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Background: The pathogenesis of post-traumatic stress disorder (PTSD) triggered 
by high-voltage electrical burn (HVEB) remains unclear and the oxidative stress plays 
a role in this process. The purpose of this study is to investigate the underlying 
mechanism of oxidative stress mediates hippocampal neuronal apoptosis in rats 
with PTSD triggered by HVEB. 
Materials and methods: The PTSD rat model was developed by stimulating with 
high voltage electricity and screened using behavioural performance including 
Morris water maze (MWM), elevated plus-maze (EPM) and open-field test (OFT). 
The reactive oxygen species (ROS) generation was measured by DHE fluorescence 
staining or flow cytometry. Western blotting assay was used to detect the proteins 
of p-JNK, JNK, P53, PUMA, Bcl-2 and Bax in hippocampal tissue or HT22 cells 
treated with electrical stimulation. 
Results: The serum MDA and 8-OHdG levels were increased (p < 0.001), while 
the activities of SOD and CAT were decreased (p < 0.001) significantly in patients 
with HVEB. Behavioural test results showed that high-voltage electric stimulation 
induced the PTSD-like symptoms and the ROS-JNK-P53 pathway was involved in 
the neuronal apoptosis in rats with PTSD induced by HVEB. In vitro experiments 
further confirmed the electrical stimulation induced neuronal apoptosis through 
ROS/JNK/P53 signalling pathway and the antioxidant NAC could rescued the ROS 
generation, activation of JNK/P53 proteins and improved the cell apoptosis rate 
in HT22 cells. Finally, the JNK inhibitor SP600125 could significantly inhibited the 
percentage of HT22 cell apoptosis induced by electrical stimulation (p < 0.001). 
Conclusions: These results indicated that oxidative stress mediates hippocampal 
neuronal apoptosis through ROS/JNK/P53 pathway in rats with PTSD triggered 
by HVEB. (Folia Morphol 2024; 83, 2: 300–313)

Keywords: high voltage electric burn, P53 protein, oxidative stress, brain 
injury, PTSD
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INTRODUCTION
High-voltage electrical burn (HVEB) is a rare yet 

destructive class of injury that has been considered 
as a serious public health issue worldwide [6, 17, 
28, 41]. The high-voltage alternating current causes  
a series of damages such as muscle tonic contraction 
and intracellular ion disturbances through thermal 
and chemical effects, resulting in progressive dam-
age to the body [9, 18, 36]. Post-traumatic stress 
disorder (PTSD), a mental health disorder, is triggered 
by a frightening and/or traumatic event — whether 
experienced or witnessed. The clinical symptoms of 
PTSD may include recurrence of traumatic events, 
avoidance of traumatic cues, continuous hypervig-
ilance, selective forgetting, emotional numbness, 
nightmares and severe anxiety [1, 25, 26]. It is  
a state of post-traumatic psychological imbalance, 
which can easily cause intense psychological pain 
and severe damage to social functions of patients, 
and is the main manifestation of stress disorder [32, 
37]. As the HVEB is a terrifying life event, research-
es have shown that 41% of electrical burn patients 
have the post-traumatic stress response, and 7.6% of 
them have been diagnosed as PTSD [30, 48]. To our 
knowledge, there is no accurate statistical data on 
the incidence of electrical burn patients complicated 
by mental disorders in China and even in the world. 
At the present stage, researches on the pathogenesis 
of PTSD triggered by high-voltage electric burn are 
still in its infancy, and the exact molecular mechanism 
remains unclear.

Oxidative stress is a status of imbalance between 
cellular generation of reactive oxygen species (ROS) 
and the antioxidant defence systems, causing to cel-
lular injury. Researches have suggested the link be-
tween oxidative stress and high-voltage electric burn 
injury in patients or animal models [9, 10, 27, 31]. 
Severe life stress events, such as HVEB, could stim-
ulate the increase of sympathetic nerve-adrenergic 
medulla responsiveness, leading to the dysfunction of  
the hypothalamic-pituitary-adrenal axis (HPA axis) of the  
nervous system and contribute to the pathogenesis 
of PTSD [33, 39, 43]. The main reason for oxidative 
stress triggered by high-voltage electric burns is that 
the electrothermal effects can directly cause the cell 
damage of multiple organs. The ROS generation, 
8-oxo-deoxyguanosine (8-OHdG) and the levels of 
end product of lipid peroxides (malondialdehyde, 
MDA) are most commonly used markers for oxida-
tive stress studies. Meanwhile, the activities of SOD 

and CAT represent the main antioxidant enzymes in 
the body. The p53 protein is a key mediator of the 
DNA damage response and tumour suppression and 
plays an important role in the cellular response to 
oxidative stress [16, 38, 42]. Studies have found that 
the oxidative stress can activate P53 protein through 
ROS-JNK pathway [50]. P53 is involved in apoptosis 
and is also related to cell death pathways such as 
programmed cell necrosis and autophagy [7, 15]. 
When the body is in a continuous and high-level ox-
idative stress state, the P53 protein on the one hand 
triggers the overexpression of P53-inducible gene 3 
(PIG3) and proline oxidase (proline oxidase) to reduce 
the mitochondrial membrane Potential, aggravate 
oxidative stress damage, leading to DNA damage and 
apoptosis [49]. On the other hand, it promotes apop-
tosis by inducing pro-apoptotic proteins (PUMA and 
Bax) [8]. Imaging studies suggest that the continuous 
reduction of hippocampal volume in PTSD patients 
might be related to the activation of P53 protein by 
high levels of oxidative stress to trigger neuronal ap-
optosis [11, 23]. However, the role of oxidative stress 
and its underlying mechanism in the pathogenesis of 
PTSD triggered by High-voltage electrical burn need 
to be further investigated.

In this study, the PTSD rat model triggered by 
HVEB and the HT22 cell model stimulating with elec-
trical current were used to detect the oxidative stress 
biomarkers and the proteins related to the ROS/JNK/ 
/P53 pathway and the neuronal apoptosis. The re-
search will provide an experimental basis for further 
elucidating the mechanism of high-voltage electrical 
burn-induced PTSD and screening the potential inter-
vention targets in clinic.

MATERIALS AND METHODS 
Participants and serum samples

This study included 30 patients with HVEB and 30 
subjects of healthy control. The patients with HVEB 
were recruited from the department of burns and 
plastic surgery, the First Hospital of Hebei Medical 
University. The informed consent was obtained from 
all participants in accordance with the protocol ap-
proved by the Research Ethics Committee of the First 
Hospital of Hebei Medical University.

The demographic characteristics of the partici-
pants in the study were shown in Table 1. A fasting 
blood sample (3 mL) was collected from each subject, 
and placed in a test tube ( BD Biosciences, NJ, USA), 
and placed vertically for 30 min at room temperature. 
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Blood samples were centrifuged at 3000 g for 10 mi- 
nutes at room temperature and then at 16,000 g 
for 10 minutes at 4°C. The serum was aliquoted and 
stored at –80°C until use, avoiding repeated freeze/ 
/thaw cycles. The neuropsychological symptoms of 
patients with high-voltage burn were evaluated dur-
ing the acute phase in Table 2.

Animals

Fifty healthy male SD rats, weighing 200–250 g, 
were purchased from the Experimental Animal Centre 

of Hebei Medical University. The experimental animals 
were kept in a clean-grade animal room with a tem-
perature of (24 ± 3)°C, a relative humidity of (40 ±  
± 5)%, and natural light. The experimental protocol 
was reviewed and approved by the Experimental An-
imal Ethics Committee of the First Hospital of Hebei 
Medical University. The SD rats were randomly divid-
ed into control group (without electric stimulation), 
Single-Prolonged Stress (SPS) group and PTSD with 
high voltage electric burn (HVEB) group. Ten rats in 
the control group were selected as the sham shock, 
ten rats in the SPS group were selected as positive 
control group, and the others were given high-voltage 
electrical stimulation as the HVEB group to estab-
lish a high-voltage electrical PTSD model. After the 
high-voltage electrical stimulation, the rats in the 
three groups were subjected to a 5-day behavioural 
test using the Morris water maze automatic recorder. 
Behavioural tests (water maze test, open field test and 
elevated plus-maze test) were performed after two 
weeks of high-voltage electric stimulation.

Preparation of high-voltage electric burn 
triggered PTSD animal model

The laboratory humidity was at 35~45% RH and 
the temperature was at 24~26°C. The rats were 
supine on the insulating table after they were an-
esthetized with 10 mL/kg of 3% pentobarbital via 
intraperitoneal (ip) injection. Their limbs were fixed, 
and send it between the high-voltage output circuits. 
Fix the current inlet electrode plate on the rat’s head 
and the outlet electrode plate in the hair removal area 
of the left lower extremity, after confirming that the 
high-voltage line is connected correctly, turn on the 
220 V power supply, turn on the voltage regulator, 
and turn the voltage regulator button. When the 
voltage rises to 2 kV, the switch is turned on and the 
current is actually passed (1.92 ± 0.24) A. Power on 
for 3 seconds, immediately disconnect the switch and 
release the electrode plate. Check the vital signs of 
the rat, and immediately perform cardiac compres-
sion resuscitation for respiratory and cardiac arrest. 
Immediately after the electric shock, the rats showed 
muscle spasms all over the body, and the skin of the 
current outlet and inlet was browned, and some 
of them became black and carbonized. The model 
was successfully replicated. The control group was 
subjected to a sham electric experiment. Before the 
experiment, the switch was turned off to ensure that 
no current passed through. The rest of the process 

Table 1. Demographic characteristics of the samples

Demographics Control (n = 30) HVEB (n = 30) p-value

Gender

Male 27 (90 %) 25 (83.3 %)

Female 3 (10 %) 5 (16.7 %) 0.706

Age (years) 35.90 ± 11.96 36.90 ± 9.42 0.72

BMI 23.39 ± 2.50 23.35 ± 2.34 0.948

TBSA % 11.50 (6.75, 20.00)

MDA [ng/mL] 1206.58 ± 501.94 2362.02 ± 900.73* < 0.001

SOD [U/mL] 261.49 ± 57.36 151.01 ± 53.97* < 0.001

8-OHdG [ng/mL] 35.95 ± 11.02 87.30 ± 22.02* < 0.001

CAT [U/mL] 475.34 ± 132.16 216.45 ± 82.95* < 0.001

HVEB — high-voltage electrical burn; BMI — body mass index; TBSA — total bod sur-
face area; MDA — malondialdehyde; SOD — superoxide dismutase; 8-OHdG — 8-oxo-
-deoxyguanosine; CAT — catalase. ***p < 0.001 vs. the control group. Data are shown 
as mean ± standard deviation.

Table 2. Neuropsychological symptoms of patients with the 
high-voltage electrical burns during the acute phase

Neuropsychological Incidence % (n = 30)

Anxiety 58%

Sleep difficulties 60%

Depressed mood 49%

Memory/concentration difficulties 62%

Avoidance 29%

Hypervigilance 15%

Hyperarousal nightmares 31%

Social withdrawal 18%

Suicidal ideations 5%

Dizziness 12%

Headaches 17%

Phantom limb pain 11%

Flashbacks 20%

Avoidance hypervigilance 25%

Flashbacks 21%
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was replicated with the animal model of high-voltage 
electric burn. The rats received high-voltage electric 
stimulation were treated with low-dose meloxicam  
(1 mg/kg, subcutaneous injection, Shandong, China) 
as the analgetic once daily for 3 days. After two weeks 
of high-voltage electric stimulation, the behavioural 
tests of the three groups of rats were performed to 
screen the rats with PTSD, including Morris water 
maze test, open field test and elevated plus-maze 
apparatus.

PTSD model of Single-Prolonged Stress (SPS)

The protocol of SPS model used in this study was 
described previously [21]. Rats were restrained in 
clear plexiglass restraint tubes for 2 hours, and then 
immediately swam in clear acrylic cylinders (24 cm in 
diameter, 50 cm in height) in 24°C water for 20 mi- 
nutes. Then rats were placed back to recovery for 
15 minutes, and exposed to diethyl ether until they 
became unconsciousness, all under bright white light 
conditions.

Behavioural Test

Survival of rats after high-voltage electrical sti-
mulation: Except for 10 rats in control group and 10 
rats in SPS group as positive control, 11 rats of the  
remaining 30 rats in HVEB group had died, and  
the mortality rate was 36%. After two week of high- 
-voltage electric stimulation, the behavioural tests for 
the three groups of rats were performed, including 
Morris water maze test, open field test and elevated 
plus-maze test. Each group selected 6 animals for the 
subsequential experiment. 

Morris Water Maze (MWM) Test

The rats in the control group, SPS group and 
the HVEB group were randomly selected, and the 
experiment included a concealed platform test. In 
the concealed platform test, the rats were placed 
into the water from one of the four quadrants facing 
the pool wall. Each time the experimental rats swim 
for 60 seconds to find the hidden platform. Record 
the swimming path and the time to find the hidden 
platform in the pool, which is the escape latency (EL). 
If the rat cannot find the platform within 60 sec-
onds, guide it to the stage and stand for 10 seconds. 
Analysis software was used to analyse percentage of 
time spent in correct quadrant of MWM and latency 
to finding a hidden platform of rats. Test the spatial 
learning and memory abilities of rats.

Open Field (OF) Test 

Randomly selected the rats in the control group, 
SPS group and HVEB group, and recorded the dis-
tance and time of central movement of each rat in 
the central area of the open field for 20 min. This ex-
periment is used to assess the animal’s alertness level, 
anxiety state and ability to adapt to the environment.

Elevated Plus-maze (EPM) Test 

An elevated plus labyrinth device, located in a dark  
test room, was used to measure anxiety. The device 
had a maze of two open arms (50 cm × 10 cm) and 
two closed arms (50 cm × 10 cm × 40 cm) connected 
by a central square (10 cm × 10 cm) and elevated 
50 cm above the floor centimetre. The maze was 
made of opaque black plexiglass, and a camera was 
installed above the maze to transmit video to a com-
puter monitor. At the beginning of the experimental 
study, the rats were placed in the central area facing 
the open arms, and the number of open/closed arm 
entries (OA and CA, respectively) and open/closed  
arm time (OT/CT) were recorded for each rat.

Cell culture

HT-22 cells were obtained from Life Technolo-
gies (Waltham, MA, USA) and cultured in complete 
Dulbecco’s Modification of Eagle’s Medium (DMEM, 
Gibco, Invitrogen GmbH, Karlsruhe, Germany) supple-
mented with 10% fetal bovine serum, 1% penicillin 
and streptomycin at 37°C, 5% CO2, and 95% satu-
rated humidity. When the cells reach the logarithmic 
growth phase, they are subcultured in proportion.

Establishment of electrical stimulation cell model

The HT22 cells were seeded onto 24-wellplates 
(the number of cells per well is 5 × 104) and divided 
into control group and electrical stimulation group. 
The control group was added with normal culture 
medium, and the electrical stimulation group was 
given different voltage stimulation conditions (0, 25, 
50, 75, and 100 V) for 5 s with the 2 × 5 mm carbon 
graphite electrodes. Cell Counting Kit-8 (CCK-8, Do-
jindo Laboratories, Japan) measured the cell viability 
as instructed. Choose the optimal electrical voltage 
to prepare the electrical stimulation cell model.

Treatment of HT22 cells with N-acetylcysteine

N-acetyl-L-cysteine (NAC) is a commonly used an-
tioxidant. The HT22 cells were divided into control 
group and experimental group. Normal culture me-
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dium (without NAC) was added to the cells of control 
group, and the different concentrations of NAC (0.25, 
0.5, 1, 2, and 4 mmol/L) were added to the cells of 
experimental group, and the cells were incubated 
for 24 h. Then the cell activity was determined by 
CCK-8 assay. 

Cell grouping

The HT22 cells were seeded in a 96-well cell culture 
plate (the number of cells was 1 × 105 per well). The 
HT22 cells were divided into four groups, including 
control group, ES group (50 V), NAC treatment group 
(1 mmol/L) and ES+NAC group. Each group had at 
least 3 replicate wells. 

Detection of oxidative stress biomarkers

The levels of oxidative stress biomarkers, includ-
ing Superoxide dismutase (SOD), Malondialdehyde 
(MDA), 8-oxo-deoxyguanosine (8-OHdG) and catalase 
(CAT) in serum of patients or animals were detected 
using an enzyme-linked immunosorbent assay (ELISA) 
assay kits and Colorimetric Assay Kits (Elabscience 
Wuhan, China). 

Dihydroethidium (DHE) staining 

The hippocampal tissue sections were stained with 
Dihydroethidium (DHE, ThermoFisher, Waltham, MA, 
USA) to detect the ROS generation in the hippocam-
pus from rats. 

Determination of the apoptotic rate of HT22 cells

Annexin V-FITC and propidium iodide (PI) (Biyun-
tian, Shanghai, China) fluorescence were used to 
analyse the percentage of apoptosis. HT22 cells were 
seeded in a six-well plate at a ratio of 2 × 105 cells/ 
/well, and processed as described above. The cells 
were washed twice with cold phosphate buffered 
saline (PBS), centrifuged at 4°C for 5 minutes, dis-
carded the supernatant, added 100 μL 1× Binding 
Buffer, and blown to a single cell suspension. Next,  
5 μL Annexin V-FITC and 5 μL PI Staining Solution were 
added to each tube, incubated at 25°C for 10 min in 
the dark, following which 400 μL 1× Binding Buffer 
was added, mixed and the sample was stained for 1 h.  
Finally the cells were detected using flow cytometry 
(Kraemer Blvd, Brea, CA, USA).

Determination of ROS generation 

The levels of intracellular ROS were detected by 
Oxidation-sensitive fluorogenic probe, 2′,7′-Dichloro-

fluorescin Diacetate (DCFH-DA) (Biyuntian Biotech-
nology Company, Shanxi, China). The processed cells 
were collected by conventional centrifugation and 
the supernatant was discarded, PBS was added to 
resuspend the cells. Then, the cells were washed  
3 times, mixed with DCFH-DA (10 μmol/L) solution, 
incubated at 37°C for 20 min, inverted and mixed 
every 3–5 min, and centrifuged. Next, the supernatant 
was removed and the cells were resuspend in PBS, 
which was repeated 3 times. The non-specific esterase 
of DCFH-DA cells removes the acetyl group, and the 
ROS is further oxidized to produce the fluorescent 
compound 2,7-dichlorofluorescein (DCF). The fluo-
rescence signal intensity of DCF was measured by the 
flow cytometer, and the fluorescence intensity was 
measured at the excitation wavelength of 488 nm 
and the emission wavelength of 525 nm. The pure 
DCFH-DA solution was used for zero adjustment, and 
the value of the blank treatment group was 100%. 
The above experimental steps were repeated 3 times.

Western blot analysis

The hippocampal tissue specimen of the experi-
mental animal was put it in the cold lysis buffer (Bebo, 
Shanghai, China), homogenized at low temperature 
and centrifuged, following which the supernatant 
was taken. The expression of p-JNK, JNK, P53, PUMA, 
Bcl-2 and Bax proteins in the hippocampal tissue 
of rats was detected by western blot assay 40 days 
after high-voltage stimulation. The collected HT22 
cells were inoculated in a 6-well plate, cultured for 
24 h until the cells grew to 85% confluence, and 
then the cells were divided into control group, elec-
trical stimulation (ES) group, NAC group, ES + NAC 
group. After 24 h of treatment, the cells were lysed 
and centrifuged. Then the supernatant was taken for 
subsequent experiments. Both the animal hippocam-
pal tissue and HT22 cells were used to determine 
the protein content by the BCA (Solebold, Shang-
hai, China) method. After protein denaturation, 12% 
polyacrylamide gel (SDS-PAGE) (Bio-rad, Shanghai, 
China) was used for electrophoresis to separate the 
protein in the gel to the nitrocellulose PVDF mem-
brane. The bovine protein BSA was used to block 
the membrane at room temperature for 1 h, and the 
corresponding primary antibodies were added — JNK 
(9252; Cell Signaling Technology, Beverly, MA, USA), 
p-JNK (Thr183/Tyr185) (4668; Cell Signaling Tech-
nology, Danvers, MA, USA), P53 (ab202026, Abram, 
Cambridge, UK), PUMA (ab9643, Abram, Cambridge, 



305

Ying Lv et al., Oxidative stress mediates hippocampal neuronal apoptosis through ROS/JNK/P53 pathway

UK), Bax (ab3250, Abram, Cambridge, UK) and Bcl-2 
(ab59348, Abram, Cambridge, UK) specific antibodies 
(1:500) and β-actin (10004156, Proteintech, Wuhan, 
China) (1:1000) — and incubated overnight at 4°C. 
The membrane was washed with TBST 3 times, and 
horseradish peroxidase HRP-labelled goat anti-rab-
bit secondary antibody (A23920, Abbkine, Beijing, 
China) (1:1000) was added. After 1-hour incubation 
at room temperature, the membrane was washed  
3 times with TBST, and the colour was developed by 
ECL luminescence. The results were observed after 
quantification. β-actin was used as an internal ref-
erence, and finally the target band was analysed by 
scanning density, and the ratio of the grey value of 
each target protein/β-actin grey value was used to 
reflect the relative protein expression level of each 
group. This was repeated 3 times to get the average 
value. Quantity One gel analysis system analyses the 
protein content of protein bands.

Statistical analysis 

All data were presented as mean ± SD, and sta-
tistical analysis were performed using SPSS software 
version 16.0 (SPSS, Inc., Chicago, IL, USA). The two-
tailed Student’s t-test was used for two-group com-
parisons, the ANOVA analysis was followed Dunnett’s 
or Tukey’s test for three parameter groups. A p value 
of < 0.05 was considered to be statistically signifi-
cant. All experiments were independently repeated 
at least three times.

Ethics approval and consent to participate

This study was conducted in accordance with the 
Guidelines for the Care and Use of Laboratory Animals 
of Hebei Medical University, and the experimental 
protocols used in this research were approved the 
First Hospital of Hebei Medical University.

RESULTS
The oxidative stress is involved in the process  
of high-voltage electric burn

To understand whether the oxidative stress takes a 
part in the process of high-voltage electric burn, the 
oxidative stress biomarkers in serum including the 
content of malondialdehyde (MDA), the activities of 
superoxide dismutase (SOD), 8-oxo-deoxyguanosine 
(8-OHdG) level and catalase (CAT) activity were detect-
ed by Enzyme-linked immunoassay (ELISA) assay and 
Colorimetric Assay Kits. The results showed that the 
serum MDA content (Fig. 1A) and the 8-OHdG levels 

(Fig. 1C) were significantly increased (p < 0.001), 
while the SOD (Fig. 1B) and CAT (Fig. 1D) activity 
were significantly decreased (p < 0.001) in HVEB 
patient group compared with the control group. 
These results indicated that the oxidative stress inju-
ry is involved in the process of high-voltage electric 
burn in patients. The patients with high-voltage burn 
usually have different neuropsychological symptoms 
during acute phase, including anxiety (58%), sleep 
difficulties (60%), depression (49%), and memory/ 
/attention difficulties (62%) and so on.

Changes of behavioural tests in rats with high- 
-voltage electric burn

To develop a PTSD animal model triggered by 
high-voltage electric burn, the rats were treated with 
high-voltage electric stimulation and the behavioural 
tests were performed to screen the rats with PTSD, 
including Morris water maze test, open field test 
and elevated plus-maze apparatus (Fig. 2A). The sin-
gle-prolonged stress (SPS) model was used as the pos-
itive control of the PTSD. The representative images 
of swimming trajectory to find the platform for rats 
of each group in MWM test were shown in (Fig. 2B). 
The results of MWM test showed that the time spent 
in the target quadrant was decreased, the distance 

Figure 1. Alterations of oxidative stress biomarkers in serum of 
patients with the high-voltage electrical burns. The levels of MDA 
(A), SOD activity (B), 8-OHdG (C) and CAT activity (D) were detect-
ed by ELISA assay and Colorimetric Assay Kit. ***p < 0.001 vs. 
the control group (n = 30).

A

C

B

D
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travelled to platform and the escape latency were 
increased in rats of SPS and PTSD groups compared 
with that of control group (p < 0.05) (Fig. 2C–F). In 
the open field test, the distance in central movement, 
as well as the time in central region of rats in SPS and 
PTSD groups were reduced significantly compared 
with that of control group (p < 0.001) (Fig. 2G). The 
results of time spent in open arms and the number 
of entry in open arms in elevated plus-maze (EPM) 
test also showed the similar trend for rats in SPS and 
PTSD groups (Fig. 2H). These results suggested that 
high-voltage electric stimulation could induced the 
PTSD-like symptoms, such as the reduced ability of 
spatial learning and memory, alertness and anxiety, 
conditioned fear and sensitized fear and decreased 
environmental adaptability. 

ROS-JNK-P53 pathway is involved in the neuronal 
apoptosis in rats with PTSD induced by HVEB

To investigate the mechanisms of oxidative stress 
in the pathogenesis of PTSD triggered by High-voltage 
electrical burn, we tested the oxidative stress biomark-
ers, apoptosis related proteins and its upstream signal-
ling molecular in the hippocampus of rat model with 
PTSD induced by HVEB. The results of ELISA showed 
that the MDA contents were increased (p < 0.05)  
(Fig. 3A) and the SOD activity was decreased  
(p < 0.001) (Fig. 3B) in the serum of rats with PTSD 
compared with the control group. DHE staining re-
sults showed that the ROS generation in the hip-
pocampal CA3 area of rats with PTSD was increased 
compared with the control group (Fig. 3C). The ex-
pression levels of p-JNK, P53, PUMA and Bax proteins 

A C

B

D E F

G H

Figure 2. Changes of behavioural performance tests in PTSD rat model induced by high-voltage electric burn. A. Timeline of experimental 
procedures; B. Representative images of swimming trajectory to find the platform in Morris water maze (MWM) test for rats in the indicated 
groups; C. Time spent in target quadrant without the platform in MWM test; D. Distance travelled to platform in MWM test; E. Time spent in 
the target quadrant in MWM test; F. Escape latency to finding a hidden platform during five days of navigation training in MWM test;  
G. Distance and time of central movement in the open-field test (OFT); H. Time spent in open arms and number of entry in open arms  
in elevated plus-maze (EPM) test. Data were presented as mean ± SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 vs. the control group.
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Figure 3. Oxidative stress mediated hippocampal neuronal apoptosis through ROS-JNK-P53 pathway in rats with PTSD induced by high-volt-
age electrical burns. (A-C) The serum levels of MDA content (A), and SOD activity (B) were detected by ELISA assay, and DHE fluorescence 
staining (C) was applied to detect ROS generation in the hippocampal CA3 region of rats in PTSD or control group. Scale bars = 100 μm.  
(D) The expression of p-JNK, JNK, P53, PUMA, Bcl-2 and Bax protein were detected by western blot analysis in the hippocampus of PTSD  
or control rats. The β-actin was used as a loading control. *p < 0.05, **p < 0.01. ***p < 0.001 vs the control group (n = 6).

A

C

D

B

were higher, but the Bcl-2 protein was lower in the 
hippocampus of rats with PTSD than that of control 
group (p < 0.05) (Fig. 3D). These results suggested 
that oxidative stress mediated hippocampal neuronal 
apoptosis may through ROS-JNK-P53 pathway in rats 
with PTSD induced by high-voltage electrical burns.

Oxidative stress participated in the neuronal 
apoptosis induced by electrical stimulation

To verify if the oxidative stress participated 
in the neuronal apoptosis induced by electrical  
stimulation, we developed an in vitro electrical sti- 

mulation (ES) cell model using HT-22 cell lines. The 
HT22 cells were treated with different voltage of 
electrical stimulation (ES) (0 to 100 V) for 5 s and 
continuously cultured for 24 h, CCK-8 regent was 
used to determine the cell viability for screening 
the stimulation conditions preliminarily. The results 
showed that after 24 hours of treatment of HT22 
cells with different voltage of electrical stimulation 
for 5s, the cell viability was gradually decline and 
caused significant decrease at 75 V and 100 V com-
pared to control group, and the cell survival rate 
was significantly reduced in a voltage-dependent 
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manner (p < 0.001) (Fig. 4A). So we selected the 
50 V voltage as the best stimulation condition 
to prepare the ES cell model. In order to explore 
whether the antioxidant NAC has a protective effect 
on the injury induced by electrical stimulation in 
HT22 cells [33], different concentrations of NAC 
were used to incubate the HT22 cells for 24 h, 
and the cell survival rate was detected by CCK-8 
assay. The results showed that the cell viability 
was decreased significantly at the concentration 
of 2 mmol/L NAC (p < 0.001) (Fig. 4B). Finally, we 
selected the concentration of 1 mmol/L NAC for the 
subsequent experiments. Next, the HT22 cells were 
stimulated with 50 V voltage electrical current for 
5 s and continuously incubated with or without  
1 mmol/L NAC for 24 h. We found that the viability 
of HT22 cells were decreased (p < 0.001) (Fig. 4C–F),  
but the ROS generation (p < 0.001) (Fig. 4D–G) and 
the cell apoptosis rate (p < 0.001) (Fig. 4E, H) were 
increased significantly by the electrical stimulation, 
and the antioxidant NAC could rescue the ROS 
generation and improved the cell apoptosis rate 
in HT22 cells. These results suggested that oxida-
tive stress participated in the neuronal apoptosis 
induced by electrical stimulation in vitro. 

The electrical stimulation induced neuronal 
apoptosis through ROS/JNK/P53 signalling 
pathway

The results of in vivo experiment have indicated 
that oxidative stress mediated hippocampal neu-
ronal apoptosis may through ROS-JNK-P53 pathway 
in rats with PTSD induced by high-voltage electrical 
burns. To validate this conclusion, we used western 
blot assay to detect the expression of the JNK/P53 
signalling molecular and the apoptosis related pro-
teins in electrical stimulation-induced HT22 cells. The 
results showed that the expression of p-JNK, P53, 
PUMA, and Bax proteins were increased significantly  
(p < 0.01) in HT22 cells treated with electrical stimu-
lation compared with the control group, and the anti-
oxidant NAC could block these changes in the JNK/P53 
signalling proteins and cell apoptosis related proteins 
(Fig. 5A, B). The above results indicate that JNK and 
P53 are involved in the apoptosis induced by electrical 
stimulation, and NAC reversed the activation of JNK 
and P53, and inhibited the up-regulation of PUMA, 
Bax and the down-regulation of Bcl-2. In addition, 
the JNK inhibitor SP600125 could significantly inhibit-
ed the percentage of HT22 cell apoptosis induced 

by electrical stimulation (p < 0.001) (Fig. 5C, D).  
These results suggested that the ROS-JNK-P53 path-
way plays a crucial role in the neuronal apoptosis 
induced by electrical stimulation.

DISCUSSION
Post-traumatic stress disorder (PTSD) caused by 

high-voltage electrical burn has a high disability and 
fatality rate in clinic [5, 12], its pathogenesis is still 
unknown, and there has been a lack of effective 
clinical treatment measures. Oxidative stress induced 
by burns causes cell apoptosis is a research hotspot 
in the field of burn medicine. Current studies have 
found that PTSD caused by high-voltage electric burn 
is closely related to oxidative stress [4]. This study 
reported that oxidative stress mediates hippocampal 
neuronal apoptosis through ROS/JNK/P53 pathway 
in PTSD rats induced by High-voltage electrical burn, 
which will provide an experimental basis for the pre-
vention and treatment of PTSD induced by high- 
-voltage electrical burn.

Oxidative stress triggered by burns increases the 
production of oxygen free radicals in the body and/ 
/or decreases the body’s antioxidant capacity, which 
causes lipid peroxidation, protein oxidation, DNA 
damage and so on, and result in multiple organ dys-
function or even failure in burn patients, eventually 
leads to the death of burn patients [3, 13, 34]. But 
how the oxidative stress participate the pathogenesis 
of PTSD caused by high-voltage electric burn and it 
underlying mechanisms is still not unclear. In this 
study, we confirmed that the oxidative stress injury is 
involved in the disease process of high-voltage electric 
burn patients. At the same time, we developed a PTSD 
rat model triggered high-voltage electric burn. The 
results of water maze, open field tests and elevated 
plus-maze apparatus tests showed that the high-volt-
age electric burn PTSD model rats exhibited PTSD- 
-like symptoms, such as the reduced ability of spatial 
learning and memory, increased alertness and anxiety, 
and decreased environmental adaptability. We found 
that the levels of MDA contents in the PTSD model 
rats were increased significantly after high-voltage 
electric burns, and the SOD activities was decreased 
significantly. The related proteins in the ROS/JNK/ 
/P53 pathway in the hippocampus were confirmed 
that oxidative stress induced by high-voltage electric 
burn mediated the upregulation of p-JNK, P53, PUMA 
proteins and the downregulation of Bcl-2 protein. 
Previous studies have found that PUMA is a master 
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Figure 4. Oxidative stress participated in the neuronal apoptosis induced by electrical stimulation in HT22 cells. A, B. HT22 cells were treated 
with different voltage (0, 25, 50, 75 and 100 V) of electrical stimulation (ES) for 5 s and continuously cultured for 24 h (A) or incubated with 
different concentrations (0, 0.25, 0.5, 1, 2 and 4 mmol/L) of N-Acetyl-L-cysteine (NAC) for 24 h (B), and then the cell viability was assessed 
using a CCK-8 assay. **p < 0.01, ***p < 0.001 vs. the control group; C, F. The effects of electrical stimulation (50 V for 5 s) on the morpho-
logy (C) and the cell viability (F) of HT22 cells in the absence or presence of NAC (1 mmol/L). Scale bar = 200 μm; D, G. The protective ef-
fects of NAC against electrical stimulation-induced ROS generation were measured by flow cytometry. HT22 cells were treated with electrical 
stimulation in the absence and presence of NAC, and then were loaded with DCFH-DA to detect the generation of intracellular ROS; E, H. The 
protective effects of NAC against electrical stimulation-induced cell apoptosis were measured by flow cytometry. Apoptotic HT22 cells were 
identified using Annexin V-FITC/PI dual staining. Data were shown as the mean ± SD (n = 3). ***p < 0.001 vs. the control group;  
###p < 0.001 vs. the ES group.
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regulator of Bax activation and neuronal apoptosis in-
duced by oxidative stress. In this study, the expression 
of Bax protein has a very obvious change, which is 
considered to have a certain relationship with PUMA’s 
dominant role in regulating Bax activation [44]. The 
above experiments confirmed that oxidative stress is 
closely related to the onset of PTSD in high-voltage 
electric burn to a certain extent.

Previous studies have found that the production 
of ROS plays a critical role in inducing cell apoptosis 
[14, 47]. ROS can induce DNA damage, mitochondrial 
permeability and activation of apoptosis signals, lead-
ing to cell death. In this experiment, we used electrical 
stimulation induced HT22 cells to prepare oxidative 
damage models. The study showed that the electrical 
stimulation significantly increased the production of 

ROS in the oxidative stressed HT22 cell model. As an 
antioxidant, NAC can effectively protect HT22 cells 
from apoptosis induced by ROS. The reason for the 
anti-ROS activity of NAC is to scavenge free radicals 
through the redox potential of thiols or increase the 
level of glutathione in cells [35]. Therefore, protecting 
hippocampal neurons from apoptosis induced by 
oxidative stress may have a very critical therapeutic 
value in the treatment of PTSD.

When the cells received ischaemia and hypoxia 
stimulation persistently, the JNK signalling pathway 
is activated and participates in cell apoptosis. JNK is 
one of the members of the mitogen-activated pro-
tein kinase (MAPK) pathway. Phosphorylated JNK 
can induce cell apoptosis, which is very important in 
the exogenous and endogenous apoptotic pathways 

Figure 5. The JNK/P53 signalling pathway was involved in the electrical stimulation-induced apoptosis in HT22 cells. A, B. HT22 cells were 
treated with electrical stimulation (50 V for 5 s) and co-treated with NAC (1 mmol/L) for 24 h. Western blot assay was adopted for p-JNK, 
JNK, P53, PUMA, Bcl-2 and Bax protein examination; C, D. The effects of SP600125 (JNK inhibitor) on the electrical stimulation-induced 
cell apoptosis were measured by flow cytometry. HT22 cells were cultured in DMEM containing 10% FBS, and were pretreated with 10 µL 
SP600125 (JNK inhibitor) for 30 min. Then, cells were subjected to electrical stimulation for 5 s and continuously cultured for 24 h. Apoptotic 
cells were identified by FACS using Annexin V-FITC/PI dual-staining. Representative dot-plot diagrams of Annexin V-FITC/PI flow cytometry  
C. The percentage of apoptotic cells were compared with the total cells D. Data were shown as the mean ± SD (n = 3). *p < 0.05,  
**p < 0.01 and ***p < 0.001 vs. the control group; #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. the ES group.
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[52]. This experiment showed that high-voltage elec-
trical stimulation induced an increase in p-JNK in the 
hippocampus of PTSD rats through oxidative stress, 
which is consistent with the increase in ROS levels. 
At the same time, cell experiments proved that the 
electrical stimulation significantly induced the death 
of HT22 cells in a voltage-dependent manner, which 
is consistent with previous studies. This is consistent 
with previous research. The electrical stimulation can 
induce JNK phosphorylation (p-JNK), while the JNK 
inhibitor SP600125 can inhibit cell apoptosis, and 
the NAC can inhibit JNK activation [45]. The above 
studies have shown that the increase in p-JNK is 
inseparable from the increase in ROS generation. 
JNK is a key mediator of inducing cell apoptosis. In 
addition, studies have reported that the JNK signalling 
pathway can regulate the P53 signalling pathway 
and induce cell apoptosis. As a “genome guardian”, 
P53 protein has anti-proliferation and pro-apoptosis 
functions. It is an important transcription factor and 
tumour suppressor in the body. In different types of 
cell stress, P53 undergoes different post-translational 
modifications and transactivation target genes play 
a critical role in different cellular pathways, such as 
apoptosis, autophagy and DNA repair [2]. Current 
studies have shown that when the body is in a state 
of sustained high levels of oxidative stress, DNA dam-
age induced by ROS can activate P53 [40] and P53 
can activate pro-apoptotic genes Bax, PUMA, etc. 
through the endogenous (mitochondrial) pathway 
[24, 51]. or by inhibiting the anti-apoptotic gene 
Bcl-2 to promote endogenous cell apoptosis [19, 20]. 
P53 can also directly activate Bax in the cytoplasm 
through non-transcriptional pathways, and induce 
endogenous cell apoptosis.

As we all know, when the body encounters  
a serious life event, it induces the body to produce 
a high level of oxidative stress, enter the resistance 
phase and exhaustion phase, and develop into PTSD 
[29, 46]. The continuous reduction of hippocampal 
volume in patients with PTSD may be related to the 
activation of P53 protein induced by high levels of 
oxidative stress and trigger neuronal apoptosis. How-
ever, it is still unclear how hippocampal neurons are 
damaged by high-voltage electric burn. In this study, 
we detected the expression of p-JNK, P53 and other 
related apoptotic proteins in the hippocampus of 
PTSD model rats through western blot assay, and 
the results proved that high-voltage electric burn 

activate the ROS/JNK/P53 pathway. By activating the 
P53 protein, it triggers the expression of the pro- 
-apoptotic protein PUMA, down-regulates Bcl-2, and 
promotes neuronal apoptosis. In addition, the in vitro 
experiment of this study also proved that electrical 
stimulation induced an increase in intracellular ROS 
production in HT22 cells, and increased the expression 
of p-JNK and P53 proteins, and caused apoptosis 
through the endogenous (mitochondrial) pathway, 
which was manifested in the decreased expression 
of anti-apoptotic molecule Bcl-2 protein and the in-
creased expression of Bax and PUMA protein. The 
antioxidant NAC can prevent electrical stimulation 
induced cell death through JNK inactivation, and 
inhibit the accumulation of P53 by inhibiting the  
production of ROS. These results indicated that  
the development of PTSD caused by high-voltage elec-
trical burn and oxidative stress in the cells model, the 
ROS-JNK-P53 pathway was involved in the regulation 
of cell apoptosis.

CONCLUSIONS
In summary, this study concluded that oxidative 

stress mediates hippocampal neuronal apoptosis 
through ROS/JNK/P53 pathway in rats with PTSD 
triggered by high-voltage electrical burn, which will 
provide an experimental basis for further exploring the 
pathogenesis of PTSD caused by high-voltage electric 
burn and screening the potential therapeutic targets.

ARTICLE INFORMATION  
AND DECLARATIONS

Acknowledgments
This study was supported by the National Nat-

ural Science Foundation of China (81871560), and 
Key Project of Natural Science Foundation of Hebei 
Province of China (H2016206575).

Conflict of interest: None declared.

REFERENCES
1. Barbano AC, van der Mei WF, Bryant RA, et al. Clinical 

implications of the proposed ICD-11 PTSD diagnostic cri-
teria. Psychol Med. 2019; 49(3): 483–490, doi: 10.1017/
S0033291718001101, indexed in Pubmed: 29754591.

2. Beyfuss K, Hood DA. A systematic review of p53 regulation 
of oxidative stress in skeletal muscle. Redox Rep. 2018; 
23(1): 100–117, doi: 10.1080/13510002.2017.1416773, 
indexed in Pubmed: 29298131.

3. Boeke EA, Moscarello JM, LeDoux JE, et al. Active avoid-
ance: neural mechanisms and attenuation of pavlovian 

http://dx.doi.org/10.1017/S0033291718001101
http://dx.doi.org/10.1017/S0033291718001101
https://www.ncbi.nlm.nih.gov/pubmed/29754591
http://dx.doi.org/10.1080/13510002.2017.1416773
https://www.ncbi.nlm.nih.gov/pubmed/29298131


312

Folia Morphol., 2024, Vol. 83, No. 2

conditioned responding. J Neurosci. 2017; 37(18): 4808– 
–4818, doi: 10.1523/JNEUROSCI.3261-16.2017, indexed 
in Pubmed: 28408411.

4. Clausen AN, Francisco AJ, Thelen J, et al. PTSD and cog-
nitive symptoms relate to inhibition-related prefrontal 
activation and functional connectivity. Depress Anxiety. 
2017; 34(5): 427–436, doi: 10.1002/da.22613, indexed 
in Pubmed: 28370684.

5. Daskal Y, Beicker A, Dudkiewicz M, et al. High voltage 
electric injury: mechanism of injury, clinical features and 
initial evaluation. Harefuah. 2019; 158(1): 65–69, indexed 
in Pubmed: 30663297.

6. DePamphilis MA, Cauley RP, Sadeq F, et al. Reconstruc-
tion of the upper extremity high-voltage electrical injury:  
a pediatric burn hospital’s 13-year experience. J Burn Care 
Res. 2022; 43(3): 696–703, doi: 10.1093/jbcr/irab177, 
indexed in Pubmed: 34534315.

7. Di J, Tang J, Qian H, et al. p53 upregulates PLCε-IP3-
Ca pathway and inhibits autophagy through its target 
gene Rap2B. Oncotarget. 2017; 8(39): 64657–64669, 
doi:  10.18632/oncotarget.18112, indexed in Pu-
bmed: 29029384.

8. Garufi A, Pistritto G, Baldari S, et al. p53-dependent PUMA 
to DRAM antagonistic interplay as a key molecular switch 
in cell-fate decision in normal/high glucose conditions. 
J Exp Clin Cancer Res. 2017; 36(1): 126, doi: 10.1186/
s13046-017-0596-z, indexed in Pubmed: 28893313.

9. Gentges J, Schieche C, Nusbaum J, et al. Electrical inju-
ries in the emergency department: an evidence-based 
review. Emerg Med Pract. 2018; 20(11): 1–20, indexed in 
Pubmed: 30358379.

10. Piotrowski A, Fillet AM, Perez P, et al. Outcome of 
occupational electrical injuries among french electric 
company workers: a retrospective report of 311 cases, 
1996–2005. Burns. 2014; 40(3): 480–488, doi: 10.1016/j.
burns.2013.08.008, indexed in Pubmed: 24028742.

11. Hasin D, Hatzenbuehler ML, Keyes K, et al. Substance use 
disorders: diagnostic and statistical manual of mental 
disorders, fourth edition (DSM-IV) and international 
classification of diseases, tenth edition (ICD-10). Addic-
tion. 2006; 101 Suppl 1: 59–75, doi:  10.1111/j.1360-
0443.2006.01584.x, indexed in Pubmed: 16930162.

12. Hyland P, Vallières F, Cloitre M, et al. Trauma, PTSD, and 
complex PTSD in the Republic of Ireland: prevalence, 
service use, comorbidity, and risk factors. Soc Psychiatry 
Psychiatr Epidemiol. 2021; 56(4): 649–658, doi: 10.1007/
s00127-020-01912-x, indexed in Pubmed: 32632598.

13. Imbriani P, Martella G, Bonsi P, et al. Oxidative stress and 
synaptic dysfunction in rodent models of Parkinson’s dis-
ease. Neurobiol Dis. 2022; 173: 105851, doi: 10.1016/j.
nbd.2022.105851, indexed in Pubmed: 36007757.

14. Jeong CH, Joo SH. Downregulation of reactive oxygen species 
in apoptosis. J Cancer Prev. 2016; 21(1): 13–20, doi: 10.15430/
JCP.2016.21.1.13, indexed in Pubmed: 27051644.

15. Jiang Le, Kon N, Li T, et al. Ferroptosis as a p53-mediat-
ed activity during tumour suppression. Nature. 2015; 
520(7545): 57–62, doi: 10.1038/nature14344, indexed 
in Pubmed: 25799988.

16. Jiso A, Demuth P, Bachowsky M, et al. Natural meroses-
quiterpenes activate the DNA damage response via DNA 

strand break formation and trigger apoptotic cell death 
in p53-Wild-type and mutant colorectal cancer. Cancers 
(Basel). 2021; 13(13), doi:  10.3390/cancers13133282, 
indexed in Pubmed: 34209047.

17. Kasana RA, Baba PU, Wani AH. Pattern of high voltage 
electrical injuries in the Kashmir valley: a 10-year single 
centre experience. Ann Burns Fire Disasters. 2016; 29(4): 
259–263, indexed in Pubmed: 28289358.

18. Keshavarzi A, Rahgozar Z, Mortazavi M, et al. Epidemi-
ology, geographical distribution, and outcome analysis 
of patients with electrical burns referred to Shiraz Burn 
Center, Shiraz, Iran during 2008-2019. World J Plast Surg. 
2022; 11(2): 102–109, doi:  10.52547/wjps.11.2.102, 
indexed in Pubmed: 36117901.

19. Kinarivala N, Patel R, Boustany RM, et al. Discovery of 
aromatic carbamates that confer neuroprotective activity 
by enhancing autophagy and inducing the anti-apoptotic 
protein b-cell lymphoma 2 (Bcl-2). J Med Chem. 2017; 
60(23): 9739–9756, doi: 10.1021/acs.jmedchem.7b01199, 
indexed in Pubmed: 29110485.

20. La Colla A, Vasconsuelo A, Milanesi L, et al. 17β-Estradi-
ol protects skeletal myoblasts from apoptosis through 
p53, Bcl-2, and foxo families. J Cell Biochem. 2017; 
118(1): 104–115, doi:  10.1002/jcb.25616, indexed in 
Pubmed: 27249370.

21. Liberzon I, Krstov M, Young EA. Stress-restress: effects on 
ACTH and fast feedback. Psychoneuroendocrinology. 1997; 
22(6): 443–453, doi:  10.1016/s0306-4530(97)00044-9, 
indexed in Pubmed: 9364622.

22. Liu X, Wang Li, Cai J, et al. N-acetylcysteine alleviates 
H2O2-induced damage via regulating the redox status 
of intracellular antioxidants in H9c2 cells. Int J Mol Med. 
2019; 43(1): 199–208, doi:  10.3892/ijmm.2018.3962, 
indexed in Pubmed: 30387809.

23. Logue MW, van Rooij SJH, Dennis EL, et al. Smaller 
hippocampal volume in posttraumatic stress disorder: 
a multisite ENIGMA-PGC study: subcortical volumetry 
results from posttraumatic stress disorder consortia. 
Biol Psychiatry. 2018; 83(3): 244–253, doi:  10.1016/j.
biopsych.2017.09.006, indexed in Pubmed: 29217296.

24. Lu Z, Miao Y, Muhammad I, et al. Colistin-induced auto-
phagy and apoptosis involves the JNK-Bcl2-Bax signaling 
pathway and JNK-p53-ROS positive feedback loop in PC-12 
cells. Chem Biol Interact. 2017; 277: 62–73, doi: 10.1016/j.
cbi.2017.08.011, indexed in Pubmed: 28842171.

25. Maercker A, Cloitre M, Bachem R, et al. Complex post-trau-
matic stress disorder. Lancet. 2022; 400(10345): 60–72, 
doi:  10.1016/s0140-6736(22)00821-2, indexed in Pu-
bmed: 35780794.

26. Merians AN, Spiller T, Harpaz-Rotem I, et al. Post-trau-
matic stress disorder. Med Clin North Am. 2023; 107(1): 
85–99, doi:  10.1016/j.mcna.2022.04.003, indexed in 
Pubmed: 36402502.

27. Mobayen M, Sadeghi M. Prevalence and related factors 
of electrical burns in patients referred to iranian medical 
centers: a systematic review and meta-analysis. World  
J Plast Surg. 2022; 11(1): 3–11, doi: 10.52547/wjps.11.1.3, 
indexed in Pubmed: 35592228.

28. Nielsen KJ, Carstensen O, Kærgaard A, et al. Neurological 
symptoms and disorders following electrical injury: a register- 

http://dx.doi.org/10.1523/JNEUROSCI.3261-16.2017
https://www.ncbi.nlm.nih.gov/pubmed/28408411
http://dx.doi.org/10.1002/da.22613
https://www.ncbi.nlm.nih.gov/pubmed/28370684
https://www.ncbi.nlm.nih.gov/pubmed/30663297
http://dx.doi.org/10.1093/jbcr/irab177
https://www.ncbi.nlm.nih.gov/pubmed/34534315
http://dx.doi.org/10.18632/oncotarget.18112
https://www.ncbi.nlm.nih.gov/pubmed/29029384
http://dx.doi.org/10.1186/s13046-017-0596-z
http://dx.doi.org/10.1186/s13046-017-0596-z
https://www.ncbi.nlm.nih.gov/pubmed/28893313
https://www.ncbi.nlm.nih.gov/pubmed/30358379
http://dx.doi.org/10.1016/j.burns.2013.08.008
http://dx.doi.org/10.1016/j.burns.2013.08.008
https://www.ncbi.nlm.nih.gov/pubmed/24028742
http://dx.doi.org/10.1111/j.1360-0443.2006.01584.x
http://dx.doi.org/10.1111/j.1360-0443.2006.01584.x
https://www.ncbi.nlm.nih.gov/pubmed/16930162
http://dx.doi.org/10.1007/s00127-020-01912-x
http://dx.doi.org/10.1007/s00127-020-01912-x
https://www.ncbi.nlm.nih.gov/pubmed/32632598
http://dx.doi.org/10.1016/j.nbd.2022.105851
http://dx.doi.org/10.1016/j.nbd.2022.105851
https://www.ncbi.nlm.nih.gov/pubmed/36007757
http://dx.doi.org/10.15430/JCP.2016.21.1.13
http://dx.doi.org/10.15430/JCP.2016.21.1.13
https://www.ncbi.nlm.nih.gov/pubmed/27051644
http://dx.doi.org/10.1038/nature14344
https://www.ncbi.nlm.nih.gov/pubmed/25799988
http://dx.doi.org/10.3390/cancers13133282
https://www.ncbi.nlm.nih.gov/pubmed/34209047
https://www.ncbi.nlm.nih.gov/pubmed/28289358
http://dx.doi.org/10.52547/wjps.11.2.102
https://www.ncbi.nlm.nih.gov/pubmed/36117901
http://dx.doi.org/10.1021/acs.jmedchem.7b01199
https://www.ncbi.nlm.nih.gov/pubmed/29110485
http://dx.doi.org/10.1002/jcb.25616
https://www.ncbi.nlm.nih.gov/pubmed/27249370
http://dx.doi.org/10.1016/s0306-4530(97)00044-9
https://www.ncbi.nlm.nih.gov/pubmed/9364622
http://dx.doi.org/10.3892/ijmm.2018.3962
https://www.ncbi.nlm.nih.gov/pubmed/30387809
http://dx.doi.org/10.1016/j.biopsych.2017.09.006
http://dx.doi.org/10.1016/j.biopsych.2017.09.006
https://www.ncbi.nlm.nih.gov/pubmed/29217296
http://dx.doi.org/10.1016/j.cbi.2017.08.011
http://dx.doi.org/10.1016/j.cbi.2017.08.011
https://www.ncbi.nlm.nih.gov/pubmed/28842171
http://dx.doi.org/10.1016/s0140-6736(22)00821-2
https://www.ncbi.nlm.nih.gov/pubmed/35780794
http://dx.doi.org/10.1016/j.mcna.2022.04.003
https://www.ncbi.nlm.nih.gov/pubmed/36402502
http://dx.doi.org/10.52547/wjps.11.1.3
https://www.ncbi.nlm.nih.gov/pubmed/35592228


313

Ying Lv et al., Oxidative stress mediates hippocampal neuronal apoptosis through ROS/JNK/P53 pathway

-based matched cohort study. PLoS One. 2022; 17(3): 
e0264857, doi: 10.1371/journal.pone.0264857, indexed 
in Pubmed: 35235596.

29. Peruzzolo TL, Pinto JV, Roza TH, et al. Inflammatory and 
oxidative stress markers in post-traumatic stress disorder:  
a systematic review and meta-analysis. Mol Psychiatry. 2022; 
27(8): 3150–3163, doi:  10.1038/s41380-022-01564-0,  
indexed in Pubmed: 35477973.

30. Piotrowski A, Fillet AM, Perez P, et al. Outcome of 
occupational electrical injuries among French electric 
company workers: a retrospective report of 311 cases, 
1996-2005. Burns. 2014; 40(3): 480–488, doi: 10.1016/j.
burns.2013.08.008, indexed in Pubmed: 24028742.

31. Radulovic N, Mason SA, Rehou S, et al. Acute and long-
term clinical, neuropsychological and return-to-work 
sequelae following electrical injury: a retrospective cohort 
study. BMJ Open. 2019; 9(5): e025990, doi:  10.1136/
bmjopen-2018-025990, indexed in Pubmed: 31092649.

32. Ressler KJ, Berretta S, Bolshakov VY, et al. Post-traumatic stress 
disorder: clinical and translational neuroscience from cells to 
circuits. Nat Rev Neurol. 2022; 18(5): 273–288, doi: 10.1038/
s41582-022-00635-8, indexed in Pubmed: 35352034.

33. Ritov G, Boltyansky B, Richter-Levin G. A novel approach 
to PTSD modeling in rats reveals alternating patterns of 
limbic activity in different types of stress reaction. Mol Psy-
chiatry. 2016; 21(5): 630–641, doi: 10.1038/mp.2015.169, 
indexed in Pubmed: 26552592.

34. Rosenberg M, Mehta N, Rosenberg L, et al. Immediate 
and long-term psychological problems for survivors of 
severe pediatric electrical injury. Burns. 2015; 41(8): 
1823–1830, doi:  10.1016/j.burns.2015.06.006, indexed 
in Pubmed: 26182828.

35. Roy K, Wu Y, Meitzler JL, et al. NADPH oxidases and cancer. 
Clin Sci (Lond). 2015; 128(12): 863–875, doi: 10.1042/
CS20140542, indexed in Pubmed: 25818486.

36. Salehi SH, Sadat Azad Y, Bagheri T, et al. Epidemiology 
of occupational electrical injuries. J Burn Care Res. 2022; 
43(2): 399–402, doi:  10.1093/jbcr/irab171, indexed in 
Pubmed: 34562012.

37. Schrader C, Ross AA. A review of PTSD and current treat-
ment strategies. Mo Med. 2021; 118(6): 546–551, indexed 
in Pubmed: 34924624.

38. Seetharaman S, Fleshner M, Park CR, et al. Influence of 
daily social stimulation on behavioral and physiological 
outcomes in an animal model of PTSD. Brain Behav. 
2016; 6(5): e00458, doi: 10.1002/brb3.458, indexed in 
Pubmed: 27110436.

39. Shahid F, Gondal MF, Us Sabah N, et al. Psychosocial 
impact of electrical burn in children: a follow-up study 
conducted at a tertiary care hospital. Cureus. 2022; 
14(12): e32816, doi: 10.7759/cureus.32816, indexed in 
Pubmed: 36694523.

40. Shi T, van Soest DMK, Polderman PE, et al. DNA damage 
and oxidant stress activate p53 through differential up-
stream signaling pathways. Free Radic Biol Med. 2021; 
172: 298–311, doi: 10.1016/j.freeradbiomed.2021.06.013, 
indexed in Pubmed: 34144191.

41. Shih JG, Shahrokhi S, Jeschke MG. Review of adult 
electrical burn injury outcomes worldwide: an anal-
ysis of low-voltage vs high-voltage electrical injury.  
J Burn Care Res. 2017; 38(1): e293–e298, doi: 10.1097/
BCR.0000000000000373, indexed in Pubmed: 27359191.

42. Simabuco FM, Morale MG, Pavan ICB, et al. p53 and 
metabolism: from mechanism to therapeutics. Oncotar-
get. 2018; 9(34): 23780–23823, doi: 10.18632/oncotar-
get.25267, indexed in Pubmed: 29805774.

43. Souza RR, Noble LJ, McIntyre CK. Using the single pro-
longed stress model to examine the pathophysiology 
of PTSD. Front Pharmacol. 2017; 8: 615, doi: 10.3389/
fphar.2017.00615, indexed in Pubmed: 28955225.

44. Steckley D, Karajgikar M, Dale LB, et al. Puma is a dom-
inant regulator of oxidative stress induced Bax activa-
tion and neuronal apoptosis. J Neurosci. 2007; 27(47): 
12989–12999, doi:  10.1523/JNEUROSCI.3400-07.2007, 
indexed in Pubmed: 18032672.

45. Suha T, Asli M, Aynur S, et al. Effects of N-acetylcysteine 
and ethyl pyruvate on ischemia-reperfusion injury in ex-
perimental electrical burn model. Am J Emerg Med. 2016; 
34(7): 1217–1224, doi:  10.1016/j.ajem.2016.03.032, 
indexed in Pubmed: 27085456.

46. Sun Y, Qu Y, Zhu J. The relationship between inflammation 
and post-traumatic stress disorder. Front Psychiatry. 2021; 
12: 707543, doi: 10.3389/fpsyt.2021.707543, indexed in 
Pubmed: 34456764.

47. Suroto H, Asriel A, De Vega B, et al. Early and late 
apoptosis protein expression (Bcl-2, BAX and p53) 
in traumatic brachial plexus injury. J Musculoskelet 
Neuronal Interact. 2021; 21(4): 528–532, indexed in 
Pubmed: 34854392.

48. Tamayo-Gómez A, Velásquez-Suárez J, Páramo-Duque L, et 
al. Epidemiology and factors associated with acute stress 
disorder in burned patients: a case-control study. Burns. 
2022; 48(4): 995–1003, doi: 10.1016/j.burns.2021.09.024, 
indexed in Pubmed: 34696951.

49. Tamura RE, Hunger A, Fernandes DC, et al. Induction 
of oxidants distinguishes susceptibility of prostate 
carcinoma cell lines to p53 gene transfer mediated by 
an improved adenoviral vector. Hum Gene Ther. 2017; 
28(8): 639–653, doi: 10.1089/hum.2016.139, indexed in 
Pubmed: 28181816.

50. Wang P, Zhang SD, Jiao J, et al. ROS -mediated p53 ac-
tivation by juglone enhances apoptosis and autophagy 
in vivo and in vitro. Toxicol Appl Pharmacol. 2019; 379: 
114647, doi:  10.1016/j.taap.2019.114647, indexed in 
Pubmed: 31283929.

51. Wei R, Zhang R, Li H, et al. MiR-29 Targets PUMA to 
Suppress Oxygen and Glucose Deprivation/ Reperfusion 
(OGD/R)-induced Cell Death in Hippocampal Neurons. Curr 
Neurovasc Res. 2018; 15(1): 47–54, doi: 10.2174/156720
2615666180403170902, indexed in Pubmed: 29623838.

52. Yang H, Xie Y, Yang D, et al. Oxidative stress-induced 
apoptosis in granulosa cells involves JNK, p53 and Puma. 
Oncotarget. 2017; 8(15): 25310–25322, doi: 10.18632/
oncotarget.15813, indexed in Pubmed: 28445976.

http://dx.doi.org/10.1371/journal.pone.0264857
https://www.ncbi.nlm.nih.gov/pubmed/35235596
http://dx.doi.org/10.1038/s41380-022-01564-0
https://www.ncbi.nlm.nih.gov/pubmed/35477973
http://dx.doi.org/10.1016/j.burns.2013.08.008
http://dx.doi.org/10.1016/j.burns.2013.08.008
https://www.ncbi.nlm.nih.gov/pubmed/24028742
http://dx.doi.org/10.1136/bmjopen-2018-025990
http://dx.doi.org/10.1136/bmjopen-2018-025990
https://www.ncbi.nlm.nih.gov/pubmed/31092649
http://dx.doi.org/10.1038/s41582-022-00635-8
http://dx.doi.org/10.1038/s41582-022-00635-8
https://www.ncbi.nlm.nih.gov/pubmed/35352034
http://dx.doi.org/10.1038/mp.2015.169
https://www.ncbi.nlm.nih.gov/pubmed/26552592
http://dx.doi.org/10.1016/j.burns.2015.06.006
https://www.ncbi.nlm.nih.gov/pubmed/26182828
http://dx.doi.org/10.1042/CS20140542
http://dx.doi.org/10.1042/CS20140542
https://www.ncbi.nlm.nih.gov/pubmed/25818486
http://dx.doi.org/10.1093/jbcr/irab171
https://www.ncbi.nlm.nih.gov/pubmed/34562012
https://www.ncbi.nlm.nih.gov/pubmed/34924624
http://dx.doi.org/10.1002/brb3.458
https://www.ncbi.nlm.nih.gov/pubmed/27110436
http://dx.doi.org/10.7759/cureus.32816
https://www.ncbi.nlm.nih.gov/pubmed/36694523
http://dx.doi.org/10.1016/j.freeradbiomed.2021.06.013
https://www.ncbi.nlm.nih.gov/pubmed/34144191
http://dx.doi.org/10.1097/BCR.0000000000000373
http://dx.doi.org/10.1097/BCR.0000000000000373
https://www.ncbi.nlm.nih.gov/pubmed/27359191
http://dx.doi.org/10.18632/oncotarget.25267
http://dx.doi.org/10.18632/oncotarget.25267
https://www.ncbi.nlm.nih.gov/pubmed/29805774
http://dx.doi.org/10.3389/fphar.2017.00615
http://dx.doi.org/10.3389/fphar.2017.00615
https://www.ncbi.nlm.nih.gov/pubmed/28955225
http://dx.doi.org/10.1523/JNEUROSCI.3400-07.2007
https://www.ncbi.nlm.nih.gov/pubmed/18032672
http://dx.doi.org/10.1016/j.ajem.2016.03.032
https://www.ncbi.nlm.nih.gov/pubmed/27085456
http://dx.doi.org/10.3389/fpsyt.2021.707543
https://www.ncbi.nlm.nih.gov/pubmed/34456764
https://www.ncbi.nlm.nih.gov/pubmed/34854392
http://dx.doi.org/10.1016/j.burns.2021.09.024
https://www.ncbi.nlm.nih.gov/pubmed/34696951
http://dx.doi.org/10.1089/hum.2016.139
https://www.ncbi.nlm.nih.gov/pubmed/28181816
http://dx.doi.org/10.1016/j.taap.2019.114647
https://www.ncbi.nlm.nih.gov/pubmed/31283929
http://dx.doi.org/10.2174/1567202615666180403170902
http://dx.doi.org/10.2174/1567202615666180403170902
https://www.ncbi.nlm.nih.gov/pubmed/29623838
http://dx.doi.org/10.18632/oncotarget.15813
http://dx.doi.org/10.18632/oncotarget.15813
https://www.ncbi.nlm.nih.gov/pubmed/28445976

