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ARTICLE INFO ABSTRACT

Keywords: Myocardial ischemia—reperfusion injury (MIRI) is defined as the additional damage that occurs during the
Ozone ) process of restoring blood flow to the heart tissue after ischemia-induced damage. Ozone is a powerful oxidizer,
Ferroptosis but low concentrations of ozone can protect various organs from oxidative stress. Some studies have demon-
g)c(llii:li‘:rzt;:::usion injury strated a link between ozone and myocardioprotection, but the mechanism remains unclear. To establish an in
Myocardial protection vivo animal model of ischemia—reperfusion injury (I/R), this study utilized C57 mice, while an in vitro model of
Mechanisms hypoxia-reoxygenation (H/R) injury was developed using H9c2 cardiomyocytes to simulate ische-
mia—reperfusion injury. Ozone pretreatment was used in in vitro and in vivo experiments. Through this
research, we found that ozone therapy can reduce myocardial injury, and further studies found that ozone
regulates the expression levels of these ferroptosis-related proteins and transcription factors in the H/R model,
which were screened by bioinformatics. In particular, nuclear translocation of Nrf2 was enhanced by pretreat-
ment with ozone, inhibited ferroptosis and ameliorated oxidative stress by initiating the expression of Slc7all
and Gpx4. Significantly, Nrf2 gene silencing reverses the protective effects of ozone in the H/R model. In
summary, our results suggest that ozone protects the myocardium from I/R damage through the Nrf2/Slc7all/

Gpx4 signaling pathway, highlighting the potential of ozone as a new coronary artery disease therapy.

1. Introduction

Frequently occurring during cardiopulmonary bypass surgery, a
pathophysiological process named myocardial ischemia reperfusion
injury (MIRI) can cause cardiac insufficiency, including myocardial
systolic function weakening, decreased coronary flow and changes in
vascular reactivity. Abundant intricate factors could be the trigger of
MIRI, encompassing increased reactive oxygen species (ROS), oxidative
stress damage [1], inflammation [2], intracellular calcium overload [3],
and impaired mitochondrial dysfunction [4]. Li et al. showed that fer-
roptosis is the most notable driving factor for the final infarct size [5]. In
addition, ferroptosis may induce myocardial ischemia reperfusion injury
through oxidative stress [6]. Therefore, to improve the prognosis after
cardiopulmonary bypass surgery, it is necessary to elucidate the mech-
anism of MRI for developing novel therapeutic strategies.

Consisting of three oxygen atoms, ozone is a colorless and unpleasant
gas. Scientific evidence has shown that the influences on ozone are dose
dependent: a high concentration of ozone induces severe oxidative

stress, leading to inflammatory responses and tissue damage, while a
low concentration of ozone induces moderate oxidation and activates
antioxidant pathways [7]. Ozone pretreatment is performed by giving a
certain amount of a mixture of ozone and oxygen to the body cavity or
circulatory system before insults [8]. Many similar experimental studies
have also shown that ozone preconditioning can enhance the capacity of
the antioxidant system and reduce the level of oxidative stress in the
body by promoting the expression of downstream antioxidant proteins
of Nrf2, thus protecting myocardial tissue from damage caused by
ischemia—reperfusion [9-11]. However, the effect of ozone on
myocardial ferroptosis is unclear to date.

As a recently discovered cell death mode that differs from apoptosis,
necrosis and autophagy, ferroptosis relies on iron and causes the buildup
of intracellular lipid peroxides [12,13]. Generally, the induction of fer-
roptosis during the phases of ischemia and reperfusion may exacerbate
myocardial ischemia—reperfusion injury [6]. At present, the protection
provided by multiple biological and pharmacological inhibitions of
ferroptosis protects the myocardium from IRI [14]. In addition, Slc7all
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and Gpx4, two of the most crucial targets whose inhibition elicits fer-
roptosis, are well regulated by Nrf2. The intention of the study is to
determine the protective effect of ozone pretreatment on the myocar-
dium during ischemia—reperfusion and the molecular mechanisms un-
derlying its action.

2. Materials and methods
2.1. Reagents

Antibodies for Western blotting and immunostaining were obtained
from the following sources: Anti-Nrf2 (WL02135) were purchased from
Wanleibio (Shenyang, Liaoning, China); Anti-HO-1 (10701-1-AP), anti-
GPX4 (67763-1-Ig) Proteintech Group (Wuhan, Hubei, China); Anti-
GPX4 (CY6959), anti-Ferritin (CY5648), anti-xCT (CY7046) and
DyLight 594-labeled goat anti-rabbit IgG (AB0151) were purchased
from Abways (Shanghai, China); Horseradish peroxidase (HRP) Goat
Anti-Rabbit IgG (AS014) and HRP Goat Anti-Mouse IgG (AS003) were
purchased from Abclonal (Shanghai, China); DyLight 488-labeled goat
anti-mouse IgG (AB0142) was purchased from ShareBio (Shanghai,
China);.

RNA used for transfection was obtained from the following re-
sources: small interfering RNA for Nrf2 (siNrf2) and scrambled siRNA
(siNC) were purchased from GenePharma (Shanghai, China); Lipofect-
amine RNAiMAX was purchased from Invitrogen (Shanghai, China).

Dyes: 2,3,5-triphenyltetrazolium chloride (TTC) and Evans blue dye
were purchased from Sigma-Aldrich (America); 2/, 7"-dichlorodihydro-
fluorescein diacetate (E004-1-1) (DCFH-DA) was purchased from
Njjcbio (Nanjing, China); Mito-FerroGreen was purchased from Dojindo
(Kumamoto, Japan).

Chemicals: DMEM (no glucose, serum nor sodium pyruvate) was
purchased from Thermo Fisher Scientific (Shanghai, China); Erastin
(HY-15763) and Fer-1 (HY-100579) were purchased from MedChe-
mExpress (Beijing, China); Cell Counting Kit-8 (CCK-8) and BCA protein
assay kit were purchased from Share-Bio (ShangHai, China); cytotox-
icity detection kit, Total Superoxide Dismutase Assay Kit and lipid
peroxide MDA detection kit were purchased from Beyotime (Shanghai,
China).

2.2. Data acquisition and DEG screening

The GEO database was searched using (ischemia reperfusion) AND
(myocardial), and the dataset was selected for the present analysis. The
ferroptosis marker Ferrdb was searched. Dataset GSE153493 was based
on the GPL19057 platform (Illumina NextSeq 500), which includes three
normal samples and three ischemia reperfusion samples (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE153493). Subsequently,
differential gene expression (DEG) in normal samples and IR samples
was analyzed based on linear model analysis of the microarray data
package (LIMMA) in R software. At the same time, |logFC| > 2 and P
value < 0.05 were used as standard screening for the log2 of the fold
change (logFC). The heatmap, volcano plot and Venn diagram were
established with the application of the online tool Sangerbox (sanger-
box.com). The “pheatmap” R package was used to construct the
heatmap.

2.3. Function and transcription factor enrichment analysis of DEGs

Metascape is an online platform that not only provides various
analysis tools for functional enrichment analysis and transcription factor
prediction but also has the capability for annotating genes, searching for
members and analyzing interactions between genes. To obtain the re-
sults of functional enrichment analysis and transcription factor analysis
of differentially expressed genes (DEGs), we used Metascape in our
study. To filter genes, we set three criteria: first, the P value of the
screening results should be less than 0.01; second, the minimum count
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should be 3; and finally, the enrichment factor should be greater than
1.5. Thus, we can determine that the results are statistically significant.

2.4. Protein—proteinprotein interaction (PPI) network analysis of
mRNAs

To identify protein—protein interaction (PPI) networks of mRNA, an
online search tool called the Search Tool for the Retrieval of Interacting
Genes (STRING) database (https://string-db.org) was used for our
analysis, with a filtering criterion set as a confidence score greater than
0.40[15].

2.5. Animal model of ischemia/reperfusion (I/R) injury

Regarding the care and use of experimental animals, the National
Institutes of Health in the United States has established guidelines (No.
85-23, revised 1996) that we have followed in our research involving
experimental animals. Furthermore, the experimental protocol was
approved by the Animal Research Committee, specifically the Animal
Research Committee of Changzhou Second People’s Hospital affiliated
with Nanjing Medical University, which granted approval for the
experiment. Acquired from and housed in the Changzhou Cavens
Experimental Animals Co., Ltd., all of the adult male C57 mice aged 7
weeks (22 —24 g) (4 per cage) were kept in an environment with
controlled humidity and temperature and a 12-hour light and dark cycle.
In accordance with the standards of humane care, water and food will be
accessible to all mice, and a recovery period of 7 days prior to surgery
will be provided.

The subjects of 36 mice in total were separated into 3 different
groups by a random number table: (i) control (control, n = 12); (ii)
control with IR surgery (I/R, n = 12); and (iii) IR plus ozone (25 pg/ml)
pretreatment (I/R + O3, n = 12). Prior to the surgery, for the control
group, oxygen (2 ml on daily basis for 5 days) was intraperitoneally
administered (i.p.); for the test group, an oxygen/ozone mixture (2 ml
on a daily basis for 5 days) was administered (i.p.).

The method of ligating the left anterior descending coronary artery
(LAD) creates an animal model [16]. Briefly, pentobarbital (50 mg/kg)
was injected using a syringe and administered intraperitoneally to
anesthetize the mice, while LAD establishment was performed using a
6-0 silk suture (Ningbo Medical Needle Co., Ltd., China). To test ST-T
segment changes, electrocardiograms were subsequently monitored
(FyjifilmVisuaSonics, Toronto, ON, Canada). The ligature was released
after 30 min of occlusion, and then the heart was subjected to 2 h
reperfusion treatment. The same procedure should be implemented in
the sham control group without ligating the LAD. In the closing period of
reperfusion, we euthanized the mice by using sodium pentobarbital
(100 mg/kg, ip) to harvest their hearts. Among the hearts, an Evans
Blue-TTC assay was performed, 6 of which were utilized to measure the
infarct size.

2.6. Determination of infarct size

As previously described, to assess myocardial infarct size, TTC was
utilized [17]. Briefly, after reperfusion, the LAD was again occluded and
stained with 3 ml of 1.5% Evans blue dye intravenously. Additional
administration of sodium pentobarbital (100 mg/kg, i.p.) Following
euthanasia of those mice as needed, the organs of the hearts were
quickly harvested, the atria were abandoned, and the ventricles were cut
into five uniform transverse slices using mouse heart matrix. Sections
were fixed with 4% paraformaldehyde solution after incubation in 1%
TTC for 20 min at 37 °C. By staining, we can clearly understand the size
of myocardial infarction (IS) and the area at risk (AAR) of mouse hearts.
The infarction area is shown as colorless, while the at-risk area is shown
as red, and the nonischemic area is shown as blue. The collection and
analysis of staining results were performed using a digital imaging sys-
tem, which can assist us in better judging the heart condition of mice.
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2.7. Cell culture and treatment

HO9c2 cells were provided by the BeNa Culture Collection (Beijing
Beina Chunglian Institute of Biotechnology) and cultured according to a
previous description [16]. Meanwhile, cells at passages 3-9 were
utilized.

An ozone-generating device (HUMARES GmbH, Shenyang, China)
generates the ozone gas in need. The operating procedure was per-
formed as previously described [18]. The medium was used to cultivate
cells after being fully mixed with ozone, and these steps were performed
before HR processing.

The H/R model was created as previously described [19], and PBS
was used to rinse the cells twice. Then, the cells were cultured in DMEM
without glucose, serum, or sodium pyruvate for 3 h in a hypoxia
chamber containing 94% N3, 5% CO; and 1% O, followed by reox-
ygenation for 3 h using complete high-glucose DMEM and 74% N», 5%
CO, and 21% O,

The subsequent groups were tested: (1) Control group: the standard
incubator became the place where the cells were preserved; (2) Erastin
group: the cells were treated with 5 pM erastin at 37 °C for 3 h; (3) HR
group: the cells were exposed to hypoxia and reoxygenation, each for 3
h; (4) HR+0O3 group: with pretreatment, the cells were placed in an
ozone environment for 12 h before the HR treatment; (5) HR+O3 +Fer-1
group: the cells were treated with 10 pM Fer-1 at 37 °C for 2 h before the
establishment of the model; (6) HR+O3 +Erastin group: the cells were
treated with 5 pM erastin at 37 °C for 3 h prior to model establishment.

2.8. Cell viability and lactate dehydrogenase (LDH) release

With a CCK-8 assay, cell viability was measured in accordance with
the manufacturer’s directions. In short, 5 x 10° cells were inoculated
into growth medium (100 pL) in a 96-well plate. In the closing period of
treatment, CCK-8 solution (10 pL) was added to each well and incubated
at 37 °C for 2 h. With a microplate absorbance reader (BioTek, USA),
optical density (OD) values were determined at 450 nm. Meanwhile,
what is expressed as a percentage of the control value is the index of cell
viability.

Lactate dehydrogenase (LDH) was inspected with the application of a
cytotoxicity detection kit complying with the kit manufacturer’s in-
structions. Briefly, 5 x 10° cells were seeded in 96-well medium (100
pL), and LDH release solution (60 pL) was separately added to each well
after treatment and incubated at 37 °C for 1 h. The level of LDH is
demonstrated by measuring the optical density (OD) value at 490 nm
(BioTek, USA), which is done utilizing a microplate reader, and the LDH
level is expressed as a percentage of the control value.

2.9. Superoxide dismutase (SOD) and malondialdehyde (MDA) levels

Complying with the directions from the manufacturer, the intracel-
lular SOD activities were measured using a Total Superoxide Dismutase
assay kit. In brief, 1 x 10° cells were seeded in a 6 cm plate. In the
closing period of treatment, cells were harvested, SOD sample prepa-
ration solution and centrifuged at 12,000g for 5 min. The WST-8/
enzyme working solution was reacted with the supernatants, and the
reaction products were spectrophotometrically evaluated in a gauge at
450 nm and the products after the reaction were measured spectro-
photometrically at 532 nm (BioTek, USA). SOD activity is regarded as a
percent of the control value.

With the requirements of the instructions for use of the lipid peroxide
MDA detection kit, intracellular MDA levels were measured accordingly.
Briefly, after seeding in 6-cm plates, the 1 x 10° cells in use were grown
to the appropriate density. They were then lysed with cell lysate for 10
min and collected, the supernatant after cryocentrifugation reacted with
thiobarbituric acid (TBA), and the products after the reaction were
measured spectrophotometrically at 532 nm (BioTek, USA). The entire
experiment was repeated in triplicate, where nmol/mg protein was used
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to represent the level of MDA.
2.10. Reactive oxygen species (ROS) determination

For detection of reactive oxygen species, an ROS fluorescence probe
(DCFH-DA, E004-1-1) was utilized as instructed by the manufacturer’s
protocol. Plated on 6-well plates, H9c2 cells were incubated with 10
pmol/L DCFH-DA (diluted in serum-free DMEM) at 37 °C for 30 min in
darkness after treatment. With serum-free DMEM, the cells were washed
twice and then collected for flow cytometry.

2.11. Detection of mitochondrial labile iron

With the help of the manufacturer’s protocol, aiming at detecting
mitochondrial labile iron, the fluorophore Mito-FerroGreen was utilized
accordingly. H9c2 cells were plated on 14 mm round cell slides in 24-
well plates and incubated with 5 pmol/L FerroGreen (diluted in
DMEM without serum) at 37 °C for 30 min in lightless surroundings after
treatment. By using serum-free DMEM, the cells were washed twice.
Fluorescence was visualized with the support of a fluorescence micro-
scope (Nikon A1R, Shanghai, China).

2.12. Immunofluorescence assay detecting Nrf2-Gpx4 coexpression and
Nrf2 nuclear translocation

To understand the coexpression of Nrf2-Gpx4 and nuclear trans-
location of Nrf2, immunofluorescence staining was performed. Round
cell slides (14 mm) were placed in a 24-well cell culture plate after
sterilization, and H9c2 cells were seeded in the plate for cell adhesion.
After the cells adhered to the slide, they were subjected to corresponding
treatments and then fixed with 4% paraformaldehyde after treatment.
After removing the cell slide, 5% goat serum was added and incubated at
room temperature for 1 h, followed by washing with PBS. Nrf2 (1:50)
and Gpx4 (CY6959, 1:50) antibodies were added to the cell slide and
incubated overnight at 4 °C. After primary antibody incubation, excess
primary antibody was removed with PBS. Goat anti-mouse IgG (DyLight
488, 1:50) and goat anti-rabbit IgG (DyLight 594, 1:50) were added and
incubated at 37 °C for 1 h. The excess secondary antibody was washed
with PBS, and DAPI was added to stain the cell nucleus. The results were
observed with a fluorescence microscope.

2.13. Western blotting

As previously described, followed by western blot analysis, the
processed cardiomyocytes were collected and digested. A BCA protein
assay kit was used to determine the protein concentration. Using 15%
SDS—PAGE gels, samples of protein were separated by electrophoresis.
Soon afterward, they were transferred to nitrocellulose (NC) filter
membranes from Millipore. The cell membranes were incubated with
the corresponding primary antibodies (Nrf2, HO-1, GPX4 (67763-1-Ig),
Ferritin and xCT, 1:1000) at 4 °C for one night. Then, the membrane was
incubated with horseradish peroxidase (HRP) goat anti-rabbit IgG
(AS014) or HRP goat anti-mouse IgG (AS003) secondary antibody
1:4000 at room temperature for 1 h. In succession, the membranes were
washed three times in TBST. With the utilization of ProteinSimple Flu-
orChemQ2 and ImageJ software 1.53 (National Institutes of Health),
digital images of immunoblots were attained, and the densitometry of
the bands was analyzed.

2.14. SiRNA transfection

Prior to transfection, H9c2 cells were seeded in 6-well plates over-
night. Transfection was carried out using siNrf2 (50 nM) and siNC with
the assistance of Lipofectamine RNAiMAX following the manufacturer’s
protocol. Cells treated with or without HR at the indicated times after
36 h of incubation were collected. This method appears in three different
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uses described previously: western blotting, flow cytometry assay, and
tolerant immunofluorescence assay.

2.15. Statistical analysis

Analysis of all data was obtained based on the statistical software
GraphPad Prism (version 5.0). Confirmation of normal distribution was
obtained based on the Shapiro—Wilk test (P > 0.1) for SPSS (version
17.0). With the application of one-way ANOVA, the disparity between
each group was analyzed. P < 0.05 was judged statistically significant.
To confirm where the disparities emerged between groups. Further
Tukey post hoc analysis (a« = 0.05) was accomplished.

3. Results

3.1. In ischemia—reperfusion-triggered cardiac impairment, ferroptosis is
of extreme significance

GEOZ2R is software that can analyze DEGs in transcriptome gene
datasets online, which we used to identify DEGs in the GSE153493
dataset associated with a myocardial I/R rat model. To set the cutoff
criteria, we applied p value < 0.05 and | logFC | > 2. The GSE153493
dataset includes an IR group and a sham group. To demonstrate the
DEGs obtained through analysis by GEO2R, we used volcano plots and
heatmaps for illustration. (Fig. 1 A and B). The results of volcano plots
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and heatmaps showed that the expressions of ferroptosis related regu-
latory factors Slc7all [20], Hmox1 [21] and Ptgs2 [22] in I/R are
significantly increased, pointing to the likely involvement of ferroptosis
in pathology during myocardial I/R. The Venn diagram shows the
intersecting genes of DEGs of GSE153493 and markers of the Ferrdb
database, including 31 common genes with altered expression: Slc7all,
Hmox1, Ptgs2, etc. (Fig. 1 C). To demonstrate that ische-
mia—reperfusion injuries might provoke cellular ferroptosis, H9C2 cells
were pretreated with the ferroptosis inhibitor Fer-1 and then subjected
to H/R. Our analysis revealed that, compared with the H/R Model
group, Fer-1 pretreatment resulted in an evident increase in cell viability
(H/R+ Fer-1 group vs. H/R Model group, 0.819 + 0.03 vs. 0.532 + 0.02,
P < 0.001, Fig. 1 D) and significantly reduced LDH release (H/R+ Fer-1
group vs. H/R Model group, 1.00 £+ 0.02 vs. 2.12 + 0.27, P < 0.001,
Fig. 1 E). Our research has similar results to those of previous studies [6,
23], which indicates that the development of MIRI is closely related to
ferroptosis and may play a decisive role in the pathological progression
of MIRI.

3.2. Regarding the regulation of myocardial I/R injury, Nrf2 (Nfe2l2) is
one of the most essential transcription factors

To investigate the mechanism of MIRI-induced ferroptosis, further
efforts were made to perform GO and KEGG enrichment analyses in view
of these 31 DEGs. Interestingly, as one of the biological processes that
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Fig. 1. : In the ischemia reperfusion induced cardiac impairment, the role of ferroptosis is vital. (A)What the volcano plot displays is the distribution of DEGs of the
GSE153493 datasets. (B) The up-regulated and down-regulated DEGs extracted from the GSE153493 datasets, whose expression level was demonstrated by the
heatmap. (C) The Venn diagram presents the common DEGs in the GSE153493 datasets and Ferrdb Marker. (D) Cell viability was analyzed by CCK8 assay in the H9c2
cardiomyocytes after HR injury with or without Fer-1 pre-treatment. (E) LDH release in the H9c2 cardiomyocytes after HR injury with or without Fer-1 pre-treatment.
All experiments were repeated three times. The data were represented as the means + SEM. * ** P < 0.001 vs. Control; ###P < 0.001 vs. H/R Model.
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was affected most by MIRI, the response to oxidative stress was sug-
gested to play a significant role (Fig. 2 A and B). We also performed
transcription factor enrichment analysis based on these 31 DEGs. Among
them, nuclear factor erythrocyte-like 2 (Nrf2, also known as Nfe2l2)
ranks high, so it is speculated that Nrf2 may play a significant role as one
of the most important transcription factor responses to oxidative stress
(Fig. 2 C). The PPI networks of these 31 DEGs were generated based on
the STRING database. Based on the strongest interactions among genes,
we selected two hub genes: Ho-1 and Slc7all (Fig. 2 D and E).

3.3. Ozone could alleviate I/R-induced cardiac impairment

As shown in vivo, the mechanism by which ozone prevents I/R injury
is to reduce cardiac risk (I/R+03 group vs. I/R group 1050.51 + 14.99
vs. 1935.34 + 79.97, P < 0.001, Fig. 3 A) and infarct size as well as to
reduce ST elevation (I/R+03 group vs. I/R group, 1511.48 + 101.96 vs.
1805.38 £+ 94.96, P = 0.0172, Fig. 3 B). To elaborate on the protective
concentration of ozone from the perspective of cardiomyocytes,
different doses of ozone were used to treat H9c2 cells. Our study showed
that incubation with 20 pg/ml ozone for 24 h had no significant toxicity
to H9c2 cells (0.99 + 0.02, Fig. 3 C). Similarly, to assess the protective
effect of ozone against H/R-induced cardiomyocyte injury, we pre-
treated H9c2 cells with ozone at concentrations of 10-60 pg/ml. As
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shown in Fig. 3 D, the cell viability was significantly improved after
pretreatment of H9c2 cells with different concentrations of ozone, and
the best effect was obtained at a concentration of 20 pg/ml (0.88
+0.04).

3.4. Ogzone pretreatment exerts a protective effect on H9c2 cells by
inhibiting ferroptosis and enhancing the antioxidant capacity

Since ozone pretreatment at 20 ug/ml had the best protective effect
on H9c2 cells (Fig. 3 D), the component alteration of ferroptosis was
explored in the next step by western blot assay. As shown in Fig. 4 A and
G, compared with controls, the expression of Nrf2 (Control vs. H/R
group, 0.29 +0.01 vs. 0.72 +0.01, P < 0.001; Control vs. Erastin
group, 0.29 + 0.01 vs. 0.52 + 0.02, P < 0.001), Gpx4 (Control vs. H/R
group, 0.48 +0.01 vs. 0.77 £ 0.01, P < 0.001; Control vs. Erastin
group, 0.48 + 0.01 vs. 0.65 + 0.03, P < 0.001) and Fth-1 (Control vs.
H/R group, 0.43 &+ 0.02 vs. 0.70 + 0.05, P < 0.001; Control vs. Erastin
group 0.43 + 0.02 vs.0.63 £ 0.01, P < 0.001) and the activity of SOD
(Control vs. H/R group, 1.00 £ 0.02 vs.1.79 + 0.04, P < 0.001; Control
vs. Erastin group, 1.00 £ 0.02 vs. 1.92 + 0.08, P < 0.001) were slightly
upregulated after H/R and erastin treatment but significantly upregu-
lated after ozone pretreatment (Control vs. H/R+03 group, Nrf2, 0.29
4+ 0.01 vs. 1.15 £ 0.024, P < 0.001; Gpx4, 0.48 & 0.01 vs.1.09 £ 0.04,
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column diagram shows the transcription factor enrichment analysis of 31 DEGs. (D) The network presents the protein-protein interactions of 31 DEGs. (E) The

column diagram shows the number of adjacent nodes based on the PPI network.
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P < 0.001; Fth-1, 0.43 £+ 0.02 vs.0.92 + 0.01, P < 0.001; SOD, 1.00

+ 0.02 vs. 2.46 £ 0.088; P < 0.001). Interestingly, we found in H/R and
erastin treatment that Ho-1 (Control vs. H/R group, 0.51 + 0.03 vs.
0.87 + 0.06, P < 0.001; Control vs. Erastin group, 0.51 + 0.03 vs. 0.70

+ 0.02, P < 0.001) and Slc7al1 (Control vs. H/R group, 0.44 + 0.03 vs.
0.32 + 0.02, P < 0.001; Control vs. Erastin group, 0.44 + 0.03 vs. 0.63

+ 0.01, P < 0.001) express themselves differently, which was signifi-
cantly upregulated by ozone pretreatment (Ho-1, Control vs. H/R+03
group, 0.51 + 0.03 vs.1.15 + 0.03, P < 0.001; Slc7all, Control vs. H/
R+03 group, 0.44 + 0.03 vs. 1.11 + 0.04; P < 0.001). Furthermore, we
explored the coexpression of Nrf2 and Gpx4 and Nrf2 nuclear trans-
location by immunofluorescence staining (Fig. 4 B). The coexpression of
Nrf2 and Gpx4 as well as the degree of nuclear translocation of Nrf2 rose
slightly after HR and erastin treatment, while the expression was more
pronounced after ozone pretreatment. The levels of ROS were detected
with the assistance of flow cytometry, and the results indicated that H/R
and erastin treatment significantly upregulated ROS levels, while ozone
pretreatment partially reversed this effect (Fig. 4 C). Similar to the
change in ROS levels, H/R and erastin treatment significantly increased
the level of mitochondrial iron (Fig. 4 D), MDA (Control vs. H/R+03
group, 1.00 £+ 0.04 vs. 2.40 + 0.27, P < 0.001, Fig. 4 H) and LDH
(Control vs. H/R+03 group, 1.00 + 0.02 vs. 1.06 + 0.08, P < 0.001,
Fig. 4 F) release, which was partially rescued by ozone pretreatment.
Collectively, these data suggest that H/R (Control vs. H/R group, 1.00

+ 0.06 vs. 0.56 + 0.02, P < 0.001, Fig. 4 E) and erastin (Control vs.
Erastin group, 1.00 &+ 0.06 vs. 0.55 + 0.01, P < 0.001, Fig. 4 E) treat-
ment dramatically decreased cell viability, which was rescued by ozone
pretreatment (Control vs. H/R+03 group, 1.00 &+ 0.06 vs. 0.88 + 0.03,
P < 0.001, Fig. 4 E).

3.5. The protective effect of ozone pretreatment was enhanced by Fer-1
and inhibited by erastin

To demonstrate the vital effect of ferroptosis on MIRI, we introduced
Fer-1 and erastin treatment on the basis of ozone pretreatment. As

shown in Fig. 5 A and G, the results after using a ferroptosis inhibitor
denoted that the expression of Nrf2 (H/R+03 group vs. H/R+03 +Fer-1
group, 0.71 £ 0.01 vs. 0.99 £ 0.02, P < 0.001), Ho-1 (H/R+0O3 group
vs. H/R+03 +Fer-1 group, 0.70 &+ 0.03 vs. 0.94 + 0.04, P < 0.001),
Slc7all (H/R+O3 group vs. H/R+03 +Fer-1 group, 0.87 & 0.02 vs.
1.14 + 0.02, P < 0.001), Gpx4 (H/R+03 group vs. H/R+03 +Fer-1
group, 0.89 + 0.01 vs. 1.05 + 0.03, P < 0.001) and Fth-1 (H/R+03
group vs. H/R+403 +Fer-1 group, 0.74 £0.01 vs. 0.93 £+ 0.02,
P < 0.001) and the activity of SOD (H/R+O3 group vs. H/R+03 +Fer-1
group, 1.65+ 0.07 vs. 2.34+0.11, P < 0.001) were significantly
upregulated in the Fer-1 group in contrast with the ozone pretreatment
group. Interestingly, these upregulated proteins were downregulated in
the erastin group (H/R+0O3 +Fer-1 group vs. H/R+03 + Erastin group,
Nrf2, 0.99 + 0.02 vs. 0.72 + 0.024, P < 0.001; Ho-1, 0.94 + 0.04 vs.
0.55+ 0.04, P <0.001; Slc7all, 1.14+£0.02 vs. 0.58 +0.02,
P < 0.001; Gpx4, 1.05 £ 0.03 vs. 0.47 + 0.02; P < 0.001; Fth-1, 0.93
+ 0.02 vs. 0.36 + 0.03, P < 0.001). The next section of the study was
concerned with the coexpression of Nrf2 and Gpx4 and Nrf2 nuclear
translocation. In comparison to the ozone pretreatment group, the
coexpression of Nrf2 and Gpx4 as well as Nrf2 nuclear translocation
were significantly upregulated in the Fer-1 group and downregulated in
the erastin group (Fig. 5 B). Turning now to the experimental evidence
on the level of ROS, Fer-1 treatment further reduced the level of ROS on
the basis of ozone pretreatment but was reversed by erastin treatment
(Fig. 5 C). Similar to the change in ROS levels, compared with ozone
treatment, Fer-1 treatment further decreased the levels of mitochondrial
iron (Fig. 5 D), MDA (H/R+03 +Fer-1 group vs. H/R+03 + Erastin
group, 0.57 + 0.04 vs. 1.57 £+ 0.27, P < 0.001, Fig. 5 H) and LDH (H/
R+03 +Fer-1 group vs. H/R+03 + Erastin group, 0.49 £+ 0.12 vs. 1.35
+ 0.26, P < 0.001, Fig. 5 F) release, but these effects were reversed by
erastin treatment. In summary, these results show that the protective
effect of ozone pretreatment could be enhanced although Fer-1 treat-
ment but reversed by erastin treatment (H/R+O3 +Fer-1 group vs. H/
R+03 + Erastin group, 1.86 £+ 0.78 vs. 0.73 + 0.13, P < 0.001, Fig. 5
E).



S. Ding et al.
>
» & 60 )
& S © o
A S & & &
c
Nrf2 s S 9 % 68kDa =
7]
0
g
Ho-1 = = . — — w— vy 33kDa S
x
o
SIcTall bt bt & & b S M B & 5502 =
' 2
o
GpX4 s = e s de wwws e 1TKDa o
[}
=
Fth-1 e e e e e e Sem S 21kDa E
2
B-actin e w— = w— . = w— " 42kDa

Control Erastin H/R Model H/R+03
X <
e 3
T .
o
g
a
o~ L
z
£ D
<
a
c
@
L
=
<4
& k3
)
=
1.5 15
&y = sk KKk
=
G o
Y= L3 H###
<) o
< 1.0 HH# < 1.0
.‘? kKK 3
5 3
S 05 < 0.5
> 14
= I
o
© 8
0.0 0.0
) > > w >
o\‘O\ rﬁ‘é\ @0& Q}o'b &‘o rﬁé\ éosz, & >
9 S N\ o < N
S 2 & D < & D

(vs.p actin)

Biomedicine & Pharmacotherapy 165 (2023) 115185

= Control
3 Erastin
2.0 E H/R Model
B H/R+03
1.54
1.0_ o T ##
o5 )
0.0-

Nrf2 Ho-1 Slc7a11 Gpx4 Fth-1

Control Erastin HR odel HR+03

FTCA FTCA FITCA FTCA

Control Erastin H/R Model H/R +03
2
8] _ ki
- o
o £ 0
< o
> £
£ 2
3 < 20 ey
< a
a =
[e]
7]
0
> . > &> > > o
o(\"( © (béé\ éobg Q."O O(\‘so @900 éosb Q}o
N\ N\
[ % & D [ % & D

Fig. 4. : Ozone pretreatment exerts a protective effect by inhibiting the ferroptosis and enhance the anti-oxidative of H9C2 cells. (A)The effect of Ozone pretreatment
on the expression of Nrf2, Ho-1, Slc7all, Gpx4 and Fth-1 in H9c¢2 cardiaomyocytes after H/R injury. (B) Representative immunofluorescence images of Nrf2 (red)
and Gpx4 (green) co-expression and the Nrf2 nuclear translocation in H9c¢2 cardiomyocytes after HR injury with or without Ozone pretreatment. (C and D)
Representative images of ROS production and mitochondrial ferrous ions aggregation in H9¢2 cardiomyocytes after HR injury with or without Ozone pretreatment.
(E-G) Effects of Ozone pretreatment on Cell viability, LDH release, SOD activity and MDA production in H9c2 cardiomyocytes after HR injury. All experiments were
repeated three times. The data were represented as the means + SEM. * ** P < 0.001 vs. Control; ###P < 0.001 vs. H/R Model.

3.6. The protective effect of ozone pretreatment on H9c2 could be
counteracted after the Nrf2 gene was knocked down

We used Nrf2-siRNA to transfect H9c2 cells to complementarily
validate the involvement of the Nrf2/Slc7al1/Gpx4 axis in the protec-
tive effect of ozone pretreatment. Induced by ozone pretreatment in H/
R, the protein expression of Nrf2, Ho-1, Slc7all, Gpx4 and Fth-1 and the
activity of SOD were dramatically reduced in Nrf2-knockdown cells (H/
R+03 group vs. H/R+03 +siNrf2 group, Nrf2, 0.52 + 0.01 vs. 0.17
+ 0.01, P <0.001; Ho-1, 0.72 £0.03 vs. 0.46 £ 0.02, P < 0.001;

Slc7all, 0.93 + 0.01 vs. 0.40 + 0.04, P < 0.001; Gpx4, 0.96 + 0.07 vs.
0.41 4+ 0.04; P < 0.001; Fth-1, 1.08 4 0.04 vs. 0.63 + 0.04, P < 0.001;
SOD, 1.40 + 0.59vs. 0.62 + 0.03; P < 0.001; Fig. 6 A and G). Regarding
the coexpression of Nrf2 and Gpx4 and Nrf2 nuclear translocation, Nrf2
knockdown abolished these effects of ozone pretreatment (Fig. 6 B).
Nrf2 knockdown abrogated both the reduction in ROS (Fig. 6 C) and
MDA levels (H/R+03 group vs. H/R+03 +siNrf2 group, 0.61 + 0.02 vs.
1.50 + 0.01, P < 0.001, Fig. 6 H), the level of mitochondrial iron (Fig. 6
D) and the release of LDH (H/R+03 group vs. H/R+03 +siNrf2 group,
0.70 + 0.02 vs. 1.07 £ 0.06, P < 0.001, Fig. 6 C). Overall, these results
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Fig. 5. : The protective effect of ozone pretreatment was enhanced by Fer-1 and inhibited by Erastin. (A)The protein expression of Nrf2, Ho-1, Slc7all, Gpx4 and
Fth-1 in the H9c2 cardiomyocytes after HR injury with Ozone pretreatment in the presence of Fer-1 or Erastin. (B) Representative immunofluorescence images of
Nrf2 (red) and Gpx4 (green) co-expression and the Nrf2 nuclear translocation in the H9¢2 cardiomyocytes after HR injury with Ozone pretreatment with Fer-1 or
Erastin. (C and D) Representative images of ROS production and mitochondrial ferrous ions aggregation in the H9c2 cardiomyocytes after HR injury with Ozone
pretreatment with Fer-1 or Erastin. (E-G) Effects of Ozone production on Cell viability, LDH release, SOD activity and MDA production in the H9c2 cardiomyocytes
after HR injury with Ozone pretreatment with Fer-1 or Erastin. All experiments were repeated three times. The data were represented as the means + SEM.
* % P < 0.01, and * ** P < 0.001 vs. H/R Model; #P < 0.05, and ###P < 0.001 vs. H/R+03 group.

indicate that Nrf2 knockdown abolishes the protective effects of ozone
pretreatment (H/R+O3 group vs. H/R+03 +siNrf2 group, 1.53 + 0.05
vs. 0.99 + 0.04, P < 0.001, Fig. 6 E).

4. Discussion

This research demonstrated that ozone pretreatment is

cardioprotective against I/R injury by at least partially enhancing the
antioxidant stress capacity and reducing ferroptosis in H9C2 cells. Both
in vivo and in vitro experiments provide evidence that ozone pretreat-
ment can reduce myocardial I/R injury, especially in vitro experiments,
further confirming that regulating the expression of iron-related pro-
teins and promoting Nrf2 nuclear translocation are the ways in which
ozone pretreatment exerts protective effects. Based on the above
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Fig. 6. : Genetic knockdown of Nrf2 abrogates the protective effect of Ozone pretreatment on H9C2 cell. (A)The protein expression of Nrf2, Ho-1, Slc7all, Gpx4 and
Fth-1 in the company of siNrf2 or siNC with or without Ozone pretreatment in H9c2 cells after HR treatment. (B) Representative immunofluorescence images of Nrf2
(red) and Gpx4 (green) co-expression and the Nrf2 nuclear translocation in the company of siNrf2 or siNC with or without Ozone pretreatment in H9c2 cells after HR
treatment. (C and D) Representative images of ROS production and mitochondrial ferrous ions aggregation in the company of siNrf2 or siNC with or without Ozone
pretreatment in H9c2 cells after HR treatment. (E-G) Effects of Ozone production on Cell viability, LDH release, SOD activity and MDA production in the company of
siNrf2 or siNC with or without Ozone pretreatment in H9c2 cells after HR treatment. All experiments were repeated three times. The data were represented as the
means + SEM. * * P < 0.01, and * ** P < 0.001 vs. H/R Model; ###P < 0.001 vs. H/R+03 +SiNC group.

research, we have concluded that the protective effect of ozone in
alleviating myocardial I/R injury is at least accomplished through the
Nrf2/Slc7al11/Gpx4 axis, which may offer innovative approaches and a
materialization of ozone as a prospective treatment for ischemic heart
disease.

During reperfusion, excessive release of ROS is due to an imbalance
in iron homeostasis, resulting in a rise in free iron undergoing a Fenton

reaction [24]. Subsequently, the exacerbation of ROS production pro-
duces damage by oxidizing proteins, DNA and lipids [25]. As a result,
cytochrome release and calcium overload benefit from increased mito-
chondrial outer membrane permeability and can trigger downstream
cell death mechanisms [26,27]. Consistently, our study obtained 31
DEGs from the intersection of DEGs of dataset GSEO153493 and Ferrdb
marker (Fig. 1), and pathway enrichment analysis of DEGs implied that
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these genes were primarily related to the response to oxidative stress and
regulated by Nrf2 (Fig. 2). Ozone can stimulate the activation of anti-
oxidant enzymes such as CAT, HO-1, quinone oxidoreductase 1 (NQO1),
and SOD [28]. As a previous study showed, ozone was able to exert a
conserving effect during myocardial injury by enhancing antioxidant
effects and reducing mitochondrial damage [10].

As one of the most potent oxidizers, low concentrations of ozone can
induce an antioxidant response to reverse oxidative stress [29]. An
increasing number of prior experiments have noted the biomedical ef-
fects of ozone-assisted therapy in pain management [30], gastrointes-
tinal diseases [31], lung diseases [32], diabetes [33], ischemia injury
[34], cancer [35], infective diseases[36], dentistry[37], etc. For
example, Meng et al. confirmed that ozone can reduce myocardial
ischemia—reperfusion injury by activating the Nrf2/Are pathway, and
the role of ozone in myocardial ischemic diseases needs to be further
explored and studied in depth. Our study first argued that the protective
effect of ozone pretreatment might be associated with attenuated fer-
roptosis. The in vivo study confirmed that ozone pretreatment reduced
the risk and infarct area and decreased ST elevation (Fig. 3 A and Fig. 3
B), and the in vitro study confirmed that ozone pretreatment reduced the
release of LDH and improved cell viability (Fig. 3 C and Fig. 3 D), which
suggests the capability of ozone to mitigate myocardial IR injury.

The reaction of ozone with water-soluble antioxidants, such as
polyunsaturated fatty acids (PUFAs), could create products that are
capable of mediating ozone-induced biochemical effects [29]. After
mixing with blood, ozone interacts with substances such as PUFAs [38].
During this process, generated hydrogen peroxide and lipid oxidation
products serve as signaling molecules, playing a positive role in regu-
lating the effects of biochemical processes. Bell et al. suggested that mild
oxidative stress could upregulate Nrf2 expression in astrocytes under
subtoxic levels of hydrogen peroxide stimulation, thus exerting a neu-
roprotective role in ischemic preconditioning [14]. This is consistent
with our findings that the use of ozone during the myocardial ische-
mia—reperfusion injury process can reduce the degree of damage while
enhancing myocardial protection. Ozone may regulate the expression of
Nrf2, thereby improving oxidative stress pathways to exert antioxidant
capacity.

In addition, our study also found that ozone was able to inhibit fer-
roptosis by activating the upstream Nrf2/Slc7all/Gpx4 signaling
pathway (Fig. 4). Thus, ferroptosis inducers and inhibitors were applied
to investigate the protective effect of ferroptosis modulation by ozone
pretreatment. Erastin, an Slc7all inhibitor, has been reported to cause
ferroptosis by inducing ROS production and free iron augmentation
[39]. Consistently, the in vitro study showed that erastin induced ROS
exacerbation and mitochondrial iron assembly under H/R and overrode
the protective effect of ozone against ferroptosis (Fig. 5 C and D). Fer-1,
an Slc7all inducer, was reported to suppress ferroptosis by decreasing
the production of ROS and augmenting free iron [40]. Coincidently, our
study showed that Fer-1 enhanced the protective effect of ozone pre-
treatment by reducing ROS exacerbation and mitochondrial iron as-
sembly under H/R (Fig. 5 C and D). It can be inferred that ferroptosis
inhibition is crucial to the protective effect of ozone in the H/R model.
By virtue of the increase in Gpx4 and Slc7all levels by ozone leading to
ferroptosis inhibition and corresponding with Nrf2-inducing antioxidant
enzymes, we hypothesized that the possible mechanism underlying the
protective effect of ozone was likely to be the Nrf2-Slc7all-Gpx4
interaction.

As an antioxidant transcription factor, Nrf2 can be attached to Are
and can regulate a variety of antioxidant enzymes to counteract oxida-
tive stress injury [41]. Notably, upregulating Nrf2 can diminish cardiac
dysfunction and antagonize remodeling in metabolic syndrome induced
by diet [42]. In addition, loss of Nrf2 can lead to cardiac hypertrophy as
well as left ventricular diastolic dysfunction [43]. Nrf2 functions in a
complex system based on nuclear translocation and protein turnover,
with Keapl being one of its major regulators [44,45]. Keapl can form
conjugates with Nrf2, prompting ubiquitination of Nrf2 and
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proteasome-dependent degradation. Among the canonical pathways
regulated by Nrf2, Keapl is inactivated after oxidation of reactive
cysteine residues, resulting in the dissociation of Nrf2 from Keapl,
which allows stable transfer of Nrf2 to the nucleus for the next step of
transcription [43]. It is demonstrated by this study that ozone admin-
istration releases the Keapl-Nrf2 interaction as well as Nrf2 nuclear
translocation, which enhances downstream antioxidant enzyme levels.
In vitro, it was recapitulated that Nrf2 nuclear translocation and
downstream antioxidant induction were enhanced by ozone (Fig. 4). The
loss of function study caused by SiNrf2 indicates that Nrf2 serves
eminently in the ozone protection of HR injury (Fig. 6).

5. Conclusion

Based on our research, we can conclude that ozone has potential
value as an adjuvant therapy for treating ischemic heart disease. In
addition, our study specifically demonstrated the role of the Nrf2/
Slc7al1/Gpx4 signaling axis in the process by which ozone protects the
myocardium from ischemia—reperfusion (I/R) injury (Fig. 7). However,
in vitro experiments still have some limitations, and further studies in
clinical settings are necessary to verify the therapeutic effect of ozone.
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