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Abstract. Oxidative stress induced by cadmium (Cd) is a 
common phenomenon that has been observed in numerous 
studies. However, the underlying mechanism remains 
unknown. Recently, exposure of PC-12 cells to Cd has been 
shown to activate autophagy, which acts as a temporary 
survival pathway under stressful conditions by delaying the 
occurrence of apoptosis. The present study investigated the 
impact of oxidative stress on Cd-induced autophagy in PC-12 
cells. The results demonstrated that Cd-induced autophagy 
(following treatment with Cd for 4 h), increased the levels of 
intracellular reactive oxygen species (ROS), decreased the 
mitochondrial membrane potential and resulted in apoptosis. 
A treatment with chloroquine (CQ; an autophagic inhibitor) 
sensitized the PC-12 cells to Cd, due to the increased produc-
tion of ROS, which was associated with the incapacity to 
reduce mitochondrial and cell death. N-acetyl-L-cysteine, 
an antioxidant agent, decreased Cd-induced autophagy and 
reduced intracellular ROS levels, but enhanced CQ-induced 
apoptotic cell death. These findings indicate that moderate 
levels of ROS are essential in the regulation of Cd-induced 
autophagy, which subsequently enhances cell survival. Thus, 
the results of the present study provide an insight for future 
investigation of Cd-induced neurotoxicity.

Introduction

Cadmium (Cd) is an occupationally and environmentally 
important toxic metal with no known biological function (1). 
It is well known that Cd affects neurological and behavioral 
impairment, including memory deficits (2), alteration of social 
contact (3), olfactory dysfunction (4), synaptic function and 
neurotransmission (5,6). Therefore, Cd is considered to be 
a possible etiological factor in neurodegenerative diseases. 
However, the exact mechanism by which Cd elicits its neuro-
toxic effects is not well elucidated.

Impaired mitochondrial function, oxidative stress, accumu-
lation of protein aggregates and autophagic stress are common 
in many pathologies, including neurodegenerative diseases (7). 
Oxidative stress is a disturbance of the cellular redox balance 
in favor of the pro-oxidants, and leads to disruption of cellular 
macromolecules (for example, degradation of proteins, 
cross-links in DNA and membrane fatty acid peroxidation). 
However, elevated reactive oxygen species (ROS) concentra-
tions also influence signal transduction. At the cellular level, Cd 
induces oxidative stress in numerous organisms, which results 
in physiological damage to different organs (8,9). Neurons in 
the brain are vulnerable to oxidative damage due to their high 
metabolic activity, low antioxidant capacity and non-replicative 
nature (10). Excessive quantities of Cd-induced ROS can modify 
proteins, lipids and DNA, and alter their functions, which 
contributes to the activation of mTOR signaling and leads to 
neuronal apoptosis (11). These findings indicate that ROS are 
important regulators in Cd neurotoxicity.

Autophagy is a catabolic process that responds to starvation 
or other stress conditions whereby cell constituents (damaged 
organelles, unfolded proteins and intracellular pathogens) are 
engulfed within autophagosomes and eventually degraded by 
lysosomal enzymes to sustain cellular homeostasis (12,13). 
However, a massive and persistent autophagy may result in cell 
death, termed autophagic cell death (14). Autophagy is largely 
considered to be non-selective, where preferential autophagy 
of damaged or excess organelles (including the endoplasmic 
reticulum and mitochondria) occurs. However, there is 
accumulating evidence for selective autophagic processes in 
response to ROS (10,15). Our previous study demonstrated that 
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exposure of PC-12 cells to Cd stimulates autophagy, which 
serves as a temporary survival pathway in cells under stress 
by delaying the occurrence of apoptosis (16). The aim of the 
present study was to determine the association between oxida-
tive stress and Cd-induced autophagy in PC-12 cells.

Materials and methods

Materials. RPMI-1640 medium, fetal bovine serum (FBS) and 
horse serum were purchased from Life Technologies (Grand 
Island, NY, USA). Cd(CH3COO)2·3H2O (Cd), N-acetyl-L-
cysteine (NAC), 2-,7-dichlorofluorescein diacetate (DCFH-DA), 
polyclonal rabbit anti-LC3B (cat. no. L7543), monodansylca-
daverine (MDC), chloroquine (CQ) and poly-L-lysine were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). JC-1, 
a bicinchoninic acid (BCA) protein assay kit was provided 
by Beyotime Institute of Biotechnology (Haimen, Jiangsu, 
China) and propidium iodide (PI) was purchased from 
BD Pharmingen (San Diego, CA, USA). Monoclonal rabbit 
anti-β-actin (cat. no. 4970), horseradish peroxidase (HRP)- and 
fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit 
IgG (cat. nos. 7074 and 4412, respectively) were obtained from 
Cell Signaling Technology, Inc. (Danvers, MA, USA). The 
enhanced chemiluminescence (ECL) solution (SuperSignal 
Chemiluminescent HRP substrate) was obtained from Thermo 
Fisher Scientific, Inc. (Waltham, MA, USA) and lactate dehy-
drogenase (LDH) was purchased from Beckman Coulter, Inc. 
(Brea, CA, USA).

Cell cultures. The rat pheochromocytoma cell line, PC-12 was 
purchased from the Type Culture Collection of the Chinese 
Academy of Sciences (Shanghai, China). The PC-12 cell line was 
cultured in an antibiotic-free RPMI-1640 medium (temperature, 
37˚C; atmosphere, 5% CO2), which was supplemented with 10% 
heat-inactivated horse serum and 5% FBS.

Immunofluorescence. The PC-12 cells (2.0x105 cells/ml) were 
cultivated on cover slips that were pre-coated with poly-L-lysine 
and treated with 20 µmol/l Cd for 4 h. After washing in 
phosphate-buffered saline (PBS), the cells were fixed with 4% 
paraformaldehyde in PBS for 30 min at 4˚C, permeabilized with 
0.5% Triton X-100 (Nanjing Jiancheng Bioengineering Institute, 
Nanjing, China) and blocked with 5% bovine serum albumin 
(Beijing Solarbio Science & Technology Co., Ltd., Beijing, 
China) for 20 min at room temperature. The cells were incubated 
with anti-LC3B rabbit antibody in a blocking solution for 2 h, 
washed in blocking solution and stained with FITC-conjugated 
anti-mouse IgG for 1 h. The cell nuclei were subsequently stained 
with DAPI. Following washing, the samples (~300 cells) were 
observed under a fluorescence microscope (Leica DMI3000 B; 
Leica Microsystmes, Wetzlar, Germany).

Labeling of autolysosome with MDC. PC-12 cells 
(2.5x105 cells/ml) were grown on cover slips, pretreated with 
or without 5 µmol/l CQ for 30 min, followed by treatment 
with or without 20 µmol/l Cd for a further 4 h. After incuba-
tion, cells were washed in PBS and fixed for 30 min using a 
fresh solution of 4% paraformaldehyde. Following staining 
with 50 µmol/l MDC, the cells were immediately analyzed by 
fluorescence microscopy (Leica DMI3000 B).

Transmission electron microscopy. Treated cells were washed 
and fixed for 30 min in 2.5% glutaraldehyde. The samples were 
treated with 1.5% osmium tetroxide, dehydrated with alcohol 
and embedded in epoxy resins. The ultrathin sections were 
contrasted with uranyl acetate and lead citrate for electron 
microscopy. Electron micrographs were obtained using a Philips 
CM120 transmission electron microscope (Philips, Eindhoven, 
The Netherlands).

Western blot analysis. PC-12 cells (3.0x105) were preincubated 
with 100 µmol/l NAC for 1 h, and were then incubated with 
20 µmol/l Cd for a further 4 h. Following treatment, the cells 
were washed twice with cold PBS, extracted into RIPA lysis 
buffer on ice for 30 min, sonicated for 10 sec and centrifuged 
at 12,000 x g for 10 min at 4˚C. The protein content was deter-
mined using a BCA protein assay kit. Equal quantities of protein 
samples (60 µg) were uploaded and separated by 15% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis, and trans-
ferred onto nitrocellulose membranes. The membranes were 
blocked in 5% nonfat milk in Tris-buffered saline with 0.1% 
Tween-20 at room temperature for 2 h, and incubated with the 
indicated primary antibodies (anti-LC3B, 1:1,000; anti-β-actin, 
1:2,000) overnight at 4˚C and with HRP‑conjugated secondary 
antibodies at room temperature for 1.5 h. The signal was detected 
using ECL reagents. The band intensity was determined using 
the gel image analysis system, Image Lab version 2.0.1 (Bio-
Rad Laboratories, Inc., Hercules, CA, USA) and was normalized 
against β-actin.

ROS determination. Following treatment, the cells were 
collected, incubated with 20 µmol/l DCFH-DA at 37˚C for 
20 min in the dark, and washed twice with PBS. The cells were 
analyzed using a FACSAria flow cytometer (BD Biosciences, 
San Jose, CA, USA).

Mitochondrial membrane potential (ΔΨm) assay. Changes 
in the ΔΨm were measured by flow cytometry using JC-1 
dye. Following treatment, cells were selected and incubated 
in a JC-1 staining solution for 20 min at 37˚C. The cells were 
subsequently rinsed twice with the JC-1 staining buffer. The 
fluorescence intensity of the mitochondrial JC‑1 monomers and 
aggregates was detected using flow cytometry. The ΔΨm of the 
PC-12 cells was calculated as the ratio of red (aggregates) to 
green (monomers) fluorescence.

PI staining to assess DNA fragmentation. The PI staining 
assay and flow cytometry were used to evaluate the extent of 
cell death. Apoptotic cells are characterized by a hypoploid 
DNA fluorescence pattern (17). Briefly, following treatment, 
cells were collected and suspended in 100 µl binding buffer 
containing 5 µl PI dye solution. Following incubation in the dark 
at 25˚C for 25 min, the cells were analyzed using a FACSAria 
flow cytometer.

LDH activity assay. Following treatment, the supernatant of the 
cell culture was harvested. The PC-12 cells were rinsed with 
PBS and lysed with 1% Triton X‑100 at 37˚C for 30 min. The 
supernatants and cell lysates were prepared according to the 
manufacturer's instructions for the LDH assay and examined 
using an automatic biochemical analyzer (AU480; Beckman 
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Coulter, Inc.). The LDH result is expressed as the proportion of 
leakage with respect to the total level of LDH.

Statistical analysis. Results are presented as the mean ± standard 
deviation (SD). Significance was assessed by one-way analysis 
of variance following appropriate transformation to normalized 
data and equalized variance where required. Statistical analysis 
was performed using IBM SPSS statistics 19.0 (IBM SPSS, 

Armonk, NY, USA) and P<0.05 was considered to indicate a 
statistically significant difference.

Results

Activation of autophagy. The distribution of endogenous 
LC3-II in cells prior to and following Cd treatment for 4 h 
was monitored by indirect immunofluorescence staining to 

Figure 1. Activation of autophagy. (A) PC-12 cells were treated with 20 µmol/l Cd for 4 h and stained by indirect immunofluorescence. (B) PC-12 cells were 
pretreated with 5 µmol/l CQ for 30 min, followed by treatment with 20 µmol/l Cd for another 4 h. MDC staining analysis was performed by fluorescence 
microscopy. (C) Quantitation of ~300 cells containing autolysosomes, reported as the mean ± standard deviation; **P<0.01, compared with the control and 
#P<0.05 compared with the Cd 4 h group (bar = 10 µm). (D) Transmission electron microscopy analysis. (a) Untreated control cells demonstrating normal dis-
tribution of organelles; (b-e) autophagic compartments at various stages. Cup-shaped membranous structures in the cytoplasm are indicated by the arrows. m, 
mitochondria; AVi, initial autophagosome; AVd, degradative autophagosome. FITC‑LC3, fluorescein isothiocyanate‑light chain 3; Con, control; Cd, cadmium; 
CQ, chloroquine; MDC monodansylcadaverine.
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examine whether autophagy was induced by Cd treatment. 
As demonstrated in Fig. 1A, a greater number of dots were 

apparent in Cd-treated neurons when compared with the 
control cells. In addition, the treated cells were stained with 

  A   B

  C

Figure 2. Involvement of ROS in Cd-induced autophagy. PC-12 cells were pretreated with 100 µmol/l NAC for 1 h and subsequently exposed to 20 µmol/l 
Cd for 4 h. (A) Western blot analysis was performed and β-actin served as a loading control. (B) The blot for LC3-II was semi-quantified using Image Lab 
(Bio-Rad). Results are presented as the mean ± standard deviation (n=3; bar = 10 µm). ##P<0.01 compared with the Cd group. (C) PC-12 cells were preincubated 
with 5 µmol/l CQ for 30 min and/or 100 µmol/l NAC for 1 h, and incubated with 20 µmol/l Cd for another 4 h. Or the PC-12 cells were treated with 20 µmol/l 
Cd for 24 h. The ROS levels were examined by flow cytometry (n=3). *P<0.05, **P<0.01 compared with the control, and #P<0.05 compared with the co-treatment 
group of Cd and CQ. LC3, light chain 3; NAC, N-acetyl-L-cysteine; Cd, cadmium; Con, control; ROS, reactive oxygen species; CQ, chloroquine.

Figure 3. Roles of ROS and autophagy in Cd-induced cytotoxicity. PC-12 cells were preincubated with 5 µmol/l CQ for 30 min and/or 100 µmol/l NAC for 1 h, 
then incubated with 20 µmol/l Cd for another 4 h. Or PC-12 cells were treated with 20 µmol/l Cd for 24 h. (A) Flow cytometry was used to examine changes 
in the ΔΨm, (B) hypoploid apoptotic cell numbers were determined by propidium iodide staining and (C) the LDH assay was detected using a cell viability 
assay kit (n=3). *P<0.05, **P<0.01 compared with the control, and #P<0.05 compared with the co-treatment group of Cd and CQ. ΔΨm, mitochondrial membrane 
potential; Con, control; CQ, chloroquine; NAC, N-acetyl-L-cysteine; Cd, cadmium; LDH, lactate dehydrogenase; ROS, reactive oxygen species.

  A   B
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MDC, a fluorescent dye that selectively recognizes autoly-
sosomes (13). The Cd-treated cells reveal a diffuse punctate 
pattern, which indicates the activation of autophagy, while 
the control cells demonstrate faint fluorescence (Fig. 1B 
and C; P<0.01). Following treatment with CQ, which disrupts 
the function of lysosomes and inhibits autophagy at a late 
stage, Cd co-treatment resulted in the accumulation of large 
MDC-positive vesicles. To further demonstrate that autophagy 
is induced by Cd, transmission electron microscopy was 
performed on untreated or Cd-treated cells. As depicted in 
Fig. 1D, Cd-treated cells exhibited cup-shaped membranous 
structures, and initial and degradative autophagosome struc-
tures that were not present in the control cells. Furthermore, 
western blot analysis revealed that the levels of LC3-II protein 
markedly increased following Cd treatment (Fig. 2A). These 
results indicate that Cd treatment induces autophagy in PC-12 
cells.

Involvement of ROS in Cd-triggered autophagy. To iden-
tify whether the ROS scavenger, NAC exerts an effect on 
Cd-induced autophagy, western blot analysis was conducted. 
As Fig. 2A and B demonstrate, compared with the Cd treatment 
group, the antioxidant, NAC significantly inhibited the LC3-II 
protein level (P<0.01). The result indicates that Cd-mediated 
autophagy may be blocked by NAC and ROS production may 
be involved in inducing autophagy.

To further identify the above-mentioned hypothesis, 
ROS levels were assessed using flow cytometry. As shown in 
Fig. 2C, treatment of PC-12 cells with Cd for 4 h and 24 h 
increased intracellular ROS levels significantly (P<0.05 and 
P<0.01, respectively) compared with the control. Co-treatment 
with 20 µmol/l Cd and CQ for 4 h also significantly increased 
ROS production when compared with the control group 
(P<0.01). However, NAC reduced the ROS concentrations that 
were induced by Cd and CQ co-treatment (P<0.05). The result 

revealed that Cd-mediated autophagy may be dependent on its 
ability to generate ROS.

Roles of ROS and autophagy in Cd-induced cytotoxicity. In 
the case of treatment with 20 µmol/l Cd, there was a significant 
decrease in ΔΨm following treatment for 4 h (P<0.05) and 24 h 
(P<0.01), a 4-h co-treatment of Cd and CQ also significantly 
decreased ΔΨm (P<0.01; Fig. 3A). Although the difference 
was not significant, it appeared that NAC did not prevent, but 
promoted this event induced by Cd and CQ treatment in PC-12 
cells. The findings indicate that ROS production protects 
PC-12 cells from inhibiting the decline of ΔΨm by inducing 
autophagy.

To examine the role of ROS and autophagy associated with 
Cd-induced cytotoxicity, a PI staining assay was performed. 
The results demonstrated that Cd treatment increased the quan-
tity of hypoploid apoptotic cells following 4 h (P<0.05) and 
24 h (P<0.01) of treatment when compared with the control. 
Furthermore, CQ augmented the proportion of apoptotic 
cells following a 4-h treatment with Cd (P<0.01). In addition, 
PC-12 cells that were co-treated with NAC, Cd and CQ further 
accelerated the apoptosis rate when compared with the CQ 
and Cd co-treatment group (P<0.05; Fig. 3B). Collectively, 
these results indicate that ROS generation inhibits apoptosis 
by inducing autophagy in PC-12 cells.

For Cd injured PC-12 cells, the LDH leakage rate (Fig. 3C) 
demonstrated a significant difference when compared with the 
control group (9.58±0.76%) after cells had been treated with Cd 
for 4 h (13.56±1.45%; P<0.01). Furthermore, the LDH leakage 
rate markedly increased to 32.87±4.47% following a 24-h Cd 
treatment (P<0.01). CQ increased the release of LDH following 
treatment with 20 µmol/l Cd for 4 h (15.41±0.84%; P<0.01). 
However, NAC did not protect PC-12 cells against injury 
that was caused by CQ and Cd co-treatment (16.05±0.79%) 
(Fig. 3C), indicating that the protective effect of ROS is irrel-
evant to reducing necrosis.

Discussion

The bioaccumulation of Cd has been demonstrated as toxic 
to humans and environmental health. Cd induces damaging 
and repair processes in which the cellular redox status is 
critical (18). Thus, understanding the interface between stress 
adaptation and cell death/autophagy is important for under-
standing redox biology and the disease pathogenesis that is 
caused by Cd.

Cd-induced autophagy has been reported in in vitro and 
in vivo models (19-21). A previous study has shown that 
Cd-induced autophagic death is dependent on ROS activa-
tion in skin epidermal cells (22). However, the function and 
mechanism of autophagy remains unknown. The results of the 
present study indicate that Cd-induced ROS increase is closely 
associated with protective autophagy in PC-12 cells. Inhibition 
of autophagy, by the addition of CQ, resulted in a further 
decreased capacity to reduce mitochondrial content and an 
increased sensitivity to Cd, which supports the hypothesis 
that autophagy is a cellular protective mechanism response to 
Cd treatment. Notably, NAC reduced intracellular ROS levels 
and decreased Cd-induced autophagy, but enhanced the mito-
chondrial damage and apoptotic cell death that was induced 

Figure 4. Schematic of the association between autophagy and oxidative 
stress in Cd-treated PC-12 cells. NAC reduces intracellular levels of ROS, 
decreases Cd-induced autophagy, but enhances Cd-induced apoptosis. ROS 
are essential in the regulation of Cd-induced autophagy, which subsequently 
enhances cell survival. However, overwhelming levels of ROS may result in 
cell death. NAC, N-acetyl-L-cysteine; ROS, reactive oxygen species; ΔΨm, 
mitochondrial membrane potential.
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by the inhibition of autophagy. Previous studies demonstrated 
that high levels of intracellular glutathione inhibit mitophagy 
in yeast (23) and increased superoxide anion production 
stimulates mitophagy (24), which supports the findings of the 
present study that increased ROS, induced by Cd, acts as a 
signaling molecule to activate mitophagy.

Generation of ROS is hypothesized to be the basis for 
Cd-induced toxicity. In certain instances, ROS formation 
induced by Cd depletes endogenous redox scavengers, inhibits 
antioxidant enzymes and the mitochondrial electron transport 
chain, causes mitochondrial damage, and triggers apoptosis 
and necrosis (8,25,26). However, Cd-induced ROS formation 
also activates various antioxidative components as a result of 
a disturbed redox balance and a consecutively induced signal 
transduction cascade (18). The result of the present study 
indicated that an appropriate quantity of ROS is not harmful, 
but essential in order to induce autophagy for cell survival. 
The initial ROS response to Cd induction is an initiation of 
autophagy to enable self-clearance. Autophagy may act as a 
cellular antioxidation defense mechanism, although its func-
tion is not inherently antioxidative. Notably, in the present 
study when autophagy was inhibited and the PC-12 cells were 
exposed to Cd at a late stage (24 h), ROS accumulation was 
observed in the PC-12 cells; however, apoptosis and necrosis 
also became evident at this point. These results indicate that a 
massive and persistent ROS is likely to be accompanied by an 
induction of mitochondrial dysfunction leading to cell death, 
which is consistent with the hypothesis of neuronal cell death 
as a consequence of increased oxidative stress (11). The under-
lying reason for these variances remains unknown, however 
might be associated with differences in the capacity to activate 
autophagy, the quantity of ROS and the time exposed to Cd. 
Therefore, oxidative stress is hypothesized to be essential for 
cell survival to trigger autophagy at the initial stage. As an 
increasing quantity of Cd enters into cells, the overwhelming 
oxidative stress may be harmful to those cells. Further studies 
are required to investigate the ROS threshold in cell survival 
and death.

The crosstalk between autophagy, redox signaling and 
mitochondrial dysfunction is not well understood (10). 
Mitochondria are generators of and targets for ROS, and 
oxidative stress is indivisibly linked to mitochondrial dysfunc-
tion (27). Mitochondrial turnover is dependent on autophagy, 
which results in membrane potential variances, ROS produc-
tion (28) and occasionally cell death (29). Under certain stress 
conditions, one possible explanation is that the accumulation of 
toxic proteins and the decrease in mitochondrial function leads 
to further overwhelming oxidative stress when the autophagic 
process is disrupted (30-32). By contrast, redox signaling or 
mitochondrial dysfunction may also influence autophagy. The 
results of the present study conform to these two hypotheses. 
Although ROS production has been identified as demon-
strating a positive role in Cd-induced autophagy, it remains 
unclear as to which species of ROS activate the autophagy in 
Cd-treated PC-12 cells. Furthermore, the present findings do 
not exclude the possibility that mitochondrial dysfunction is 
also involved in the induction of autophagy, as ROS produc-
tion may result from either the mitochondria themselves or 
the plasma membrane oxidases (33). Further investigation is 
required to resolve these queries.

In conclusion, autophagy has been demonstrated as signifi-
cant in PC-12 cell survival following Cd treatment. At the early 
stages of Cd exposure, ROS function as signaling molecules 
to trigger autophagy as a survival mechanism in Cd-induced 
oxidative stress. However, excessive ROS production may lead 
to cell death (Fig. 4). The present study provides an insight for 
future investigation of Cd-induced neurotoxicity.
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