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N-acetylcysteine, a small molecule scavenger of reactive oxygen
species, alleviates cardiomyocyte damage by regulating OPA1-
mediated mitochondrial quality control and apoptosis in response
to oxidative stress
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Background: Oxidative stress-induced mitochondrial damage is the major cause of cardiomyocyte
dysfunction. Therefore, the maintenance of mitochondrial function, which is regulated by mitochondrial
quality control (MQC), is necessary for cardiomyocyte homeostasis. This study aimed to explore the
underlying mechanisms of N-acetylcysteine (NAC) function and its relationship with MQC.

Methods: A hydrogen peroxide-induced oxidative stress model was established using H9¢2 cardiomyocytes
treated with or without NAC prior to oxidative stress stimulation. Autophagy with light chain 3 (LC3)-green
fluorescent protein (GFP) assay, reactive oxygen species (ROS) with the 2°,7’-dichlorodi hydrofluorescein
diacetate (DCFH-DA) fluorescent, lactate dehydrogenase (LDH) release assay, adenosine triphosphate
(ATP) content assay, and a mitochondrial membrane potential detection were used to evaluate mitochondrial
dynamics in H,O,-treated H9¢2 cardiomyocytes, with a focus on the involvement of MQC regulated by
NAC. Cell apoptosis was analyzed using caspase-3 activity assay and Annexin V-fluorescein isothiocyanate
(V-FITC)/propidium iodide (PI) double staining.

Results: We observed that NAC improved cell viability, reduced ROS levels, and partially restored optic
atrophy 1 (OPAL) protein expression under oxidative stress. Following transfection with a specific OPAI-
small interfering RNA, the mitophagy, mitochondrial dynamics, mitochondrial functions, and cardiomyocyte
apoptosis were evaluated to further explore the mechanisms of NAC. Our results demonstrated that NAC
attenuated cardiomyocyte apoptosis via the ROS/OPAI axis and protected against oxidative stress-induced
mitochondrial damage via the regulation of OPA41-mediated MQC.

Conclusions: NAC ameliorated the injury to H9¢2 cardiomyocytes caused by H,O, by promoting the

expression of OPA1, consequently improving mitochondrial function and decreasing apoptosis.
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Introduction

Cardiac disease, a collective term describing multiple
conditions, such as hypertrophic cardiomyopathy,
myocardial infarction, and ischemia-reperfusion injury, is
the leading cause of death worldwide (1). Mitochondria-
associated oxidative stress and energy metabolism
dysregulation are common pathological processes identified
in heart disease and the major causes of cardiomyocyte
dysfunction (2,3). Oxidative stress is defined as excessive
reactive oxygen species (ROS) production and/or decreased
antioxidant capacity, leading to an imbalanced oxidative/
antioxidant system. Mitochondria, which account for 30%
of cardiomyocyte volume, deliver ~90% of the energy
required by cardiomyocytes (4). To adapt to environmental
changes, mitochondria respond to diverse stimuli via
intracellular signaling, which affects cellular outcomes (5).
As mitochondria are located at the major sites of ROS
production and are constantly surrounded by ROS iz situ,
they are susceptible to structural and functional damage (6).
Therefore, the maintenance of mitochondrial function is
essential for cardiomyocyte protection during oxidative
stress.

Mitochondrial function is regulated by mitochondrial
dynamics and mitophagy; that is, mitochondrial quality
control (MQC). To maintain their morphology, distribution,
and function, mitochondria undergo continuous fusion
and fission, known as mitochondrial dynamics (7,8). The
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regulation of mitochondrial fusion requires two key proteins,
optic atrophy 1 (OPA1l) and mitofusin (MFN), which are
located on the inner and outer membranes of mitochondria,
respectively. Conversely, mitochondrial fission depends on
dynamin-related protein 1 (DRP1), which interacts with
mitochondrial fission 1 protein (FIS1). Mitochondrial
dynamics play an important role in cardiomyocyte function,
and reduced fusion and excessive fission are associated with
impaired mitochondrial function (9-11), inducing excessive
ROS production and subsequent disease (12).

OPAL1 is a key protein involved in the regulation of
mitochondrial dynamics; it facilitates inner-membrane
fusion and regulates other mitochondrial dynamics-
related proteins, such as MFN, DRP1, and FIS1 (13,14).
In addition, OPAI is involved in the organization and
maintenance of mitochondrial cristae and the regulation
of mitophagy (15). OPA1 downregulation results in
the inhibition of mitochondrial fusion and cristae
remodeling, promoting spontaneous cytochrome c release
and triggering apoptosis (16). Damaged mitochondria
are recognized as a mitophagy substrate, leading to
their clearance and degradation (17). This prevents
the accumulation of mitochondrial DNA mutations
and metabolic dysregulation (18), while enhanced
mitochondrial fusion prevents the removal of defective
mitochondria by mitophagy. There is increasing evidence
that OPA1I is directly linked to the mitochondrial structure
and bioenergetic functions (19,20). This is particularly
important for cardiac tissues, as the majority of the required
energy is supplied by mitochondria. Therefore, OPAI-
mediated mitochondrial dynamics homeostasis is a stress-
sensitive cellular response that is considered the gatekeeper
of mitochondrial function (21).

N-acetylcysteine (NAC) is a sulfur-containing reducing
agent with cardioprotective properties. NAC decreases
cardiomyocyte apoptosis by regulating the redox status of
intracellular antioxidants (22), inhibiting inflammasome
activation (23), removing free radicals (24), and inhibiting
endoplasmic reticulum stress (25). As an ROS scavenger,
NAC maintains mitochondrial function by inhibiting
excessive oxidative stress; however, it is not known
whether the protective role of NAC is related to MQC.
Undifferentiated H9¢2 cells, a commonly utilized in vitro
cell model as a substitute for cardiomyocytes, demonstrate
the capacity to differentiate into a heart-like phenotype
under reduced serum concentrations of all-trans retinoic
acid in the culture medium, resulting in the formation of
multinucleated cells with limited proliferative potential.
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Undifferentiated H9¢2 cells are predominantly employed
in the investigation of cardiac signaling pathways due
to their ease of proliferation and availability, possession
of myoblastic characteristics, and ability to mimic
cardiomyocyte functionality in experimental settings (26,27).
Therefore, using H9¢2 cardiomyocytes, we established a
H,0,-induced oxidative stress model and investigated the
underlying mechanisms of NAC. In addition, we examined
the role of autophagy, ROS with the 2’,7’-dichlorodi
hydrofluorescein diacetate (DCFH-DA) fluorescent,
lactate dehydrogenase (LDH) release assay, adenosine
triphosphate (ATP) content assay, and a mitochondrial
membrane potential detection in modulating mitochondrial
dynamics in H,O,-treated H9¢2 cardiomyocytes, with a
focus on the involvement of MQC regulated by NAC. We
present this article in accordance with the MDAR reporting
checklist (available at https://jtd.amegroups.com/article/
view/10.21037/jtd-24-927/rc).

Methods
Cell culture

H9¢2 cells (Catalogue number: 1101RAT-PUMC000219;
The Cell Resource Center, Peking Union Medical College,
Beijing, China) were cultured in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum and
1% penicillin-streptomycin (Thermo Fisher Scientific,
Waltham, MA, USA). The cells were kept in an incubator
of humidified 5% carbon dioxide at 37 °C and subcultured
every 2-3 days. The cells in the H,O, group were treated
with 25-1,000 pmol/L of H,0, for 12 h, or 250 pmol/L
of H,0, for 3, 6, 12, or 24 h. The cells in the NAC group
were pretreated with 1 mmol/L of NAC (Catalogue
number: 38520-57-9; Merck, Darmstadt, Germany) for 1 h
prior to oxidative stress stimulation. Each experiment was
biologically repeated three times. Cells from the second and
third generations are utilized in cell experimental studies.

Cell viability assay

Cell viability was evaluated using the Cell Counting Kit-8
(Catalogue number: CK04; CCK8, Dojindo Laboratories,
Kumamoto, Japan) following the manufacturer’s protocol.

Cellular ROS assay

Cellular ROS were detected using an ROS assay kit
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(Catalogue number: S0033M; Beyotime, Shanghai, China).
Briefly, the DCFH-DA fluorescent probe was diluted
in DMEM to a final concentration of 10 pmol/L. After
H,O, treatment, the cells were trypsinized and collected
using centrifugation. The 50 pL of diluted DCFH-DA
solution was added, and the cells were incubated with the
probe at 37 °C for 20 min. The cells were mixed every
3-5 min to ensure the equal distribution of the probe
during incubation. Next, the cells were washed three times
with DMEM, and cellular ROS were detected using flow
cytometry (BD FACSCelesta™, Bergen County, NJ, USA).

Cell transfection

The cells were cultured in a 6-well plate until ~70%
confluence was reached. Next, the cell culture medium
was replaced, and the cells were transfected with OPA1-
small interfering (siRNA) or scramble control siRNA using
Lipofectamine 3000 (Thermo Fisher, USA) according to
the manufacturer’s instructions. Furthermore, real-time
quantitative polymerase chain reaction (RT-qPCR) was
employed to confirm the transfection efficiency of siRNA. A
transfection rate was deemed satisfactory when the silencing
efficiency of the target gene reached 80% or higher,
prompting the continuation of subsequent cell experiments.

Western blot

Western blot was performed as described previously (28).
The following primary antibodies were used to incubate
the membranes: anti-Cytochrome C (Cat No: 66264-1-Ig;
dilution: 1:1,000, Proteintech, Rosemont, IL, USA), anti-
voltage-dependent anion channel (VDAC) (Cat No: 66345-
1-Ig; dilution: 1:1,000, Proteintech), or anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (Cat No: 60004-1-
Ig; dilution: 1:10,000, Proteintech) at 4 °C overnight. After
washing three times with phosphate buffered saline with
Tween 20 (PBST), the membranes were incubated with a
secondary antibody (Cat No: RGAMO001; dilution: 1:10,000,
Proteintech) for 1 h. Immunoblots were developed and
analyzed using a gel imaging system (Vilber Lourmat,
France).

RT-gPCR

According to the manufacturer’ instructions, a commercial
TRIzol reagent (Thermo Fisher, USA) was used to extract
the total RNA from the cells. The total RNA (2 pg) was
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Table 1 A list of the primers used for RT-qgPCR

Primer Sequence (5' to 3')

R-GAPDH forward AACTCCCATTCTTCCACC
R-GAPDH reverse ACCACCCTGTTGCTGTAG
R-Fis1 forward ACTTCTTCTACCCGGAGGCT
R-Fis1 reverse CTCTACAGGCACTTTGGGGG
R-Drp1 forward TGGAAAGAGCTCAGTGCTGG

R-Drp1 reverse ACTCCATTTTCTTCTCCTGTTGT

R-Mfn1 forward CAAACTGCAGCCACCAAGTC
R-Mfn1 reverse CTCGGGTGGAGAAACTGCTT
R-Mfn2 forward ACCAGCTAGAAACGAGATGTCC
R-Mfn2 reverse GTGCTTGAGAGGGGAAGCAT
R-Opat forward ATTTCGCTCCTGACCTGGAC
R-Opa1l reverse GGTGTACCCGCAGTGAAGAA

RT-gPCR, real-time quantitative polymerase chain reaction.

reverse-transcribed into complementary DNA using a
reverse-transcription system (Promega, Madison, WI,
USA). The RT-qPCR method was used to measure the
messenger RNA (mRNA) level of the target genes OPAI,
mitofusin 1 (MFNI), mitofusin 1 (MFN?2), fission protein 1
(FIS1), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) with the SYBR Green qPCR kit (Roche, Basel,
Switzerland). The primers were synthetized by Sangon
Biotech Co., Ltd., Shanghai, China as shown in Table 1.

Autopbagy and mitochondria imaging

MQC denotes the cellular process through which
structural and functional integrity of mitochondria is
upheld via diverse mechanisms aimed at preserving cellular
homeostasis. These mechanisms encompass mitochondrial
fusion, division, autophagy, mitophagy, and protease-
mediated degradation (29). In our study, we examined the
role of autophagy in modulating mitochondrial dynamics
in H,0O,-treated H9¢2 cardiomyocytes, with a focus on
the involvement of MQC regulated by NAC. Light chain
3 (LC3)-green fluorescent protein (GFP) plasmids and
a mitochondrion-selective Mito-dsRed (Hanbio, China)
were used to visualize autophagosomes and mitochondria,
respectively. The cells were cultured in imaging dishes
(NEST, Wuxi, Jiangsu, China) for 12 h, transfected with
the LC3-GFP plasmids, and then incubated for 8 h. Next,
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the culture medium was changed, Mito-dsRed was added
to the medium, and the cells were incubated for 48 h
before the H,0, treatment. The cells were then washed
with phosphate buffered saline (PBS), fixed with 4%
paraformaldehyde (Thermo Fisher, USA) and stained with
4’,6-diamidino-2-phenylindole (DAPI). Autophagosomes
and mitochondria were observed using a laser-scanning
confocal microscope (Zeiss, Germany).

Mitochondria isolation

Mitochondria were isolated using a reagent-based method
according to the manufacturer’s instructions (Thermo Fisher,
USA). Briefly, the cells were pelleted by centrifugation at
850 xg for 2 min and then lysed in reagents A, B, and C as
indicated in the protocol. Next, the pellets were centrifuged
at 700 xg for 10 min at 4 °C, the supernatant was transferred
to a new tube, and then centrifuged at 12,000 xg for 15 min at
4 °C. Finally, the supernatant containing the cytosol fraction
was transferred to a new tube on ice, 500 pL of reagent C
was added to the pellets, the samples were centrifuged at
12,000 xg for 5 min, and the isolated mitochondria
(precipitate) were then collected.

Apoptosis assay

The apoptosis rate was detected using an Annexin
V-fluorescein isothiocyanate (V-FITC)/propidium iodide (PI)
cell apoptosis detection kit (Catalogue number: WLAQOO1a;
Wanleibio, Shenyang, China). Briefly, the cells were
trypsinized and then centrifuged at 800 rpm for 5 min. The
cells were washed twice with PBS, and then resuspended in
500 pL of binding buffer and stained with 5 pL. of Annexin
V-FITC and 5 pL of PI at room temperature for 10 min in
the dark. The apoptosis rate was then detected using a flow
cytometer (BD FACSCelesta™, Bergen County, NJ, USA).

Caspase-3 activity assay

Caspase-3 activity was determined using a caspase-3 activity
assay kit (Catalogue number: C1073M; Beyotime, China).
Briefly, the cells were trypsinized, resuspended in cell
culture medium, and the cell precipitate was then obtained
via centrifugation at 600 xg and 4 °C for 5 min. Lysis buffer
(100 pL) was added to the cell precipitate and thoroughly
mixed. The samples were incubated at 4 °C for 15 min,
centrifuged at 20,000 xg for 15 min at 4 °C, and caspase-3
activity was detected in the supernatant as described in the

7 Thorac Dis 2024;16(8):5323-5336 | https://dx.doi.org/10.21037/jtd-24-927



Journal of Thoracic Disease, Vol 16, No 8 August 2024

manufacturer’s protocol.

Mitochondrial membrane potential (the Supernatant)

A mitochondrial membrane potential detection kit (JC-1)
(Catalogue number: C2003S; Beyotime, China) was used
to measure A¥m according to the manufacturer’s protocol.
Briefly, the culture medium was removed, and the cells were
washed with PBS. Equal volumes of fresh culture medium
and JC-1 dye were added to the cells, mixed, and incubated
at 37 °C for 20 min. The cells were then washed three times
with the washing buffer, 2 mL of fresh culture medium
was added, and A¥Ym was detected using a laser-scanning
confocal microscope (Zeiss, Germany).

ATP content assay

ATP content was detected using an ATP detection kit
(Solarbio, China) according to the manufacturer’s protocol.
Briefly, 400 pL of lysis buffer was added to each well
and pipetted repeatedly to ensure full lysis. The lysates
were centrifuged at 10,000 xg for 10 min at 4 °C. The
supernatants were collected, 500 pL chlorine was added, and
the samples were then thoroughly mixed, and centrifuged
at 10,000 xg at 4 °C for 3 min. Next, the supernatants were
transferred to another tube on ice, thoroughly mixed with
a test reagent and working solution, and the absorbance of
the samples at 340 nm was detected after 10 s. The cuvette
with the reaction solution was then placed in a 37 °C water
bath for 3 min, and the absorbance was detected again at
3 min 10 s. The ATP content of the samples was calculated
according to the manufacturer’s protocol.

LDH release assay

LDH release was measured using a commercial LDH
detection kit (Catalogue number: C0016; Beyotime,
China). Briefly, the cells were washed with PBS and the
culture medium was replaced before the experiment. The
background blank control group and maximum enzyme
activity control group were established. One hour before
the scheduled detection time point, 10% of the original
culture medium volume of LDH release reagent was
added to the “maximum enzyme activity control group”
and incubated for 1 h in the 37 °C cell incubator. Next, a
solution consisting of 120 pL of supernatant from each
group and 60 pL of work solution was mixed gently at 25 °C
for 30 min on a shaker (in the dark), and the absorbance at
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490 nm was measured using a multimode microplate reader

(Molecular Devices, Sunnyvale, CA, USA).

Statistical analysis

The data were analyzed using the SPSS statistical software
(version 22, IBM SPSS Statistics, Chicago, IL, USA), and
are expressed as the mean = standard deviation (SD). A one-
way analysis of variance (ANOVA) was used for the multiple-
group comparisons, and the least significant difference post-
hoc test was used for the intergroup comparisons. All the
experiments were performed independently in triplicate.
Statistical significance was set at P<0.05.

Results

NAC increased cell viability and reduced ROS content in
response to oxidative stress

H,0, is a well-characterized reagent used to induce oxidative
stress; it induces either apoptosis or necrosis, depending on
the treatment concentration and duration (30). First, we
performed cell viability experiments by incubating H9¢2
with 25-1,000 pmol/L of H,O, for 24 h, and our results
showed that cell viability gradually decreased as H,O,
concentration increased in a dose-dependent manner
(Figure 1A). Next, we performed time-course experiments
using a H,0, concentration of 250 pmol/L. Based on the
results of these experiments (Figure 1B), 250 pmol/L of
H,O0, and a 12-h duration were selected as the optimal
conditions for inducing oxidative damage. To explore the
cardioprotective properties of NAC, we treated the H9¢2
cells with H,O, in the absence or presence of NAC. Our
results showed that H,O, decreased cell viability by ~40%
(Figure 1C) and nearly doubled the intracellular ROS
content, while these effects were partially reversed by NAC
(Figure 1D, 1E).

NAC affects OPA1-mediated mitophagy

Mitophagy is the main mechanism of MQC (29), and OPAI-
mediated mitophagy is involved in oxidative stress (31). To
understand the effects of NAC on the cardiomyocyte MQC
response to oxidative stress injury, we evaluated the effect of
OPAI silencing on the cardioprotective properties of NAC.
The RT-qPCR results showed that compared with the
control cells, H,O, treatment impaired OPAI transcription.
The addition of NAC restored the OPAI level, and this
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Figure 1 NAC reduces ROS content in response to oxidative stress. (A) Cell viability of H9¢2 cardiomyocytes incubated with 25—
1,000 pmol/L of H,O, for 24 h. (B) Cell viability of H9¢2 cardiomyocytes incubated with 250 pmol/L of H,O, for different periods. (C-E)
H9c2 cardiomyocytes were treated with 250 pmol/L of H,0O, for 12 h with or without 1 mmol/LL NAC pretreatment, and cell viability (C)
and ROS production (D,E) were measured by flow cytometer. Statistical comparisons were performed using a one-way ANOVA. *, P<0.05
vs. control group; ¥, P<0.05 vs. H,0, group. CTRL, control; NAC, N-acetylcysteine; ROS, reactive oxygen species; FITC, fluorescein

isothiocyanate; ANOVA, analysis of variance.

effect was inhibited by OPA1 downregulation (Figure 2A).
To intuitively explore the effect of NAC on OPAI-mediated
mitophagy, we transfected the H9¢2 cells with LC3-GFP
plasmids and Mito-dsRed. The H,0, treatment increased
the number of autophagosomes that co-localized with
mitochondria, which was weaker in the NAC condition.
However, OPA1 knockdown restored the activation of
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mitophagy (Figure 2B,2C).

Silencing of OPA1 inbibits mitochondrial dynamics
regulated by NAC

Mitochondria are dynamic organelles that constantly
change shape to adapt to the environment. The balance
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of mitochondrial dynamics, including fusion and fission,
plays a vital role in cardiomyocyte function. Therefore,
we first assessed mitochondrial morphology and found
that oxidative stress decreased the number of filiform- or
tubular-shaped mitochondria, but increased the number
of puncta-shaped mitochondria. Further, NAC markedly
reduced the effect of H,0,; however, the effect of NAC was
reversed by OPAI silencing (Figure 34). We then evaluated
the mRNA level of mitochondrial dynamic markers, such
as MFNI, MFN2, DRPI, and FISI, using RT-qPCR, and
the expression levels of the markers were normalized to that
of GAPDH. The results showed that the H,O, treatment
decreased the transcription levels of MFNT1 and MFN2 and
increased those of DRP1 and FIS1. However, H,O, did
not affect the MFF transcription levels (data not shown).
The NAC pretreatment reversed these effects, while OPA1
knockdown inhibited NAC-induced changes in the levels of
mitochondrial dynamics markers (Figure 3B-3L).

NAC inbibited cardiomyocyte apoptosis via OPA1

A close relationship has been established between
mitochondrial dynamics, mitophagy, and apoptosis, as the
regulation of mitochondrial dynamics and mitophagy can
alleviate apoptosis. Cytochrome c is normally located in
the mitochondrial cristae and regulated by OPAI, and its
release from mitochondria into the cytoplasm is considered
the main intracellular trigger of apoptosis. Therefore, we
first evaluated the localization of cytochrome ¢ by western
blot. The H,O, treatment decreased the mitochondrial
cytochrome ¢ levels and increased the cytoplasmic levels,
which confirmed the release of cytochrome c. Conversely,
NAC significantly reduced this effect. Further, OPA1
knockdown reversed the effect of NAC on cytochrome ¢
release (Figure 44-4C). Next, flow cytometry experiments of
H9¢2 cardiomyocytes double stained with Annexin V-FITC
and PI-PE were used to measure the apoptosis rate. As
Figure 4D,4E show, the H,0, treatment increased the
apoptosis rate compared to that of the control cells, and the
NAC treatment reduced the apoptosis rate. The apoptosis
rate of the OPAI silencing cells was dramatically increased.
The pattern of activity for caspase-3 was consistent with the
apoptosis rate observed by the flow cytometry experiments
(Figure 4F).

NAC preserved mitochondrial function through OPAI

Next, we examined the effect of NAC on mitochondrial
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function and its connection to OPAI. A JC-1 probe was
used to measure AYm in the H9¢2 cardiomyocytes treated
with H,O, with or without NAC pretreatment. Our results
showed that the H,O, treatment increased the levels of
monomeric JC-1 (with green indicating depolarization),
while NAC reduced the monomeric JC-1 levels;
however, these changes were reversed by OPAI silencing
(Figure 54,5B). The ATP content and LDH production
were measured to evaluate mitochondrial function; H,O,
suppressed the intracellular ATP content and induced LDH
release, which were reversed upon NAC pretreatment,
while OPA1 knockdown inhibited the NAC-mediated
effects (Figure 5C,5D).

Discussion

In this study, we explored the protective effects of NAC
and its role in MQC using a H,O,-induced oxidative
stress model. NAC suppressed ROS, increased OPAI
protein expression levels, and contributed to the recovery
of mitochondrial morphology. Our findings clarified the
mechanism of NAC action on restored mitochondrial
functions and decreased myocardial apoptosis via OPA1I-
mediated mitochondrial dynamics and mitophagy.

H,0, is a well-characterized reagent used to induce
oxidative stress. Wang et al. (32) reported that 100 pmol/L
of H,0, induced H9¢2 cell apoptosis in a time-dependent
manner, while 500 pmol/L of H,O, treatment caused
necrosis. In this study, our results demonstrated that
the ROS content and apoptosis rate increased exposure
to H,0, with a concentration of 250 pmol/L. ROS
perform seemingly contradictory functions depending
on their levels (33): at low concentrations, ROS regulate
signal transduction pathways and participate in cell
growth, differentiation, and apoptosis, while excessive
ROS accumulation leads to oxidative damage, causing
mitochondrial dysfunction, DNA mutations, protein
oxidation, and membrane lipid peroxidation. Lin et al.
reported that NAC suppressed apoptotic signal kinase 1
phosphorylation and regulated the redox status of
intracellular antioxidant proteins to decrease apoptosis (34).
Similarly, we also observed that NAC reduced apoptosis,
even though we used a H,O, concentration of 250 pmol/L
rather than the concentration of 750 pmol/L that Lin ez a/.
used in their experiments (34).

In eukaryotic cells, mitochondria exist as a reticular
network that is dynamically regulated by fusion and fission.
A disruption of mitochondrial dynamics in myocardial
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Figure 3 NAC regulates mitochondrial dynamics in H9¢2 cardiomyocytes via OPAI. (A) The cells were stained with a mitochondrion-

specific Mito-dsRed probe, and the mitochondrial morphology was observed using a confocal laser-scanning microscope (scale bar =20 pm,
magnification 1,600x). (B-E) H9¢2 cardiomyocytes were treated with 250 pmol/L of H,O, for 12 h with or without 1 mmol/L of NAC
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pretreatment. The transcription levels of the mitochondrial dynamic genes MFNI1, MFN2, DRPI, and FISI were evaluated by RT-qPCR
and normalized to GAPDI. Statistical comparisons were performed using a one-way ANOVA. *, P<0.05 vs. control group; *, P<0.05
vs. H,0, group; &, P<0.05 vs. NAC group. CTRL, control; NAC, N-acetylcysteine; RT-qPCR, real-time quantitative polymerase chain
reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ANOVA, analysis of variance.
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Figure 4 NAC regulates H9¢2 cardiomyocyte apoptosis via OPAI. H9¢2 cardiomyocytes were treated with 250 pmol/L of H,O, for 12 h
with or without 1 mmol/L of NAC pretreatment. (A-C) The release of cytochrome ¢ from mitochondria to cytoplasm H9¢2 cardiomyocytes
was detected by western blot and normalized to VDAC and GAPDH, respectively; (D,E) H9¢c2 cardiomyocytes were double stained with
Annexin V-FITC and PI-PE, and the apoptosis rate was measured using flow cytometry. The mitochondrial apoptosis pathway was verified
by measuring (F) H9¢2 cardiomyocyte caspase-3 activity levels. Statistical comparisons were performed using a one-way ANOVA. *, P<0.05
vs. control group; ¥, P<0.05 vs. H,0, group; &, P<0.05 vs. NAC group. VDAC, voltage-dependent anion channel; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; NAC, N-acetylcysteine; V-FITC, V-fluorescein isothiocyanate; PI, propidium iodide; PE, phycoerythrin;
ANOVA, analysis of variance.

© Journal of Thoracic Disease. All rights reserved. 7 Thorac Dis 2024;16(8):5323-5336 | https://dx.doi.org/10.21037/jtd-24-927



Journal of Thoracic Disease, Vol 16, No 8 August 2024 5333

A CTRL H,0, H,0, + NAC  H,0, + NAC + si-OPA1

Aggregates

100um

Monomers

Merge 8

w
0
O

4.0 4 1.5 4 2.5
0 «
3 - 5 2.0 &
£ 3.0 S
8 & K] )
= o 15
Q = Q
9 # S . © 1.0 A #
2 a 0.5 4 I
% 101 < 2 05
O]
0.0 - 0.0 - 0.0 -
H,0, - + + + H,0, - + + + H,0, - + + +
NAC - - + + NAC - + + NAC - - + +
si-OPA1 - - - + si-OPA1 - - + si-OPA1 - - - +

Figure 5 NAC preserves mitochondrial function and structure via OPAI. H9¢2 cardiomyocytes were treated with 250 pmol/L of H,O, for
12 h with or without 1 mmol/L. of NAC pretreatment. Thereafter, (A) the mitochondrial membrane potential assay kit with JC-1
fluorescence probe staining was used to measure A¥m in H9¢2 cardiomyocytes. (B) Quantification of A¥m based on the average fluorescence
intensity of monomeric JC-1, which indicates cell depolarization. (C,D) ATP content and LDH production in H9¢2 cardiomyocytes were
measured to evaluate mitochondrial function. Statistical comparisons were performed using a one-way ANOVA. *, P<0.05 vs. control group;
* P<0.05 vs. H,O, group; &, P<0.05 vs. NAC group. CTRL, control; NAC, N-acetylcysteine; ATP, adenosine triphosphate; LDH, lactate
dehydrogenase; ANOVA, analysis of variance.

tissue is associated with the accumulation of dysfunctional In the present study, even though we used a different
mitochondria and heart failure. Using a cardiac lipotoxicity model to induce oxidative stress damage, the changes
transgenic mouse model and neonatal rat ventricular in mitochondrial morphology and OPAI change were
cardiomyocytes, Tsushima ez /. (35) observed that lipid consistent with those in previous reports (35,36), indicating
overload induced ROS generation and mitochondrial that oxidative stress affected mitochondrial fusion.
morphological changes, accompanied by the loss of the Mitochondrial fusion and fission are usually balanced,;
mitochondrial reticulum and the OPAI change. Zhang decreased fusion is often accompanied by excessive fission.
et al. (36) reported that melatonin rectified excessive Unlike DRP1, phosphorylation at S616 was observed
mitochondrial fission, promoted mitochondria energy in Tsushima’s (35) experiment. We observed an increase
metabolism, and reduced cardiomyocyte apoptosis via in total DRP1, which was a trigger of fission. These
OPAl-related mitochondrial fusion and mitophagy. observations suggest that there may be certain differences
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in fusion and fission regulation depending on the model
employed.

OPAI can regulate the shape of mitochondrial cristae and
maintain their morphology (37). Its downregulation inhibits
mitochondrial fusion, triggering fragmentation and cristae
remodeling, promoting spontaneous cytochrome c release
and apoptosis. Conversely, high OPA1 expression inhibits
cytochrome c release (38,39), protecting cells against
apoptosis (40). Therefore, a disbalance in mitochondrial
dynamics leads to mitochondrial apoptosis. In the present
study, we demonstrated that OPAI regulated apoptosis and
was involved in the protection of NAC.

While our preliminary study suggests that NAC
may alleviate oxidative stress-induced damage in H9c2
cardiomyocytes, it is important to note that there are
limitations to our study. MQC is constantly changing, but
as we did not observe this process continuously, we might
have missed some of the effects of NAC against oxidative
stress. Specifically, we did not investigate the effects of NAC
on oxidative stress in primary myocardial cells or in animal
models. Moving forward, we plan to further investigate
the protective effects of NAC on oxidative stress-induced
cardiac injury and elucidate the associated molecular
mechanisms using doxorubicin and ischemia-reperfusion
injury myocardial injury models, as well as mouse primary
cardiomyocytes.

Conclusions

Collectively, our results indicated that NAC mitigates
the damage of H9¢2 cardiomyocytes induced by H,O,
via stimulating OPA1, thereby enhancing mitochondrial
function and reducing apoptosis. We clarified the
cardioprotective effect of NAC from the aspect of MQC
and provided a possible theoretical basis for future novel
clinical applications of NAC to treat cardiac disease.
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