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Abstract. Increased aggregation of β‑amyloid (Aβ) peptides 
induces oxidative stress, which is considered a major contributor 
in the development of Alzheimer's disease (AD). Prevention of 
Aβ‑induced neurotoxicity is proposed as a possible modality for 
treatment of AD. The present study aimed to elucidate possible 
effects of ethyl vanillin (EVA), an analog of vanillin isolated 
from vanilla beans, on the Aβ1‑42‑induced oxidative injury in 
PC12 cells. EVA restrained the decrease in PC12 cell viability 
and apoptosis induction caused by treatment with Aβ1‑42. In 
addition, EVA markedly alleviated intracellular lipid peroxida-
tion as demonstrated by malondialdehyde levels and reactive 
oxygen species production in Aβ1‑42‑treated PC12 cells. In 
addition, the reduction in the activity levels of the antioxidative 
enzymes superoxide dismutase, catalase and glutathione peroxi-
dase was detected in Aβ1‑42‑treated PC12 cells. This effect was 
partially reversed by treatment with EVA. Furthermore, the 
results indicated that EVA attenuated Aβ1‑42‑induced caspase‑3 
activation and the increase noted in the apoptosis regulator 
Bcl‑2/apoptosis regulator Bax ratio of PC12 cells. These results 
indicated that EVA could be used as an efficient and novel agent 
for the prevention of neurodegenerative diseases via inhibition 
of oxidative stress and cell apoptosis.

Introduction

Alzheimer's disease (AD) is a neurodegenerative disorder 
associated with pathological deposition of β‑amyloid (Aβ) 

peptides, intracellular neurofibrillary tangles and neuronal 
loss caused by neuronal apoptosis. A complex contribution 
of several genetic and environmental risk factors is neces-
sary for the initiation and progression of AD (1,2). Currently, 
due to the lack of effective treatment options, the disease 
ultimately results in patient mortality (3,4). Several studies 
have investigated the potential association between Aβ and 
the development of AD (5‑7). Genetic studies have revealed 
abnormal production of Αβ peptides in cell culture and animal 
models (5‑7). A vast body of evidence suggests that the altera-
tions in physicochemical properties and concentration of Aβ1‑42 

may initiate the transition of neurons from the physiological to 
the pathological state (8‑10).

The etiology and pathogenesis of AD have remained 
elusive, and the majority of the observations have confirmed 
that Aβ deposition in the brain leads to the intracellular 
accumulation of reactive oxygen species  (ROS). Although 
oxidative stress does not show specific clinical symptoms, 
the overproduction of ROS may induce cell injury via lipid 
peroxidation, DNA damage and regulation of apoptotic 
proteins (11‑13). Subsequently, apoptosis and cell cycle arrest 
further result in neuronal cell death (14). In addition, several 
studies have demonstrated an association between oxidative 
stress and apoptosis in AD (14,15). Therefore, it has been 
proposed that compounds that ameliorate Aβ‑induced oxida-
tive stress may be used for the treatment and/or prevention of 
AD. Antioxidants that prevent or delay Aβ‑induced apoptosis 
may be a promising therapeutic strategy against AD (16‑19).

Vanillin is a primary active component extracted from 
vanilla beans, which has long been used as a component of 
perfume and for food and medical applications (20). Ethyl 
vanillin  (EVA), an analogue of vanillin, is widely used as 
a food additive (Fig. 1), and the safety and long‑established 
properties of EVA have been previously investigated  (21). 
Furthermore, it is reported that EVA at doses <0.5 mM is 
unable to diminish viability of the macrophage cells  (22). 
Due to its safety as a food additive, a number of studies have 
investigated the multifunctional effects of EVA, including 
antioxidative, antimutagenic, antiangiogenetic, anti‑sickling 
and analgesic activities (23‑26). It has been reported that EVA 
serves a protective role against protein oxidation and induc-
tion of apoptosis caused by rotenone in a rotenone‑induced rat 
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model of Parkinson's disease (27). A previous study suggested 
that the antioxidative activity of EVA is more potent compared 
with vanillin, as demonstrated by oxidative hemolysis inhibi-
tion assays (28). In addition, EVA can reduce the increase 
in ROS levels and metalloproteinase‑9 expression levels in 
lipopolysaccharide (LPS)‑stimulated macrophages, indicating 
that it could protect from neurodegeneration and oxidative 
damage  (21,29). Based on the above evidence, the current 
study investigated the pro‑survival activity of EVA against 
the oxidative damage caused by Aβ1‑42‑induced toxicity in 
PC12 cells. The ability of EVA to protect against Aβ‑induced 
neurotoxicity was assessed in PC12 cells and initial experi-
ments were performed to investigate the potential mechanism 
of its action.

Materials and methods

Reagents. Ethyl vanillin (EVA), nerve growth factor (NGF), 
Aβ1‑42, Dulbecco's modified Eagle medium (DMEM), fetal 
bovine serum (FBS) and horse serum (HS) were obtained from 
Sigma‑Aldrich (Merck KGaA, Darmstadt, Germany). TUNEL 
Detection Kit (#11684817910) was purchased from Roche 
(Basel, Switzerland). The kits for malondialdehyde (MDA), 
superoxide dismutase (SOD), catalase  (CAT), glutathione 
peroxidase (GSH‑Px) and lactate dehydrogenase (LDH) detec-
tion were provided from Nanjing Jiancheng Bioengineering 
Institute (Nanjing, China). ROS assay kit and mitochondrial 
membrane potential with JC‑1 kit were purchased from 
Beyotime Institute of Biotechnology (Haimen, China). 
Polyclonal antibodies against cleaved caspase‑3  (#9661), 
apoptosis regulator Bcl‑2 (#2876s) and apoptosis regulator 
Bax (#2772) were obtained from Cell Signaling Technology, 
Inc. (Danvers, MA, USA). Horseradish peroxidase conjugated 
goat anti‑rabbit antibodies  (#GB23303) and bovine serum 
albumin (#G5001) were obtained from Servicebio, Inc. 
(Woburn, MA, USA).

Cell culture. Undifferentiated PC12 cells were obtained 
from the American Type Culture Collection (Manassas, VA, 
USA). Cells were cultured with 5 ng/ml NGF in DMEM 
containing 10% HS, 5% FBS and 1% penicillin‑streptomycin 
in a CO2 incubator (37˚C and 5% CO2). The medium was 
changed every other day. The cells were seeded at a density 
of 1x104  cells/ml and allowed to grow for 24  h prior to 
experimentation.

Cell viability and LDH assay. To assess the protective effect 
of EVA against Aβ1‑42‑induced cytotoxicity, cell viability was 
detected by the MTT reduction assay, as previously described. 
Aβ1‑42 aggregates were prepared as previously described (30). 
PC12 cells were cultured at a density of 1x104 cells/well in 
poly‑L‑lysine‑coated 96‑well microplates for 24 h at 37˚C. The 
cells were pretreated with various doses of EVA (0, 10, 30 and 
100 µM) for 12 h and then exposed to 20 µM of Aβ1‑42 for 12 h. 
The EVA group was treated with 100 µM of EVA for 24 h. At 
the end of the drug treatment, 20 µl of MTT solution (5 mg/ml) 
was added to each well and the cells were incubated at 37˚C 
for 4 h. The supernatants were subsequently replaced with 
150 ml of dimethylsulfoxide. Cell viability was determined at 
a wavelength of 570 nm using an ELISA reader (Varioskan™ 

Flash Multimode Reader; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA).

The LDH activity is an in vitro cellular toxicity marker 
that was determined in the present study using a commercial 
assay kit. In brief, PC12 cells were cultured at a density of 
1x104 cells/well in poly‑L‑lysine‑coated 96‑well microplates 
for 24 h at 37˚C. The cells were pretreated with various doses 
of EVA (0, 10, 30 and 100 µM) for 12 h and then exposed to 
20 µM of Aβ1‑42 for 12 h. At the end of the drug treatment, 
100 µl of the incubation medium was collected for the extra-
cellular LDH activity assay. The adherent cells were washed 
with phosphate buffered saline (PBS) three times and subse-
quently homogenized. The homogenate was centrifuged at 
4,000 x g for 30 min at 37˚C and the supernatant was collected 
for the intracellular LDH activity assay. The absorbance of 
each sample was measured at a wavelength of 490 nm using 
a microplate reader according to the manufacturer's protocol. 
LDH release was calculated as follows:

Terminal deoxynucleotidyl‑transferase‑mediated dUTP nick 
end labelling (TUNEL) assay. Apoptotic cells were observed 
by TUNEL assay. Briefly, PC12 cells were cultured and treated 
on circular glass coverslips. The cells were pretreated with 
100 µM of EVA for 12 h and then exposed to 20 µM Aβ1‑42 for 
12 h. At the end of drug treatment, the cells were fixed in 4% 
paraformaldehyde for 15 min at 4˚C and washed with PBS. The 
samples were further incubated in a blocking solution (obtained 
from the assay kit) for 20 min at 37˚C and permeabilizing solu-
tion (0.1% Triton X‑100 in 0.1% sodium acetate) for 30 min at 
4˚C. Subsequently, the cells were stained by TUNEL reaction 
solution for 1 h at 37˚C, followed by cultured with 3% H2O2 
solution for 15 min and rinsed with PBS for 10 min. The 
cells were finally treated with 3,3'‑diaminobenzidine (DAB) 
substrate to produce a dark brown precipitate. Coverslips were 
stained with hematoxylin for 1 min at 37˚C and mounted with 
neutral balsam. The number of TUNEL‑positive cells was 
counted at 6 high‑power (magnification, x400) fields per slide.

Lipid peroxidation assay. The MDA content, an index of 
lipid peroxidation, was detected using a commercial assay 
kit according to the manufacturer's protocol. Briefly, PC12 
cells were cultured at a density of 4x105 cells/well in 6‑well 
microplates for 24 h at 37˚C. The cells were pretreated with 
various doses of EVA (0, 10, 30 and 100 µM) for 12 h and 
then exposed to 20 µM Aβ1‑42 for 12 h. At the end of the drug 
treatment, the cells were washed with PBS and lysed in radio 
immunoprecipitation assay (RIPA) lysis buffer. The mixture 
was centrifuged at 12,000 x g for 30 min at 4˚C. The collected 
supernatant samples were used for analysis of MDA concen-
tration.

Dichloro‑dihydro‑fluorescein diacetate (DCFH‑DA) assay 
for ROS. The accumulation of intracellular ROS was moni-
tored using the fluorescent dye DCFH‑DA as a probe. Briefly, 
PC12 cells were cultured at a density of 4x105 cells/well in 
6‑well microplates for 24 h at 37˚C. The cells were pretreated 
with various doses of EVA (0, 10, 30 and 100 µM) for 12 h and 
then exposed to 20 µM of Aβ1‑42 for 12 h. At the end of the drug 
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treatment, 1 ml of 10 µM DCFH‑DA solution (part of the ROS 
kit) was added to the cells and cultured at 37˚C for 30 min. In 
the presence of ROS, DCFH was converted to DCF, as the kit 
protocol states. Subsequently, the cells were rinsed three times 
with PBS and the fluorescence intensity was visualized by fluo-
rescence microscopy (Carl Zeiss AG, Oberkochen, Germany). 
The levels of intracellular ROS of each group were normalized 
to those of the control group (untreated PC12 cells).

Antioxidant system assay. PC12 cells were cultured at a density 
of 4x105 cells/well in 6‑well microplates for 24 h at 37˚C. The 
cells were pretreated with various doses of EVA (0, 10, 30 and 
100 µM) for 12 h and then exposed to 20 µM Aβ1‑42 for 12 h 
consecutive. At the end of the drug treatment, the cells were 
washed with PBS and lysed in RIPA lysis buffer. The mixture 
was centrifuged at 12,000 x g for 30 min at 4˚C. The collected 
supernatants were used for the following analyses.

SOD, CAT and GSH‑Px activity levels in PC12 cells 
were measured by commercial assay kits according to the 
instructions provided by the manufacturer. SOD activity was 
detected using the xanthine oxidase method at a wavelength 
of 550 nm using a spectrophotometer. CAT activity was deter-
mined using by measuring the absorbance at a wavelength 
of 405 nm with a spectrophotometer. GSH‑Px activity was 
measured by quantifying the rate of oxidation of reduced 
glutathione to oxidized glutathione by H2O2 at a wavelength 
of 412 nm. The activity levels were normalized to the protein 
concentration of each sample.

Measurement of mitochondrial membrane potential. 
Mitochondrial membrane potential was detected using the 
fluorescent JC‑1 dye probe. PC12 cells were cultured at a 
density of 4x105 cells/well in 6‑well microplates for 24 h at 
37˚C.The cells were pretreated with various doses of EVA 
(0, 10, 30 and 100 µM) for 12 h and then exposed to 20 µM 
of Aβ1‑42 for 12 h. At the end of the drug treatment, the cells 
were treated with 1 ml of JC‑1 for 30 min at room temperature. 
Fluorescence intensity alterations were determined using flow 
cytometry (CXP 2.1, Beckman Coulter, Inc., Brea, CA, USA). 
The data are presented as the ratio of red to green signal. The 
changes in mitochondrial membrane potential were calculated 
as the integral of the decrease in the ratio of JC‑1 fluorescence.

Immunohistochemistry (IHC) assay. IHC analysis was used 
to evaluate the levels of cleaved caspase‑3, Bax and Bcl‑2 

proteins. Briefly, PC12 cells were cultured and pretreated with 
100 µM of EVA for 12 h at 37˚C and subsequently exposed to 
20 µM of Aβ1‑42 for 12 h at 37˚C. At the end of the drug treat-
ment, the cells were fixed in 4% paraformaldehyde for 15 min 
at 4˚C and washed with PBS. Cells were then heated for 10 min 
in citrate buffer (pH 6.0) for antigen retrieval. The slides were 
subsequently exposed to 3% H2O2 solution for 25 min and 
blocked in 5% bovine serum albumin at room temperature for 
30 min. Fixed cells were incubated with primary antibodies 
diluted in PBS (anti‑cleaved caspase‑3, 1:1,000; anti‑Bax, 
1:1,000; anti‑Bcl‑2, 1:500) overnight at 4˚C. The samples were 
washed and treated with secondary antibody (goat anti‑rabbit, 
1:3,000) diluted in PBS at 37˚C for 45 min. DAB was used 
to produce a dark brown precipitate at 37˚C for 30 sec and 
hematoxylin was used to stain the nuclei of the cells at 37˚C 
for 1 min. The cells were observed and images were captured 
with a fluorescence microscope (magnification, x400; Carl 
Zeiss AG). The ratio of brown to total area was analyzed with 
Image‑Pro Plus in 6 fields of view (Media Cybernetics, Inc., 
Rockville, MD, USA).

Statistical analysis. Data are presented as the mean ± stan-
dard deviation. The differences between two groups were 
assessed with one‑way analysis of variance followed by 
Dunnett's post  hoc test. Analyses were performed using 
SPSS software (version 17.0; SPSS, Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Effect of EVA on Aβ1‑42‑induced cytotoxicity in PC12 cells. 
Aβ1‑42 can induce both oxidative stress and apoptosis in 
PC12 cells  (13). The viability of Aβ1‑42‑treated PC12 cells 
was assessed in the presence of EVA using the MTT assay 
(Fig. 2A). Cell viability was reduced to 62.07% in PC12 cells 
treated with 20 µM Aβ1‑42 compared with the control group in 
the absence of Aβ1‑42. In contrast to the concentration of 20 µM 
Aβ1‑42 alone, pretreatment with different doses (10, 30 and 
100 µM) of EVA increased cell viability to 66.47, 75.38 and 
78.29% of the control value, respectively, in a dose‑dependent 
manner. Furthermore, PC12 cells cultured with 100 µM of 
EVA exhibited a cell viability of 99.49% compared with that 
noted in the control group in the absence of Aβ1‑42 at 24 h after 
the treatment. This result suggested that 100 µM of EVA alone 
did not reduce the viability of PC12 cells.

The LDH release assay was used to evaluate the effect of 
treatment with EVA on Aβ1‑42‑induced cytotoxicity (Fig. 2B). 
The LDH release rate was increased to 185.84% in PC12 cells 
incubated with 20 µM of Aβ1‑42 compared with the control 
group untreated with Aβ1‑42. Compared with the group treated 
with 20 µM Aβ1‑42 only, pretreatment with different doses 
(10, 30 and 100 µM) of EVA decreased the LDH release rate to 
175.66, 156.43 and 144.67% of the control value, respectively, 
in a dose‑dependent manner.

To further investigate the protective effect of EVA on the 
Aβ1‑42‑induced PC12 cell damage, the rate of apoptosis of PC12 
cells was observed by the TUNEL assay (Fig. 3). The apoptotic 
cells were characterized by the appearance of intense brown 
staining. Control PC12 cells were not treated with Aβ1‑42 or 

Figure 1. Chemical structure of ethyl vanillin.
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EVA. Treatment of PC12 cells with 20 µM of Aβ1‑42 markedly 
increased the levels of apoptosis compared with those noted in 
the control cells. This effect was ameliorated by pretreatment 
of the cells with 100 µM of EVA. The results indicated that 
Aβ1‑42 inducedPC12 cell injury, and that EVA possessed the 
ability to inhibit this change induced by Aβ1‑42.

Effect of EVA on oxidative stress induced in PC12 cells. 
Oxidative stress serves an important role in the induction of 
PC12 cell apoptosis by Aβ1‑42 (13). The current study investi-
gated the effects of EVA on the MDA levels and the levels of 
intracellular ROS (Fig. 4) in PC12 cells following treatment 
with Aβ1‑42. The production of ROS and the MDA levels were 
increased to 203.91% and 1.79 nmol/mg (control MDA value, 
0.87 nmol/mg), respectively in PC12 cells induced with 20 µM 
of Aβ1‑42, compared with the control group. Pretreatment of 
Aβ1‑42‑treated cells with different doses (10, 30 and 100 µM) of 
EVA decreased the intracellular ROS levels to 174.93, 160.86 
and 139.51%, respectively, and the MDA levels to 1.61, 1.51 and 
1.34 nmol/mg/protein, respectively, in a dose‑dependent manner.

Effects of EVA on the antioxidative enzyme activities in PC12 
cells treated with Aβ1‑42. To determine the effect of EVA on 
the activities of antioxidative enzymes in Aβ1‑42‑treated PC12 
cells, the activity levels of SOD (Fig. 5A), CAT (Fig. 5B) and 
GSH‑Px (Fig. 5C) were detected. The results indicated that 
treatment with Aβ1‑42 reduced the activities of SOD, CAT 

and GSH‑Px to 25.47 U/ml (control SOD value, 44.25 U/ml), 
6.13 U/ml (control CAT value, 9.46 U/ml) and 126.01 U/ml 
(control GSH‑Px value, 213.91 U/ml), respectively. However, 
administration of different doses of EVA (10, 30 and 100 µM) 
ameliorated the activity levels of SOD (25.07, 33.37 and 
36.24 U/ml, respectively), CAT (6.34, 7.71 and 8.11 U/ml, 
respectively) and GSH‑Px (155.13, 177.26 and 198.63 U/ml, 
respectively). These activity levels of SOD, CAT and GSH‑Px 
following pretreatment with EVA were close to those of the 
control cells and the protective effect was dose‑dependent.

Effect of EVA on the mitochondrial membrane potential in PC12 
cells following treatment with Aβ1‑42. To determine whether 
EVA could stabilize the mitochondrial function, the mitochon-
drial membrane potential was measured using the JC‑1 assay 
(Fig. 6). Treatment of PC12 cells with 20 µM Aβ1‑42 for 12 h 
caused a reduction in the mitochondrial membrane potential 
to 59.91% compared with the control cells. Pretreatment of 
PC12 cells with different doses of EVA (10, 30 and 100 µM), 
caused a significant increase in the mitochondrial membrane 
potential (69.72, 77.45 and 83.85% compared with the control 
value, respectively) in a dose‑dependent manner.

Effects of EVA on Aβ1‑42‑induced apoptotic protein expres‑
sion in PC12 cells. The relative expression levels of Bcl‑2/Bax 
and caspase‑3 serve an important role in the induction of cell 
apoptosis (30). The effects of EVA on the apoptotic proteins in 

Figure 2. Protective effect of EVA on the Aβ1‑42‑inducedcytotoxicity of PC12 cells. Cell viability was measured with (A) MTT and (B) LDH release assays. 
Data are presented as the percentage of the control group and expressed as the mean ± standard deviation (n=5). #P<0.01 compared with the control group 
untreated with Aβ1‑42 and **P<0.01 compared with the Aβ1‑42‑treated group. LDH, lactate dehydrogenase; Aβ, β‑amyloid; EVA, ethyl vanillin.

Figure 3. Protective effect of EVA on the degree of apoptosis in Aβ1‑42‑treated PC12 cells as demonstrated by TUNEL staining (magnification, x400). Brown 
nuclei refer to TUNEL‑positive apoptotic cells. (A) Control group without Aβ1‑42. (B) Group treated with 20 µM Aβ1‑42. (C) Group treated with 20 µM Aβ1‑42 
and 100 µM EVA. TUNEL, terminal deoxynucleotidyl‑transferase‑mediated dUTP nick end labelling; EVA, ethyl vanillin; Aβ, β‑amyloid.
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Aβ1‑42‑treated PC12 cells were determined by the investigation 
of the expression levels of Bax, Bcl‑2 and cleaved‑caspase‑3 
proteins (Fig. 7). The results revealed that treatment with Aβ1‑42 
reduced the ratio of Bcl‑2/Bax to 73.26%. Pretreatment with 
100 µM of EVA partially reversed this change in Aβ1‑42‑treated 
PC12 cells. Furthermore, treatment with Aβ1‑42 increased 
the levels of cleaved‑caspase‑3 to 159.44% in PC12 cells 
compared with those of the normal control cells. Pretreatment 
with 100 µM of EVA inhibited the increase of the expression 
levels of cleaved‑caspase‑3 induced by Aβ1‑42. These results 
suggested that pretreatment with EVA may be effective for the 
prevention of Aβ1‑42‑induced cell apoptosis in PC12 cells.

Discussion

EVA has been used as an antioxidant agent for oxidative injury. 
This compound has been examined for antioxidant properties 

via in vivo and in vitro studies (21,28,29). The present study 
investigated the effect of EVA on Aβ1‑42‑induced PC12 cells, 
a common in vitro model of AD (31). Although the precise 
molecular mechanism underlying the Aβ‑mediated neuronal 
apoptosis remains unclear, the majority of the studies indicated 
that oxidative stress is a hallmark of Aβ‑induced neuronal 
toxicity in AD (11‑13,32). The PC12 cell line is a useful model 
system to study Aβ1‑42‑induced cytotoxicity due to its particular 
sensitivity to Aβ peptides (33). Furthermore, PC12 cells are rela-
tively easy to culture and survive longer than primary cultured 
neurons (33). Therefore, PC12 cells were selected to investigate 
the neuroprotective effects of EVA against Aβ1‑42‑induced cell 
damage. Furthermore, several animal models have been used 
to determine whether compounds such as Aβ1‑42 may protect 
against AD, including a transgenic animal model and a rat 
model induced by intrahippocampal injection of Aβ1‑42 in the 
brain (34,35). The main aim addressed by the present study was 

Figure 4. Protective effect of EVA on oxidative stress in Aβ1‑42‑treated PC12 cells. Cells were incubated in the absence of Aβ1‑42 (control) or in the pres-
ence of 20 µM of Aβ1‑42 following pretreatment with different concentrations of EVA. (A) ROS production was measured with a fluorescence microscope 
(magnification, x200). a, Control group. b, 20 µM Aβ1‑42 single treatment. c, 20 µM Aβ1‑42+10 µM EVA. d, 20 µM Aβ1‑42+30 µM EVA. e, 20 µM Aβ1‑42+100 µM 
EVA. (B) ROS levels were measured using a standard assay. Data are presented as the percentage of the control group and expressed as the mean ± standard 
deviation (n=3). (C) MDA content was measured with an MDA assay. The results are expressed as the mean ± standard deviation (n=5). #P<0.01 compared 
with the control group untreated with Aβ1‑42. *P<0.05 and **P<0.01 compared with the Aβ1‑42‑treated group. ROS, reactive oxygen species; EVA, ethyl vanillin; 
Aβ, β‑amyloid; MDA, malondialdehyde.
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whether EVA could protect against Aβ1‑42‑induced injury in 
PC12 cells and the investigation of the associated mechanism 
underlying this process.

Aβ is considered an inducer of neuronal damage (5). In 
the present study, treatment with Aβ1‑42resulted in a decrease 
in the percentage of viable cells. Furthermore, the increase 
in LDH activity of Aβ1‑42‑treated PC12 cells implied an 
increase in the number of damaged plasma membranes and 
an increase in the overall cell death (36). However, treatment 
with EVA increased the viability of cells treated withAβ1‑42 
in a dose‑dependent manner. In addition, the morphological 
characteristics of Aβ1‑42‑treated PC12 cells were investi-
gated by the TUNEL assay. Aβ1‑42‑treated PC12 cells that 
were pretreated with EVA exhibited a decrease in the level 
of apoptosis. These results indicated that pretreatment with 
different concentrations of EVA could efficiently prevent 
cytotoxicity and apoptosis induction by Aβ1‑42 in PC12 cells. 
Additionally, no cellular toxicity was induced by treatment 
with 100 µM of EVA, which demonstrated good biocom-
patibility of this compound. Additionally, it was previously 
reported that EVA alone did not alter the ROS levels and 
metalloproteinase‑9 expression in the LPS‑stimulated 
RAW264.7 macrophage cells  (22). Therefore, the group 
treated with EVA alone was not included in the other experi-
ments in the current study.

Oxidative stress is one of the most important factors that 
induce cellular injury and apoptosis in several neurodegenera-
tive disorders (17). Excessive levels ROS and lipid peroxidation 
are markers of oxidative stress (17). Aβ induced cytotoxicity 

Figure 5. Protective effects of EVA on the activities of the antioxidative enzymes in Aβ1‑42‑treated PC12 cells. Cells were incubated in the absence of Aβ1‑42, as 
the control, or in the presence of 20 µM of Aβ1‑42 following pretreatment with different concentrations of EVA. Activities of (A) SOD, (B) CAT and (C) GSH‑Px 
were measured using a standard assay. The results are presented as the mean ± standard deviation (n=5). #P<0.01 compared with the control group untreated 
with Aβ1‑42. *P<0.05 and **P<0.01 compared with the Aβ1‑42‑treated group. EVA, ethyl vanillin; Aβ, β‑amyloid; SOD, superoxide dismutase; CAT, catalase; 
GSH‑Px, glutathione peroxidase.

Figure 6. Protective effect of EVA on depolarization of the mitochondrial 
membrane potential in Aβ1‑42‑treated PC12 cells. Cells were incubated in the 
absence of Aβ1‑42, as the control, or in the presence of 20 µM Aβ1‑42 following 
pretreatment with different concentrations of EVA. Mitochondrial membrane 
potential was measured by JC‑1 staining. The results are presented as the 
mean ± standard deviation (n=5). #P<0.01 compared with the control group 
untreated with Aβ1‑42. *P<0.05 and **P<0.01 compared with the Aβ1‑42‑treated 
group. EVA, ethyl vanillin; Aβ, β‑amyloid.
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through the overproduction of intracellular ROS following 
superoxide accumulation in the mitochondria of PC12 
cells (37). The levels of MDA, a decomposition product of lipid 
hydroperoxides, are representative of oxidative damage to the 
cells and tissues (38). In the present study, EVA reduced the 
production of ROS and MDA in a dose‑dependent manner. This 
result demonstrated that EVA may induce protective effects on 
Aβ1‑42‑treated PC12 cells by reducing the overproduction of 
ROS.

Excessive production of ROS is associated with oxida-
tive stress, resulting in cellular injury and apoptosis in a 
wide variety of cell types (13). Under physiological condi-
tions, intracellular ROS levels are accurately regulated by 

free radical scavengers and by a precise antioxidant defense 
system (39). The clearance of ROS is achieved with various 
antioxidants (39,40). The most widely investigated cellular 
antioxidant system comprises the enzymes SOD, CAT and 
GSH‑Px, which are associated with a direct removal of 
ROS (41‑43). It has been demonstrated that SOD can transform 
superoxide anions to hydrogen peroxide, which is subsequently 
scavenged by CAT (41,42). GSH‑Px converts lipid hydroper-
oxides to their corresponding alcohols and free hydrogen 
peroxide to water (42). Following administration of Aβ1‑42, 
overproduction of ROS led to disturbances in the endogenous 
antioxidant balance of PC12 cells. According to the current 
results, enzyme activities of SOD, CAT and GSH‑Px were 

Figure 7. Protective effect of EVA on the Bcl‑2/Bax ratio and caspase‑3 activity in PC12 cells. Cells were incubated in the absence of Aβ1‑42 or in the 
presence of 20 µM Aβ1‑42 following pretreatment with EVA. (A) Levels of cleaved caspase‑3, Bax and Bcl‑2 were observed under a microscope (6 fields of 
view; magnification, x400). Semiquantitative image analysis of (B) cleaved caspase‑3 levels, and (C) Bcl‑2/Bax ratio. Data are presented as the percentage 
of the control group and expressed as the mean ± standard deviation (n=6). #P<0.01 compared with the control group untreated with Aβ1‑42. *P<0.05 
compared with the Aβ1‑42‑treated group. EVA, ethyl vanillin; Aβ, β‑amyloid; Bax, apoptosis regulator Bax; Bcl‑2, apoptosis regulator Bcl‑2.
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decreased in Aβ1‑42‑induced PC12 cells. However, EVA could 
attenuate the activity levels of SOD, CAT and GSH‑Px in a 
dose‑dependent manner, which suggested that the protective 
effect of EVA may be partially involved in its antioxidative 
effect.

It is generally accepted that ROS is required for the acti-
vation of the mitochondria‑dependent apoptotic pathways in 
neurodegenerative diseases (44). Mitochondrial membrane 
potential is an indicator of mitochondrial dysfunction to cells 
and tissues (45). Mitochondrial dysfunction is caused by an irre-
versible depolarization of the mitochondria (30). This process 
is usually encountered in various neurodegenerative diseases 
in association with Aβ1‑42‑induced neuronal toxicity  (39). 
Concomitantly, mitochondrial dysfunction further initiates 
ROS production in the mitochondria and their subsequent 
release into the cytoplasm, leading to oxidative stress via 
activation of apoptotic signaling (46). In the present study, 
the mitochondrial membrane potential of Aβ1‑42‑treated PC12 
cells was decreased. However, EVA was found to be effec-
tive in improving Aβ1‑42‑induced mitochondrial membrane 
depolarization in PC12 cells. This result provides evidence 
that EVA may exert neuroprotective effects by stabilizing the 
mitochondrial membrane potential.

The decrease in the mitochondrial membrane potential 
influences the regulation of apoptotic proteins, including the 
Bcl‑2 family proteins (45). Caspase‑3, Bax and Bcl‑2 proteins 
regulate the mitochondrial apoptotic pathway (47,48). Bcl‑2 is 
an anti‑apoptotic protein, while Bax is a pro‑apoptotic protein 
which can enhance programmed cell death (13). Furthermore, 
under oxidative stress and mitochondrial membrane depolar-
ization conditions, the decreased Bcl‑2/Bax ratio can directly 
lead to the activation of caspase‑3 (19,30). Several studies 
have suggested that caspase‑3 is activated in the hippocampus 
of AD rats as well as in Aβ1‑42‑induced PC12 cells (13,14,34). 
It has been previously demonstrated that activation of 
caspase‑3 is involved in the cytotoxicity and apoptosis of 
PC12 cells (49). The present study indicated that the ratio of 
Bcl‑2/Bax was significantly decreased in Aβ1‑42‑induced cells, 
and that the expression levels of the cleaved form of caspase‑3 
were significantly increased following Aβ1‑42 administration. 
However, pretreatment with EVA reversed the alterations 
induced by Aβ1‑42. These results suggested that EVA may 
prevent Aβ1‑42‑induced cytotoxicity and apoptosis in PC12 
cells via regulation of the protein Bcl‑2, Bax and caspase‑3.

In conclusion, the present study investigated the protec-
tive effect of EVA on Aβ1‑42‑induced neuronal toxicity. EVA 
protected Aβ1‑42‑induced PC12 cell damage and this protective 
effect was mediated by the inhibition of oxidative stress and 
prevention of cell apoptosis. The present study provides novel 
data with regard to the effect of EVA and may provide a novel 
strategy for the treatment of AD. Furthermore, a future study 
will involve an intrahippocampal injection of Aβ1‑42 in the 
brain of a rat model to verify the appropriate concentration 
and administration route of EVA in vivo.
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