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Autophagy is a basic cellular process that decomposes damaged organelles and aberrant proteins. Dysregulation of autophagy 
is implicated in pathogenesis of neurodegenerative disorders, including Parkinson’s disease (PD). Pharmacological compounds 
that stimulate autophagy can provide neuroprotection in models of PD. Nanoparticles have emerged as regulators of autophagy 
and have been tested in adjuvant therapy for diseases. In this present study, we explore the effects of quantum dots (QDs) that 
can induce autophagy in a cellular model of Parkinson’s disease. CdTe/CdS/ZnS QDs protect differentiated rat pheochromo-
cytoma PC12 cells from MPP+-induced cell damage, including reduced viability, apoptosis and accumulation of α-Synuclein, a 
characteristic protein of PD. The protective function of QDs is autophagy-dependent. In addition, we investigate the interaction 
between quantum dots and autophagic pathways and identify beclin1 as an essential factor for QDs-induced autophagy. Our 
results reveal new promise of QDs in the theranostic of neurodegenerative diseases.  
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1  Introduction 

Due to their unique physicochemical properties, quantum 
dots (QDs) have shown great promise in many biomedical 
applications that include bioimaging, drug-delivery and 
photodynamic therapy [1–3]. However, practical applica-
tions of QDs in biomedicine have been largely restricted by 
concerns about their nanotoxicity [4,5]. Tremendous efforts 
have been made to improve the biosafety of QDs [6,7]. For 

example, effective coating of CdTe QDs with core-shell- 
shell (CSS) structures (i.e., CdTe/CdS/ZnS QDs) prevented 
the release of cadmium ions and greatly reduced their cyto-
toxicity [8,9]. More recently, we illustrated an autophagy-  
dependent mechanism that enhanced the Cd2+-induced cy-
totoxicity of QDs. It is noteworthy that CSS QDs-induced 
autophagy, if not combined with other toxic factors, does 
not impair cell viability or functionality [10]. Recently, QDs 
with stable out surface layers were synthesized and ap-
peared to be biocompatible in cell culture or in model or-
ganisms [11–13]. Nevertheless, autophagy induced by QDs 
has not been explored for therapeutical applications. 
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Parkinson’s disease (PD) is one of the most common 
neurodegenerative disorders. Although the pathogenesis of 
PD remains elusive, mitochondrial dysfunction and oxida-
tive stress clearly contribute to the onset of this disease 
[14,15]. PD is associated with the accumulation of α-Synu- 
clein protein aggregates, which is the major component of 
Lewy bodies in sporadic PDs [16]. α-Synuclein is degraded 
by both proteasome and autophagy [17]. Recently, malfunc-
tion of autophagy has been directly linked to a growing 
number of neurodegenerative disorders including PD, indi-
cating the pivotal role of autophagy in neuronal homeosta-
sis. Autophagy is a catabolic process that removes altered or 
misfolded proteins. Due to its essential role in clearance of 
pathogenic protein aggregates, autophagy has become an 
emerging target for the treatment of Parkinson’s disease 
[18,19]. For example, stimulation of autophagy by rapamy-
cin enhances the clearance of α-Synuclein and delays onset 
of Parkinson’s or Alzheimer’s disease [14,20]. Therefore, it 
is urgent to develop new approaches that regulate the sig-
naling pathways of autophagy for the treatment of neuro-
degenerative diseases. Meanwhile, autophagy can be also 
considered as an alternative route for the degradation of 
misfolded proteins such as Huntingtin protein and amy-
loid-beta polypeptide [21–23]. Therefore, it is urgent to dev- 
elop new approaches that regulate the signaling pathways of 
autophagy for the treatment of neurodegenerative diseases. 

With the rapid development of nanotechnology, a grow-
ing number of nanoparticles have been reported as stimula-
tors of autophagy both in vitro and in vivo [18–20]. Howev-
er, effects of nanoparticles-induced autophagy on the pro-
gression of neurodegenerative diseases have barely been 
studied [21]. Recently, rare earth oxide nanoparticles have 
been demonstrated to induce autophagy and accelerate the 
clearance of mutant Huntingtin protein [22,23]. In this pre-
sent study, we investigated the cellular effects of autopha-
gy-inducing QDs in an MPP+-induced cellular model of 
Parkinson’s disease and underlying mechanism. 

2  Experimental 

2.1  Cell line, reagents and antibodies 

Differentiated rat pheochromocytoma (PC12) cell line was 
purchased from Shanghai Institute of Cell Biology, Chinese 
Academy of Sciences (Shanghai, China). Dulbecco’s modi-
fied Eagle medium (DMEM), fetal bovine serum (FBS), 
2′,7′-dichlorofluorescin diacetate (DCFH-DA) and Caspase- 
3 activity assay kit were obtained from Invitrogen (USA). 
Thiazolyl blue tetrazolium bromide (MTT), MPP+ iodide 
salt, rapamycin, 3-MA, sodium dodecyl sulfate (SDS) and 
hoechst 33258 were from Sigma-Aldrich (USA). Primary 
antibodies against α-Synuclein and Actin were from Abcam 
(Cambridge, UK). Primary antibody against LC3 was pur-

chased from Cell Signaling Technology (USA). HRP con-
jugated anti-rabbit secondary antibody and fluorescein 
isothiocyanate (FITC)-labeled goat anti-rabbit secondary 
antibody were purchased from KPL (USA). ECL plus and 
poly(vinylidene fluoride) (PVDF) membrane were pur-
chased from Millipore (USA). Fluorescence mounting me-
dium was obtained from DAKO (Denmark). All pure ana-
lytical grade chemical reagents were obtained from Si-
nopharm (China). 

2.2  Preparation of CdTe and CdTe/CdS/ZnS QDs 

The water-dispersed CdTe QDs and CdTe/CdS/ZnS QDs 
were synthesized as previously reported [7]. 

2.3  Cell culture and treatment 

PC12 cells were cultured in DMEM supplemented with 
10% (v/v) heat-inactivated FBS, and antibiotics (100 μg/mL 
treptomycin and 100 U/mL penicillin) at 37 °C in the hu-
midified atmosphere with 5% CO2. For PD model cells, 
PC12 cells were incubated with 2 μM MPP+ for 48 h. 75 
nM CSS QDs were added 6 h before MPP+ incubation.   

2.4  Cell viability determination via MTT assay 

Cell viability was determined by MTT assay. In brief, cells 
were seeded in 96-well plates and incubated overnight. Af-
ter various treatments, cells were incubated with 20 μL 
MTT solution (5 mg/mL) for 4 h at 37 °C. Cells were then 
lysed with 10% SDS in 0.01 M HCl (pH 2–3), solubilizing 
the formazan crystals. After centrifugation, the absorbance 
of supernatant was measured at 570 nm using a microplate 
reader (Bio-Rad 680, USA). 

2.5  Western blot analysis 

PC12 cells were plated using 6-well plates before treatment. 
Cells were harvested in SDS-loading sample buffer and 
boiled. Protein samples were then analyzed by 12% SDS- 
polyacrylamide gelelectrophoresis (SDS-PAGE) and blotted 
to PVDF membranes. The blots were blocked with 5% 
nonfat dry milk dissolved in PBST buffer (PBS+0.1% 
Tween 20, PBS=phosphate buffer saline) for 30 min and 
then incubated overnight with desired primary antibodies at 
4 °C. After washing with PBST, the blots were probed with 
a goat anti-rabbit HRP secondary antibody for 1 h at room 
temperature. Next, the membranes were visualized using the 
chemiluminescent HRP substrate method (Millipore) and 
the representative bands of proteins were measured with a 
bio-imaging system (Syngene G: Box). 

2.6  Immunofluorescence staining 

Cells cultured on coverslips were fixed in 4% paraformal-
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dehyde for 20 min. After being washed by PBS for 3 times, 
cells were incubated with blocking solution (1% BSA in 
PBS) for 30 min, followed by incubation with α-Synuclein 
primary antibody (1:200) for 1 h at room temperature. After 
being washed with PBS, cells were treated with FITC-   
labeled secondary antibody for another 1 h. Coverslips were 
then washed again and mounted using DAKO fluorescence 
mount (Denmark). Images were acquired using a laser con-
focal microscope (Leica TCS SP8, Germany). 

2.7  Measurement of intracellular ROS 

Intracellular reactive oxygen species (ROS) levels were 
detected with 2′,7′-dichlorofluorescin diacetate (DCFH- 
DA). Cells were firstly incubated with 10×10−6 M DCFH- 
DA for 10 min. Fluorescence intensity was measured using 
a fluorimeter (495 nm excitation/520 nm emission; Bio-Rad 
680, USA). 

2.8  Caspase-3 activity determination 

The activity of Caspase-3 was determined using the Caspa-
se-3 activity kit (Beyotime, China) according to the manu-
facturer’s protocol. A reaction mixture of 10 μL cell lysate, 
80 μL reaction buffer (20 mM Tris-HCl, pH 7.5, 1% NP-40) 
and 10 μL Caspase-3 substrate (Ac-DEVD-pNA) (2 mM) 
was prepared and incubated at 37 °C for 4 h. Absorbance at 
405 nm was measured using a microplate reader (Bio-Rad 
680). Average percentage and standard deviations of three 
biological replicates are shown. 

2.9  siRNA transfection 

Transfections were carried out approximately 24 h after 
seeding, using the Amaxa electroporation system (Lonza, 
Cologne AG, Belgium). PC12 cells were collected and re-
suspended in Nucleofector solution and mixed with 1.5 μg 
siRNABeclin1 (5′-AACUCAGGAGAGGAGCCAUUU-3′) or 
siRNACtrl (5′-UUCUCCGAACGUGUCACGU-3′). Further 
analysis was performed 24 h after electroporation. 

2.10  Quantitative PCR 

Total RNA was isolated using Trizol reagent according to 
the manufacturer’s protocol. For cDNA synthesis, Super-
script III First-Strand Synthesis system (Invitrogen, USA) 
was used. Quantitative real time polymerase chain reaction 
(RT-PCR) was performed using the StepOnePlus™ Real- 
Time PCR Systems (Applied Biosystems, USA). Following 
primer sequences were used: 5′-CGGCTCCTATTCCAT- 
CAAAA-3′ and 5′-AAGCAAGACCCCACTTGAGA-3′ for 
Beclin1 and 5′-TCCACAGAAAGTGCCAACAG-3′ and 
5′-TTCAGTCTTCGGCTGAGGTT-3′ for Actin. Average 
mRNA levels and standard deviations of at least two bio-
logical replicates are shown. 

2.11  Statistical analysis 

In all experiments, significance was determined using the 
Student’s t-distribution (two-tailed; two-sample equal vari-
ance). *** equals P<0.001; ** equals P<0.01; * equals 
P<0.05; ns: not significant. 

3  Results and discussion 

3.1  QDs induce autophagy in a cell model of Parkin-
son’s disease 

Both CdTe and CdTe/CdS/ZnS (CSS) quantum dots can 
efficiently induce autophagy in differentiated rat pheo-
chromocytoma PC12 cells [7]. We chose CSS QDs instead 
of CdTe QDs in the following experiment because of their 
superior biocompatibility. CSS QDs did not affect cell via-
bility at a rather high concentration of 300 nM; while CdTe 
QDs showed potent dose-dependent inhibition of cell via-
bility (Figure S1, Supporting Information online). Cell types 
and physiopathological changes can both influence the in-
tracellular fate and biological effect of endocytotic nanopar-
ticles [9,20]. For example, many nanomaterials exhibited 
anti-tumor effects without affecting normal cells [24]. To 
investigate the effects of QDs on PD model cells, we firstly 
examined whether QDs preserved their capacity to induce 
autophagy in pathological cells. 1-Methyl-4-phenyl-1,2,3, 
6-tetrahydropyridine (MPTP) is a neurotoxin and can selec-
tively damage DA neurons, which in turn leads to clinical 
symptoms similar to those of patients with PD. Its metabo-
lite MPP+ induces mitochondrial dysfunction that mediates 
autophagy-lysosome pathway impairments in neurons. 
MPP+ has been widely used to induce neurotoxicity in PC12 
cells and model PD in cells [25]. Indeed, we observed that 
MPP+ caused dose-dependent damages in PC12 cells (Fig-
ure S2). Incubation with 2 μM MPP+ for 48 h induced a 
5-fold reduction of metabolic activity (Figure 1(a)) and a 
10-fold increase of intracellular reactive oxygen species 
(ROS) levels in PC12 cells (Figure 1(b)). Consistent with 
these observations, apoptosis was induced by MPP+ treat-
ment, as indicated by a 8-fold increase in Caspase-3 activity 
(Figure 1(c)). More importantly, MPP+ significantly in-
creased the levels of the α-Synuclein, the pathological hall-
mark of PD. Accumulation of α-Synuclein was demon-
strated by immunofluorescent staining (Figure 1(d)) and 
immunoblotting (Figure 1(e)). Collectively, we developed 
Parkinson’s disease cell model successfully by MPP+ treat-
ment.  

We then examined the effects of MPP+ and QDs 
co-treatment on the autophagic activity. The formation of 
double-membrane structured autophagosome is an essential 
hallmark of autophagy induction. Microtubule-associated 
protein light chain 3 (LC3) is the most widely used marker 
of autophagosomes [26]. However, LC3-II accumulation  



 Wang et al.   Sci China Chem   November (2016) Vol.59 No.11 1489 

 

 

Figure 1  QDs induce autophagy in a cell model of Parkinson’s disease. 
PC12 cells were incubated with 2 μM MPP+ for 48 h and analyzed for (a) 
cell viability by MTT assay, (b) ROS levels by DCF staining, (c) Caspa-
se-3 activity. α-Synuclein levels were monitored by (d) immunostaining 
and (e) immunoblotting. (f) PC12 cells were pre-incubated with 75 nM 
CSS QDs or 100 μM rapamycin for 6 h before MPP+ treatment. Protein 
levels of LC3 II and p62 were analyzed by immunoblotting. Actin was 
included as loading control (color online). 

occurs not only in autophagy induction, but also in a reduc-
tion in downstream degradation of autophagosome [27]. 
Therefore, we completed the LC3 analysis with assays to 
estimate overall autophagic flux. p62 is a target protein of 
autophagy and its degradation is a sign of complete au-
tophagic flux [28]. We observed an increase in both LC3-II 
and p62 protein levels in MPP+-treated cells (Figure 1(f)), 
suggesting that MPP+ interfered the autophagic flux and 
blocked the degradation of p62. Pretreatment with CSS QDs 
restored the p62 levels to a similar extend of that in cells 
pretreated with rapamycin, a well-established autophagy 
stimulator. These results proved the capacity of QDs to in-
duce autophagy in MPP+-induced cell model of Parkinson’s 
disease. 

3.2  QDs protected PC12 cells from MPP+-induced tox-
icity through autophagy induction 

It is generally acknowledged that accumulation of misfold-
ed or damaged proteins is detrimental to cell survival and 
function. For example, mutant α-Synuclein was reported to 
enhance the toxicity of MPP+ in PC12 cells by increasing 
intracellular reactive oxygen species (ROS) [29]. Since we 

observed attenuated p62 accumulation in cells pre-treated 
with QDs, we wondered whether such enhanced clearance 
could antagonize MPP+-induced toxicity. Indeed, cell via-
bility, as measured by cell proliferation assay, was partially 
restored by QDs (Figure 2(a)). Consistently, ROS levels 
were also mitigated by QDs (Figure 2(b)). We also moni-
tored the effects of QDs on MPP+-induced apoptosis. 
Caspase-3 activities of cells co-treated with MPP+ and QDs 
decreased dramatically relative to that of cells incubated 
with MPP+ alone (Figure 2(c)), indicating that QDs could 
prevent MPP+-treated PC12 cells from apoptosis. Im-
portantly, protein levels of α-Synuclein were significantly 
reduced in cells incubated with both QDs and MPP+ (Figure 
2(d)). Taken together, our results demonstrated that QDs 
protected PC12 cells from MPP+-caused damage, including 
cell growth inhibition, high levels of intracellular ROS, 
apoptosis and accumulation of neurotoxic α-Synuclein pro-
tein.  

It has been reported that autophagy played an important 
role in degradation of aggregated α-Synuclein, and several 
types of autophagy activators have proven to alleviate 
MPP+-induced neurotoxicity [17,22]. Therefore we assumed 
that the protective function of QDs depended on their ability 
to induce autophagy. To prove this, we blocked QDs-   
induced autophagy by pre-incubating cells with 3-methylad- 
enine (3-MA), which inhibits autophagy by blocking initial 
steps in autophagosome formation via the inhibition of class 
III PI3K [30]. Indeed, 3-MA pretreatment abolished LC3-II 
accumulation, indicating inhibition of autophagy, which in 
turn caused high levels of α-Synuclein protein, both in the 
presence and absence of MPP+ (Figure 3(a)). Furthermore, 
cell viability correlated well with the efficiency of autoph-
agy. Neither QDs nor 3-MA affected viability of PC12 cells 
without MPP+. However, 3-MA abolished the rescue effects  

 

Figure 2  QDs rescue PC12 cells from MPP+-induced cell damage. PC12 
cells were incubated with 75 nM CSS QDs for 6 h before MPP+ treatment 
and analyzed for (a) cell viability by MTT assay, (b) ROS levels by DCF 
staining, (c) Caspase-3 activity, (d) protein levels of α-Synuclein were 
monitored by immunoblotting. 
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Figure 3  The protective effects of QDs are autophagy-dependent. MPP+ 
and QDs-treated PC12 cells were incubated in the presence or absence of 5 
mM 3-MA for 6 h and analyzed for: (a) protein levels of LC3-II and 
α-Synuclein by immunoblotting; (b) cell viability by MTT assay. 

of QDs in the MPP+-induced PD model cells (Figure 3(b)). 
Hence CSS QDs protected against MPP+-induced neurotox-
icity through autophagy enhancement. 

3.3  Beclin1 is required for QDs-induced autophagy 

Next we investigated the mechanism of the protective role 
of QDs in PD cell model. Despite numerous studies about 
nanoparticles-induced autophagy, the underlying molecular 
mechanism is largely elusive [31,32]. Since regulation 
mechanisms and signaling pathways of autophagy were 
extensively studied, we probed the phosphorylation status of 
key proteins in autophagic signaling upon QDs treatment. 
The mammalian target of rapamycin (mTOR) complex is 
the master regulator of autophagy. Inhibition of mTOR in-
duces autophagy [26]. Similar to rapamycin or starvation, 
QDs decreased levels of phosphorylated mTOR but had no 
effects on total mTOR protein levels, confirming QDs-  
induced autophagy was mTOR-dependent (Figure 4(a)). 
Then we examined two major upstream signaling pathways 
of mTOR. According to the phosphorylation/activation sta-
tus measured by western blot, AKT pathway but not AMPK 
pathway was involved in QDs inhibition of mTOR. In addi-
tion, we observed up-regulation in protein levels of Beclin1 
in QDs-treated cells (Figure 4(a)). Beclin1 plays an essen-
tial role in the nucleation and assembly of the initial phag-
ophore membrane. Beclin1 dysfunction has been implicated 
in many disorders, including neurodegeneration [33,34]. We  

 

Figure 4  Beclin1 is required for QDs-induced autophagy. (a) PC12 cells 
were incubated with 75 nM CSS QDs for 24 h. Cell lysates were analyzed 
for the levels of indicated proteins by immunoblotting. (b) PC12 cells were 
incubated with indicated concentrations of CSS QDs for 24 h. mRNA 
levels of Beclin1 were determined by RT-PCR and normalized to mRNA 
levels of Actin. (c) Pre-treatment with siRNABeclin1 for 24 h inhibited 
QDs-induced autophagy. (d) QDs-induced degradation of α-Synuclein was 
abolished by siRNA-mediated knockdown of Beclin1. 

checked the mRNA levels of Beclin1, which were not 
changed by QDs treatment, implying that QDs increased the 
expression or stability of Beclin1 protein instead of its gene 
transcription (Figure 4(b)). To verify the indispensability of 
Beclin1 in QDs-induced autophagy, RNA interference was 
performed to knock down expression levels of Beclin1. 
Down-regulation of Beclin1 did inhibit QDs-induced accu-
mulation of LC3-II, which confirmed that autophagy in-
duced by QDs was Beclin1-dependent (Figure 4(c)). More-
over, the protective role of QDs in PD model cells also re-
quired Beclin1. The clearance of α-Synuclein aggregates by 
QDs was inhibited in the siRNABeclin1 treated PC12 cells 
(Figure 4(d)). Our data suggested that QDs-induced au-
tophagy was Beclin1-dependent, and RNA interference- 
mediated knockdown of Beclin1 suppressed autophagy as 
well as the clearance of neurotoxic α-Synuclein (Figure 5). 

4  Conclusions 

Here, we established an in vitro Parkinson’s disease model 
using MPP+-injured PC12 cells to investigate the protective 
effects of CSS quantum dots. Autophagy-mediated clear-
ance of aberrant α-Synuclein aggregates has been implicated 
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Figure 5  Scheme illustration of neuroprotective effects of CSS QDs in 
Parkinson’s disease (PD) model cells. MPP+ inhibited mitochondrial func-
tion and increased ROS levels, resulting in accumulation of neurotoxic 
α-Synuclein aggregates. CSS QDs induced autophagy by increasing protein 
levels of Belcin1 as well as inhibition of the AKT/mTOR signaling path-
way. Up-regulation of autophagy accelerated the clearance of α-Synuclein 
and alleviated MPP+-induced cell damage (color online). 

in many neurodegenerative diseases including PD [35]. 
Pre-treatment with QDs significantly attenuated MPP+-   
induced cell injury, including decreased viability, increased 
oxidative stress and apoptosis. QDs also inhibited MPP+- 
induced accumulation of α-Synuclein. Our results proved 
that the protective role of QDs largely depended on their 
ability to stimulate autophagy, as evidenced by the inhibi-
tion of both autophagy and protective effects by 3-MA that 
blocked the initiation of autophagic process. In addition, we 
explored the mechanism of QDs-induced autophagy and 
identified Beclin1 as a key regulator. By using specific tar-
geted small interfering RNA (siRNA) to knockdown the 
expression of Beclin1 protein, we observed that QDs-  
induced inhibition of MPP+ stress was abolished. Our study 
suggested a potential beneficial purpose of autophagy-  
stimulation by QDs and many other nanoparticles in PD and 
related neuronal damage.  
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