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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: Research has revealed the involvement of mitochondrial autophagy and iron death in
Hydrogen sulfide the pathogenesis of myocardial fibrosis. The objective of this study is to investigate whether the mitochondrial-
A1?39h drial b targeted HaS donor AP39 inhibits mitochondrial autophagy and antagonizes myocardial cell iron death through
xl:::p;:isna autophagy the PINK1/Parkin pathway, thereby improving myocardial fibrosis in rats with myocardial infarction.

Experimental approach: A rat model of myocardial infarction was created by intraperitoneal injection of a high
dose of isoproterenol, and H9¢2 myocardial cells were subjected to hypoxic injury induced by CoCly. Western
blot, RT-PCR, transmission electron microscopy, immunohistochemistry, as well as echocardiography, and
studies on isolated hearts were employed.

Key results: In the hearts of rats with myocardial infarction, there was a significant accumulation of interstitial
collagen fibers, accompanied by downregulation of CSE protein expression, activation of the PINK1/Parkin
signaling pathway, and activation of mitochondrial autophagy. Intervention with AP39 resulted in a significant
improvement of the aforementioned changes, which could be reversed by the addition of PAG. Similar results
were observed in vitro experiments. Furthermore, the addition of CCCP reversed the antagonistic effect of AP39
on myocardial cell iron death, while the addition of RSL3 reversed the inhibitory effect of AP39 on collagen
production in myocardial cells.

Conclusion and implications: The mitochondrial-targeted HyS donor AP39 can inhibit mitochondrial autophagy
through the PINK1/Parkin pathway, antagonize myocardial cell iron death, and improve myocardial fibrosis in
rats with myocardial infarction.

Myocardial infarction
Myocardial fibrosis

1. Introduction significant advancements in modern medicine, the mortality rate after
myocardial infarction remains high. It is estimated that approximately

Myocardial infarction (MI) is a cardiovascular disease characterized 17 million people worldwide die each year from acute myocardial
by sudden onset, severe symptoms, and high prevalence. Despite infarction or its subsequent progressive heart failure, making it one of
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the leading causes of death among Chinese residents [1]. Myocardial
fibrosis is a crucial process in the development of myocardial remodel-
ing and a primary pathological process following myocardial infarction.
Excessive myocardial fibrosis and severe negative cardiac remodeling
can lead to serious complications such as arrhythmias, hypotension,
shock, and heart failure, significantly affecting the long-term prognosis
of myocardial infarction patients. Therefore, exploring the mechanisms
underlying its occurrence and development is of great scientific signif-
icance. Extensive research has identified several mechanisms involved
in the development of myocardial fibrosis after myocardial infarction,
including inflammation, oxidative stress, cell apoptosis, and cell
pyroptosis [2-4]. Studies have proposed a close relationship between
excessive mitochondrial autophagy, ferroptosis, and the occurrence of
myocardial fibrosis [5], but the specific regulatory mechanisms remain
unclear.

Mitochondrial autophagy is a selective self-degradation process of
damaged or aging mitochondria, contributing to the maintenance of
mitochondrial network integrity and homeostasis. However, mito-
chondrial autophagy has a dual effect. Studies have shown that mod-
erate stimulation within a certain time frame enhances mitochondrial
autophagy, thus maintaining the quantity and normal function of
mitochondria. However, prolonged excessive mitochondrial autophagy
inevitably leads to mitochondrial depletion, which affects mitochondrial
energy metabolism, cellular homeostasis, and can even result in cell
death [6]. It has also been suggested that excessive mitochondrial
autophagy leads to the clearance of a large number of mitochondria,
impairing cellular mitochondrial metabolism and rapidly increasing the
levels of reactive oxygen species (ROS) such as superoxide. With the
continuous release of a large amount of ROS, inflammation can be
activated and amplified, leading to further mitochondrial and cellular
damage, thus forming a vicious cycle and ultimately resulting in fibrosis
[7]. Research has shown that inhibiting excessive mitochondrial auto-
phagy can improve heart failure in rats after myocardial infarction [8].
PINK1, a mitochondria-targeted serine/threonine kinase, and Parkin, a
cytoplasmic ubiquitin E3 ligase, are involved in mitochondrial auto-
phagy when mitochondria are damaged. The loss of mitochondrial
membrane potential leads to the accumulation of PINK1 in the outer
mitochondrial membrane [9], and PINK1 mediates the phosphorylation
of serine 65 (Ser65) in the ubiquitin-like domain of Parkin, activating
and recruiting Parkin [9-11], thus inducing mitochondrial autophagy. It
has been found that long non-coding RNA H19 can downregulate the
PINK1/Parkin pathway, antagonizing excessive mitochondrial auto-
phagy induced by palmitic acid, thereby improving mitochondrial
respiration and ATP generation in myocardial cells [12]. Therefore, the
mechanism of myocardial injury and fibrosis after myocardial infarction
may be associated with excessive mitochondrial autophagy mediated by
the PINK1/Parkin pathway.

Ferroptosis is a novel form of iron-dependent programmed cell
death, distinct from apoptosis, necrosis, and autophagy, and character-
ized by iron overload and accumulation of lipid peroxides [13]. Recent
studies have shown that ferroptosis is one of the important causes of
myocardial injury induced by myocardial infarction [14,15]. It has been
reported that ferroptosis is involved in the process of myocardial
fibrosis. Zhang et al. [16] found that Elabela, a novel endogenous ligand
of the apelin receptor, can antagonize Ang II-mediated ferroptosis in
CMVECs by regulating the IL-6/STAT3/GPX4 signaling pathway,
thereby improving cardiac remodeling and fibrosis. Quercetin can also
improve myocardial fibrosis and cardiac dysfunction by alleviating
doxorubicin-induced ferroptosis in cardiomyocytes [17]. Resveratrol
can reduce myocardial damage by inhibiting ferroptosis, thereby
improving myocardial fibrosis after myocardial infarction [18]. Ferris-
tatin promotes the antioxidant capacity of cardiac fibroblasts, reduces
ferroptosis, and improves ischemia/reperfusion-induced myocardial
fibrosis [19]. Thus, ferroptosis is closely related to the mechanism of
myocardial fibrosis, but whether myocardial cell ferroptosis is associ-
ated with excessive mitochondrial autophagy and mediates the
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occurrence of myocardial fibrosis after ischemia is still unclear.
Hydrogen sulfide (H,S) is a gasotransmitter discovered after CO and
NO [20]. A large body of evidence suggests that HsS is involved in the
pathophysiological processes of cardiovascular diseases such as
atherosclerosis, hypertension, angiogenesis, and myocardial infarction
[21]. HS plays a cardiovascular protective role in the body and is
associated with anti-inflammatory, antioxidant, anti-apoptotic, and
antifibrotic effects [22]. Previous studies by our research group have
found that the HyS donor NaSH can improve myocardial fibrosis in rat
models of hyperthyroidism [23] and diabetes [24]. However, whether it
can antagonize myocardial fibrosis after myocardial infarction and
whether its mechanism is related to the inhibition of excessive mito-
chondrial autophagy and ferroptosis are currently unclear. AP39
[(10-0x0-10-(4-(3-thioxo-3 H-1,2-dithiol-5yl) phenoxy)decyl) triphe-
nylphosphonium bromide] is a mitochondria-targeted HoS donor that
releases HS specifically within the mitochondria to exert mitochondrial
protective effects [25]. Studies have indicated that AP39 can exert
cellular protective effects through antioxidant stress in ischemia/r-
eperfusion injury [22,26,27]. Whether AP39 can inhibit excessive
mitochondrial autophagy, counteract myocardial cell ferroptosis, and
improve myocardial fibrosis after myocardial infarction is currently
unclear. Therefore, this study aims to establish an acute myocardial
infarction rat model and intervene with AP39 to investigate whether
restoring mitochondrial HyS homeostasis can improve myocardial
fibrosis after myocardial infarction. Additionally, it aims to explore
whether the mechanism involves the inhibition of excessive mitochon-
drial autophagy and suppression of myocardial cell ferroptosis, poten-
tially discovering new intervention targets for preventing and treating
myocardial fibrosis and cardiac remodeling after myocardial infarction.

2. Materials and methods
2.1. Reagents

The H9c2 cell line was obtained from ATCC (Manassas, VA, USA),
CoCly, dl-propargylglycine (PAG) and Carbonyl cyanide-m-
chlorophenyl-hydrazine (CCCP, C2759) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Isoproterenol (ISO) was from Melone
Pharmaceutical (Dalian, China). AP39 (HY-126124) and RSL3 were
obtained from MCE. Antibodies against PINK1, Parkin, P62, LC3,
a-SMA, Collagenl, Collagenlll, GPX4, SLC7all, GAPDH and HRP-
conjugated anti-rabbit IgG secondary antibodies were all from Pro-
teintech (Wuhan, China). Pierce Detergent Compatible Bradford Assay
Reagent was purchased from thermo scientific (Rockford, USA).
Enhanced Chemiluminescence Reagent kit was purchased from NCM
Biotech (Suzhou, China). Reactive oxygen species assay kit and
Enhanced mitochondrial membrane potential assay kit (JC-1) were ob-
tained from Beyotime Institute of Biotechnology (Shanghai, China).
Two-photon (TP) fluorescent probe Mito-HS was obtained KEAN
Biotechnology (Nanjing, China).

2.2. Cell culture and treatment

The myocardial cell line H9c2 was bought from ATCC (Manassas,
VA, USA). Cells were developed in the mixture of Dulbecco’s Modified
Eagle Medium (D-MEM) (C11995500BT; Gibco; Grand Island, NY, USA)
which contains 10% fetal bovine serum (FSP500; Excell Bio; Uruguay,
South America) under the condition of humidified 5% CO5 and 37 °C.
The Primary Rat Cardiomyocyte was bought from MeisenCTCC (CTCC-
C002-Rat; Zhejiang; China). Cells were developed in the Cardiomyocyte
complete medium (CTCC-022-PriMed; Zhejiang; China) under the con-
dition of humidified 5% CO5 and 37 °C.

Cells were disposed by trypsin/EDTA (BL512A; biosharp; Bejing,
China) for subcultivation. The medium was replaced every other day.

HO9c2 cells (100 ul/well) were seeded into 96-well plate at a density
of 3.0 x 10* cells/ml and incubated for 24 h in medium containing
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different concentrations (0, 200, 400, 600, 800, 1000, 1200, 1400 and
1600 uM) of Cobalt chloride (CoCly, Sigma-Aldrich, USA). Cell viability
was tested with cell counting kit-8, the concentration of CoCl; resulting
in half reduction of the cell viability was chosen to induce chemical
hypoxia [28]. H9¢2 cells were seeded at a density of 1 x 103 cells/well in
6-well culture dishes and cultured in standard DMEM supplemented
with 10% calf serum at 37 °C in an incubator with humidified 5% CO,
and 95% air atmosphere. When the cells reached ~60% confluence, 800
uM CoCly was used to induce hypoxia. Groups were set up as following.
Control group: H9¢2 cardiomyocytes were cultured in a 5% CO, incu-
bator at 37 °C for 48 h. CoCl; group (800 pM): diluted CoCl, was added,
and after 24 h the culture medium was changed and cultured for another
24 h. CoCly + AP39 group: diluted CoCl, was add and cultured for 24 h,
then the medium was changed and AP39 (100 nM) was added and
cultured for another 24 h. CoCly +AP39 +PAG group: diluted CoCl, was
added and cultured for 24 h, PAG was added half an hour before addi-
tion of AP39 and then co-cultured for another 24 h. CoCl, +AP39
+CCCP group: Carbonyl cyanide-m-chlorophenyl-hydrazine (C2759;
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was used to activate
mitophagy in CCCP group. CoCly +AP39 +RSL3 group: RSL3 ((1 S,3
R)-RSL3) (HY-100218A; Med Chem Express; New Jersey, USA) was used
to activate ferroptosis. AP39 group: AP39(100 nM) was added to H9c2
cardiomyocytes and cultured for 48 h at 37 °C in a 5% CO; incubator.
DMSO group: DMSO(2ul/well) was added to H9c2 cardiomyocytes and
cultured for 48 h at 37 °C in a 5% CO-, incubator.

The primary Rat Cardiomyocytes were seeded at a density of 5 x 10°
cells/well in 6-well culture dishes and cultured in standard Car-
diomyocyte complete medium supplemented with 10% calf serum at 37
°C in an incubator with humidified 5% CO; and 95% air atmosphere.
When the cells are apposed for 12 h, 800 uM CoCl, was used to induce
hypoxia. Groups were set up as following. Control group: primary Rat
Cardiomyocytes were cultured in a 5% CO- incubator at 37 °C for 48 h.
CoCl, group (800 pM): diluted CoCly was added, and after 24 h the
culture medium was changed and cultured for another 24 h. CoCl; +
AP39 group: diluted CoCl, was add and cultured for 24 h, then the
medium was changed and AP39 (100 nM) was added and cultured for
another 24 h. CoCly +AP39 +PAG group: diluted CoCl, was added and
cultured for 24 h, PAG was added half an hour before addition of AP39
and then co-cultured for another 24 h. AP39 group: AP39(100 nM) was
added to H9c2 cardiomyocytes and cultured for 48 h at 37 °C in a 5%
CO4, incubator.

2.3. Animals

Fifty adult male SD rats, weighing (220 + 20 g), from the Animal
Laboratory of South China University. This study was performed in
accordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. The experimental protocol was approved by
the Animal Ethics Committee of the University of South China
(USC202011SD25).

Fifty male SD rats were randomly divided into the following five
groups: control group, ISO group (myocardial infraction rat group),
ISO+AP39 group, ISO+AP39 +PAG group and AP39 group (n = 10). A
rat model of myocardial ischemia was induced by intraperitoneal in-
jection of ISO hydrochloride (50 mg/kg/d) for 2 consecutive days, while
Control group and AP39 group were injected with normal saline for 2
consecutive days. And 24 h after the second ISO injection, all animals
were anesthetized and electrodes are first separately implanted into the
appropriate body part, and then the electrocardiogram (ECG) was
monitored. Then, blood samples (2 ml) were collected from all rats
through the tail vein, and serum was separated from each sample for
biochemical analysis. Both the ISO+AP39, ISO+AP39 +PAG and AP39
groups were administered intraperitoneally with AP39. The ISO+AP39
+PAG group was given an additional intraperitoneal injection of CSE
inhibitor PAG (dl-propargylglycine, 40 mg/kg/d, Sigma-Aldrich, USA).
Intraperitoneal injections were performed continuously for 4 weeks.
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2.4. Electrocardiography

Each group of rats underwent ECG before the first injection of ISO or
saline and after the last injection (VECG-2303B, 3ray, Guangzhou,
China). Fifteen minutes after anesthesia, SD rats were placed on a
wooden board in the supine position, and red wire electrodes were
bound to the paw pad of the right upper limb, yellow wire electrodes
were bound to the paw pad of the left upper limb, green wire electrodes
were bound to the paw pad of the left lower limb, and black wire elec-
trodes were bound to the paw pad of the right lower limb, and the speed
of the electrocardiograph was 50 mm/s. Subsequently, the electrocar-
diogram graphs were recorded and analyzed.

2.5. Troponin T (cTnT)

Blood was collected using heparin tubes immediately after execution
of the rats, and blood samples were centrifuged at 12,000 rpm for 10 min
at 4 °C using a high-speed cooling centrifuge, and then the supernatant
was collected. The level of cTnT was then measured according to the
instructions for the Troponin T (cTnT) assay kit.

2.6. Echocardiography

After all rats were anesthetized, the changes of Heart rate (HR ) , left
ventricular fractional shortening (LVFS), and Left ventricular ejection
fraction (LVEF) values were measured using M-mode ultrasound.

2.7. Measurement of cardiac index

After detection of cardiac function, the rats were sacrificed, then the
hearts were removed and weighed. The heart mass index was calculated
by ratio of heart weight (HW) and body weight (BW).

2.8. Masson staining

Myocardial tissues were fixed by 4% paraformaldehyde, paraffin-
embedded after dehydration by gradient alcohol, made into 4 um thin
sections by microtome, stained according to the instructions of Masson
staining kit (Abiowell Biotech Co, Ltd , Changsha , Hunan), sealed by
treacle, and observed staining under a light microscope.

2.9. Immunohistochemistry analysis

The myocardial tissue was fixed in 4% paraformaldehyde saline and
then rinsed with 100%, 95%, 85%, and 75% ethanol in sequence for 5
min. Tissues were soaked with PBS solution for ~5 min and incubated in
3% H305 for 10 min. Tissues were rinsed with PBS for three times (2 min
for each time) and then incubated with the primary antibody overnight
at 4 °C. After three times of wash with PBS (2 min for each time), tissues
were incubated with biotin-labeled secondary antibody (Proteintech,
Wuhan, China) for 10 ~ 30 min, followed by incubation with HRP-
labeled streptavidin for 30 min. After extensive wash with PBS, sam-
ples were developed using 3,3"-diaminobenzidine (DAB) chromogen and
observed under a Motic BA210T light microscope.

2.10. Transmission electron microscopy

Myocardial tissues were fixed with 2.5% glutaraldehyde, cut into
50-100 nm thin slices, and rinsed with phosphoric acid (Beyotime
Institute of Biotechnology, Shanghai, China). After fixed immersion in
1% osmium tetroxide (Absin Biosciences, Inc, Shanghai, China), phos-
phoric acid was rinsed, followed by gradient acetone immersion,
dehydration, and drying, staining with 3% uranyl acetate and lead ni-
trate for 10-20 min, rinsing with distilled water, and observation of
ultrastructure under transmission electron microscopy.
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2.11. Mito-HS fluorescent probe

Sterile coverslips were placed in each well of the six-well plate before
seeding, and at the end of the cell intervention time, cells in each well
were washed 3 times for 3 min each using PBS, the Mito-HS fluorescent
probe [29] was added after aspiration of PBS and incubated for 1 h at
37 °C, and then the cells in the six-well plate were washed three times
using PBS for 3 min each time. Finally, observation was made under
fluorescence microscope.

2.12. Cell Counting kit-8 (CCK8)

The cell counting kit-8 (CCK-8) (Abiowell, AWC0114a, Changsha,
China) assay was used to determine cell viability. H9c2 cells were first
cultured in 96-well plates at a density of 1 x 10%*cells/well. After
respective treatments, 10 pl of CCK-8 reagent was added to each well
containing H9c2 cells. The plates were then incubated at 37 °C for 2 h in
the dark. Each well’s optical density (OD) was measured using an
enzyme-labeled instrument at a wavelength of 450 nm.

2.13. JC-1 mitochondrial membrane potential measurement

Mitochondrial membrane potential changes in H9c2 cells and pri-
mary rat cardiomyocytes were measured by JC-1 kit (Beyotime Institute
of Biotechnology, Shanghai, China). Briefly, H9c2 cells and primary rat
cardiomyocytes were treated as described previously for modeling, and
then H9c2 cells and primary rat cardiomyocytes were incubated with
JC-1 staining solution (10 pg/ml) for 20 min at 37 °C in the dark and
rinsed twice with PBS, and images were taken under fluorescence mi-
croscope. The ratio of red fluorescence to green fluorescence reflects the
change in mitochondrial membrane potential.

2.14. ROS detection assay

The cellular reactive oxygen species (ROS) assay is performed ac-
cording to the manufacturer’s instructions (S0033S). The ROS assay kit
is based on the diffusion of 2',7-dichlorofluorescein diacetate (DCFH-
DA) into the cells. It is then deacetylated by the cell’s esterase, and the
product is subsequently oxidized by ROS to 2',7-dichlorofluorescein
(DCF), which is highly fluorescent. To detect intracellular ROS, post-
intervention cells were incubated with 10 pM DCFH-DA for 30 min at
37 °C. After that, the cells were washed with PBS 3 times, and images
were taken under fluorescence microscope.

2.15. Mito-ferrogreen detection assay

The F¢2* content of different groups was analyzed using a Mito-
Ferrogreen Assay Kit (Dojindo, Shanghai, China) according to the
manufacturer’s instructions. The Fe?" positive cells were green under
fluorescence microscopy.

2.16. Immunofluorescence staining

Cells were fixed with 4% PFA for 40 min, permeabilized with 0.1%
Triton X-100 for 5 min x 2, and blocked with 5% BSA for 1 h, incubated
with rabbit anti-PINK1 (1:100) overnight at 4 °C, then incubated with
secondary antibody coupled with FITC (1:200) for 1 h at room tem-
perature, followed by incubation with rabbit anti-Parkin (1:100) at 4 °C
overnight, followed by incubation with a secondary antibody coupled
with Cy3 (1:200) for 1 h at room temperature, and finally re-stained
using DAPI. Fluorescence was analyzed using a fluorescence micro-
scope (Olympus, IX71, Tokyo, Japan).

2.17. RT-gPCR

Total RNA was extracted from rat myocardial tissues using TRIzol

Biomedicine & Pharmacotherapy 165 (2023) 115195

(Tiangen, China) and transcribed into cDNA using the Prime-ScriptTM
RT kit (CWBio, China). Real-time qPCR was performed using SYBR
green (CWBio, China) at standard conditions of 95 °C for 30 s, 40 cycles
of 95 °C for 5s, and 60 °C 30 s. Real-time qPCR was performed under
standard conditions, GAPDH was used as an internal reference and the
relative expression levels of target genes were calculated using the 2724
method. The primer sequences were as follows:

R-GAPDH.

F ACAGCAACAGGGTGGTGGAC.

R TTTGAGGGTGCAGCGAACTT.

R-PINK1.

F GTGTCTGACCCACTGGACAC.

R CTGCTCCCTTTGAGACGACA.

R-P62.

F AGCATACAGAGAGCACCCAT.

R ACATACAGAAGCCAGAATGCAG.

R-GPX4.

F AATTCGCAGCCAAGGACATCG.

R ATTCGTAAACCACACTCGGCGTA.

R-SLC7A11.

F TGCTGCCTACACAAAGACGTT.

R CGCCTTGCCCTTTAAGTATTCACC.

2.18. Western bloting

Rat myocardial tissues and cell precipitates were lysed using cold
protease inhibitor-containing radioimmunoprecipitation assay (RIPA)
lysis buffer, the supernatant was collected after centrifugation, and the
protein concentration of the supernatant was quantified and leveled
using the BCA protein quantification kit according to the manufacturer’s
guidelines, and samples were denatured after heating at 95 °C for 10
min, separated in 10-12% polyacrylamide electrophoresis gels, and
electrophoretically transferred to a PVDF membrane (Polyvinylidene
Fluoride Membrane, Millipore, USA). The membranes were blocked
with 5% skim milk at RT for 1 h, followed by primary antibody at 4 °C
overnight. The membranes were washed three times (5 min x 3) with
tris-buffered saline (TBST) containing Tween 20 and incubated with the
corresponding species of horseradish peroxidase (HRP)-conjugated
secondary antibody at RT for 1 h. After TBST washing (5 min x 3),
exposure shots were taken with ECL chemiluminescent solution, and
image signals were acquired using the BIO-RAD XRS+ imaging system,
and ImageJ software was used to analyze the relative data.

2.19. Statistical analysis

All values are expressed as the mean + standard error. Student-s t
test was performed with GraphPad Prism software (San Diego, Califor-
nia) to evaluate statistical significance and one-way analysis of variance
(ANOVA) was used to analyze comparisons among multiple groups. But
when there are two variables, we use two-way ANOVA. When P < 0.05,
it is considered to be statistically significant. The data are statistically
evaluated by variance analysis, and then Prism is used for Tukey post-
test of inter-group comparison.

3. Result
3.1. Changes in cardiac troponin T levels among the groups of rats

In this experiment, the success of rat modeling was evaluated by
measuring the changes in serum cardiac troponin T levels after intra-
peritoneal injection of ISO (50 mg/kg/d) for 2 days in the different
groups of rats. A total of 30 rats were used to construct the myocardial
infarction model, and 21 survived, with a mortality rate of 23.3%.
Compared to the Control group, the levels of cardiac troponin T were
significantly increased in the ISO group, AP39 +ISO group, and AP39
+ISO+PAG group, indicating the successful establishment of an acute
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myocardial infarction rat model. However, there were no significant
changes in cardiac troponin T levels in the AP39 group compared to the
Control group. (Table 1).

3.2. Changes in electrocardiogram (ECG) in each group of rats

After the continuous intraperitoneal injection of a high dose of
isoproterenol for 2 days to induce myocardial infarction in rats, ECG was
performed on rats from each group. The results showed that the ECG of
rats in the Control group and AP39 group exhibited a normal pattern.
However, rats in the ISO group, AP39 +ISO group, and AP39 +ISO+PAG
group displayed significant ST-segment elevation on lead II of the ECG,
indicating the successful establishment of acute myocardial infarction
rat models in the ISO group, AP39 +ISO group, and AP39 +ISO+PAG
group (Fig. 1).

3.3. AP39 improves cardiac function and myocardial remodeling in rats
with myocardial infarction

After 4 weeks of AP39 intervention, compared to the Control group,
the HW (heart weight) and BW (body weight) were increased, and the
HW/BW ratio was also increased (P < 0.05). In comparison to the ISO
group, rats in the AP39 +ISO group showed decreased HW, BW, and
HW/BW ratio (P < 0.05). However, in the AP39 +ISO+PAG group, the
HW, BW, and HW/BW ratio were significantly increased compared to
the AP39 +ISO group (P < 0.05) (Table 2).

Simultaneously, the rat echocardiography results showed that
compared to the Control group, the ISO group had increased LVESD and
LVEDD, and decreased FS (P < 0.05). In comparison to the ISO group,
rats in the AP39 +ISO group exhibited decreased LVESD and LVEDD,
and increased FS (P < 0.05). However, when compared to the
AP39 +ISO group, rats in the AP39 +ISO+PAG group showed increased
LVESD and LVEDD, and decreased FS (P < 0.05). There were no sig-
nificant differences in the aforementioned parameters between the
Control group and the AP39 group (P > 0.05) (Fig. 2; Table 3).

3.4. AP39 improves myocardial fibrosis in rats with myocardial infarction

To observe the degree of myocardial fibrosis in each group of rats,
Masson’s staining was performed in this experiment (Fig. 3A, F). The
results showed that compared to the Control group, the ISO group
exhibited significantly increased and disorganized blue-stained collagen
deposition. In the AP39 +ISO group, the deposition of collagen fibers
mentioned above was reduced compared to the ISO group. In compar-
ison to the AP39 +ISO group, the AP39 +ISO+PAG group showed a
significant increase in collagen fiber deposition. There was no significant
difference in myocardial collagen deposition between the
AP39 +ISO+PAG group and the ISO group. Moreover, no significant
difference in myocardial collagen fiber deposition was observed be-
tween the AP39 group and the Control group. Immunohistochemical
staining was performed to assess the expression of Collagen III protein in
the myocardial tissue of each group of rats (Fig. 3B, G). Additionally,
Western blotting experiments were conducted to examine the expression
levels of fibrosis-related proteins such as Collagen III and a-SMA in the
rat myocardial tissue (Fig. 3C-E). The results showed increased

Table 1

Expression of cardiac troponin T in each group (mean + SD).
Groups number cTnT ( pg/ml)
Control 10 20.89 + 7.66
ISO 7 473.74 &+ 72.30*
AP39 +ISO 7 436.60 + 56.63"
AP39 +ISO+PAG 7 426.69 + 37.08%
AP39 10 24.36 £ 9.45

Note:* P < 0.05, vs Control; P < 0.05, vs Control; $p < 0.05, vs Control.
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Control
I1SO

: A

ISO+AP39+PAG
I

AP39

Fig. 1. Electrocardiogram (ECG) of rats in each group.

Table 2
Comparison of HW values, BW values, and HW/BW ratios among groups (mean
+SD).

Groups HW (mg) BW (g) HW/BW ( mg/g )
Control 560.5 + 38.988 237.6 +7.088 2.358 + 0.127
1SO 808.0 + 20.563 * 313.7 + 12.372* 2.578 + 0.075*

AP39 +ISO 543.9 + 31.092% 245.0 + 12.000*  2.222 + 0.106”
AP39 +ISO+PAG  847.4 + 48.216° 323.9+17.447° 2,622 + 0.179%
AP39 545.8 + 38.455 263.9 + 21.016 2.077 £ 0.176

Note:* P < 0.05, vs Control; *P < 0.05, vs ISO; $p < 0.05, vs AP39 +ISO.

expression of the aforementioned proteins in the ISO group compared to
the Control group (P < 0.05). After the AP39 intervention, the expres-
sion of these fibrosis-related proteins was significantly reduced
(P < 0.05). However, simultaneous administration of the endogenous
hydrogen sulfide synthase inhibitor PAG reversed these changes
(P < 0.05). No statistically significant differences were observed in the
expression of the above proteins in myocardial tissue between the AP39
control group and the Control group.

3.5. AP39 inhibits excessive mitochondrial autophagy through the
PINK1/Parkin pathway in cardiomyocytes

H9c2 cells were treated with CoCl, (0, 200, 400, 600, 800, 1000,
1200 pM) and changes in cell viability were measured using the CCK8
assay (Fig. 4A). H9c2 cells treated with 800 pM CoCl, were selected to
establish a model of myocardial cell hypoxic injury.

Simultaneously, mitochondrial hydrogen sulfide (HyS) levels in
cardiomyocytes were detected using a mitochondrial H,S fluorescence
probe (Fig. 4D). The results showed significantly enhanced red fluo-
rescence and weakened green fluorescence in the CoCly group, indi-
cating a decrease in mitochondrial HyS levels (P < 0.05). Treatment
with AP39 resulted in reduced red fluorescence and increased green
fluorescence, indicating a significant increase in mitochondrial HjS
levels (P < 0.05). Conversely, treatment with the endogenous HyS syn-
thesis inhibitor PAG significantly decreased mitochondrial HsS levels
(P < 0.05). Western blot analysis was performed to evaluate the
expression of endogenous hydrogen sulfide synthase CSE in car-
diomyocytes (Fig. 4B, C). The results showed that CSE protein expres-
sion levels were significantly decreased in the CoCl, group (P < 0.05),
while the intervention with AP39 significantly upregulated CSE protein
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Fig. 2. Rat echocardiographic images in different groups.

Table 3
Comparison of cardiac ultrasound results in rats across different groups (mean
+SD).

Groups LVEDD (mm) LVESD (mm) LVFS (%)
Control 4.315 + 0.428 2.220 + 0.136 48.210 + 4.306
1SO 6.806 + 0.306* 3.986 + 0.307* 41.450 + 3.408*
AP39 +1SO 5.441 + 0.428% 2.245 + 0.256™ 58.697 + 3.708"
AP39 +ISO+PAG 6.956 + 0.188° 4.037 + 0.217° 41.950 + 3.003%
AP39 5.618 + 0.503 2.271 + 0.414 59.545 + 6.428

Note : *P < 0.05 vs Control; “P < 0.05 vs ISO ; *P < 0.05 vs AP39 +ISO.

expression levels (P < 0.05). This effect of AP39 was reversed by the
endogenous HjS synthesis inhibitor PAG (P < 0.05). No statistically
significant differences were observed between the AP39 control group
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and the Control group (P > 0.05).

The levels of reactive oxygen species (ROS) in cardiomyocytes were
measured using an ROS fluorescence detection kit (Fig. 4D). The results
showed that the green fluorescence intensity in the CoCly group was
significantly higher than that in the Control group, indicating signifi-
cantly elevated ROS levels compared to the Control group (P < 0.05).
Treatment with AP39 resulted in a decrease in green fluorescence in-
tensity, indicating a reduction in ROS levels (P < 0.05). This effect was
reversed by PAG (P < 0.05).

Furthermore, changes in mitochondrial membrane potential in car-
diomyocytes were assessed using a mitochondrial membrane potential
assay kit (JC-1) (Fig. 4D). Compared to the Control group, car-
diomyocytes in the CoCly group exhibited increased green fluorescence
and decreased red fluorescence, indicating a decrease in mitochondrial
membrane potential. In contrast, the CoCly +AP39 group showed

ISO+AP39+PAG
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Fig. 3. AP39 improves myocardial fibrosis in rats with myocardial infarction. (A): Masson’s staining of myocardial tissue in Control, ISO, ISO+AP39, ISO-
+AP39 +PAG, and AP39 groups of rats, 10 x 10 and 10 x 40 magnification (blue staining indicates collagen fibers), n = 3. (B): Inmunohistochemical detection of
Collagen III protein expression in myocardial tissue of each group of rats, 10 x 40 magnification, n = 3. (C-E): Western blot analysis of the expression changes of
a-SMA and Collagen III in myocardial tissue of each group of rats. (F) Collagen volume fraction determined by Masson’s staining. (G) Collagen III volume fraction
determined by immunohistochemistry, n = 3, * P < 0.05 vs Control; #p < 0.05 vs ISO; $p < 0.05 vs ISO+AP39.
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decreased green fluorescence and increased red fluorescence compared
to the CoCly group, indicating an increase in mitochondrial membrane
potential. Treatment with PAG reversed the effects of AP39.

RT-qPCR and Western blotting were performed to detect the mRNA
and protein expression changes of mitochondrial autophagy-related
proteins in cardiomyocytes of different groups. The RT-qPCR results
(Fig. 5A, B) showed that compared to the Control group, the CoCl, group
exhibited a significant increase in PINK1 mRNA levels in car-
diomyocytes (P < 0.05). However, intervention with AP39 significantly
reduced the mRNA expression levels of PINK1 compared to the CoCly
group (P < 0.05). The effect of AP39 in downregulating PINK1 was
reversed by PAG treatment (P < 0.05). In addition, the CoCl, group
showed a significant decrease in P62 mRNA expression levels compared
to the Control group (P < 0.05). However, after AP39 intervention, the
mRNA levels of P62 were significantly upregulated compared to the
CoCly group (P < 0.05). The effect of AP39 in upregulating P62 was
reversed by PAG treatment (P < 0.05). The results of Western blotting
(Fig. 5C-G) showed that compared to the Control group, the expression
levels of PINK1, Parkin, and LC3-1I/1 proteins in cardiomyocytes of the
CoCly group were significantly increased (P < 0.05). Treatment with
AP39 significantly downregulated the expression levels of these proteins
(P < 0.05). However, the intervention of PAG significantly reversed the
effect of AP39 in downregulating mitochondrial autophagy (P < 0.05).
Furthermore, the expression levels of P62 protein in cardiomyocytes of
the CoCly group were significantly decreased compared to the Control
group (P < 0.05). After AP39 treatment, the expression levels of P62
were significantly upregulated (P < 0.05), and this effect of AP39 was
reversed by PAG treatment (P < 0.05).

At the same time, JC-1 detection kit was used to detect the changes of
mitochondrial membrane potential in primary rat cardiomyocytes

Biomedicine & Pharmacotherapy 165 (2023) 115195

(Figure6). Compared to the Control group, cardiomyocytes in the CoCly
group exhibited increased green fluorescence and decreased red fluo-
rescence, indicating a decrease in mitochondrial membrane potential. In
contrast, the CoCly +AP39 group showed decreased green fluorescence
and increased red fluorescence compared to the CoCl; group, indicating
an increase in mitochondrial membrane potential. Treatment with PAG
reversed the effects of AP39. No statistically significant differences were
observed between the AP39 control group and the Control group
(P > 0.05).

Immunofluorescence Staining were performed to detect the expres-
sion of PINK1 and Parkin in primary rat cardiomyocytes in each group
(Figure6). The results showed that the fluorescence intensity of mito-
chondrial autophagy proteins PINK1 and Parkin in primary rat car-
diomyocytes of CoCly group was significantly increased. However, the
fluorescence intensity of PINK1 and Parkin decreased after AP39 was
applied. With the addition of PAG, the inhibitory effect of AP39 on
mitochondrial autophagy was reversed. These results suggest that
CoCly-induced hypoxia injury in primary rat cardiomyocytes can lead to
mitochondrial autophagy. The intervention of AP39 can reduce the
mitochondrial autophagy of primary rat cardiomyocytes after hypoxia.

By using transmission electron microscopy, the mitochondrial
structure and mitochondrial autophagy were observed in each group of
rats (Fig. 6F). Compared to the Control group, the myocardial cells of
rats in the ISO group showed blurred mitochondrial cristae and promi-
nent vacuoles, indicating a higher presence of mitochondrial autopha-
gosomes. In contrast to the ISO group, the AP39 +ISO group showed
some improvement in the aforementioned features, but a noticeable
decrease in the presence of mitochondrial autophagosomes in the field
of view. When comparing the AP39 +ISO group to the AP39 +ISO+PAG
group, the changes were similar to the ISO group, with evident
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Fig. 5. AP39 inhibits mitochondrial autophagy in hypoxic H9¢2 cardiomyocytes. (A-B): RT-qPCR analysis of PINK1 and P62 mRNA changes in H9¢2 cardiomyocytes
of each group. n = 3, * P < 0.05 vs Control; #P < 0.05 vs CoCly; *P < 0.05 vs CoCl, +AP39. (C-G): Western blot analysis of PINK1, Parkin, P62, and LC3 protein
expression changes in H9c2 cardiomyocytes. n = 3, * P < 0.05 vs Control; *P < 0.05 vs CoCly; P < 0.05 vs CoCl, +AP39.
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mitochondrial autophagosomes.

Additionally, Western blot experiments were conducted to examine
the expression levels of mitochondrial autophagy-related proteins (LC3,
P62, PINK1, Parkin) in cardiac tissue. The results showed that compared
to the Control group, the ISO group exhibited significant upregulation of
LC3II/1, PINK1, and Parkin protein expression levels (P < 0.05), along
with a significant downregulation of P62 expression level (P < 0.05).

@©
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However, after treatment with AP39, there was a significant down-
regulation of LC3II/I, PINK1, and Parkin protein expression levels
(P < 0.05), and a significant upregulation of P62 expression level
(P <0.05) in cardiac tissue. Furthermore, when the endogenous
hydrogen sulfide synthesis enzyme CSE was inhibited by PAG, the
changes in protein expression levels mentioned above were reversed
(Fig. 7A-E).
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Fig. 7. AP39 inhibits mitochondrial autophagy in rat myocardial infarction heart tissue. (A-E): Western blot analysis of the expression changes of PINK1, Parkin, P62,
and LC3 in rat myocardial tissue. n = 3, * P < 0.05 vs Control; *P < 0.05 vs ISO; *P < 0.05 vs ISO-+AP39. F): Transmission electron microscopy observation of
mitochondrial morphology and mitochondrial autophagy in rat myocardial infarction heart tissue.
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3.6. AP39 can inhibit myocardial cell ferroptosis by suppressing excessive
mitochondrial autophagy

The protein expression levels of GPX4 and SLC7al1 in rat myocardial
tissue were assessed by Western blot analysis (Fig. 8A-C). The results
showed that compared to the Control group, the expression levels of
GPX4 and SLC7all were significantly decreased in the ISO group
(P < 0.05). Treatment with AP39 significantly upregulated the expres-
sion levels of GPX4 and SLC7all (P < 0.05). However, after treatment
with PAG, the effect of AP39 in upregulating these proteins was
reversed, and the expression levels of GPX4 and SLC7all were signifi-
cantly decreased (P < 0.05). There was no significant statistical differ-
ence between the AP39 control group and the Control group (P > 0.05).

In this study, the mRNA and protein expression levels of GPX4 and
SLC7all in H9c2 myocardial cells were examined using RT-qPCR and
Western blot analysis. The RT-qPCR results showed that the mRNA
levels of GPX4 and SLC7al1 were significantly decreased in myocardial
cells induced by CoCly-induced hypoxia (P < 0.05). Treatment with
AP39 in hypoxic myocardial cells resulted in a significant increase in the
mRNA levels of GPX4 and SLC7all (P < 0.05). However, after treat-
ment with PAG, the effect of AP39 in upregulating GPX4 and SLC7all
mRNA was reversed (P < 0.05). There was no significant statistical
difference between the AP39 control group and the Control group
(P > 0.05) (Fig. 7G, H). The Western blotting results showed that the
protein expression levels of GPX4 and SLC7all were significantly
decreased in myocardial cells induced by CoCly-induced hypoxia
(P < 0.05). Treatment with AP39 in hypoxic myocardial cells led to a
significant increase in the expression levels of GPX4 and SLC7all
(P < 0.05). However, after treatment with PAG, the effect of AP39 in
upregulating GPX4 and SLC7all protein expression was reversed
(P < 0.05). There was no significant statistical difference between the
AP39 control group and the Control group (P > 0.05) (Fig. 8D-F).

The content of Fe?* in myocardial mitochondria was assessed using
the mitochondrial Fe** fluorescent probe (mito-ferrogreen) (Fig. 8I).
The CoCly group exhibited strong green fluorescence (P < 0.05), indi-
cating a higher level of free iron ions in myocardial cells. Treatment with
AP39 significantly reduced the green fluorescence (P < 0.05), suggest-
ing a decrease in the content of free iron ions in myocardial cells.
However, after treatment with PAG, the green fluorescence significantly
increased (P < 0.05), indicating a significant increase in the content of
Fe?" in myocardial cells after inhibiting endogenous hydrogen sulfide
synthesis.

In order to investigate whether AP39 can antagonize myocardial
ferroptosis by inhibiting mitochondrial autophagy, the CoCl,
+AP39 +CCCP group was established, where CCCP is a mitochondrial
autophagy inducer that activates the PINK1/Parkin pathway [11].
Western blotting was performed to examine the protein expression
changes of GPX4 and SLC7all in H9c2 myocardial cells (Fig. 9). The
results showed that compared to the Control group, the expression levels
of GPX4 and SLC7all were significantly decreased in the CoCly group
(P < 0.05). In the CoCl, +AP39 group, the expression levels of GPX4 and
SLC7all in myocardial cells were significantly upregulated (P < 0.05).
However, upon activation of mitochondrial autophagy by CCCP, the
expression levels of GPX4 and SLC7all in myocardial cells were
significantly downregulated (P < 0.05). There was no statistically sig-
nificant difference in the expression of the above proteins between the
AP39 control group, the DMSO group (solvent control), and the Control
group (P > 0.05).

The content of Fe?>' in myocardial cell mitochondria was measured
using the mitochondrial Fe?t fluorescence probe (Mito-FerroGreen).
The CoCly group exhibited strong green fluorescence (P < 0.05), indi-
cating a higher level of free iron ions in myocardial cells. After inter-
vention with AP39, the green fluorescence significantly decreased
(P < 0.05), suggesting a reduction in the content of free iron ions in
myocardial cells. However, upon activation of mitochondrial autophagy
with CCCP, the green fluorescence in myocardial cells significantly
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increased (P < 0.05), indicating a significant increase in the content of
Fe?" in myocardial cells (P < 0.05) (Fig. 81).

3.7. AP39 can downregulate the expression of fibrosis-related proteins in
hypoxic myocardial cells by inhibiting ferroptosis

The expression levels of myocardial fibrosis-related proteins
(Collagen I, TGF-p, and a-SMA) in myocardial cells were measured using
Western blotting (Fig. 10). The results showed that compared to the
Control group, the protein expression levels of Collagen I, TGF-p, and
a-SMA were significantly increased in the CoCly group (P < 0.05).
Treatment with AP39 significantly downregulated the elevated expres-
sion of fibrosis-related proteins in hypoxic myocardial cells (P < 0.05).
However, when the ferroptosis inducer RSL3 was used for intervention,
the effect of AP39 in downregulating the protein expression levels of
Collagen I, TGF-B, and a-SMA in hypoxic myocardial cells was signifi-
cantly reversed (P < 0.05). There was no statistically significant differ-
ence in protein expression between the AP39 control group, the DMSO
group (solvent control), and the Control group (P > 0.05).

4. Discussion

In this study, we constructed in vivo and in vitro models of
myocardial infarction and myocardial cell hypoxic injury and adminis-
tered the mitochondrial-targeted HyS donor AP39. The aim was to
elucidate the role and wunderlying regulatory mechanisms of
mitochondrial-targeted HyS in improving myocardial fibrosis after
myocardial infarction. The results of this study revealed that the
reconstruction of mitochondrial HoS homeostasis by the mitochondrial-
targeted HyS donor AP39 improved myocardial fibrosis after myocardial
infarction, and this effect was associated with the inhibition of PINK1/
Parkin-mediated mitochondrial autophagy and antagonism of ferrop-
tosis in myocardial cells. This study will provide new therapeutic stra-
tegies for preventing and treating myocardial fibrosis after myocardial
infarction, as well as a new theoretical basis for the reconstruction of
mitochondrial H,S homeostasis by mitochondrial-targeted H)S in
antagonizing myocardial fibrosis after myocardial infarction.

Myocardial infarction can lead to ischemic and hypoxic damage in
myocardial cells. Adult mammalian myocardial cells have almost no
regenerative capacity, so the loss of a large number of myocardial cells
can trigger a fibrotic repair program, resulting in excessive deposition of
collagen fiber tissue in the interstitium, ultimately replacing necrotic
myocardial tissue with excessive fibrous tissue [30]. Antagonizing the
injury and death of hypoxic myocardial cells is currently an important
strategy for improving post-infarction myocardial fibrosis. This study
found that myocardial fibrosis occurred in the myocardial tissue of rats
with isoproterenol-induced myocardial infarction and was associated
with a downregulation of endogenous HsS levels leading to mitochon-
drial HyS instability in the injured myocardium. This study revealed that
myocardial tissue and hypoxic cardiomyocytes in rats exhibited a sig-
nificant decrease in hydrogen sulfide (H,S) levels within the mito-
chondria following myocardial infarction. The expression of
endogenous hydrogen sulfide-generating enzyme, cystathionine
gamma-lyase (CSE), was also reduced. However, administration of the
mitochondria-targeted H2S donor, AP39, restored the mitochondrial
H2S homeostasis. Previous studies have shown that exogenous H,S can
inhibit the production of interstitial collagen fibers and antagonize
diabetic and alcohol-induced myocardial fibrosis [31,32]. Our research
group has previously found that HyS can improve doxorubicin-induced
myocardial fibrosis [33]. In this study, we found that the
mitochondrial-targeted HyS donor AP39 significantly improved
myocardial fibrosis in rats with myocardial infarction and improved
cardiac function. Therefore, post-infarction myocardial injury and car-
diac fibrosis are associated with the downregulation of endogenous HjS,
and AP39 can reconstruct mitochondrial H,S homeostasis to improve
myocardial fibrosis after myocardial infarction and antagonize
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Fig. 9. AP39 can antagonize ferroptosis in hypoxic myocardial cells by inhibiting mitochondrial autophagy through the PINK1/Parkin pathway. (A-E): Western blot
analysis of the expression changes of PINK1, Parkin, GPX4, and SLC7all in H9c2 myocardial cells. n = 3, * P < 0.05 vs Control; #p < 0.05 vs CoCly; $p < 0.05 vs

CoCl, +AP39.

pathological cardiac remodeling.

Mitophagy is a cellular process where dysfunctional mitochondria
are selectively eliminated through self-degradation, providing nutrients
to healthy organelles. Mitochondria are vital for ATP production.
Excessive activation of mitochondrial autophagy leads to the complete
clearance of mitochondria within the cell, resulting in impaired ATP
synthesis. This is detrimental to the heart, which relies heavily on
mitochondrial energy for maintaining contractile function [34]. Studies
have found that inhibiting excessive activation of mitochondrial auto-
phagy in a rat model of cardiac ischemia-reperfusion can effectively
reduce ischemia-reperfusion injury and decrease myocardial infarction
area. Furthermore, it has been discovered that supplementation of H2S
can reduce mitochondrial fission and mitochondrial autophagy in skel-
etal muscle cells, improving interstitial fibrosis and function in skeletal
muscle associated with hyperhomocysteinemia [35]. Excessive activa-
tion of mitophagy leads to mitochondrial depletion, impaired clearance
of harmful metabolites, elevated levels of reactive oxygen species (ROS)
[36-38]. Accumulation of free iron in the solvent triggers the Fenton
reaction [39], ultimately leading to cellular ferroptosis. Inhibition of
ferritinophagy and mitophagy by downregulating NCOA4 and PINK1
blocks ferroptosis [40]. The PINK1-Parkin pathway is a key regulatory
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pathway of mitophagy. When mitochondria are damaged, the inner
mitochondrial membrane depolarizes. PINK1 with kinase activity on the
outer mitochondrial membrane recruits Parkin to the mitochondrial
surface, activating mitophagy. Research has found that roloxifene can
inhibit inflammation-induced mitophagy, downregulate the expression
of PINK1 and Parkin, reduce ROS generation, and slow down the
development of myocardial hypertrophy and heart failure [41]. How-
ever, the relationship between PINK1/Parkin-mediated mitophagy and
ferroptosis in myocardial infarction is not fully understood. Our research
findings also revealed that administration of AP39 resulted in a reduc-
tion in mitochondrial autophagosomes, an increase in mitochondrial
membrane potential, a decrease in oxidative stress, and a decrease in the
expression of proteins and RNA related to mitochondrial autophagy and
ferroptosis in myocardial tissue of myocardial infarction rats. However,
these effects of AP39 were reversed when PAG was administered. These
results indicate that PINK1/Parkin-mediated mitophagy is elevated
during myocardial infarction, and the mitochondria-targeted HoS donor
AP39 can inhibit mitophagy, restore mitochondrial membrane poten-
tial, reduce ROS generation, and prevent ferroptosis in cardiac
myocytes.

Ferroptosis is a form of non-apoptotic cell death characterized by the
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Fig. 10. AP39 inhibits ferroptosis and downregulates the expression of fibrosis-related proteins in hypoxic myocardial cells. (A-F): Western blot analysis of the
expression changes of GPX4, SLC7al1, Collagen I, TGF-f, and a-SMA in H9c2 myocardial cells. n = 3, * P < 0.05 vs Control; P < 0.05 vs CoCly; *P < 0.05 vs

CoCl, +AP39.

accumulation of intracellular iron, which leads to increased levels of
toxic lipid peroxides and reactive oxygen species (ROS). When iron
metabolism is disrupted, the excess free iron participates in the Fenton
reaction, resulting in ROS production and membrane lipid damage, ul-
timately leading to cell death through iron-dependent mechanisms [13].
Studies have found increased expression of iron homeostasis-regulating
peptides in ischemic myocardial tissue and reduced apoptosis and ne-
crosis in the infarcted myocardium [42]. Studies have found that
myocardial cells accumulated more iron ions in the mitochondria under
hypoxic conditions. The key step in cellular ferroptosis, the Fenton re-
action, can be inhibited by the essential intracellular antioxidant
glutathione. The deficiency and impairment of intracellular glutathione
mediate cellular ferroptosis [18]. The results of our study also showed
treatment with the mitochondrial-targeted HyS donor AP39 reduced the
accumulation of iron ions in hypoxic myocardial cells and the expression
of important regulatory factors GPX4 and SLC7A11, which antagonize
ferroptosis, was significantly upregulated in the body. Other studies
have found that exogenous HyS enhances endogenous HyS synthesis
enzymes, promotes the generation of endogenous HyS, regulates iron
metabolism, reduces oxidative stress levels in myocardial cells, inhibits
ferroptosis, and protects cardiac function in aging rats [43]. Our
research found that AP39 can inhibit PINK1/Parkin-mediated mito-
chondrial autophagy, restore mitochondrial membrane potential,
reduce ROS generation, and thus inhibit ferroptosis in myocardial cells.
In addition, studies have found that transferrin receptor (TFRC) in-
creases intracellular iron content, mediates ROS release, activates
mitochondrial autophagy, and further promotes cellular ferroptosis
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[37]. Mitochondrial iron-binding protein FiMt induces mitochondrial
autophagy through the ROS/PINK1/Parkin pathway, promoting fer-
roptosis in osteoblasts [36]. In our study, when the mitochondrial
autophagy inducer CCCP was administered concurrently with AP39, an
increase in PINK1/Parkin-mediated mitochondrial autophagy was
observed, and mitochondrial iron accumulation in myocardial cells
occurred. The aforementioned effects of AP39 were reversed. Research
has shown that inhibiting ferroptosis can effectively reduce myocardial
injury, decrease the expression of fibrosis-related proteins (collagen I
and a-SMA) in rat myocardium [44], and reduce cardiac damage in
ischemia-reperfusion mice, alleviating cardiac inflammation and
fibrosis [45]. When AP39 was administered concurrently with the PAG,
an increase in PINK1/Parkin-mediated mitochondrial autophagy was
observed, along with an increase in ferroptosis-related protein expres-
sion and aggravation of myocardial fibrosis. The beneficial effects of
AP39 on collagen production in hypoxic myocardial cells were reversed
when ferroptosis was activated by RSL3. The above research results
suggest that the mitochondrial-targeted HoS donor AP39 can inhibit
PINK1/Parkin-mediated mitochondrial autophagy, alleviate mitochon-
drial damage in myocardial cells after myocardial infarction, restore
impaired mitochondrial membrane potential, reduce ROS generation,
and inhibit ferroptosis in myocardial cells. This may represent an
important target for the improvement of myocardial fibrosis after
myocardial infarction by exogenous mitochondrial-targeted H,S.

In summary, we have discovered that the mitochondrial-targeted
HyS donor AP39 can inhibit excessive mitochondrial autophagy
through the PINK1/Parkin pathway, counteracting ferroptosis in
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myocardial cells and improving myocardial fibrosis in rats with
myocardial infarction. Restoring mitochondrial HpS homeostasis may
represent a novel strategy for combating hypoxic myocardial injury and
myocardial fibrosis after infarction. In this study, we found that the
mitochondrial-targeted HyS donor AP39 can improve myocardial
fibrosis in rats with myocardial infarction. Our results also revealed that
excessive mitochondrial autophagy mediated by the PINK1/Parkin
pathway leads to mitochondrial depletion and triggers ferroptosis in
myocardial cells. This process may be one of the important mechanisms
underlying myocardial fibrosis after myocardial infarction, and it sug-
gests that targeting excessive mitochondrial autophagy through the
PINK1/Parkin pathway to counteract ferroptosis in myocardial cells
may serve as a novel therapeutic target for preventing and treating
myocardial fibrosis after myocardial infarction. Therefore, this study has
identified a new mechanism for the anti-myocardial fibrosis effects of
mitochondrial-targeted H,S and provides new insights for the preven-
tion and treatment of myocardial fibrosis and myocardial remodeling
after myocardial infarction.
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