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Abstract. Recent studies have reported that methylmercury 
(MeHg) induces neuronal apoptosis, which is accompanied by 
abnormal neurological development. Despite the important role 
of docosahexaenoic acid (DHA) in maintaining the structure 
and function of the brain, as well as improving neuronal apop‑
tosis induced by MeHg, the exact mechanism remains unknown. 
The present study hypothesized that the reactive oxygen species 
(ROS)‑mediated JNK signaling pathway may be associated 
with the protective effect of DHA against MeHg‑induced 
PC12 cell apoptosis. Cell Counting Kit‑8, TUNEL staining, 
flow cytometry, ROS detection, PCR and western blot analysis 
were performed. The results demonstrated that MeHg inhib‑
ited the activity of PC12 cells, causing oxidative damage and 
promoting apoptosis; however, DHA significantly attenuated 
this effect. Mechanistic studies revealed that MeHg increased 
intracellular ROS levels and JNK protein phosphorylation, 
and decreased the expression levels of the anti‑apoptotic 
protein Bcl‑2, whereas DHA reduced ROS levels and JNK 
phosphorylation, and increased Bcl‑2 expression. In addition, 
the ROS inhibitor N‑acetyl‑l‑cysteine (NAC) was used to 
verify the experimental results. After pretreatment with NAC, 
expression levels of Bcl‑2, Bax, phosphorylated‑JNK and JNK 
were assessed. Bcl‑2 protein expression was increased and the 
Bcl‑2/Bax ratio was increased. Moreover, the high expres‑
sion levels of phosphorylated‑JNK induced by MeHg were 
significantly decreased. Based on the aforementioned results, 

the present study indicated that the effects of DHA against 
MeHg‑induced PC12 cell apoptosis may be mediated via the 
ROS/JNK signaling pathway.

Introduction

Epidemiological studies have reported that global methyl‑
mercury (MeHg) pollution has become increasingly serious 
in recent years and humans are suffering from the effects of 
MeHg, which has become a concern for several countries (1). 
The development of industry and agriculture; the discharge of 
wastewater, residue and exhaust gas in the process of smelting 
mercury ores; the combustion of fossil fuel; and the irre‑
sponsible use of medical devices, such as use of amalgam as 
filling material have led to increasingly serious environmental 
mercury pollution  (2,3). Moreover, mercury released into 
the environment can be converted into MeHg under certain 
conditions, such as transformation by aquatic microorganisms, 
thereby becoming enriched in the aquatic food chain. Once 
food containing MeHg is consumed, MeHg derivatives are 
formed and accumulate in the body, particularly in the brain, 
severely affecting human health (4).

The toxic effects of MeHg have been characterized by a 
long incubation period before symptoms appear in humans. 
The main symptoms include blurred vision, weight loss, 
ataxia and neurodevelopmental abnormalities (5). In addi‑
tion, MeHg has been reported to serve an important role in 
early fetal neurodevelopment. It has been reported that the 
brain MeHg content of exposed individuals may be 3‑6 times 
higher compared with that in the blood (6). Furthermore, 
maternal exposure to MeHg from the consumption of fish and 
seafood may have irreversible effects on the neurobehavioral 
development of children, including cognitive impairment, 
memory impairment and motor developmental abnormali‑
ties (7,8).

It was recently demonstrated that the neurotoxicity 
produced by MeHg is closely associated with cell apoptosis, 
and oxidative stress induced by reactive oxygen species (ROS) 
is the most likely predisposing factor  (9). As a  secondary 
messenger, ROS serve a dual role in the body. Stable physi‑
ological ROS levels can suppress harmful cellular processes; 
however, high concentrations of ROS can cause cell apoptosis 
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and death (10). A previous study reported that excessive ROS 
may directly damage DNA and activate the MAPK signaling 
pathway, initiate mitochondria‑related apoptosis and depolarize 
the mitochondrial membrane, thus damaging the integrity of 
the mitochondrial membrane (11). Eventually, cytochrome c 
may be released into the cytoplasm from the mitochondrial 
intermembrane space, thereby activating caspases to induce 
cell apoptosis (12).

JNK, also known as stress‑activated protein kinase, is a 
member of the MAPK superfamily, and is involved in various 
stress responses, particularly oxidative damage (13,14). It has 
previously been reported that MeHg can increase intracellular 
ROS levels, causing changes in glutathione content and lipid 
peroxidation, resulting in oxidative damage (9). Therefore, 
MeHg‑induced apoptosis may be associated with activation of 
the ROS‑regulated JNK signaling pathway.

Docosahexaenoic acid (DHA) is an essential n‑3 
long‑chain polyunsaturated fatty acid that is mainly present 
in the brain, and is involved in neurotransmitter pathways, 
synaptic transmission and signal transduction  (15). DHA 
is essential for the development of the nervous system in 
children. Epidemiological studies have identified that the 
presence of more n‑3 unsaturated fatty acids may promote 
in utero fetal neurodevelopment in women who are exposed 
to low levels of MeHg (16,17). In addition, consumption of 
certain fish, such as salmon, with a higher DHA content 
may effectively decrease the neurotoxicity of MeHg in chil‑
dren (18).

Previous studies have revealed that DHA can effec‑
tively reduce MeHg‑induced oxidative damage and inhibit 
apoptosis in different types of cells (19‑21). Kaur et al (20) 
reported that DHA pretreatment effectively reduced 
cell‑associated MeHg and the prooxidant response from 
MeHg in cerebellar astrocytes and neurons, thus supporting 
the hypothesis that fish‑derived nutrients offer possible 
neuroprotection from MeHg. However, there is limited 
research on the mechanism underlying the effects of DHA 
against MeHg‑induced apoptosis. Therefore, as PC12 cells 
are widely used in neurological research, a MeHg‑induced 
PC12 cell apoptosis model was established in the present 
study to further examine the anti‑apoptotic mechanism 
of DHA against MeHg based on regulation of the JNK 
signaling pathway.

Materials and methods

Materials. MeHg chloride and cis‑4,7,10,13,16,19‑DHA were 
obtained from Sigma‑Aldrich (Merck KGaA). Cell Counting 
Kit‑8 (CCK‑8), TUNEL Apoptosis Assay kit, Annexin V‑FITC 
Apoptosis Assay kit, Reactive Oxygen Assay kit, cell lysis 
buffer for western blotting and N‑acetyl‑l‑cysteine (NAC) 
were purchased from Beyotime Institute of Biotechnology. 
Antibodies against Bax (cat. no. 2772S), JNK (cat. no. 9252S) 
and phosphorylated  (p)JNK (cat.  no.  4668S) were 
purchased from Cell Signaling Technology, Inc. Anti‑Bcl‑2 
(cat. no. AB112) was purchased from Beyotime Institute of 
Biotechnology and anti‑GAPDH (cat. no. 30202ES40) was 
purchased from Shanghai Yeasen Biotechnology Co., Ltd. The 
gene‑specific primers were designed by Sangon Biotech Co., 
Ltd.

Cell culture. The PC12 rat pheochromocytoma cell line 
(serial no. TCR8) was purchased from The Cell Bank of Type 
Culture Collection of The Chinese Academy of Sciences. The 
purchased cells were commercialized poorly differentiated 
PC12 cells. The cells were incubated in a 60‑mm culture dish in 
DMEM (HyClone; Cytiva) supplemented with 5% horse serum 
(Sigma‑Aldrich; Merck KGaA), 105% FBS (Sigma‑Aldrich; 
Merck KGaA) and 100 U/ml penicillin‑streptomycin in a 
humidified atmosphere containing 55% CO2/955% air at 37˚C.

Cell viability assay. The CCK‑8 reagent was applied to eval‑
uate the viability ability of cells. The cells were treated with 
MeHg (1.25, 2.5, 5, 10 and 20 µmol/l) for 24, 48 and 72 h in a 
55% CO2 incubator at 37˚C, and with different concentrations 
of DHA (5, 10, 20, 40 and 80 µmol/l) for 24 h in a 55% CO2 
incubator at 37˚C to screen for the suitable drug treatment 
concentration. In addition, to evaluate the protective effect of 
DHA against MeHg‑induced damage in PC12 cells, the cells 
pretreated with DHA (5, 10, 20, 40 and 80 µmol/l) for 24 h 
were treated with MeHg (2.5 µmol/l) for 48 h. After treatment, 
PC12 cells were cultured in a 55% CO2 incubator at 37˚C, 
then incubated with 105% CCK‑8 reagent for 1 h at 37˚C. The 
optical density of PC12 cells was measured at a wavelength 
of 450 nm using a microplate reader. A cell growth curve was 
drawn with GraphPad Prism 5 (GraphPad Software, Inc.).

TUNEL staining assay. A TUNEL apoptosis detection 
kit was used to observe cell apoptosis under a fluorescence 
microscope. Firstly, cells were grown on culture plates until 
they reached 805% confluence and were then treated with 
DHA followed by MeHg. Cells were washed with PBS and 
incubated with the 10% TUNEL solution at 37˚C in the dark 
for 60 min. The samples were immediately observed under 
a fluorescence microscope, where the excitation wavelength 
was 450‑500  nm and the emission wavelength range was 
515‑565 nm. Green fluorescence represented apoptotic cells. 
In addition, nuclei were stained by 100 ng/ml DAPI (Beyotime 
Institute of Biotechnology) for 5 min at 25˚C.

Flow cytometric analysis of apoptosis. A total of 1x105 PC12 
cells were added to 100 µl binding buffer for 20 min at 25˚C 
following centrifugation at 1,000 x g for 5 min at 25˚C and 
were then added to the Annexin V‑FITC and PI mixture, 
with separate Annexin V‑FITC and PI control tubes and an 
unstained tube. Finally, each sample tube was placed on ice in 
the dark for 20 min, and 500 µl 1X binding buffer was added. 
The samples were analyzed on a LSR Fortessa flow cytometer 
(BD Biosciences) to detect the apoptotic rate within 30 min, 
and the upper‑ and lower‑right quadrants show apoptotic cells 
with FlowJo V10.0.7 (BD Biosciences). The position of the 
gates of other groups was relative to the control plot in the 
flow cytometric analysis.

Assessment of ROS. Accumulation of intracellular ROS 
was detected using the peroxide‑sensitive fluorescent probe 
DCFH‑DA. PC12 cells (1x105) were cultured for 48 h, after 
which MeHg and DHA were added to the culture media. At the 
end of the treatment, the cells were incubated with 10 µmol/l 
DCFH‑DA for 40 min at 37˚C. Fluorescence detection was 
performed using a fluorescence microplate reader at an 
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excitation wavelength of 488 nm and an emission wavelength 
of 525 nm, in order to determine the generation of ROS.

Western blot analysis. After treatment for the indicated dura‑
tion, the cells were washed three times with cold PBS and 
lysed. Total cytoplasmic and nuclear protein was collected 
using cell lysis buffer for western blotting, according to the 
manufacturer's instructions. The protein concentration was 
measured using a BCA assay. Equal amounts of protein (25 µg) 
were separated by 10% SDS‑PAGE, followed by transfer to 
PVDF membranes. The membranes were blocked in TBS 
containing 55% skimmed milk and 0.15% Tween‑20 at 25˚C 
for 1 h, and then incubated with primary antibodies against 
Bcl‑2 (1:1,000), Bax (1:1,000), JNK (1:1,000), pJNK (1:1,000) 
and GAPDH (1:10,000) at 4˚C overnight. Anti‑GAPDH 
antibody was selected as an internal reference. Subsequently, 
the membranes were washed with TBS and incubated with 
HRP‑labeled secondary antibodies (1:1,000; cat. no. A0208; 
Beyotime Institute of Biotechnology) at room temperature for 
1 h. Finally, the blots were visualized using ECL (BeyoECL 
Moon; cat. no. P0018FS; Beyotime Institute of Biotechnology) 
and the results were analyzed using Image Lab (5.2.1; Bio‑Rad 
Laboratories, Inc.).

Reverse transcription‑quantitative (RT‑q)PCR. Total 
RNA was isolated from PC12 cells using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). The extracted 
RNA was then reverse transcribed to obtain stable cDNA as 
follows: 37˚C for 15 min, 85˚C for 5 sec, 4˚C. RT primers, 
including Oligo dT primer and random hexamer primers, were 
used to generate cDNA with the PrimeScript™ RT reagent 
kit with gDNA Eraser (Takara Bio, Inc.). The ABI  7500 
real‑time PCR system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) was used to amplify the specific PCR products 
and analyze the threshold cycle number (Cq value) with TB 
Green Premix Ex Taq kit from Takara Bio, Inc. The thermo‑
cycling conditions as follows: 95˚C for 30 sec, followed by 
40 cycles of 95˚C for 5 sec and 60˚C for 20 sec. The primers 
for the amplification of Bax, Bcl‑2 and GAPDH mRNA were 
designed and synthesized by Sangon Biotech Co., Ltd., as 
follows: Bax forward, 5'‑AGGACGCATCCACCAAGAAG‑3' 
and reverse, 5'‑CAGTTGAAGTTGCCGTCTGC‑3'; Bcl‑2 
forward, 5'‑TGGCCTTCTTTGAGTTCGGT‑3' and reverse, 
5'‑GATGCCGGTTCAGGTACTCA‑3'; and GAPDH forward, 
5'‑GGGTCCCAGCTTAGGTTCATC‑3' and reverse, 
5'‑TGAGGTCAATGAAGGGGTCG‑3'. GAPDH was used as 
an internal standard. The qPCR results were normalized to the 
Cq value of GAPDH from the same sample, and the 2‑∆∆Cq (22) 
method was used to calculate the fold change of each gene 
expression. The amplification reaction for each sample was 
repeated three times (23). A non‑template control was included 
in each experiment.

Statistical analysis. SPSS 20.0 (version 20.0; IBM Corp.) was 
used for data analysis. Measurement data are presented as the 
mean ± SD (n=3), and one‑way ANOVA was performed among 
multiple groups. When meeting the homogeneity of variance, 
the data were subsequently analyzed with a Dunnett's T3 test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Effect of DHA on MeHg‑induced PC12 cell viability. PC12 
cells were treated with DHA (5, 10, 20, 40 or 80 µmol/l) for 
24 h to select the appropriate concentration. In addition, the 
appropriate MeHg concentration was screened; PC12 cells 
were treated with MeHg (1.25, 2.5, 5, 10 and 20 µmol/l) for 
24, 48 and 72 h. As presented in Fig. 1A, compared with 
the untreated control group, cell viability was significantly 
decreased in the 2.5 µmol/l MeHg group treated for 48 h. 
Moreover, it was revealed that treatment with 5 and 10 DHA 
increased cell viability (Fig. 1B). According to the principle 
of minimizing the dose and maximizing the curative effect, 
treatments with 2.5  µmol/l MeHg for 48  h, and 10  and 
20 µmol/l DHA for 24 h were selected as the conditions for 
subsequent experiments. The results demonstrated that MeHg 
significantly inhibited the viability of PC12 cells, whereas 
DHA could effectively alleviate this effect, which suggested a 
significant dose‑response relationship (Fig. 1C).

Effect of DHA on MeHg‑induced PC12 cell apoptosis. 
TUNEL staining was conducted to examine the protective 
effect of DHA on MeHg‑induced PC12 cell apoptosis. PC12 
cells were treated with 2.5 µmol/l MeHg and marked apop‑
tosis was observed; however, the fluorescence intensity of 
DHA was markedly decreased (Fig. 2). In addition, the results 
of flow cytometry revealed similar findings, and there was a 
significant dose‑response relationship (Fig. 1D and E).

Effects of DHA and MeHg on the expression levels of apop‑
tosis‑associated genes and proteins. To further confirm the 
mechanism underlying MeHg‑induced PC12 cell apoptosis, 
RT‑qPCR and western blotting were performed to observe 
the changes in the mRNA and protein expression levels of 
apoptosis‑related genes. As presented in Fig. 3, the mRNA 
and protein expression levels of the anti‑apoptosis factor Bcl‑2 
were significantly inhibited after PC12 cells were treated with 
MeHg compared with those in the control group (Fig. 3A, D 
and E). However, pretreatment with DHA could markedly 
rescue the MeHg‑induced decrease in Bcl‑2. Notably, it was 
revealed that the relative mRNA and protein expression levels 
of Bax were unchanged in all groups (Fig. 3B, D and F).

The Bcl‑2/Bax ratio has an important role in cell survival 
and apoptosis, with a larger ratio associated with more exten‑
sive apoptosis (24). The present study demonstrated that the 
Bcl‑2/Bax ratio was significantly decreased in the MeHg group 
compared with that in the control group, and was increased in 
the DHA (5, 10 and 20 µmol/l) + MeHg (2.5 µmol/l) group 
compared with that in the MeHg group (Fig. 3C, D and G).

Effect of DHA on ROS production in PC12 cells. PC12 cells 
were stained with the DCFH‑DA fluorescent probe to examine 
the DCF fluorescence intensity using a fluorescence microplate 
reader. Compared with that in the control group, the ROS level 
was significantly increased in the MeHg group. After DHA 
pretreatment, the ROS level was decreased in a dose‑dependent 
manner compared with that in the MeHg group (Fig. 4A).

Effect of DHA on the JNK signaling pathway in MeHg‑induced 
PC12 cells. Western blotting was performed to examine 
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phosphorylation of the JNK pathway. The results demonstrated 
that MeHg significantly activated pJNK compared with in the 
control group; however, DHA significantly inhibited the effect 
of MeHg (Fig. 4B‑D).

Inhibitory effect of NAC on MeHg‑induced PC12 cell 
apoptosis. To further support the results of the mechanistic 
research, NAC was used as an ROS inhibitor to pretreat 
PC12 cells to further confirm the relationship between ROS 
and the JNK pathway. The results demonstrated that, after 
pretreatment with 500 µmol/l NAC at 37˚C for 30 min, the 

expression levels of the anti‑apoptotic protein Bcl‑2 were 
significantly increased compared with those in the MeHg 
group (Fig. 5A and B). Moreover, the expression levels of Bax 
were not affected (Fig. 5A and C), whereas the Bcl‑2/Bax ratio 
was significantly increased (Fig. 5A and B). In addition, in 
PC12 cells exposed to MeHg, the expression levels of pJNK 
were significantly increased (Fig. 5E‑G). By contrast, NAC 
significantly downregulated the expression levels of pJNK. 
These findings indicated that ROS may mediate the expression 
levels of the downstream protein pJNK, and NAC may exert a 
significant protective effect against MeHg‑induced apoptosis. 

Figure 1. Effects of DHA on MeHg‑induced proliferation inhibition and apoptosis of PC12 cells. (A) Changes in cell viability following treatment with MeHg 
(1.25, 2.5, 5, 10 and 20 µmol/l) for 24, 48 or 72 h. (B) Changes in cell viability following treatment with DHA (5, 10, 20, 40 and 80 µmol/l) for 24 h. (C) PC12 
cells were treated with 2.5 µmol/l MeHg for 48 h and were pretreated with DHA (5, 10 and 20 µmol/l) for 24 h; cell viability was detected using a Cell 
Counting Kit‑8 assay. (D and E) Annexin V‑FITC apoptosis detection of PC12 cells pretreated with DHA followed by exposure to MeHg. The apoptosis rate 
was subsequently analyzed (n=3). Data are presented as the mean ± SD. *P<0.05, **P<0.01 and ***P<0.001 vs. control group; ##P<0.01 and ###P<0.001 vs. MeHg 
group. MeHg, methylmercury; DHA, docosahexaenoic acid.
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These findings also suggested that DHA may protect PC12 
cells from apoptosis induced by MeHg via antioxidant activity.

Discussion

Oxidative stress has been widely recognized as an initiator of 
apoptosis, in which it plays a key role (25,26). Kuo et al (27) 
reported that oxidative stress caused by ROS may activate the 
JNK pathway and regulate the transcriptional expression of 
related downstream genes, leading to apoptosis. Moreover, 
studies have shown that ROS‑induced apoptosis is closely 
associated with activation of the JNK signaling pathway, 
which can regulate the expression of apoptosis‑related genes 
and ultimately lead to cell apoptosis (28‑30). Therefore, the 
JNK/ROS signaling pathway was selected as the focus of the 
mechanistic research in the present study.

MeHg has been recognized as a highly toxic pollutant 
in the environment, which is mainly absorbed by humans in 
the gastrointestinal tract, and easily crosses the blood‑brain 
barrier and the placental barrier, exerting adverse effects on 
neurodevelopment (31), including IQ reduction and language 
impairment (32). It has been reported that a low dose of MeHg 

may exert a toxic effect on nerve precursor cells  (33). In 
addition, Petroni et al (34) observed that low concentrations 
of MeHg significantly decreased the viability of SY‑SY5Y 
neuroblastoma cells, resulting in permanent cell damage. As 
an essential unsaturated fatty acid in humans, DHA has been 
reported to possess antioxidant and antiapoptotic effects (35). 
DHA has been demonstrated to be crucial for the development 
of the nervous system, particularly vision and cognition of 
infants and young children (36). Therefore, the present study 
investigated the potential protective effect of DHA against 
MeHg poisoning and the possible molecular mechanisms. 
In the current study, PC12 cells, which are widely applied in 
neuronal cell models in vitro, were used to identify the mecha‑
nism of MeHg‑induced PC12 cell apoptosis via the ROS/JNK 
signaling pathway and to examine the protective role of DHA 
in this process.

First, the MeHg poisoning model was established in vitro. 
DHA pretreatment efficiently rescued MeHg‑induced cell 
viability inhibition and apoptosis. Notably, MeHg at 1.25 µmol/l 
had no toxic effect on PC12 cells, and it was suggested that 
low‑dose MeHg may initiate the toxic excitatory effect of cells 
and trigger a series of repair activation mechanisms, which was 

Figure 2. Effects of DHA on MeHg‑induced morphological changes of apoptosis of PC12 cells. TUNEL staining was performed using a TUNEL kit to 
examine the apoptotic rate of PC12 cells that were pretreated with DHA followed by exposure to MeHg. Blue fluorescence represents the cell nucleus, green 
fluorescence represents the apoptotic cells (magnification, x200). MeHg, methylmercury; DHA, docosahexaenoic acid.

https://www.spandidos-publications.com/10.3892/mmr.2021.12197


ZHANG et al:  DHA AMELIORATES MeHg‑INDUCED PC12 CELL APOPTOSIS6

verified in the research of Tan et al (37). In addition, it is well 
known that DHA has significant antioxidant effects; however, 
the present study revealed that PC12 cell survival was reduced 

following treatment with high concentrations of DHA, which 
was consistent with the finding of Iuchi et al (38). In addition, 
Srikanth et al (39) revealed that higher concentrations of DHA 

Figure 3. Effects of DHA on MeHg‑induced changes in the mRNA and protein expression levels of Bcl‑2 and Bax. Reverse transcription‑quantitative PCR 
was used to detect changes in the mRNA expression levels of (A) Bcl‑2 and (B) Bax, and (C) Bcl‑2/Bax ratio in PC12 cells pretreated with DHA (5, 10 and 
20 µmol/l) followed by exposure to 2.5 µmol/l MeHg for 48 h. Relative expression levels were normalized to the corresponding GAPDH levels. (D) Western 
blotting demonstrated the dynamic changes in the protein expression levels of (E) Bcl‑2 and (F) Bax, and (G) Bcl‑2/Bax ratio in PC12 cells pretreated with 
DHA (5, 10 and 20 µmol/l) followed by exposure to 2.5 µmol/l MeHg for 48 h. Protein band intensity was analyzed after normalization to the corresponding 
GAPDH levels, and the relative ratios were analyzed after normalization to the corresponding control group. Data are presented as the mean ± SD, n=3. 
***P<0.001 vs. control group; #P<0.05, ##P<0.01 and ###P<0.001 vs. MeHg group. MeHg, methylmercury; DHA, docosahexaenoic acid.

Figure 4. Effects of DHA on MeHg‑induced changes in ROS levels, and JNK and pJNK expression. (A) A fluorescence microplate reader was used to analyze 
the changes in ROS levels in PC12 cells pretreated with DHA (5, 10 and 20 µmol/l) followed by exposure to 2.5 µmol/l MeHg. DCF fluorescence intensity 
was recorded. (B) Western blotting demonstrated the dynamic changes in (C) JNK and (D) pJNK expression levels in PC12 cells pretreated with DHA (5, 10 
and 20 µmol/l) followed by exposure to 2.5 µmol/l MeHg for 48 h. Protein band intensity was analyzed after normalization to the corresponding GAPDH 
levels, and the relative ratios were analyzed after normalization to the corresponding control group. Double bands indicate different isoforms. Data are 
presented as the mean ± SD, n=3. ***P<0.001 vs. control group; ##P<0.01 and ###P<0.001 vs. MeHg group. MeHg, methylmercury; DHA, docosahexaenoic acid; 
p, phosphorylated; ROS, reactive oxygen species.
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Figure 5. Effects of NAC on MeHg‑induced changes in the expression levels of apoptosis‑related proteins in PC12 cells. (A) Western blotting demonstrated the 
dynamic changes in (B) Bcl‑2/Bax ratio, and the protein expression levels of (C) Bax and (D) Bcl‑2 in PC12 cells pretreated with 250 µmol/l NAC for 60 min 
followed by exposure to 2.5 µmol/l MeHg for 48 h. (E) Western blotting demonstrated the dynamic changes in the protein expression levels of (F) pJNK and 
(G) JNK in PC12 cells pretreated with 250 µmol/l NAC for 60 min followed by exposure to 2.5 µmol/l MeHg for 48 h. Protein band intensity was analyzed 
after normalization to the corresponding GAPDH levels, and the relative ratios were analyzed after normalization to the corresponding control group. Data 
are presented as the mean ± SD, n=3. **P<0.01 and ***P<0.001 vs. control group; #P<0.05 and ###P<0.001 vs. MeHg group. MeHg, methylmercury; DHA, 
docosahexaenoic acid; p, phosphorylated; NAC, N‑acetyl‑l‑cysteine.

Figure 6. Schematic diagram of protective effects of DHA against MeHg‑induced apoptosis mediated by ROS via the JNK signaling pathway MeHg, methyl‑
mercury; DHA, docosahexaenoic acid; ROS, reactive oxygen species; p, phosphorylated; NAC, N‑acetyl‑l‑cysteine; MPT, mitochondrial phosphate transporter.
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induced profound cell swelling and a reduction in viability, 
which was accompanied by increased expression levels of 
inflammatory cytokine and lipoxygenase genes, activation 
of caspase‑1 activity and release of IL1β, indicating that 
cells were undergoing a proinflammatory cell death program 
known as pyroptosis; this may be one of the reasons that high 
concentrations of DHA become toxic.

A number of studies have demonstrated that oxidative 
stress may serve an important role in MeHg‑induced apop‑
tosis (40,41). Therefore, the present study examined the effect 
of MeHg and DHA on intracellular ROS levels to evaluate 
the potential mechanism underlying the effects of DHA on 
MeHg‑induced apoptosis of PC12 cells. The results demon‑
strated that MeHg significantly increased the levels of ROS, 
whereas DHA effectively inhibited MeHg‑induced oxidative 
injury to PC12 cells. As members of the MAPK superfamily, 
JNKs serve a crucial role in cell survival and apoptosis (42,43). 
Therefore, the protective effects of DHA on MeHg‑induced 
apoptosis at the level of the JNK signaling pathway were 
further investigated. The results demonstrated that the JNK 
signaling pathway was markedly activated and that the expres‑
sion of pJNK was significantly increased after PC12 cells were 
exposed to MeHg.

The mitochondrial pathway is the most important pathway 
that mediates cell apoptosis. The change in mitochondrial 
outer membrane permeability (MOMP) is considered to be 
the main switch of the mitochondrial apoptosis pathway, and 
MOMP is strictly regulated by the Bcl‑2 family and promotes 
apoptosis (44). Some members of the Bcl‑2 family, such as 
Bax, can directly promote changes in MOMP. When apoptosis 
is induced, Bax migrates from the cytosol to the mitochondria 
and nuclear membrane, and initiates the caspase cascade via 
cytochrome  c and  second mitochondria‑derived activator 
caspase pathways (45). The present study demonstrated that 
the mRNA and protein expression levels of anti‑apoptotic 
Bcl‑2 were almost completely inhibited by MeHg; however, 
there was no significant change in the mRNA or protein 
expression levels of pro‑apoptotic Bax, which was similar to 
other research findings (46). Notably, Hou et al (47) revealed 
that Bax may not always be a potent inducer of apoptosis in 
tumor cells. It has been reported that the Bcl‑2/Bax ratio is 
essential for determining whether cells undergo apoptosis, 
which is consistent with the current study (24). Additionally, 
the present study revealed that restoration of Bcl‑2 transcrip‑
tion by DHA seemed to be more obvious than that of Bcl‑2 
protein expression, which may be related to the length of 
administration time. This phenomenon was also reported in a 
previous study (28).

To further confirm the protective mechanism of DHA 
and to elucidate the relationship between ROS and signaling 
pathways, NAC, an efficient ROS scavenger, was used to 
pretreat cells in the present study. The results demonstrated 
that all of the adverse effects of MeHg were improved; notably, 
NAC pretreatment inhibited JNK signaling, and increased 
the expression levels of the anti‑apoptosis protein Bcl‑2 and 
the ratio of Bcl‑2 to Bax. Therefore, these results suggested 
that DHA may ameliorate MeHg‑induced apoptosis via the 
ROS‑regulated JNK signaling pathway.

In conclusion, MeHg significantly increased the ROS 
content in PC12 cells and induced oxidative stress, whereas 

DHA effectively decreased levels of intracellular ROS to 
relieve oxidative stress‑induced PC12 cell apoptosis (Fig. 6). 
Moreover, DHA may reverse the MeHg‑induced adverse 
effects, including the elevated phosphorylation of JNK, and 
decreased mRNA and protein expression levels of anti‑apop‑
totic Bcl‑2. To the best of our knowledge, the present study was 
the first to attempt to elucidate the protective effects of DHA 
against MeHg‑induced PC12 cell apoptosis via the ROS/JNK 
signaling pathway, which may provide a theoretical basis for 
the treatment of MeHg poisoning. Our future studies will 
focus on MeHg target gene prediction by full transcriptome 
sequencing of samples, in order to further elucidate the protec‑
tive mechanism of DHA on MeHg‑induced apoptosis of PC12 
cells.
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