and 
hazy blue, while in the apoptotic cells, the chromatin appeared 
in clusters, the size of particles was different and the blue was 
brighter; these cells therefore exhibited that the morphological 
characteristics of chromosome condensation. The microscopic 
observations indicated that the double-positive cells showed an 
apoptotic tendency (17.29±1.54%); however, the differences in 
the apoptotic states between the control and treatment groups 
were not significant (P>0.05).

Figure 3. Distribution of apoptotic and necrotic cells following the treatment of PC12 cells with lactacystin, E64 and lactacystin plus E64 for 24 h, as assessed 
through flow cytometry. (A) Control, (B) lactacystin, (C) E64 and (D) lactacystin plus E64. E64, trans-epoxysuccinyl-L-leucylamido-(4-guanidino) butane; 
FITC, fluorescein isothiocyanate; PI, prodidium iodide.

Figure 4. Immunofluorescent images of PC12 cells stained by thioflavin S, α-synuclein, merge and Hoechst 33258, respectively, after 24 h of treatment with 
lactacystin, E64 and lactacystin plus E64 (magnification, x100). E64, trans‑epoxysuccinyl‑L‑leucylamido‑(4‑guanidino) butane.

  A   B   C   D



EXPERIMENTAL AND THERAPEUTIC MEDICINE  9:  2088-2094,  20152092

Discussion

In 1988, Maroteaux et al (12) isolated a 143-amino acid protein 
from Torpedo electric organ cholinergic nerve terminals and 
named it synuclein. Following the discovery of synuclein came 
the identification of its protein homologs, and synuclein was 
renamed α-synuclein (13). At the end of the 20th century, it 
was found that certain patients with familial PD exhibited 
an α-synuclein gene mutation, which incited interest into 
the study of α-synuclein (5). It has subsequently been found 
that, whether in familial or sporadic PD, the aggregation of 
abnormal α-synuclein forms LBs and that this abnormal 
α-synuclein aggregation in the neurons of the substantia nigra 
constitutes a pathological morphological marker for PD (14).

In normal conditions, α-synuclein has an unordered and 
unfolded structure; however, under high concentrations or 
conditions conducive to abnormal modifications the protein 
undergoes a conformational change into fibers rich in β-sheets, 
which form oligomers and exhibit cytotoxicity (15,16). Since 
it is believed that α-synuclein aggregation could play an 
important role in the occurrence and development of PD, it is 
crucial to elucidate the mechanism underling the α-synuclein 
aggregation in cells in order to facilitate the understanding of 
PD pathogenesis.

There are two principal pathways of cellular protein degra-
dation: The ubiquitin-proteasome pathway and the lysosomal 
pathway (17). The ubiquitin-proteasome pathway involves 
substrate ubiquitination and is an orderly process mediated by 
a series of enzymes. Ubiquitin is first activated by the ubiq-
uitin-activating enzyme E1, and then transferred directly to the 
ubiquitin-carrier enzyme E2, which acts to conjugate ubiquitin 
to the ε-amino group of the lysine residues in the substrate 
protein. E2 can ubiquitinate the substrate directly or in conjunc-
tion with a ubiquitin ligase. In this way, through a cascade of 
enzymatic reactions, ubiquitin C-terminal glycine residues 
covalently bond with the ε-amino group of the lysine residues 
in the target protein. The ubiquitin molecules can then form a 
polyubiquitin chain via the connection of lysine 48 residues, 
and this polyubiquitin chain is the activated signal of protein 
degradation, which can be identified and degraded by the 26S 
proteasome. The ubiquitin and proteasome-mediated degrada-
tion of specific proteins in cells underlies cell adjustment in 
processes such as the cell cycle, cell apoptosis, pinocytosis, 
immunization and the inflammatory reaction. At present, it is 

believed that in certain harmful environments, such as under 
conditions of oxidative or endoplasmic reticulum stress and in 
protein misfolding in the ageing process, damaging abnormal 
protein aggregation can be found in the cell. This abnormal 
protein aggregation is initiated as a result of modifications in 
protein synthesis, abnormal protein cleavage and the decreased 
capacity of the cell to deal with the abnormal protein expres-
sion, and ultimately leads to cell dysfunction or death (18).

Lysosomes are dynamic organelles that are surrounded 
by a single membrane, often present as a cycle and contain 
electron-dense material (19). Lysosomes contain >50 species 
of hydrolase in an acid environment, and acid phosphatase 
is the marker enzyme, which controls the degradation of 
intracellular macromolecules, including protein, lipid and 
cytoplasmic organelles. Lysosomes are known as the cellular 
alimentary organs. According to the different stages of physi-
ological function, lysosomes can be divided into primary and 
secondary lysosomes and residual bodies. It is generally 
believed that proteins with a long half-life can be degraded by 
lysosomes. In addition to acting as the alimentary organs in 
the cell, lysosomes are associated with autocytolysis, cytophy-
laxis and the usage of certain substances, such as antibodies 
and hormones. Lysosomes degrade intracellular protein via 
the autophagy mechanism. There are at least three different 
types of autophagy: Macroautophagy, microautophagy and 
chaperone-mediated autophagy (CMA). In macroautophagy, 
the soluble proteins and damaged organelles within the 
cytoplasm are bundled into a double-membrane structure of 
non-lysosomal origin, which is known as an autophagosome; 
the autophagosome then brings the proteins to the lysosome for 
degradation. Microautophagy differs from macroautophagy in 
that the cytoplasmic substrates are directly engulfed by the 
lysosome via the deformation of the lysosomal membrane. By 
contrast, the process of CMA is selective for certain proteins; 
these are transferred to the lysosomal membrane and then 
translocated into the lysosomal lumen for hydrolase-mediated 
degradation.

Webb et al (20) found that α-synuclein protein could 
undergo degradation via two pathways: Proteasomal and lyso-
somal. A previous study demonstrated that there is a molecular 
switch in the body called E3 ubiquitin-protein ligase CHIP, 
which controls the proteasomal and lysosomal pathways (21). 
CHIP is a component of LBs in the human brain and 
co-localizes with α-synuclein and heat shock 70 kDa protein. 

Table II. Rates of α‑synuclein protein and thioflavin S double‑stained cells and apoptosis in the double‑stained cells after 24 h of 
lactacystin, E64 and lactacystin plus E64 treatment, respectively, in PC12 cells.

Group Inclusion-harboring cells (%) Apoptotic inclusion-harboring cells (%)

Lactacystin 20.33±2.40a 16.42±4.46
E64   7.94±0.97a 18.75±4.42
Lactacystin + E64   36.77±3.50a,b 18.33±6.04
Control   3.78±0.40 16.67±5.56

aCompared with the control group, P<0.05; bcompared with the lactacystin and E64 groups, P<0.01. No significant difference in apoptosis rate 
was found among the groups (P>0.05). The cell population of each group was 1x105/ml. E64, trans-epoxysuccinyl-L-leucylamido-(4-guanidino) 
butane.
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The structural domains of CHIP facilitate the mediation of 
α-synuclein degradation through the proteasomal pathway 
(via its tetratricopeptide repeat structural domain) and through 
the lysosomal pathway (via its U-box domain). Numerous 
studies have demonstrated that proteasome inhibitors are able 
to induce dopaminergic neuronal cell death and the formation 
of intracellular inclusion bodies (22,23). It has also been found 
that the soluble oligomeric formation of α-synuclein protein 
can be degraded by the lysosomal pathway (24), and may be 
associated with CMA (25,26).

Lactacystin is a metabolite of Streptomyces and is 
hydrolyzed in the body to produce an activated intermediate 
product, β-lactone. The activity of the 20S subunit of the 
proteasomes can be exclusively inhibited by binding between 
the proteasome proteins and the 20S β-subunit (27). E64, a 
specific inhibitor of lysosomes, inhibits the activity of cysteine 
proteinases in the lysosome and affects the degradation of the 
substrate (28).

PC12 cells are positive in the tyrosine hydroxylase (TH) 
immune response, have the ability to compose and excrete 
dopamine and can undergo differentiation into a neuronal 
phenotype following induction by NGF. In the present study, 
NGF was utilized to induce the PC12 cells. As a result, the 
cell body of the PC12 cells became enlarged, the cells became 
polygonal, the adherent ability of the cells was enhanced and 
cell growth was attenuated. Consequently, these NGF-induced 
PC12 cells were used as the ideal neuronal dopaminergic cell 
model to study the pathogenesis of PD.

The present study demonstrated that, when the protea-
somal and lysosomal pathway inhibitors lactacystin and E64 
were incubated with the PC12 cells independently or in combi-
nation, the activity and metabolism of the PC12 cells were 
notably decreased, while the rate of apoptosis was increased. 
This phenomenon was more evident when lactacystin and E64 
were incubated with PC12 cells in combination. According to 
the study results, the dysfunction of the proteasomal or lyso-
somal pathway damages the cell, and the effect of the pathway 
damage is synergistic.

In this study, it was observed that a low level of α-synuclein 
protein aggregation occurred following the administration of 
the lysosomal inhibitor, while marked aggregation occurred 
with the proteasomal inhibitor. The highest level of aggrega-
tion occurred when the lysosomal and proteasomal inhibitors 
were applied in combination. A recent study has shown that 
the half life of the α-synuclein protein in the monomeric form 
is shorter than that of the protein in the aggregated form. In 
mammalian cells, the short half-life protein is degraded by the 
proteasomal pathway and the long half-life protein is degraded 
by the lysosomal pathway (29).

According to the results of the present study, we 
speculated that the selectivity of the α-synuclein protein 
degradation pathways could be associated with the half-life 
and form of the protein; under normal circumstance, those 
proteins with a short half-life existing in a soluble mono-
meric form would be degraded by the ubiquitin-proteasome 
system, while those proteins with a long half-life existing 
in an aggregated form would be degraded by a lysosomal 
pathway, in interdependent and mutual processes. Following 
damage to one or both of these pathways, or when the levels 
of α-synuclein protein exceed the degradation ability of the 

pathways, α-synuclein protein would not be able to undergo 
timely degradation, and the accumulation of the α-synuclein 
protein would cause toxicity and lead to the degeneration and 
death of dopaminergic neurons. The mechanism of cell death 
could be associated with apoptosis, since the study results 
indicated that 17.29% of the α-synuclein protein and thio-
flavin S double‑positive cells were apoptotic. This indicated 
that the α-synuclein inclusion bodies had a toxic effect on the 
cells, which led to cell apoptosis (30). Due to the apoptotic 
cell death evidenced in the substantia nigra of patients with 
PD (31,32), it is reasonable to speculate that the inclusion 
bodies formed from accumulated α-synuclein may lead to 
the death of dopaminergic neurons through the apoptotic 
pathway. In addition, it was suggested in the present study that 
dysfunction of the proteasomal and lysosomal pathways could 
play an important role in dopaminergic neuron degeneration 
and the process of protein accumulation and inclusion body 
formation. α-synuclein linked the heredity and the environ-
mental factors of PD.

The association between α-synuclein degradation and 
the formation of LBs, as well as the understanding that 
α-synuclein accumulation may be involved in the development 
of PD, may provide fresh insights to further understand the 
pathogenesis of PD. In future studies, we aim to continually 
focus on exploring the mechanism of α-synuclein degradation 
and accumulation, in order to seek more effective methods to 
prevent the pathological deposition.
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