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Ozone induces BEL7402 cell apoptosis by increasing reactive 
oxygen species production and activating JNK
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Background: Oxidative stress is an important factor in the modulation of both tumorigenesis and 
anticancer responses. Ozone (O3) is a strong oxidant that causes redox reactions and exerts anticancer effects 
in various types of cancer cells. However, the pathways involved in O3-induced cell death are not well 
understood.
Methods: In vitro human hepatocellular carcinoma (HCC) BEL7402 cells were treated with various O3 
concentrations to evaluate O3 cytotoxicity by Cell Counting Kit-8 (CCK-8) assay and flow cytometry. The 
regulatory mechanisms were analyzed by western blot analysis. In vivo, an HCC model was established to 
evaluate the inhibition of HCC with O3 treatment.
Results: In vitro cells treated with O3 exhibited a round and small morphology with nuclear shrinkage and 
fragmentation. The CCK-8 assay confirmed the potent cytotoxic activity of O3 against BEL7402 cells (IC50 
value of 5 μg/mL). Acridine orange/ethidium bromide (AO/EB) staining revealed apoptosis of BEL7402 
cells after O3 treatment. Flow cytometry analysis showed that S phase cell cycle arrest and apoptosis 
increased with O3 exposure. In addition, O3 exposure reduced the mitochondrial membrane potential (ΔΨm) 
and induced reactive oxygen species (ROS) accumulation. Western blot analysis showed that O3 exposure 
reduced B-cell lymphoma 2 (BCL-2) expression and increased cleaved poly ADP-ribose polymerase (PARP), 
cytochrome C (Cyt-C), caspase-3, caspase-9, and p-JNK expression. In vivo, treatment with intratumor 
injection O3 (20 μg/mL) inhibited HCC growth.
Conclusions: Overall, our findings showed that O3 induces BEL7402 cell apoptosis via the intrinsic 
mitochondria-dependent pathway. Therefore, O3 has therapeutic potential for HCC.

Keywords: Ozone (O3); hepatocellular carcinoma (HCC); apoptosis; reactive oxygen species (ROS)

Submitted Jun 04, 2021. Accepted for publication Jul 14, 2021.

doi: 10.21037/atm-21-3233

View this article at: https://dx.doi.org/10.21037/atm-21-3233

Introduction

Primary liver cancer is the sixth most common cancer and 
the second leading cause of cancer-related death in the 
world. The most prevalent pathological type of liver cancer 
is hepatocellular carcinoma (HCC), which accounts for 

more than 85% of all cases. It is one of the most prevalent 
and high-grade malignant tumors of the digestive tract (1). 
The overall prognosis of HCC is poor, with a 5-year overall 
survival (OS) of 24–41% (2). Surgery is the first method of 
treatment for HCC. The 5-year survival rate after surgical 
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resection is 20–40%. If the tumor is <5 cm, the 5-year 
survival rate may reach 60%. As most patients are diagnosed 
with advanced stage HCC due to insidious chronic liver 
disease, surgery is only suitable for 9–27% of HCC patients. 
The 5-year survival rate and survival benefit of local ablation 
and transarterial chemoembolization are 50–70% and  
>6 months, respectively. However, this treatment is limited 
to HCC patients with single or multinodular tumors and 
good liver function (3,4). Sorafenib, a multi-tyrosine kinase 
inhibitor (MTKI), was the only clinical first-line medication 
approved for advanced liver cancer for more than a decade 
until lenvatinib, another MTKI, was approved. However, 
MTKIs only prolong survival for ~3 months (5,6). Although 
hepatectomy and liver transplantation partially improve 
the survival rate of HCC, the result of necessary long-
term adjuvant chemotherapy is limited due to the different 
tolerances of patients to side effects (7,8). Thus, a new and 
more widely applicable treatment strategy for liver cancer is 
urgently needed.

Ozone (O3) therapy is an efficacious adjuvant treatment 
for different diseases, such as mucositis, psoriasis, acute pain, 
neurovascular disease, and cancer (9,10). Previous studies 
have proposed the ability of O3 to cause direct injury to 
tumor cells. In 1980, Science published an article about the 
selective inhibition of tumor cell growth by O3 in different 
human tumor cells in vitro, including lung, breast, and 
uterine tumor cells, without affecting the growth of non-
tumor cell lines (11). A 1987 study showed the cytotoxic 
effects of medical O3 on ovarian cancer cells, but not on 
endometrial cancer cells (12). In 2007, Cannizzaro showed 
that O3 enhanced the effects of cisplatin and etoposide on 
cultured neuroblastoma cells (13). Kuroda et al. studied 
the effects of O3 water on rectal cancer and concluded 
that topical application of O3 water did not harm normal 
tissues; however, direct topical application of O3 water to 
tumor tissues induced necrosis and inhibited tumor cell 
proliferation (14). Thus, O3 has shown variable effects on 
different tumors in cell culture. It remains to be determined 
whether O3 can inhibit the growth of HCC cells.

In this study, we applied O3 to human HCC BEL7402 
cells  in vitro  and observed the cellular effects by 
morphological observation, acridine orange/ethidium 
bromide (AO/EB) staining, and flow cytometry analysis. 
Expression of apoptosis proteins upon O3 treatment was 
detected by western blot. We found that O3 promotes 
reactive oxygen species (ROS)-mediated cell death in 
HCC cells, In vivo, treatment of intratumor injection O3  

(20 μg/mL) inhibited HCC growth. We demonstrate for 
the first time that O3 can cause HCC cell death through 
an endogenous apoptotic pathway, which is associated with 
oxidative stress. This is a new therapeutic strategy.

We present the following article in accordance with the 
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-3233).

Methods

Cell culture and treatment

Human HCC cell line BEL7402 was purchased from 
Scientific Laboratories of Southern Medical University 
(Guangzhou, Guangdong, China). BEL7402 cells were 
cultured in Roswell Park Memorial Institute (RPMI)-1640 
medium (Gibco, Waltham, MA, USA) supplemented with 
10% fetal bovine serum (FBS; Kang Yuan Biology, Tianjin, 
China), 100 g/mL streptomycin, and 100 μg/mL penicillin 
(Gibco, USA) at 37 ℃ in an incubator with 95% air and 
5% CO2. When the cells reached ~80% confluence, they 
were divided into a control group and experimental groups, 
and the experimental groups were treated with different 
concentrations of O3. Cultures were injected with 10 mL 
of O3 and the dishes were sealed and incubated for 15 min 
in the dark. Then, the O3 was released, fresh medium was 
added, and cells were incubated for 24 h for follow-up 
experiments.

Inverted microscope analysis

A Leica XSP-8CA microscope (Leica, Wetzlar, Germany) 
was used to observe the morphology of apoptotic cells. 
After O3 treatment, cells were washed with phosphate-
buffered saline (PBS) and placed under the microscope for 
static observation.

Cell survival rate assay

Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) 
was used to evaluate the cell survival rate. Liver cancer cells 
were treated with 0.25% trypsin to form a cell suspension. 
We then added 90 μL of the cell suspension (5,000 cells/
well) and 10 μL of CCK-8 to each well of a 96-well 
plate and allowed it to incubate for 4 h. An enzyme mark 
instrument filter was used to measure the optical density 
(OD) at 450 nm.
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AO/EB staining

Human HCC cells were seeded at 2×105 cells/dish in  
35 mm cell culture dishes, incubated overnight at 37 ℃ in 
an incubator with 95% air and 5% CO2, and treated with 
different concentrations of O3 for 15 min. Then, the O3 was 
removed and 1 mL of a 1:1 AO/EB dye mixture was added 
to each dish. The cells were washed twice with PBS and 
examined under a fluorescence microscope.

Annexin V-FITC/PI apoptosis assay kit

Apoptosis of BEL7402 cells was evaluated using the Annexin 
V-FITC/PI apoptosis assay kit (Keygen Bio., Changchun, 
Jilin, China). After treatment with various concentrations of 
O3, cells were harvested, washed twice with PBS, and stained 
with V-FITC/PI for 15 min. Then, the cells were washed 
twice with PBS and a flow cytometer (Becton, Dickinson, 
and Co., Biosciences, San Jose, CA, USA) was used to 
measure the rate of cell apoptosis. FlowJo software (https://
www.flowjo.com) was used to analyze the data.

Mitochondrial membrane potential (ΔΨm) assay

Mitochondrial depolarization was assessed by staining with 
5, 5', 6,6'-tetrachloro-1, 1', 3,3'-tetraethyl benzimidazole-
carbocyanine iodine (JC-1, Beyotime, Shanghai, China) 
and flow cytometry analysis. Briefly, cells were treated with 
various concentrations of O3, harvested, incubated with the 
JC-1 staining solution, and the ratio of green-fluorescent 
JC-1 monomers and red-fluorescent J-aggregates were 
assessed by flow cytometry. Mitochondrial depolarization 
was determined by the green/red fluorescence intensity 
ratio. The cells were examined using a fluorescence 
microscope.

Western blot analysis

The BEL7402 cells were lysed by radioimmunoprecipitation 
assay  (RIPA)  lys i s  buf fer  (Beyot ime Inst i tute  of 
Biotechnology, Haimen, China), and the total proteins 
extracted for western blot analysis. A 12% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
was used to separate 100 µg of protein per lane and then 
transferred onto a nitrocellulose membrane (KGaA; 
Merck, Kenilworth, NJ, USA). Next, the membrane was 
blocked in 5% non-fat milk at room temperature for 1 h, 
and incubated overnight at 4 ℃ with primary antibodies 

(dilution, 1:1,000; rat. Cell Signaling Technology, Inc., 
Danvers, MA, USA). After washing with tris-buffered saline 
with Tween 20 (TBST), the membranes were incubated 
with horseradish peroxidase (HRP)-conjugated secondary 
antibodies (dilution, 1:5,000; rat. Cell Signaling Technology, 
Inc.) at room temperature for 1 h, and the protein bands 
detected by chemiluminescence (Fdbio Science, Hangzhou, 
Zhejiang, China).

Detection of intracellular ROS

Intracellular ROS levels were evaluated using 2,7-dichlorodi-
hydrofluorescein diacetate (DCFH-DA, Beyotime, China) 
according to the manufacturer's instructions. Fluorescence 
intensities were detected by flow cytometry. The excitation 
wavelength was 488 nm and the emission wavelength 
was 525 nm. Cell suspensions at a concentration of  
1×106 cells/mL were pre-treated with 1% 60 mM NAC for 
20 min then treated with O3. The CCK-8 (Dojindo, Japan) 
was used to evaluate inhibition of cell proliferation.

Evaluation of the antitumor activity

We obtained 6-week-old BALB/C mice from the 
Experimental Animal Center at Southern Medical 
University (Guangzhou, Guangdong, China) and raised 
them under standard laboratory conditions. After  
1 week of adaptation, BEL7402 cells (1×107/100 mL) 
were subcutaneously inoculated on the armpit of mice, 
and treatments were initiated when tumors had been 
successfully established (defined as day 0). Mice were 
randomly divided into two groups: intratumor injection 
(IT; O3, 20 μg/mL, 0.2 mL) and control (normal saline 
solution, 0.2 mL). There were six mice in each group. Mice 
were injected every day for 10 days, and tumor volumes 
were recorded. After 21 days, the mice were anesthetized 
and anatomized, and tumor tissues were removed for 
histological examination by hematoxylin and eosin (H&E) 
or immunohistochemical (IHC) staining. Briefly, tumor 
tissue sections were dewaxed and rehydrated by immersing 
the tissue in series concentrations of ethanol and xylene. 
After blocking with bovine serum albumin (BSA), sections 
were stained with terminal deoxynucleotidyl transferase 
dUTP nick and labeling (TUNEL, Peviva, West Chester, 
OH, USA), JNK (Cell Signaling Technology, Inc.) and Ki67 
(Thermo Fisher Scientific, Waltham, MA, USA) primary 
antibodies and then probed with secondary peroxidase 
antibodies. The expression distribution of the TUNEL 

https://www.flowjo.com
https://www.flowjo.com


Tang et al. Mechanism of O3-induced apoptosis

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(15):1257 | https://dx.doi.org/10.21037/atm-21-3233

Page 4 of 15

apoptosis marker and Ki67 proliferation marker and the 
tissue necrosis was observed at different magnifications 
under light microscopy. A protocol was prepared before the 
study without registration. Experiments were performed 
under a project license (No.: NFYY-2019-84) granted by 
Southern Medical University. All animal experiments were 
performed in compliance with protocols approved by the 
Animal Care and Use Committee of the Southern Medical 
University.

Statistical analysis

Statistical analysis was performed with SPSS software version 
19.0 (IBM Corp., Chicago, IL, USA) and GraphPad Prism 8.0 
(GraphPad Software, La Jolla, CA, USA). All experiments 
were repeated three times, All data were presented as mean 
± standard deviation (SD). The differences between two 
groups were analyzed by two-tailed Student’s t-test. The 

relationships between groups were assessed by one-way 
analysis of variance (ANOVA) with Dunnett’s test. A P 
value <0.05 was considered statistically significant and a P 
value <0.01 was accepted as highly statistically significant  
(*, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001).

Results

O3 inhibits BEL7402 cell proliferation

To validate the cytotoxicity of O3 on human HCC cells, 
BEL7402 cells were treated with 5, 10, 15, 20, 30, or  
40 μg/mL O3 for 15 min, incubated for 24, 36, or 48 h, and 
observed for cell morphologies. The cytotoxicity effect of 
O3 against BEL7402 cells was evaluated using the CCK-8 
assay. The O3 showed concentration-dependent cell death 
as the cell viability decreased and the O3 dose increased, 
and the IC50 value was 4.867 μg/mL (Figure 1A). However, 
this observation did not depend on culture time (Figure 1B).  

Figure 1 O3 inhibits cell proliferation in BEL7402 cells. (A) BEL7402 cells were treated with 5, 10, 15, 20, 30, or 40 μg/mL O3 for 15 min, 
cultured for 24 h, and cell viability was analyzed using the CCK-8 assay; (B) BEL7402 cells were treated with 5, 10, 15, 20, 30, or 40 μg/mL  
O3 for 15 min, cultured for 24, 36, or 48 h, and cell viability was analyzed using the CCK-8 assay. Data are shown as the mean ± SD of 
three independent experiments. The relationship between groups were assessed by one-way ANOVA with the Dunnett’s test (*, P<0.05; 
**, P<0.01). (C) BEL7402 cells were treated with 5, 10, 15, 20, 30, 40 μg/mL O3 for 15 min, cultured for 24 h, and then cell morphology 
was observed by microscopy (×100 magnification). O3, ozone; CCK-8, Cell Counting Kit-8; SD, standard deviation; ANOVA, analysis of 
variance.
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We found that upon treatment with O3, BEL7402 cells 
became round and small with nuclear shrinkage and 
fragmentation and small fragments appeared in the culture 
dish (Figure 1C). These data suggest that O3 inhibits 
BEL7402 cell proliferation in a concentration-dependent 
manner.

O3 induces apoptosis in BEL7402 cells

During apoptosis, the nucleus condenses, the DNA 
fragments, and apoptotic bodies form, and these changes 

are detectable by AO/EB staining and flow cytometry. 
To confirm that O3 induced apoptosis in BEL7402 cells, 
nuclear morphological changes were observed by AO/
EB staining and fluorescence microscopy. Normal and 
undamaged cells have complete cell membranes that only 
AO can enter, and AO-stained cells emit green fluorescence. 
The EB can freely enter cells with damaged membranes, 
and EB-stained cells emit red fluorescence. We found that 
upon O3 treatment, the number of green-fluorescent cells 
decreased while the number of red/orange-fluorescent 
cells increased (Figure 2A). Annexin V-FITC/PI staining 
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Figure 2 O3 induces apoptosis of BEL7402 cells. (A) BEL7402 cells were treated with O3, 5 μg/mL O3, or 20 μg/mL O3 for 15 min, cultured 
for 24 h, stained with AO/EB, and examined by fluorescence microscopy (×100 magnification); (B) flow cytometry analysis of BEL7402 cell 
apoptosis after treatment with O3, 5 μg/mL O3, or 20 μg/mL O3; (C) histogram of the percent of apoptotic cells after O3 treatment. Data 
are shown as the mean ± SD of three independent experiments. The relationship between groups were assessed by one-way ANOVA with 
the Dunnett’s test (****, P<0.0001). O3, ozone; AO/EB, acridine orange/ethidium bromide; SD, standard deviation; ANOVA, analysis of 
variance.
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was performed to determine the degree of apoptosis 
induced by O3. After treatment with O2 (control), 5 μg/mL  
O3, or 20 μg/mL O3, the number of apoptotic cells 
were measured by flow cytometry, which revealed that  
O3-induced apoptosis increased in a concentration-
dependent manner. Flow cytometry showed that the sum 
of the early and late apoptotic cell populations increased 
from 2.4% to 82.1% upon treatment with increasing 
concentrations of O3 (Figure 2B,2C). These data indicated 
that O3 inhibits cell proliferation via cell apoptosis.

O3 induces S phase cell cycle arrest in BEL7402 cells

We investigated the distribution of cell cycle and cell 
cycle-related proteins to determine whether O3 inhibits 
cell proliferation via cell cycle arrest. The data showed 
that treatment with 5 or 20 μg/mL O3 for 24 h led to an 
accumulation of cells in the S and G2 phases (Figure 3A,3B). 
The proportion of BEL7402 S phase cells increased from 

28.23% in the control group to 42.01% in the O3 treatment 
group, which was a 1.5-fold increase. In addition, treatment 
with 5 and 20 μg/mL O3 reduced cyclin A/D and CDK2 
expression (Figure 3C). Thus, we concluded O3 inhibits 
BEL7402 cell proliferation via S phase arrest.

Changes in the ΔΨm

Changes in the ΔΨm were determined by JC-1 staining. 
Low membrane potential is represented by green-
fluorescent JC-1 monomers and high membrane potential is 
represented by red-fluorescent J-aggregates. Mitochondrial 
depolarization is determined by the green/red fluorescence 
intensity ratio. We found that cells in the control and 
oxygen-treated groups were yellow-green, whereas cells in 
the O3 group were green. When cells were treated with 5 
and 20 μg/mL O3, green fluorescence increased from 3.12% 
to 46.6%, and red fluorescence decreased from 79.3% to 
43.3% (Figure 4). These results suggested that O3 lowers 
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Figure 3 O3 induces S phase cell cycle arrest in BEL7402 cells. (A,B) BEL7402 cells were treated with O2, 5 μg/mL O3, or 20 μg/mL O3 
for 15 min, cultured for 24 h, and cell cycle distribution was measured by flow cytometry. The cell cycle distribution data are presented 
graphically; (C) expression of cyclin A, cyclin D, and CDK2 was evaluated by western blot. GAPDH was used as the internal control. O3, 
ozone; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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the ΔΨm in a concentration-dependent manner.

O3 induces mitochondrial-related apoptosis in BEL7402 
cells

After induction of apoptosis upon O3 treatment was 
confirmed, western blotting was performed to detect 
expression of apoptosis-related proteins. The BEL7402 
cells were treated with O2 or 0, 5, or 20 μg/mL O3. The 
B-cell lymphoma 2 (BCL-2) protein levels decreased 
significantly in BEL7402 cells treated with 5 or 20 μg/mL 
O3, and the BCL-2-associated X protein (BAX)/BCL-2 
ratio increased in cells treated with 5 μg/mL O3. Consistent 
with these results, cytochrome C (Cyt-C) and cleaved pro-

caspase-9 levels also increased, and cleaved poly ADP-
ribose polymerase (PARP) levels decreased (Figure 5A,5B). 
To determine the effect of O3 on the MAPK pathway, p-JNK 
levels were evaluated, which revealed that p-JNK levels 
increased in cells treated with O3 (Figure 5C).

O3 boosts ROS generation in BEL702 cells

As a decrease in the membrane potential is usually 
accompanied by ROS production, we measured ROS levels 
in O3-treated cells, and as expected, we found an increase in 
ROS levels upon O3 treatment (Figure 6). Furthermore, we 
also observed a reversal in the inhibition of cell proliferation 
in cells pre-treated with N-acetylcysteine (NAC). We 
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Figure 4 O3 reduces the membrane potential. (A) BEL7402 cells were treated with O2, 5 μg/mL O3, or 20 μg/mL O3 for 15 min, cultured 
for 24 h, and the ΔΨm was measured by JC-1 probe labeling and fluorescence microscopy (×100 magnification); (B,C) the labeled cells were 
also analyzed by flow cytometry, and the flow cytometry data are presented graphically. Data are shown as the mean ± SD of independent 
experiments, The relationship between groups were assessed by one-way ANOVA with the Dunnett’s test (**, P<0.01; ****, P<0.0001). O3, 
ozone; ΔΨm, mitochondrial membrane potential; SD, standard deviation; ANOVA, analysis of variance.
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Figure 5 O3 induces expression of proteins involved in apoptosis in BEL7402 cells. (A,B) BEL7402 cells were treated with O2, 5 μg/mL O3, 
or 20 μg/mL O3 for 15 min, cultured for 24 h, and Cyt-C, C-caspase-9, C-caspase-3, PARP, BAX, BCL-2, and (C) p-JNK protein levels 
were measured by western blot. GAPDH was used as the internal control. O3, ozone; Cyt-C, cytochrome C; BAX, BCL-2-associated X 
protein; BCL-2, B-cell lymphoma 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

speculate that ROS is necessary for O3-induced apoptosis.

Evaluation of O3 antitumor activity in a mouse model

To investigate antitumor activity of O3 in vivo, tumor 
volumes were measured for 21 days after intratumor 
injection. There were five mice left in the control group, 
as one mouse died during the experiment. A total of 
four mice remained in the IT group, as two mice died of 
pneumothorax after intratumor injection. Tumor volume 
increased significantly over time in the control group, but 
growth was delayed by intratumor injection O3 (20 μg/mL). 
there was no statistically significant difference between the 
two groups on days 0, 7, and 14 (P>0.05), but there was a 
statistically significant difference between the two groups 
on days 17 and 21 (P<0.05) (Figure 7). The TUNEL assay 
showed that cell apoptosis significantly increased in the 
IT group compared with the control group (Figure 7). 
The expression of ki67 in the IT group was significantly 
decreased compared with the control group, and the degree 
of tumor necrosis increased in IT group compared with 
the control group (Figure 8). The expression of JNK in the 
IT group was significantly increased compared with the 

control group (Figure 9). Pneumothorax may be induced by 
intratumor injection, it is therefore recommended that the 
injection is guided by B ultrasound.

Discussion

O3 is an allotrope of oxygen with a half-life of 40 min at 
20 °C that decomposes spontaneously (15). It causes lipid 
peroxidation of the cell membrane, oxidation of proteins, 
inactivation of enzymes, and destruction of DNA by 
producing free radicals and inducing oxidative stress. It 
immediately reacts with antioxidants, polyunsaturated 
fatty acids (PUFAs), proteins, and carbohydrates in a 
physiological environment causing the formation of ROS, 
lipid ozonation products (LOPs), and a variety of oxidized 
antioxidants (16).

Apoptosis is a type of programmed cell death that 
includes the intrinsic pathway (also called the mitochondrial 
pathway) and the extrinsic pathway (also called the death 
receptor pathway) (17). The intrinsic pathway is activated 
by release of Cyt-C from mitochondria, whereas the 
extrinsic pathway is mediated by TRAILR and FAS death 
receptors. Both pathways activate a series of proteases, 
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Figure 6 O3 induces intracellular ROS production in BEL7402 cells. (A,B) BEL7402 cells were treated with O2, 5 μg/mL O3, or 20 μg/mL 
O3 for 15 min, cultured for 24 h, and intracellular ROS levels were evaluated by flow cytometry. Flow cytometry data are shown graphically; 
(C) cells were pre-treated with NAC and the inhibition of cell proliferation was analyzed using the CCK-8 assay. Data are shown as the 
mean ± SD of 3 independent experiments, The relationship between groups were assessed by one-way ANOVA with the Dunnett’s test (***, 
P<0.001; ****, P<0.0001). O3, ozone; ROS, reactive oxygen species; NAC, N acetylcysteine; CCK-8, Cell Counting Kit-8; SD, standard 
deviation; ANOVA, analysis of variance

including caspase-3, -6, -7, -8, -9, and-10, resulting in cell 
death (18). The extrinsic apoptosis pathway is initiated 
by caspase-8, which activates a downstream cascade of 
reactions (19), whereas the intrinsic pathway is triggered 
by intracellular stimuli via the BCL-2 protein family 
(20,21). The BCL-2 family is composed of pro-apoptotic 
proteins and antiapoptotic proteins that regulate apoptosis 
and the survival and proliferation of cancer cells (22). In 
this study, we found that Cyt-C, PARP, caspase-9, and 
caspase-3 expression was higher in the 5 μg/mL O3 group 
than in the control group. We also found that BCL-2 and 
cleaved caspase-8 expression were significantly lower in the  
20 μg/mL O3 group than in the control group. Thus, O3 
may promote the death of liver cancer cells through both 
the intrinsic and extrinsic pathways of apoptosis.

It has been shown that the MAPK/JNK pathway 
associates closely with apoptosis (23). The MAPK 
signaling pathways, which include ERK, JNK, and p38 
proteins, play important roles in chemically induced cell 
cycle arrest and apoptosis. The JNK and p38 MAPKs are 
activated by stress (24). To determine whether O3-induced 

apoptosis is associated with the MAPK/JNK pathway, the 
expression level of p-JNK was evaluated by western blot. 
We found that p-JNK expression increased significantly 
upon treatment with O3, thus O3 may induce apoptosis by 
activating JNK.

The ROS plays a crucial role in tumorigenesis, and 
accumulating evidence suggests that excessive ROS 
production directly damages DNA leading to apoptosis (25).  
It has been demonstrated that p38 MAPK and JNK 
activation mediates ROS-induced apoptosis (26,27). 
The cytotoxicity of copper complexes derives from the 
generation of ROS driven by the metal. It has been 
shown that ROS also plays a significant role in activation 
of apoptosis by radiotherapy and chemotherapy (28,29). 
Resveratrol induces cell cycle arrest and caspase-3, 
caspase-9, and PARP activation by inducing ROS 
production in BC cells, thereby enhancing sorafenib-
mediated apoptosis (30). Thus, ROS plays a complex role 
in tumor development and death. At low and medium 
concentrations, ROS can function as a signaling molecule 
that promotes the occurrence and development of cancer 
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Figure 7 Antitumor effects in HCC model. (A) HCC model; (B) changes of tumor volume (*, P<0.05; **, P<0.01); (C) TUNEL assay to 
determine apoptosis cell in tumor tissues. HCC, hepatocellular carcinoma; TUNEL, terminal deoxynucleotidyl transferase dUTP nick and 
labeling; IT, intratumor injection.

cells by inducing DNA mutations and genomic instability. 
On the other hand, at high concentrations, ROS increases 
oxidative stress leading to the damage of DNA, proteins, 
and lipids and resulting in cell apoptosis or death (31). It 
has been shown that isoleucine and roe protein hydrolysates 
from giant grouper fish induce ROS generation, leading to 
apoptosis (32). Resveratrol enhances the anticancer activity 
of etoposide through ROS-induced MAPK activation (33). 
Resveratrol also enhances erlotinib-induced apoptosis 
by increasing oxidative stress, ROS-dependent DNA 
damage, p53, PUMA, and cleaved caspase-3 protein levels 
and by inhibiting expression of antiapoptotic proteins, 
thereby sensitizing lung cancer cells to chemotherapy (34). 

Curcumin enhances the anticancer activity of irinotecan by 
inducing ROS production and activation of endoplasmic 
reticulum stress pathways in colon cancer cells (35). In this 
study, we found that ROS production was significantly 
higher in the 5 μg/mL O3 group than in the control group. 
Furthermore, we showed that NAC, an ROS scavenger, 
reduced ROS production and reversed the inhibition of 
cell proliferation. Our data suggests that O3 induces ROS 
accumulation leading to BEL7402 cell death. Some Studies 
have showed that Fluoride promotes the accumulation of 
ROS by inhibiting the activity of antioxidant enzymes, 
resulting in the excessive production of ROS at the cellular 
level which further leads to activation of cell death processes 
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Figure 8 Antitumor effects in HCC model. (A) The HCC histological change was examined with light microscope after H&E staining; 
(B) immunofluorescence staining analysis of Ki67 in tumor tissues. HCC, hepatocellular carcinoma; H&E, hematoxylin and eosin; IT, 
intratumor injection.
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Figure 9 Antitumor effects in HCC model. Immunofluorescence staining analysis of JNK in tumor tissues. HCC, hepatocellular carcinoma.

such as apoptosis (36). In this article, we proved that the 
excessive production of ROS induced apoptosis. We pretreat 
cells with antioxidants, apoptosis decreased (Figure 6),  
so we think that Apoptosis is related to oxidative stress. This 
result in accordance with most research results.

Due to the decomposition product of O3 being oxygen, 
O3 is safe for cancer therapy. In addition, O3 gas is a novel, 
effective, and inexpensive cancer therapeutic. However, 
O3 is an extremely unstable gas, thus timely preparation 
and use of O3 gas in experiments is difficult, but critical for 
accurate experimental results; to ensure accurate results, 
repeated experiments are required. In clinical practice, 
because tumor cells are located in the body, it is difficult 
to administer O3 to directly target tumor cells. The O3 

delivery method for direct cytotoxic action needs to be 
studied further. Interventional therapy may be a good way.

In this study, we explored the molecular mechanism of 
the antitumor effect of O3 on HCC. In vitro, O3 inhibited 
proliferation of BEL7402 cells. In addition, O3-induced 
cell cycle arrest and apoptosis were found to be mediated 
by ROS production. O3 treatment induced mitochondrial 
apoptosis and S phase cell cycle arrest through JNK 
signaling. Thus, the antitumor effect of O3 may be mediated 
by the ROS-modulated JNK pathway. In vivo, treatment 
with intratumor injection O3 (20 μg/mL) inhibited HCC 
growth. In all, O3 inhibited HCC growth by increasing ROS 
production and activating the intrinsic apoptosis pathway 
(Figure 10). Thus, O3 has potential as an anticancer agent 
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and may be used as a new and effective treatment for HCC.
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