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Background: Radiation-induced heart disease (RIHD) is a serious complication of thoracic tumor
radiotherapy that substantially affects the quality of life of cancer patients. Oxidative stress plays a pivotal role
in the occurrence and progression of RIHD, which prompted our investigation of an innovative approach for
treating RIHD using antioxidant therapy.

Methods: We used 8-week-old male Sprague-Dawley (SD) rats as experimental animals and H9C2 cells
as experimental cells. N-acetylcysteine (NAC) was used as an antioxidant to treat H9C2 cells after X-ray
irradiation in this study. In the present study, the extent of cardiomyocyte damage caused by X-ray exposure
was determined, alterations in oxidation/antioxidation levels were assessed, and changes in the expression
of genes related to mitochondria were examined. The degree of myocardial tissue and cell injury was also
determined. Dihydroethidium (DHE) staining, reactive oxygen species (ROS) assays, and glutathione (GSH)
and manganese superoxide dismutase (Mn-SOD) assays were used to assess cell oxidation/antioxidation. Flow
cytometry was used to determine the mitochondrial membrane potential and mitochondrial permeability
transition pore (mPTP) opening. High-throughput transcriptome sequencing and bioinformatics analysis were
used to elucidate the expression of mitochondria-related genes in myocardial tissue induced by X-ray exposure.
Polymerase chain reaction (PCR) was used to verify the expression of differentially expressed genes.

Results: X-ray irradiation damaged myocardial tissue and cells, resulting in an imbalance of oxidative and
antioxidant substances and mitochondrial damage. NAC treatment increased cell counting kit-8 (CCK-
8) levels (P=0.02) and decreased lactate dehydrogenase (LDH) release (P=0.02) in cardiomyocytes. It also
reduced the level of ROS (P=0.002) and increased the levels of GSH (P=0.04) and Mn-SOD (P=0.01). The
mitochondrial membrane potential was restored (P<0.001), and mPTP opening was inhibited (P<0.001).
Transcriptome sequencing and subsequent validation analyses revealed a decrease in the expression of
mitochondria-related genes in myocardial tissue induced by X-ray exposure, but antioxidant therapy did not
reverse the related DNA damage.

Conclusions: Antioxidants mitigated radiation-induced myocardial damage to a certain degree, but these
agents did not reverse the associated DNA damage. These findings provide a new direction for future
investigations by our research group, including exploring the treatment of RIHD-related DNA damage.

Keywords: Radiation-induced heart disease (RTHD); N-acetylcysteine (NAC); mitochondrial oxidative stress;
mitochondrial DNA (mtDNA)
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Introduction
Background

Radiation therapy is a crucial treatment method for tumors.
With continuing improvements in patient survival rates,
radiation-induced heart disease (RIHD) has emerged as a
serious complication in thoracic cancer patients (1-3). The
prevention and management of RIHD pose considerable
clinical challenges due to the delayed onset of symptoms
and its detrimental impact on long-term cancer survivors,
which leads to diminished quality of life and increased
health care expenditures (4,5).

Rationale and knowledge gap

The primary cause of RIHD is the excessive generation
of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) that result from the substantial radiolytic
decomposition of water within tissues and cells (6-8). The
abundance of ROS directly damages subcellular organelles
and exerts negative effects on various macromolecules, such
as DNA, which is exacerbated by the limited availability of
intracellular antioxidants (9,10). An imbalance in oxidation
and antioxidant levels ensues, which triggers oxidative
stress and further exacerbates RIHD. Therefore, oxidative
stress has emerged as a prominent and important process in
RIHD (7,11).

At present, antioxidants have become an important
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¢ N-acetylcysteine has therapeutic effects on radiation-induced heart
disease (RIHD) due to its antioxidant activity.

What is known and what is new?

e Itis known that X-rays induce oxidative stress in tissues.

e This study reveals the DNA damage of mitochondria-related genes
in cardiomyocytes caused by X-rays.
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¢ We can consider antioxidant therapy and the repair of
mitochondrial damage as potential directions for the treatment of

RIHD.
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means of treating RIHD. Hesperidin, a natural antioxidant,
can reduce radiation-induced cardiac damage. After
hesperidin was administered to mice with radiation-
induced heart damage, the oxidative stress level decreased
significantly (12,13). Melatonin has been reported to
suppress NF-kB-mediated signaling pathways and protect
mitochondria from radiation-induced DNA damage,
thereby mitigating oxidative stress. Farhood ez 4/. reported
that melatonin may also have a protective effect on heart
damage caused by ionizing radiation by inhibiting the
expression of interleukin-4, DUOXI, and DUOX2 (14,15).
The above antioxidants require certain special conditions
to exert their effects, especially the dosage and redox
conditions in cells. For example, it has been shown that
high concentrations of melatonin can induce excessive
accumulation of intracellular ROS, play an upstream pro-
oxidative role in mitochondria-mediated apoptosis and
autophagy, and promote lipid peroxidation and/or induce
DNA damage (16). N-acetylcysteine (NAC) is an important
significant antioxidant that is widely used in clinical settings
for the treatment of various diseases, such as bronchitis,
acute respiratory distress syndrome, ischemia-reperfusion
heart injury, and neuropsychiatric disorders (17).

Objective
The complexity and severity of RIHD limit clinical studies,

and mouse models have played a central role in improving
our understanding of the cardiac response to radiation.
At present, rodent models of radiation-induced heart
injury involve a wide range of radiation types and lesion
latencies, which can objectively reflect cardiovascular
changes in patients with thoracic malignant tumors after
receiving radiotherapy (18). The present study evaluated
the changes in oxidative stress and antioxidant levels in
the cardiomyocytes of RIHD model rats and elucidated
the expression patterns of mitochondria-related genes in
RIHD model rats using high-throughput transcriptome
sequencing. The impact of NAC intervention on RIHD
was investigated to examine the potential benefits of
antioxidant therapy. We present this article in accordance
with the ARRIVE reporting checklist (available at https://
cdt.amegroups.com/article/view/10.21037/cdt-24-19/rc).
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Methods

Animal feeding and construction of the RIHD animal
model

The present study used 8-week-old male Sprague-Dawley
(SD) rats as experimental animals. Rats were purchased
from the Research and Experimental Center of Gansu
University of Chinese Medicine. The rats were housed in
cages under controlled temperatures (22 to 24 °C) and a
12 hours light/12 hours dark cycle with three to five rats
per cage and given adequate feed and water. The model was
established after 1 week of adaptation to the standard diet.
The rats were randomly divided into two groups, a control
group and an irradiation group (10 animals/group). The
experimental mice were grouped using a random number
table. During modeling, the rats were anesthetized via the
intraperitoneal administration of 1% sodium pentobarbital,
and only the heart was exposed to X-ray radiation by
shielding the rats with a homemade lead brick. A small
animal irradiator (model No. 225, Precision X-ray Inc.,
Madison, CT, USA) was used to deliver a 25 Gy X-ray
dose to the heart. The following instrument parameters
were used: voltage 225 kV, current 13.3 mA, irradiation
distance 48 cm source-to-surface distance, and dose rate
2 Gy/min. The final dose of 25 Gy was administered to
the experimental animals after the dose rate (2 Gy/min)
was determined. For example, we prespecified a total dose
of 25 Gy to be delivered to the animal, and a one-time
12.5-minute irradiation period was determined based on the
dose rate calculation. After irradiation, the rats received a
regular diet. A total of two animals in the irradiated group
died during feeding after irradiation. It may be caused by
heart failure. After 12 weeks of feeding, the orbital blood of
the rats was collected after intraperitoneal anesthesia, the
myocardial tissue was collected for lavage, and the blood and
myocardial tissue samples were analyzed. The success of the
animal model was evaluated by detecting the serum levels
of creatine kinase-MB (CK-MB) and lactate dehydrogenase
(LDH). The isolated samples were rapidly placed in liquid
nitrogen and stored at -80 °C until the experiments were
performed. The experiments were performed under a
project license (No. 2023-224) granted by the ethics board
of Gansu Provincial Hospital, in compliance with national
guidelines for the care and use of animals. Finally, animal
carcasses were sealed in special plastic bags, collected and
stored in prescribed freezers for regular processing by the
commissioner. A protocol was prepared before the study
without registration.
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511

Cell culture and the RIHD cell model

The H9C2 cell line was kindly provided by the Cell Bank of
the Chinese Academy of Sciences. Complete medium was
prepared with Dulbecco’s modified Eagle medium (DMEM;
Basal Media, Shanghai, China), 10% fetal bovine serum
(ABWhbio, Uruguay), and 1% double antibiotics (100 U/mL
penicillin + 100 mg/mL streptomycin, cat. S110JV, Basal
Media). The cells were cultured in a constant temperature
incubator at 37 °C with 5% CQO,. To establish the model,
cells were placed in culture flasks or dishes and directly
irradiated using a small animal irradiator. The irradiation
method used for the cells was the same as that used for the
animal model. For example, we applied an irradiation dose
of 8 Gy to the cells using a one-time irradiation period of
4 minutes based on the dose rate calculation. The complete
medium was immediately replaced at the end of irradiation,
and the cells were treated with NAC (10 pM). The model
was successfully established and used for experiments after
continuing conventional culture for 48 hours. The success
of the cell modeling was evaluated by assessing cell viability
using a cell counting kit-8 (CCK-8) assay and determining
LDH levels. Initially, HOC2 cells were exposed to varying
doses of radiation (0, 4, 8 and 12 Gy) to elucidate the
impact of radiation, and 8 Gy was selected as the irradiation
dose for subsequent studies of cardiomyocytes and NAC
intervention. To clarify the effect of NAC on radiation-
damaged cardiomyocytes, cells were treated with low
(5 pM) and high (10 pM) doses of NAC. The high dose was
subsequently determined as the cell administration dose.

Transmission electron microscopy (TEM)

The myocardial tissue was fixed overnight at room
temperature using a 3% glutaraldehyde electron microscope
fixative. Next, the sample was fixed in cacodylate buffer
containing 1% OsO, at 4 °C for 2 hours. The samples
were gradually dehydrated using ethanol and propylene
oxide. The tissue samples were sectioned after agarose
gel polymerization and affixed onto a slit grid coated with
polyformaldehyde. For electron microscopy samples,
staining was performed using uranyl acetate and lead citrate.
TEM (Talos F200C, 200 kV, FEI, Hillsborough, OR, USA)

was used to capture images of each group of samples.

Dibydroethidium (DHE) staining

The myocardial tissue was promptly immersed in liquid
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Table 1 Primer sequence
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Gene Forward primer (5'—3') Reverse primer (5'—3')
p-actin TTGACATCCGTAAAGACC ATAGAGCCACCAATCCA
Ndufa6 CACACATTATGCGGTTCTTC GGGTCATGGCCAATATAGAA
Mrps14 AGTTGTGAGGAACCAACATT AGCAACTCATTTACTCTGAACA
Mt-co3 GGATTTCATGGCCTCCACGTA TCATGCTGCGGCTTCAAATC
Mff TTGGTCAGAAACGATTCCAT TAGCACGCTCTTTATTCTCC
Park7 TGGCTCACGAAGTAGGCTTT GCTGTAGTGACTGCCGTTC

nitrogen following in vitro lavage, and frozen sections were
prepared. The frozen sections were immersed in phosphate-
buffered saline (PBS) and washed via three rounds of shaking
on a shaker. Each section was treated with an appropriate
quantity of DHE staining reagent (cat. S0063, Beyotime
Biotechnology, Shanghai, China) and incubated at 37 °C
for 30 minutes in the dark. The tissue sections were washed
three times with PBS. The sections were incubated with
4',6-diamidino-2-phenylindole (DAPI) at room temperature
for 10 minutes. A fluorescence quencher was used to seal the
film. Image acquisition and analysis were performed.

Blood analysis

Blood samples were obtained from the rats prior to sacrifice.
The collected blood was incubated at room temperature
for 4 hours before centrifugation to obtain the serum. An
automatic biochemical instrument was used analyze the
blood parameters, and the determination of CK-MB and
LDH levels was meticulously performed in accordance with
the provided instructions. The acquired data were exported
for further analyses.

RNA sequencing (RNA-seq) and bioinformatics analysis

Transcriptome sequencing was performed on myocardial
tissues from SD rats. The animals were randomly divided
into a control group and a radiation group. The raw files of
high-throughput sequencing were converted to the original
sequences. Quality control was conducted to obtain high-
quality sequences suitable for downstream data analysis. The
raw data were filtered to remove reads that did not meet
the analysis criteria to obtain clean reads for subsequent
analyses, and the clean reads were aligned with the reference
genome sequence. The messenger RNA (mRNA) expression
levels were normalized for comparisons between different

© Cardiovascular Diagnosis and Therapy. All rights reserved.

samples. The limma package in R was used to compare the
differences between biological replicates, and the edgeR
package was used for comparisons of samples without
biological replicates. The following standards were used for
the differential expression of mRNAs: |log,fold changel >1
and P value <0.05 or less. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses were performed. The raw sequence data reported
in this paper have been deposited in the Genome Sequence
Archive (Genomics, Proteomics & Bioinformatics 2021)
of the National Genomics Data Center (Nucleic Acids Res
2022), China National Center for Bioinformation/Beijing
Institute of Genomics, Chinese Academy of Sciences (GSA:
CRA014164), which are publicly accessible at https://ngdc.
cncb.ac.cn/gsa.

RNA isolation and reverse transcription-quantitative
polymerase chain reaction (R1-qPCR) analysis

After the RNA-degrading enzymes in the samples
were removed with isopropyl alcohol, total RNA was
extracted from the cells using TRIzol reagent (cat.
15596018, Invitrogen, Ambion, Carlsbad, CA, USA). The
concentration of extracted RNA was determined using
a nucleic acid analyzer. The extracted RNA was reverse
transcribed into cDNA using a reverse transcription kit (cat.
CW2019M, CWBIO, Taizhou, China). Specific primers
for p-actin, Ndufa6, Mrps14, Mt-co3, Mff, and Park7 were
designed using Primer 5.0 software (Table I). The relative
expression levels of Ndufa6, Mrps14, Mt-co3, Mff, and Park7
were detected using amplification kits. f-actin was used as a
reference gene.

Cell viability assay
Cell viability was determined using a CCK-8 (cat. M4839,
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Abmole, Houston, TX, USA). The cells were cultured in
96-well plates (5,000 cells/well) for 1 day. The plates were
irradiated with a small animal irradiator and then cultured
at 37 °C for 48 hours. The detection reagent was added, and
the absorbance at 450 nm was measured using a microplate
reader.

LDH release assay

LDH reflects the degree of myocardial cell injury. The cell
culture medium was collected at the end of treatment, and
the supernatant was collected after centrifugation. The
relevant reaction reagents were added to the 96-well plate
in strict accordance with the manufacturer’s instructions
(cat. A020-2-2, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China), and the absorbance at 450 nm was
measured.

Determination of glutatbione (GSH) and manganese
superoxide dismutase (Mn-SOD) levels

Forty-eight hours after irradiation, the cells in each
group were collected and sonicated. The supernatant was
collected for subsequent detection after centrifugation. The
corresponding reagents were added in strict accordance
with the manufacturer’s instructions for GSH (cat. BC1175,
Beijing Solarbio Science & Technology, Beijing, China) and
Mn-SOD (cat. S0103, Beyotime Biotechnology) analyses.
The absorbance at 412 and 450 nm was measured using a
microplate reader.

Flow cytometry analysis

Flow cytometry was used to assess the presence of ROS (cat.
E004-1-1, Nanjing Jiancheng Bioengineering Institute),
the mitochondrial membrane potential (JC-1, cat. C2003S,
Beyotime Biotechnology), and mitochondrial permeability
transition pore (mPTP) opening (cat. C2009S, Beyotime
Biotechnology). After the establishment of the radiation
cardiomyocyte model, HOC2 cells were suspended in liquid
medium containing DCFH-DA, JC-1, and calcein AM
fluorescent probes and incubated at 37 °C in a 5% CO,
incubator for 30 minutes. The data were obtained using

flow cytometry.

Statistical analyses

GraphPad Prism software (version 8.0) was used for the

© Cardiovascular Diagnosis and Therapy. All rights reserved.
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statistical analyses. The results are presented as the mean
+ standard deviation. The statistical significance of all
datasets was analyzed using analysis of variance (ANOVA).
A 95% confidence interval was used, and P<0.05 indicated
statistical significance (two-sided test).

Results

X-rays induce myocardial injury and oxidative stress in
rats

TEM analysis of myocardial tissue samples from rats
with RIHD revealed mitochondrial edema and a rounded
mitochondrial morphology. We observed partial disruption
of mitochondrial integrity, a blurred mitochondrial
membrane, and significant reduction and fragmentation
of mitochondrial cristae (Figure 14). Analysis of serum
biochemical markers revealed a significant increase in
the levels of CK-MB and LDH, which are indicators
of myocardial injury (Figure 1B,1C, P<0.001). The
fluorescent probe DHE is frequently used to determine the
concentration of superoxide anions. DHE staining revealed
a noticeable increase in red staining localized in the nucleus
and cytoplasm in the myocardial tissue of the model group
(Figure 1D, 1E, P=0.048). These findings indicate that X-ray
exposure produced myocardial injury and elevated the levels
of ROS.

X-rays induce myocardial cell damage

The CCK-8 assay results suggested that cell viability
gradually decreased in a dose-dependent manner in the
radiation groups compared to the control group (P<0.001),
which indicated that radiation inhibited the viability of
myocardial cells (Figure 24). LDH, which is another
indicator used to characterize the degree of cell damage,
increased with increasing radiation dose (P=0.02), as shown
in Figure 2B. The results of the CCK-8 and LDH assays
were consistent and indicated that radiation-induced
myocardial cell injury was dose-dependent.

X-ray irvadiation induces oxidative stress in cardiomyocytes

ROS is the most direct indicator of oxidative stress
in cells. GSH and SOD are important antioxidant
substances, and Mn-SOD is the isoform of SOD in
mitochondria. Flow cytometry showed that the ROS
level gradually increased with increasing radiation dose
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Figure 1 Effect of X-rays on the rat heart. (A) The ventricular tissue was observed by TEM. The magnification is respectively x5,000,
x15,000 and x40,000. (B,C) Serum samples were collected to observe changes in cardiac injury indicators. (D,E) Changes in ROS

production in the myocardial tissue of the rats were observed. The magnification is respectively x400. n>3. *, compared with control group
P<0.05; **, compared with control group P<0.01. CTRL, control group; CK-MB, creatine kinase-MB; LDH, lactate dehydrogenase; DHE,
dihydroethidium; DAPI, 4',6-diamidino-2-phenylindole; ROS, reactive oxygen species; TEM, transmission electron microscopy.

(P=0.02). This indicated that ROS were produced by
radiation-exposed cardiomyocytes (Figure 34,3B). The
level of Mn-SOD (P=0.02) gradually decreased with
increasing radiation dose. Although the decrease in GSH
levels (P=0.009) was not significant, it still exhibited a
downward trend. These results indicated that radiation
affected the antioxidant capacity of cardiomyocytes
(Figure 3C,3D).
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X-ray irradiation induces mitochondrial damage in

myocardial cells

The decreased mitochondrial membrane potential in
damaged cells inhibits the accumulation of JC-1 in the
mitochondrial matrix and generates green fluorescence.
A significant increase in green fluorescence intensity was

observed in myocardial cells exposed to increasing radiation
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doses, which indicated a decrease in the mitochondrial
membrane potential (Figure 44,4B) (P<0.001). The opening
of the mPTP is a crucial event that leads to cell death and
plays a vital role in modulating cell survival and apoptosis.
The extent of mitochondrial mPTP opening was assessed
based on the intensity of green fluorescence within the
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mitochondria, and a decrease in green fluorescence
intensity corresponds to a greater degree of opening. Our
results demonstrated a reduction in green fluorescence
intensity with increasing radiation dose, which indicated a
dose-dependent relationship between mPTP opening and
radiation dose (Figure 4C,4D) (P<0.001).
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(C,D) mPTP opening was detected by flow cytometry. n>3. **, compared with control group P<0.0

1; ***, compared with control group

P<0.001; ns, not statistically. CTRL, control group; mPTP, mitochondrial permeability transition pore.

Differential expression of mitochondria-related genes in
RIHD model rats

Transcriptome sequencing and bioinformatics analysis
revealed 876 differentially expressed genes between the
radiation group and the control group, of which 466
and 410 genes were upregulated and downregulated,
respectively (Figure SA-5C). After comparing the
differentially expressed genes obtained by sequencing with
the data in the mitochondrial gene database (https://www.
broadinstitute.org/), 26 mitochondria-related genes were
found, including 11 upregulated and 15 downregulated

© Cardiovascular Diagnosis and Therapy. All rights reserved.

genes, as shown in Table 2 and Figure SD-5F. GO analysis
(Figure 5@G) revealed that the biological processes enriched
in these 26 genes included those related to mitochondrial
structure and lipopolysaccharide stimulation, hypoxia
induced by hydrogen peroxide, and drug regulation in
biological processes. The enriched cellular components in
these genes included components of the cell membrane.
Molecular function (MF) analysis revealed that these
genes were primarily involved in protein synthesis. KEGG
enrichment analysis (Figure SH) revealed that the metabolic
pathway of amino acids was primarily enriched in these
genes, and these results demonstrated the effects of X-rays
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on the energy metabolism function of mitochondria.

We selected five of the 26 genes with the highest
significance for expression verification. Notably, these
genes were all downregulated (Figure 5F). PCR revealed
that the expression of Ndufa6 and Mrps14 increased, which
contradicted the sequencing results, and the expression of
M{f, Mt-co3, and Park7 decreased, which was consistent
with the sequencing results (Figure 5I).

NAC inhibits radiation-induced myocardial cell injury

NAC is a well-known antioxidant, and we examined
its effects on radiation-induced oxidation as a potential
treatment for RIHD. We treated irradiated H9C2 cells
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with different doses of NAC. CCK-8 assay results showed
no significant difference in the low-dose (5 pM) group,
but cell viability gradually increased with increasing NAC
concentrations (10 uM) (P=0.02) (Figure 64). Subsequent
experiments revealed that NAC reduced the release of
LDH in cardiomyocytes induced by radiation-induced heart
injury (P=0.02) (Figure 6B). Therefore, NAC has a certain
anti-injury effect on RIHD.

NAC inbibits radiation-induced oxidative stress in
cardiomyocytes

To further clarify the effect of NAC on radiation-induced
oxidative stress in cardiomyocytes, changes in ROS levels
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Table 2 Differential expression of mitochondria-related genes

Li et al. Antioxidant therapy of RIHD

Symbol Regulation Log,FC P value Description

Ndufa6’ Down -3.7001 0.02 NADH: ubiquinone oxidoreductase subunit A6

Mrpl43 Up 2.901 0.03 Mitochondrial ribosomal protein L43

Mrps14" Down —-4.050 0.01 Mitochondrial ribosomal protein S14

Ech1 Down -1.828 0.040 Enoyl-CoA hydratase 1

Mrps21 Up 1.485 0.01 Mitochondrial ribosomal protein S21

Gcedh Down -2.534 0.045 Glutaryl-CoA dehydrogenase

Cars2 Down -1.418 0.004 Cysteinyl-tRNA synthetase 2, mitochondrial

Immp1/ Up 1.856 0.047 Inner mitochondrial membrane peptidase subunit 1

Hmgcs2 Down -2.860 0.005 3-hydroxy-3-methylglutaryl-CoA synthase 2

Gstz1 Down -1.859 0.02 Glutathione S-transferase zeta 1

Pdp1 Down -1.010 0.007 Pyruvate dehydrogenase phosphatase catalytic subunit 1

Hadhb Down -1.044 0.049 Hydroxyacyl-CoA dehydrogenase trifunctional multienzyme
complex subunit beta

Aldh3a2 Up 1.839 0.005 Aldehyde dehydrogenase 3 family, member A2

Mt-co3" Down -10.941 2.35 Mitochondrially encoded cytochrome c oxidase Il

Dnm1l Up 2.393 0.02 Dynamin 1-like

Micul Up 2.817 2.24 Mitochondrial calcium uptake 1

Smim8 Down -1.476 0.03 Small integral membrane protein 8

Maob Down -1.185 0.006 Monoamine oxidase B

Mt Down -6.980 0.004 Mitochondrial fission factor-like

Park7" Down -3.731 0.03 Parkinsonism associated deglycase

Mgarp Up 1.768 0.041 Mitochondria-localized glutamic acid-rich protein

Comtd1 Up 1.888 0.02 Catechol-O-methyltransferase domain containing 1

Apex1 Up 2.519 0.001 Apurinic/apyrimidinic endodeoxyribonuclease 1

Nbr1 Down -2.001 0.006 NBR1, autophagy cargo receptor

Pde2a Up 2.754 0.02 Phosphodiesterase 2A

Nat8l Up 1.183 0.01 N-acetyltransferase 8-like

', represents the target gene with the highest significance. FC, fold change.

were determined using flow cytometry. When NAC was
administered, the ROS levels in H9C2 cells after irradiation
decreased significantly compared to those in the irradiation
group (P=0.002) (Figure 7A4,7B). Moreover, the levels of
GSH (P=0.04) and Mn-SOD (P=0.01) in the irradiated cells
treated with NAC were higher than those in the irradiated
group (Figure 7C,7D). These results indicate that NAC
reduced ROS levels and restored the antioxidant capacity of
irradiated cells.

© Cardiovascular Diagnosis and Therapy. All rights reserved.

NAC alleviates radiation-induced myocardial
mitochondrial damage

Our findings indicated that treatment with the antioxidant
NAC effectively restored the mitochondrial membrane
potential of irradiated cardiomyocytes (P<0.001). There
was a notable increase in green fluorescence intensity
during mPTP detection, which indicated a significant
decrease in the degree of mPTP opening (P<0.001), as
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Figure 9 Effect of NAC on the abnormal expression of
mitochondria-related genes induced by RIHD. The expression of
each gene was verified by PCR. The red line indicated the relative
expression of genes in normal cells. NAC, N-acetylcysteine;
RIHD, radiation-induced heart disease; PCR, polymerase chain

reaction.

shown in Figure 84-8D.
NAC does not ameliorate radiation-induced mitochondrial-

related gene damage

We investigated whether antioxidant intervention could

© Cardiovascular Diagnosis and Therapy. All rights reserved.

abrogate the abnormal expression of mitochondria-related
proteins in radiation-induced myocardial injury. After NAC
treatment, the expression levels of Mff, Mt-co3, and Park7
were determined via PCR. The results showed that NAC
did not increase the expression of these genes compared
with that in the radiation group and even showed a further
downward trend (P<0.05) (Figure 9).

Discussion
Key findings

The oxidant and antioxidant systems normally maintain a
dynamic balance in the body, which is crucial for numerous
metabolic processes. The primary factors contributing to
oxidative stress injury in RIHD are the generation of ROS
and RNS via several mechanisms, such as direct hydrolysis
of water by radiation, disruption of the respiratory chain,
and substantial depletion of antioxidants that cannot be
adequately restored (8,19-22). The resultant oxidative stress
exacerbates cellular deterioration. Excessive consumption
of the intracellular antioxidant GSH is a contributing factor
to oxidative stress. SODs are a family of enzymes with
antioxidant properties that are categorized into cuprum
(Cu)/zinc (Zn)-SODs and Mn-SODs (23). Mn-SOD is
predominantly localized in mitochondria, where it plays
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a crucial role in safeguarding mitochondria against free
radical-induced harm due to its involvement in energy
production and aerobic metabolism (24). Therefore,
Mn-SOD has garnered increasing scientific research
interest. We confirmed that X-rays induced excessive ROS
production in cardiomyocytes. The levels of GSH and
Mn-SOD decreased following radiation, which indicated
that radiation therapy disrupted the equilibrium between
oxidation and antioxidation within cardiomyocytes to
promote oxidative stress-induced harm.

Mitochondria are important for the generation of ROS
(25-28). Mitochondrial ROS, particularly under pathological
conditions, negatively affect a range of cellular components,
including mitochondrial DNA (mtDNA), biofilms, and
diverse proteins (29). The mPTP is located at the interface
of the outer and inner mitochondrial membranes (30). The
opening of the mPTP is widely regarded as an indicator
of cell death, and it serves as a pivotal mechanism that
initiates the progression of various pathologies and organ
disorders (31). The induction of mPTP opening is primarily
attributed to the flow of Ca™, with ROS production and
reduced mitochondrial membrane potential acting as
additional inducers (32,33). Cells experiencing heightened
levels of oxidative stress exhibit pronounced susceptibility
to the opening of the mPTP, which ultimately results in
cell death (34). A decrease in the mitochondrial membrane
potential and opening of the mPTP were observed in our
RIHD experiments, and a certain degree of dependence on
the X-ray dose was observed. In conclusion, X-ray exposure
likely leads to the generation of ROS and subsequent
damage to myocardial mitochondria.

NAC has been shown to play a primary role in
various studies as a mucolytic agent and antidote against
paracetamol overdose (35,36). Moreover, NAC can directly
scavenge superoxide and peroxides, which safeguards
cells from oxidative harm (37). Previous studies have also
demonstrated the ability of NAC to withstand external
oxidants (37-39). Some researchers have proposed that
GSH synthesis is necessary to replenish GSH levels
following oxidative stress, with Cys being a crucial
substrate for GSH synthesis (40). In this context, NAC, as
a precursor of Cys, may assist in the restoration of GSH
levels subsequent to its depletion (41,42). GSH functions
as a robust cellular antioxidant that proficiently counteracts
excessive ROS to restore the balance between oxidative
and antioxidant mechanisms within cellular systems. In
the present study, the administration of NAC significantly
increased intracellular GSH levels, which was accompanied

© Cardiovascular Diagnosis and Therapy. All rights reserved.
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by a notable reduction in ROS levels. Cellular viability was
also partially restored, and cellular injury was mitigated
to a certain extent. When intracellular oxidative stress
was corrected by NAC, the function of mitochondria in
myocardial cells was restored. These findings suggest
that NAC exhibits antioxidant properties and may have
therapeutic value in the management of radiation-induced
injuries.

Strengths and limitations

It is indisputable that radiation directly or indirectly damages
DNA, which leads to cellular senescence and may trigger
apoptosis (43,44). In apolipoprotein E knockout mice,
exposure to 6 Gy irradiation increased the expression of
DNA damage markers (y-H2AX and 53BP1) and accelerated
plaque growth and the development of atherosclerosis (45).
Another in vitro study demonstrated that the exposure of
human umbilical vein endothelial cells to 4 Gy of radiation
led to the activation of ATM, CHK2, p53/p21, and other
factors linked to senescence (46). The presence of radiation-
induced DNA damage was detected. Cardiac endothelial
cells exhibit strong inflammatory responses and increased
expression of the DNA damage response protein DDB2
when exposed to high doses of gamma rays (10 Gy) (47).
Most intracellular ROS originate from mitochondria and
strongly influence the intracellular equilibrium between
oxidative stress and antioxidant defense mechanisms in the
event of mitochondrial impairment. In the present study of
the influence of X-ray-induced heart injury on mitochondria-
related genes, the expression levels of three specific genes,
namely, Mff; Mt-co3, and Park7, were decreased. Despite the
administration of an antioxidant, there was no significant
increase in the expression of these genes. Therefore, we
hypothesized that treatment with antioxidants, particularly
NAC, may not effectively reverse radiation-induced mtDNA
damage. Notably, although antioxidant treatment offers
transient protection against radiation-induced oxidative
stress, it fails to address underlying and enduring damage,
such as DNA damage. It is very difficult to obtain myocardial
tissue from clinical patients. In addition, RIHD animal and
cell models cannot 100% simulate the situation of tumor
patients after radiotherapy, which prevents us from obtaining
reliable evidence.

Comparison with similar research

Recent studies have shown that NAC has a strong
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antioxidant effect on various radiation-induced injuries. For
example, NAC has therapeutic effects on X-ray-induced islet
cell damage (48). NAC had a protective effect on radiation-
induced oral mucositis both iz vive and in vitro (49).
NAC also has a protective effect on radiation-induced renal
injury in rats (50).

Explanations of findings

The findings of our study indicate that NAC has the
potential to abrogate the decrease in GSH and Mn-SOD
levels caused by RIHD, reduce the levels of ROS, and
increase cell viability while mitigating cellular damage.
Previous studies and the results of our research show that
the strong antioxidant capacity of NAC has a potential
therapeutic effect on RIHD, which is primarily caused by
oxidative stress.

Conclusions

Notably, NAC has been used as an antioxidant in the
treatment of lung diseases for many years in clinical practice
with a certain degree of recognition, which provides
reliability for further exploration of therapeutic drugs for
RIHD. Further examination of the association between
antioxidant therapy and DNA damage in RIHD may
present novel opportunities for future research endeavors
by our team and other scholars who are interested in
this topic.
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