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Background: Hepatocellular carcinoma (HCC) is one of the deadliest cancers worldwide. High-mobility group box 1 (HMGBI1), a highly
conserved chromosome protein, is considered as a potential therapeutic target and novel biomarker because of its regulation in the
proliferation and metastasis of HCC. Ozone has been shown to be beneficial in the treatment of cancer. The objective of this study was
to explore the effects and molecular mechanism of ozonated water on the proliferation, migration, and invasion of BEL7402 HCC cells.
Materials and Methods: We assessed cell proliferation using a CCK-8 assay kit and flow cytometry; we performed wound healing
and transwell assays to evaluate the effects of ozonated water treatment on cell invasion and migration. We determined reactive oxygen
species (ROS) values by flow cytometry and used ELISAs to detect cytokines HMGBI1, IL-6, and TNF-o. In addition, we assessed
mRNA and protein cytokine expressions using RT-qPCR and Western blot.

Results: Ozonated water decreased the viability of the HCC cells; the IC50 of ozonated water at 24 h was approximately 1.5 pg/mL.
Compared with control groups, ozone treated cells revealed reduced mobility on wound healing assays and decreased invasion in
transwell assays. HMGB1, IL-6, and TNF-a cytokines were found at lower levels in ozone treated cells than in control cells. Ozonated
water-induced ROS accumulation. Likewise, the expressions of phosphorylated nuclear factor Kappa B (NF-«kB), p65, NF-«B,
P-STAT3, IL-6, JAK2, Slug, Twist, vimentin, MMP-2, MMP-9, and HMGB1 were decreased in the treated cells.

Conclusion: Our findings suggest that ozonated water inhibits the proliferation, invasion, and metastasis of HCC cells via regulation
of the HMGB1/NF-kB/STAT3 signaling pathway.
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Introduction
Hepatocellular carcinoma (HCC) has become the most common primary hepatic malignancy; its average survival rates
range from 6 to 20 months.' The worldwide rising incidence of chronic hepatitis B and C infections has led to a proportional
increase in the incidence of HCC.> HCC is the second leading cause of cancer-associated deaths worldwide.® The life
expectancy of patients with HCC depends mainly on the tumor stage at diagnosis. Patients with HCCs diagnosed early have
a high 5-year survival rate, provided they undergo effective treatment, but the traditional chemotherapy is ineffective for
patients with advanced stage HCC. Effective treatments during the early stages include surgical resection, local ablation,
and liver transplantation.** Effective treatments to improve the life expectancy and quality of HCC patients are needed.
Ozone is a strong oxidizer that reacts immediately with antioxidants, polyunsaturated fatty acids (PUFA), proteins, and
carbohydrates in physiological environments. Ozone would cause the formation of ROS, lipid hydroperoxide (LOP), and
a variable of oxidized antioxidants. Ozone therapy has been proposed as an efficacious adjuvant treatment against diseases
such as mucositis, psoriasis, neurovascular disease, and human cancer.® Scientific literature has published articles on the
ability of ozone to cause direct injury to tumor cells in vitro. In 1980, the journal Nature published an article in which ozone
exerted selective inhibition of different human tumor cells (lung, breast, and uterine cells) but had little effect on non-tumor

Journal of Hepatocellular Carcinoma 2023:10 203-215 203
Received: 20 October 2022 © 2023 Tang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
s 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 17 January 2023
Published: 10 February 2023

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-2555-2042
http://orcid.org/0000-0001-7367-5701
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Tang et al Dove

cell lines.” Schulz et al reported that the effective percutaneous intraperitoneal injection rate of ozone in the treatment of rabbit
VX2 tumors could reach 50%.% A non-myometrial invasive bladder rat model using N-methyl-N-nitrosourea (MNU) showed
significant tumor growth decreases and superoxide dismutase (SOD) increases in ozone-treated groups, suggesting that ozone
could inhibit cancer by increasing SOD and inhibiting the activity of nuclear factor NF-kB.? However, whether ozonated water
inhibits the invasion and metastasis of liver cancer cells remains unexplored.

In this study, we found that ozonated water can inhibit the proliferation, invasion, and metastasis of HCC cells by
targeting the HMGBI1/NF-kB/STAT3 signaling pathway. Our findings suggest that ozonated water may serve as
a potential HCC treatment.

Materials and Methods

Preparation and Concentration of Ozonated Water

Ozonated water is produced by an ozonated water machine (Debaishun, Guangzhou, China). Phosphate buffer solution
(PBS) (Gibco; Thermo Fisher Scientific, Waltham, MA, USA) was used in the preparation of ozonated water. We
determined the ozonated water concentration quantitatively with an ozonated water concentration meter (HKM,
Guangzhou, China).

Cell Culture and Treatment

We obtained HCC cell line (BEL7402) cells from the Clinical Research Laboratory of Nanfang Hospital (Guangzhou,
China). All the cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Thermo Fisher Scientific,
Virginia, USA) supplemented with 10% fetal bovine serum (Tianjin Kangyuan Biotechnology, China) and 1% penicillin—
streptomycin double antibiotics (Hyclone, USA) in a humidified incubator at 37°C with 5% CO2. We subcultured cells at
a confluence of 80-90% and treated them with ozonated water for 10 min in the dark.

Inverted Microscope Analysis
We used a Leica XSP-8CA microscope (Leica, Wetzlar, Germany) to observe the morphology of apoptotic cells. After
ozone treatment, cells were washed with PBS and placed under a microscope for static observation.

Cell Viability Assay

To validate the cytotoxicity of ozonated water on human HCC cells, we used a Cell Counting Kit-8 (CCK-8, Dojindo,
Japan) assay to assess cell viability. The cells treated with ozonated water at different concentrations (2.07, 1.77, 1.27, or
1.13 pg/mL) for 10 min were seeded into 96-well plates. We added 10 pL of the CCK-8 solution and 90 puL of basic
DMEM to each well, after culturing 24h. After addition of the solution at each timepoint, we incubated the plate at 37°C
for 2 h. We determined the optical density (OD) at 450 nm on a plate reader (Thermo Fisher Scientific), and we
calculated the IC50 for the ozone treatment. The cells were then treated with ozonated water at 1.5pug/mL for 10 min
were seeded into 96-well plates. We added 10 pL of the CCK-8 solution and 90 puL of basic DMEM to each well, after
culturing 24h, 36h, and 48h, After addition of the solution at each timepoint, we incubated the plate at 37°C for 2 h. We
determined the optical density (OD) at 450 nm on a plate reader (Thermo Fisher Scientific), and we calculated the
viability for the ozone treatment.

Cell Cycle Detection

After treatment with various concentrations of ozone water, cells were harvested, washed twice with PBS, add 500u170%
alcohol, placed in refrigerator at 4°C overnight, and the cells were washed twice with PBS and stained with 400ulPI for
30 min. Then, a flow cytometer (BD Biosciences, San Jose, CA, USA) was used to measure cell cycle.

Wound Healing Assay
We treated BEL7402 cells with different concentrations of ozonated water and inoculated them into a 6-well plate. After
24h, the cells reached 90% confluence. We used the suction head of a 20-uL pipette to draw three vertical marks on the
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cell monolayer from the center to side of the well and then washed them with PBS three times, added 2 mL of serum-free
medium, and cultured them at 37°C. The wound area was measured after Oh, 12h, 24h, and 48h. The experiments were
replicated three times.

Transwell Invasion Assays

For these experiments, we selected a plastic insert for a 24-well plate. The insert has a cell-permeable membrane to create
a two-chamber system (upper and lower chambers). The pores in the membrane are blocked with a 50-pL gel composed of
extracellular matrix (ECM). We placed the BEL7402 cells in the upper chamber on the side of the gel and treated them with
ozonated water. We added chemoattractant (serum medium without cells) to the lower chamber on the other side of the gel.
Groups of cells in Transwell chambers were cultured in a cell incubator for 24 or 48 h, separately. After the incubation time,
we clipped the inserts using tweezers and washed cells twice with PBS. Next, we fixed the cells by volatilization, adding
600 pL of methanol to the lower chamber and leaving it there for 30 min. The inserts were stained in crystal violet solution
for 30 min and washed with PBS three times. The remaining cells on the upper chamber were wiped with a cotton bud. We
used the inserts directly to observe the cells under the microscope. We calculated the number of invading cells by counting
five random fields per chamber at 200X magnification. The experiments were replicated three times.

Measurement of Reactive Oxygen Species

We used a DCFH-DA assay to detect changes in ROS production after ozone treatment. Briefly, cells treated with ozonated
water were cultured evenly (106 cells/well) in 60-mm Petri dishes for 24 h. We collected the cells attached to the plate
surface and added DCFH-DA in DMEM to them incubating them for 15 min at 37°C. After the incubation period, we triple
washed the cells with DMEM to terminate the reactions and assess their magnitude using a flow cytometer.

Enzyme-Linked Immunosorbent Assay

We collected the supernatants of HCC cells and centrifuged them to remove particles before using the samples in assays
to determine the levels of HMGBI, interleukin-6 (IL-6), and TNF-a; we used an ELISA kit (Mlbio, China) for these
experiments. A blank well was used for the zero setting. We used a plate reader to measure the OD value of each well at
a wavelength of 450 nm. We conducted these experiments in triplicate and then calculated mean values.

Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)

We extracted total RNA from ozone treated cells and used a reverse transcription kit (Promega Corporation, Madison, WI,
USA) to synthesize cDNA following the manufacturer’s instructions. Table 1 lists sequences of primers used for our target
genes. The cDNA obtained was used as a template for PCR amplification with a SYBR Premix Ex Taq (TaKara Bio, Otsu,
Japan; catalog number, DRR420A), in a thermal cycler (GeneAmp 2400; PE Applied Biosystems, Foster City, CA, USA).

Table | Primers Used for Real-Time PCR

Gene Name Primer Sequence
HMGBI F: 5’-ATGCTTCAGTCAACTTCTCAGA-3’;
R: 5’-CATTTCTCTTTCATAACGGGCC-3’
TNF-a F: 5’-GAGGCCAAGCCCTGGTATG-3’;
R: 5’-CGGGCCGATTGATCTCAGC-3
IL-6 F: 5’-ACTCACCTCTTCAGAACGAATTG-3’;
R: 5’-CCATCTTTGGAAGGTTCAGGTTG-3’
Twist F: 5’-GTCCGCAGTCTTACGAGGAG-3;
R: 5’-GCTTGAGGGTCTGAATCTTGCT-3
Slug F: 5-TGTGACAAGGAATATGTGAGCC-3;
R: 5’-TGAGCCCTCAGATTTGACCTG-3’
GAPDH F: 5’-ACAACTTTGGTATCGTGGAAGG-3;
R: 5’-GCCATCACGCCACAGTTTC-3’
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All samples were run in triplicate, and we used 2-AACq method provided by the System software (Applied Biosystems) to
quantify the relative mRNA levels. Data were normalized with reference to those of the GAPDH levels in the samples.

Western Blot Analysis

Protein extraction and Western blot analyses were carried out as described.®’ Briefly, we used RIPA lysis buffer (KeyGEN
BioTECH, Jiangsu, China) to isolate proteins and quantified total protein concentrations on a NanoDrop 2000. Next, 100-
pg total-protein samples were loaded onto gels and separated by 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). After transfer onto PVDF membranes and fixation, we incubated the blots with primary
antibodies overnight at 4°C: HMGBI (dilution, 1:1000; Mouse; Abcam, England), Anti-MMP9 (dilution, 1:1000; Rabbit;
Cell Signaling Technology, USA), Anti-MMP2 (dilution, 1:1000; Rabbit; Cell Signaling Technology, USA), Phospho-Stat3
(Tyr705) (dilution, 1:1000; Rabbit; Cell Signaling Technology, USA), Phospho-NF-kB (dilution, 1:1000; Rabbit; Cell
Signaling Technology, USA), NF-kB (dilution, 1:1000; Rabbit; Cell Signaling Technology, USA), vimentin (dilution,
1:1000; Rabbit; Cell Signaling Technology, USA), and anti-GAPDH (dilution, 1:25,000; Rabbit; Cell Signaling
Technology, USA). The next day, we used HRP-conjugated secondary antibodies (dilution, 1:1000; Rabbit; Cell
Signaling Technology, USA) to develop the immunoblots at room temperature for 2h. Signals were detected using the
ECL enhanced chemiluminescence substrate (Thermo Fisher Scientific, Shanghai, China). We used an Image Quant RT
ECLTM imager (GE Healthcare Life Sciences, Shanghai, China) to capture images. Band intensities were quantified using
ImageJ software (GE Healthcare Life Sciences, Shanghai, China).

Statistical Analysis

We performed a statistical analysis using SPSS software version 19.0 (China) and GraphPad Prism 8.0 (China). All the
data are expressed as means * standard errors. The differences between two groups were analyzed by two-tailed
Student’s ¢-test. We assessed associations between groups using one-way analysis of variance (ANOVA) with
Dunnett’s test. We considered P values <0.05 as statistically significant and P values <0.01 as highly statistically
significant (P < 0.05*P < 0.01**P < 0.001***).

Results
Ozonated Water Inhibits HCC Cell Proliferation

To investigate the proliferation/inhibition effects of ozonated water in HCC cells, we used different concentrations of
ozonated water to treat HCC cells. We found that upon treatment with ozonated water, BEL7402 cells became round and
small with nuclear shrinkage and their numbers decreased in the culture dish (Figure 1A). The viability assays using the
CCK-8 kit showed significant dose- and time-dependent inhibition of proliferation. Moreover, the IC50 value was 1.531
pug/mL (Figure 1B and C). We used ozonated water at concentrations of 1.0 or 1.5 pg/mL for the subsequent experiments.
Cell growth cycle is closely related to cell proliferation. We found that number of G1 phase cells in ozone-treated group
was higher than in control group (Figure 1D).

Ozonated Water Inhibits HCC Cell (BEL7402) Migration

The migration ability of HCC cells after ozonated water treatment was checked through the wound healing assay. We
divided the experiments into three groups: control, ozonated water at 1.0 pg/mL, and ozonated water at 1.5 pg/mL. The
HCC cells displayed lower wound healing ability in the ozonated water groups than in the control group after 24 and 48
h (P<0.05). Importantly, the 48-h ozonated water treatments produced a more significant effect (P<0.01) than the 24-h
treatments (p < 0.05; Figure 2). We found no effects after the 12-h treatments. These findings suggest that ozonated water
can inhibit the migration of BEL7402 cells in a time-dependent manner.

Ozonated Water Inhibits HCC Cell (BEL7402) Invasion

Based on our findings showing that ozonated water inhibits BEL7402 cell migration, we performed transwell assays to
assess BEL7402 cell invasion after ozonated water treatments at different concentrations (1.0 pg/mL or 1.5 pg/mL). Our
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Figure | Ozonated water suppresses BELL7402 cell proliferation. (A) Liver cancer cell lines were treated with various concentrations of ozone (2.0,1.5,1.0 pg/mL) for 10
min, observe the morphology of cells. (B) Liver cancer cell lines were treated with various concentrations of ozone (2.2, 1.69, 1.51, or 1.09 ug/mL) for 10 min, 24h
incubation Cell proliferation was assessed using a CCK-8 kit. *(C) Liver cancer cell lines were treated with |.5ug/mL concentrations of ozone for 10 min, 24h, 36h, 48h
incubation Cell proliferation was assessed using a CCK-8 kit. (D) Cell cycle detection by flow cytometry **¥P<0.0001, n=3.
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Figure 2 Ozonated water suppresses BELL7402 cell migration. Representative images and quantification of BELL7402 cells in wound healing assays, X |00 *P<0.05, **P<0.01,
*¥P<0.001, n=3.

results (Figure 1D) show that the invading cells were significantly fewer in ozonated water groups (P<0.05) than in the
control group. The treatment with ozonated water at 1.5 pg/mL showed a more significant effect (P<0.01) than the
treatment at 1.0 pg/mL (P<0.05; Figure 3). We found that ozonated water inhibits the invasion of HCC cells in a dose-
dependent manner, with higher ozone concentrations causing more cancer invasion inhibition.

O; (pg/ml)
Control - 1.0 4 1.5

A L

5007
150
400
300 3

100

200
100

50 ==

Invaded cells
Invaded cells

0

T 0 =
Control 1.0 1.5

Control 1.0 1.5
Ozone concentration(png/ml)

Ozone concentration(png/ml)
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Epithelial-Mesenchymal Transformation (EMT) and ECM Degradation Decreases After

Ozonated Water Treatment

After ozonated water treatment, the cancer cells exhibited a significant reduction in the expression of vimentin and
matrix metalloprotein-2 (MMP-2). Moreover, the mRNA levels of Slug and Twist were significantly decreased
(Figure 4). These findings confirm that ozonated water inhibits migration and invasion by regulating EMT and
ECM degradation.

Ozonated Water Reduces Cytokine Concentrations

To investigate the association between the ozonated water effects and inflammation, we measured the HMGBI,
interleukin-6 (IL-6), and TNF-a levels of cells in the supernatant using an ELISA kit. We found that the levels of
HMGBI, interleukin-6 (IL-6), and TNF-a were significantly decreased in cells treated with ozonated water 1.5 pg/mL
(Figure 6A).

Ozonated Water Inhibits HCC Cell Features by Promoting ROS Accumulation and

HMGBI/NF-kB P65/STAT3 Signaling Pathway Inactivation

Various signals including those in the HMGB1/NF-kB/STAT3 pathway play roles in tumor metastasis. Therefore, we
assessed the expression of some of these proteins by Western blot and RT-qPCR. Our results show that different
concentrations of ozonated water inhibited HMGB1, NF-kB, p-NF-kB, and p-STAT3 production and that the mRNA levels
of, HMGBI, and IL-6 were low in ozonated water-treated cells (Figures 5 and 6B). ROS is known to reduce the expression
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of HMGBI cells through a REDOX reaction,'® and our flow cytometry results show that ozonated water significantly
increased ROS levels in treated cells (Figure 7). These findings suggest that ozonated water inhibits the HMGB1/NF-kB/
STATS3 signaling pathway by accumulating ROS in cancer cells (Figure 8).
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Discussion

In this study, we used different medical concentrations of ozonated water to treat liver cancer cells, and we explored their
proliferation, invasion, and metastasis abilities using CCK-8, flow cytometry, wound healing, and Transwell experiments.
Our results show that ozonated water inhibited the proliferation, invasion, and migration of liver cancer cells and that
these inhibitory effects were proportional to the ozonated water concentrations used.

We explored potential molecular mechanisms by which ozone inhibited the progress of liver cancer cells in this study.
HMGBI is a nuclear damage-related molecule induced by hypoxia, and it is associated with HCC invasion and
metastasis. HMGBI is crucial for HCC pathogenesis. Hypoxia induces HMGBI1 expression in human and mouse
hepatoma cells, and it induces macrophage infiltration and reprogramming to augment the expression of IL-6.
Macrophage-derived IL-6 has been shown to enhance the invasiveness and metastasis of murine HCC cells."
Extracellular HMGBI can act as both a chemical attractant of white blood cells and a pro-inflammatory mediator to
induce the release of TNF, IL-1, IL-6, and other cytokines from recruited white blood and resident immune cells. Studies
have shown that the pro-inflammatory cytokine stimulation activity of HMGB1 depends on the REDOX state of its three
cysteines: C23 and C45 must form disulphide bonds within BoxA, the first HMG box domain of HMGBI; and, the
unmated C106 in BoxB must be in a mercaptan state. Both the terminal oxidation of these cysteines to sulfonates
(CyS0O3-) with ROS and their complete reduction to thiols (CySH) abrogate the cytokine-stimulating activity of the
molecule.'> Thus, ROS abrogates the proinflammatory activity of HMGBI1 by terminally oxidizing its cysteines to
sulfonates. In this study, we found that ozonated water treatment reduced the concentration of inflammatory cytokines
TNF-a, IL-6, and HMGBI and induced ROS accumulation. This finding is consistent with previous studies’ results.

The NF-kB signaling pathway is a significant regulator of tumor EMT and metastasis. In our study, ozonated water
treatment decreased the expression of the NF-kB and p-NF-kB in cells. NF-kB is a nuclear transcription factor, and its pathway
includes five components: c-Rel, Rel-B, pS0 (NF-kB1), p52 (NF-kB2), and p65 (RelA), which are involved in the survival,
growth, and differentiation of cells during cancer and inflammation in the body. NF-xB can regulate the expression of a large
number of genes that play a vital regulatory role in tumorigenesis.'*> When the NF-kB pathway is activated, dimers p65-p50
and p50-Rel-B are formed in the cytoplasm, which then enter the nucleus to bind to the kB enhancer of target genes, thereby
promoting their transcription.'* Many studies have shown that the NF-kB signaling pathway plays an important role in the
progression of a variety of tumors such as cervical, liver, gastric, and pancreatic cancers.'>'® NF-kB can activate the
expression of Snail and VEGF through ATPIF1 up-regulation and thereby promote the metastasis and angiogenesis of liver
cancer cells.'” Song et al reported that HCC metastasis is inhibited by repressing p65/NF-kB activation both in vitro and
in vivo.'” PHD finger domain protein 5a (PHF5A) is a highly conserved protein from yeast to humans. PHF5A promotes the
invasion and metastasis of liver cancer cells through NF-kB activation. Blocking the NF-«B signaling pathway can weaken the
stimulating effect of PHF5A on the invasion and migration of liver cancer cells.'® Approved tyrosine kinase inhibitors (TKIs)
for the treatment of liver cancer include sorafenib and regorafenib; their molecular mechanism of action in patients with
advanced HCC depends partly on the action of NF-kB. Antibodies inhibit the expression of matrix metalloproteinase-9
(MMP9) and vascular endothelial growth factor (VEGF) by weakening the ERK/NF-kB pathway in HCC cells."” ' Our
research shows that different concentrations of ozonated water in the growth media of liver cancer cells reduce the
phosphorylation of NF-kB signal transduction factors in the cells, which indicates that ozonated water may inhibit the
invasion and metastasis of liver cancer cells through its effects on the NF-«kB signaling pathway.

During liver cancer, NF-kB and STAT3 can regulate each other. NF-«B directly activates IL-6 transcription to produce
high levels of the cytokine, and high levels of IL-6 activate NF-kB forming a positive feedback circuit that promotes tumor
progression. An epidemiological study determined that elevated serum IL-6 is a reliable predictor of progression from HBV
hepatitis to HCC development.*? IL-6 is a major STAT3 activator in HCC. When IL-6 binds to its specific receptor subunit,
it can induce the dimerization of the gp130 receptor and the activation of the gp130-related Janus kinase (JAK). After this
step, STAT3 is phosphorylated and undergoes homodimerization, leading to nuclear translocation, DNA binding, and gene
transcription.”® The overexpression and structural activation of STAT3 are closely associated with the pathogenesis and
survival of HCC cells. He et al reported that approximately 60% of HCC patients present STAT3 pY 705 in tumor tissues,
but not in surrounding healthy tissues.”* In addition, the overexpression of STAT3 pY705 and pS727 in tumor tissues is
associated with a poor prognosis and clinicopathological characteristics in patients with HCC including larger tumor sizes,
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vascular invasion, advanced disease, and liver cirrhosis.*>*° Non-SMC lectin II complex subunit G2 (NCAPG2) is often
up-regulated in HCC tumor tissues and indicates a poor prognosis. Overexpression of NCAPG2 can drive HCC prolifera-
tion and metastasis by activating STAT3 and NF-kB/miR-188-3p pathways.*® A large amount of evidence indicates that
STAT3 may be a promising molecular target for cancer treatment. Studies have shown that STAT3 can regulate the
expression of EMT-related transcription factors (Twist, Snail, ZEBI, etc.), thereby affecting the EMT phenotype. In HCC
cells, STAT3 binds to the promoter of Twist to mediate its transcriptional activity; the activated Twist then promotes the
EMT process and increases the invasion and migration capabilities of cells.>' STAT3 antisense therapy has been proven to
reduce the invasiveness of HCC cells by down-regulating the matrix metalloproteinases (MMP)-2 and MMP-9 involved in
the digestion of ECM.?’ After treating liver cancer cells with different concentrations of ozonated water in this study, we
found the level of factor IL-6 to be decreased, and the phosphorylation of STAT3 signal transduction factor and the
expression of Twist to be reduced. Thus, ozonated water inhibited the invasion and metastasis of HCC cells by targeting the
NF-kB/IL-6/STAT3 signaling pathway.

Many studies have confirmed that the invasion and metastasis of a variety of solid tumors are often accompanied by tumor
EMT cells.*>** EMT refers to the process by which cells lose epithelial cell characteristics and acquire those of mesenchymal
cells. This process is accompanied by the loss of cell adhesion, the reorganization of the basic cytoskeleton, and the loss of
epithelial cell polarity, resulting in enhanced invasion and migration capabilities. Moreover, tumor recurrence and metastasis
are accompanied by changes in the expression of certain molecular markers during the EMT process, such as the down-
regulation of E-cadherin and the up-regulation of vimentin.>> Our research showed that vimentin was down-regulated after the
treatment of liver cancer cells with ozonated water. Cells undergoing EMT can secrete a large number of cytokines and
enzymes to change the composition of the ECM, facilitating its infiltration and distant metastases. The degradation of the ECM
plays a key role in the process of metastasis. MMP-2 is a type IV collagenase that can promote ECM degradation and promotes
cancer metastasis. Studies have found that HCC cells undergoing EMT can up-regulate the expression of MMP family proteins
MMP2, 7, 9; and that they degrade ECM proteins, thereby increasing the infiltration capacity of tumor cells.** Studies have
shown that STAT3 can regulate cancer cell expression of MMP-2.%> STAT3 can be targeted to inhibit the expression of MMP-2
and block the EMT process in HCC cells.*® The results of our experiments suggest that ozonated water inhibits the EMT of
liver cancer cells by down-regulating the expression of vimentin, MMP-2, and MMP-9.

In recent years, it has been found that medical ozone plays a certain role in the treatment of COVID-19 pneumonia,
intervertebral disc herniation, viral hepatitis, joint pain, wound healing, peripheral artery disease, diabetic foot, oral
diseases, and tumors. Most of the biological mechanisms of ozone action have been clarified, which refers to anti-
microbial effects, immunoregulation, antioxidant defenses, and epigenetic modification. According to our findings,
ozonated water can significantly inhibit the invasion and metastasis of liver cancer cells by inhibiting the HMGB1/
NF-KB/STATS3 cell pathway and affecting the EMT of liver cancer cells. HMGBI1 has been shown to play a role in many
cancers, including colorectal, breast, lung, prostate, liver, cervical, and pancreatic, osteosarcoma and leukemia. In HBV-
related liver cancer, HMGB1 promotes epithelial-mesenchymal transition and angiogenesis in liver cancer by inducing
IL-6/STAT3/miRNA-34a axis, and promotes the progression of liver cancer.’’” Therefore, we expect ozone to become
a new and effective treatment for liver cancer.
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