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Abstract
Background  Myocardial ischemia-reperfusion injury (MI/RI) is an unavoidable risk event for acute myocardial 
infarction, with ferroptosis showing close involvement. We investigated the mechanism of MI/RI inducing myocardial 
injury by inhibiting the ferroptosis-related SLC7A11/glutathione (GSH)/glutathione peroxidase 4 (GPX4) pathway and 
activating mitophagy.

Methods  A rat MI/RI model was established, with myocardial infarction area and injury assessed by TTC and H&E 
staining. Rat cardiomyocytes H9C2 were cultured in vitro, followed by hypoxia/reoxygenation (H/R) modeling and the 
ferroptosis inhibitor lipoxstatin-1 (Lip-1) treatment, or 3-Methyladenine or rapamycin treatment and overexpression 
plasmid (oe-SLC7A11) transfection during modeling. Cell viability and death were evaluated by CCK-8 and LDH 
assays. Mitochondrial morphology was observed by transmission electron microscopy. Mitochondrial membrane 
potential was detected by fluorescence dye JC-1. Levels of inflammatory factors, reactive oxygen species (ROS), Fe2+, 
malondialdehyde, lipid peroxidation, GPX4 enzyme activity, glutathione reductase, GSH and glutathione disulfide, and 
SLC7A11, GPX4, LC3II/I and p62 proteins were determined by ELISA kit, related indicator detection kits and Western 
blot.

Results  The ferroptosis-related SLC7A11/GSH/GPX4 pathway was repressed in MI/RI rat myocardial tissues, inducing 
myocardial injury. H/R affected GSH synthesis and inhibited GPX4 enzyme activity by down-regulating SLC7A11, 
thus promoting ferroptosis in cardiomyocytes, which was averted by Lip-1. SLC7A11 overexpression improved 
H/R-induced cardiomyocyte ferroptosis via the GSH/GPX4 pathway. H/R activated mitophagy in cardiomyocytes. 
Mitophagy inhibition reversed H/R-induced cellular ferroptosis. Mitophagy activation partially averted SLC7A11 
overexpression-improved H/R-induced cardiomyocyte ferroptosis. H/R suppressed the ferroptosis-related SLC7A11/
GSH/GPX4 pathway by inducing mitophagy, leading to cardiomyocyte injury.

Conclusions  Increased ROS under H/R conditions triggered cardiomyocyte injury by inducing mitophagy to 
suppress the ferroptosis-related SLC7A11/GSH/GPX4 signaling pathway activation.
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Background
Myocardial ischemia-reperfusion injury (MI/RI) is a 
disorder that causes structural damage, myocardial dys-
function, and electrical activity disturbances following 
coronary blood flow recovery in patients with ischemic 
heart disease, resulting in a significant spik in myocardial 
infarction mortality [1, 2]. Reperfusion of ischemic tis-
sues facilitated the elevation of mitochondrial reactive 
oxygen species (ROS), which causes cardiac cell death 
and irreparable damage to the heart muscle [3].

Accumulating reports reveal that programmed cell 
death such as necrosis, apoptosis, pyroptosis, and 
autophagic cell death all participate in the occurrence 
and development of MI/RI [4–7]. Notably, ferroptosis 
is a form of cell death that occurs owing to ferrous ion 
buildup, which triggers intracellular lipid peroxidation 
(LPO) through the Fenton reaction [8]. Presently, fer-
roptosis inhibitors have demonstrated cardioprotective 
benefits against MI/RI [9, 10]. For instance, it is reported 
that fucoxanthin mitigates MI/RI by repressing the fer-
roptosis nuclear factor erythroid-2 related factor 2 (Nrf2) 
pathway [11]. DYRK1a exacerbates MI/RI progression 
by mediating cardiomyocyte ferroptosis [3]. Although 
the aforementioned research indicates a strong cor-
relation between ferroptosis and MI/RI pathogenesis 
and progression, the specific molecular mechanisms of 
ferroptosis in MI/RI progression remain elusive. Fur-
thermore, system Xc-/glutathione (GSH)/glutathione 
peroxidase 4 (GPX4) is one of the pathways regulating 
ferroptosis [12]. SLC7A11 facilitates cystine absorption 
and promotes GSH production, thereby reducing oxida-
tive damage [13, 14]. There is proof that naringenin can 
suppress ferroptosis by modulating the Nrf2/system Xc-/
GPX4 pathway, thereby mitigating MI/RI [1]. The SGLT2 
inhibitor dapagliflozin prevents ferroptosis by upregulat-
ing the SLC7A11/GPX4 axis and ferritin heavy chain to 
curb acyl-CoA synthetase long chain family member 4 
[15]. Moreover, autophagy, an evolutionarily conserved 
mechanism, is degraded in organelles and macromo-
lecular cells [16]. NIX, a receptor of mitophagy, can 
release beclin1 and trigger mitophagy, and it can hinder 
the function of system Xc- and suppress ferroptosis by 
binding to SLC7A11, implying a potential connection 
between ferroptosis and mitophagy [17]. It has recently 
been proposed that there is an interplay between selec-
tive autophagy and ferroptosis in a ROS-dependent man-
ner [18]. GPX4 may initiate hepatocyte ferroptosis via 
mitophagy and the destruction of mitochondria caused 
by ROS-induced damage [19]. Nevertheless, whether 
the ferroptosis-related SLC7A11/GSH/GPX4 pathway 

activates mitophagy to play a role in MI/RI remains elu-
sive. As reported, cardiomyocyte injury induced by in 
vitro hypoxia/reoxygenation (H/R) and in vivo MI/RI 
is essentially identical; in fact, the majority of cell-level 
research on in vivo MI/RI is based on the in vitro H/R-
stimulated cardiomyocytes [20, 21]. In this study, we 
established in vitro and in vivo models and focused on 
whether the ferroptosis-associated SLC7A11/GSH/GPX4 
pathway induced MI/RI by activating mitophagy, so as to 
provide a new therapeutic target for MI/RI.

Methods
Ethics statement
All experimental protocols were reviewed and approved 
by the Research and Ethics Committee of the First Affili-
ated Hospital of Xinjiang Medical University. All proce-
dures conformed to internationally accepted guidelines 
and ethics for animal research. All authors confirm that 
all methods are reported in accordance with ARRIVE 
guidelines for the reporting of animal experiments. Great 
efforts were made to reduce the total number of animals 
used and to minimize their suffering.

Establishment of MI/RI rat model and grouping
A total of 24 male Sprague-Dawley rats (12 weeks old, 
weighing 230 ± 20  g, Urumqi, Xinjiang One Molecu-
lar Biotechnology Co., LTD) were fed at 24 ± 2  °C, with 
50 ± 10% humidity, in a 12-h light/dark cycle. After one 
week of adaptive feeding, rats were randomly allocated to 
two groups (n = 12 per group), including the Sham group 
and the MI/R group. Rats in the MI/R model received 
intraperitoneal anesthesia with 1% pentobarbital sodium 
(60  mg/kg). Later, rats were mechanically ventilated 
using an animal ventilator after tracheal intubation. The 
heartbeat and typical electrocardiogram alteration at 
the initiation of MI were monitored using a three-lead 
electrocardiogram. During the surgery, a microcatheter 
(Taimeng Technology, Chengdu, Sichuan, China) was 
inserted into the left ventricle via the right carotid artery, 
in a bid to evaluate cardiac function. The left anterior 
descending coronary artery was ligated by a sliding node 
for 30 min to induce MI, followed by myocardial reperfu-
sion for 4  h. The same surgical method was adopted in 
the Sham groupwith no need for ligation. White color-
ation of the left ventricular apex and anterior wall indi-
cated successful model induction and recovery of redness 
of the left ventricular apex and anterior wall indicated 
successful reperfusion [1].

After the end of the experiment, rats were euthanized 
using 1% pentobarbital sodium (200 mg/kg) before being 
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dissected for collection of heart tissues. The heart tis-
sues of six rats in each group were immediately frozen 
at -20  °C for 2,3,5-triphenyl tetrazolium chloride (TTC) 
staining. Half of the heart tissues of another six rats were 
immobilized in 4% tissue fixative and made into paraffin 
sections for hematoxylin and eosin (H&E) staining, and 
the half remaining heart tissues were prepared into tis-
sue homogenates and stored at -80 °C for enzyme-linked 
immunosorbent assay (ELISA) and Western blot assay.

TTC staining
Myocardial tissues were collected, rapidly frozen at 
-20  °C for about 20 min, and cut into sections at 1 mm 
intervals. Next, tissue sections were removed at 1  mm 
intervals, followed by staining in TTC at a concentration 
of 2% without light for 20 min at 37  °C. Thereafter, sec-
tions were subjected to fixation in 4% paraformaldehyde 
for 24 h and photographed. The Image Pro Plus 6.0 soft-
ware was used for image analysis [1].

H&E staining
The tissues were fixed in 4% paraformaldehyde for 24 h. 
Then, the tissue samples were embedded in paraffin, 
cut into sections at 4 µM thickness, and stained with 
H&E staining according to the protocol. After five fields 
of view were randomly selected, the histopathologi-
cal changes were under observation using a microscope 
(Olympus, Tokyo, Japan) [1].

Cell culture
Rat cardiomyocytes (H9C2) (FH1004) and H9C2 com-
plete culture medium (FH-H9C2) (Fuheng Biology, 
Shanghai, China) were cultured and passaged in an incu-
bator at 37 °C, with 5% CO2 and 95% humidity.

Cell H/R treatment and grouping
H9C2 cells were exposed to a high-glucose (35 mM glu-
cose) medium for 48 h, followed by hypoxia treatment in 
a glucose- and fetal bovine serum-free medium. After 8-h 
hypoxia treatment, H9C2 cells were re-oxygenated in the 
high-glucose medium for 12 h, and cells were harvested 
[22].

According to different treatments, cells were catego-
rized into the following 10 groups: (1) the Con group 
(normally cultured H9C2 cells); (2) the H/R group 
(establishment of the H/R model on H9C2 cells); (3) the 
H/R + Lip-1 group [simultaneous treatment with H/R and 
liproxstatin-1 (Lip-1) (a ferroptosis inhibitor; SML1414, 
Sigma, St Louis, MO, USA) on H9C2 cells [23]]; (4) the 
H/R + DMSO group [H9C2 cells were treated with H/R 
and the equivalent amount of dimethyl sulfoxide (DMSO, 
a Lip-1 solvent)]; (5) the H/R + oe-NC group (H9C2 
cells underwent oe-NC transfection); (6) the H/R + oe-
SLC7A11 group (H9C2 cells were delivered with 

oe-SLC7A11); (7) the H/R + 3-MA group [H9C2 cells 
were cultured with 3-Methyladenine (3-MA, an autoph-
agy inhibitor; 5142-23-4, MCE, Monmouth Junction, NJ, 
USA) [24]]; (8) the H/R + DMSO group (H9C2 cells were 
treated with the same amount of 3-MA solvent DMSO); 
(9) the H/R + oe-SLC7A11 + RA group (H9C2 cells were 
subjected to treatment with oe-SLC7A11 and rapamy-
cin solvent (an autophagy activator; 553210, Sigma) 
[25]]; (10) the H/R + oe-SLC7A11 + DMSO group (H9C2 
cells received oe-SLC7A11 transfection and DMSO (a 
rapamycin solvent) treatment.

Using Lipofectamine®2000 (Invitrogen, Carlsbad, CA, 
USA), pcDNA3.1-SLC7A11 (oe-SLC7A11) and its cor-
responding negative control pcDNA3.1-NC (oe-NC) 
(GenePharma, Shanghai, China) were introduced into 
H9C2 cells at a concentration of 100 ng/µL. Subse-
quently, cells were treated with 1 µM Lip-1, 2 mM 3-MA, 
or 100 nM rapamycin and their equivalent corresponding 
solvents for 24 h, respectively [23, 24, 26, 27]. The specific 
operation was carried out as per the instructions.

Cell counting kit-8 (CCK-8) assay
Differently treated cells were seeded onto 96-well plates 
at 5 × 103 cells/well. Cell viability was assayed at 0, 6, 12, 
and 24 h using the CCK-8 kit (CA1210, Solarbio). Cells 
were cultivated at 37 °C for 2 h after the addition of 100 
µL/well CCK-8 working solution in each well. The mea-
surement of optical density (OD) value at 450  nm was 
performed using a microplate reader (Thermo Fisher 
Scientific).

Lactate dehydrogenase (LDH) assay
Cell toxicity was quantified using an LDH assay kit 
(A020-2-2, Jiancheng Bioengineering Institute, Nan-
jing, Jiangsu, China). As per the given instructions, the 
supernatant was collected after cells were subjected to 
centrifugation at 600 g and 4 °C for 5 min. The working 
solution of this reagent kit was sequentially put onto the 
96 well plates, and the samples were incubated at 37  °C 
for 30 min. The OD value was measured at 450 nm. The 
specific experimental steps were under the instructions 
[28].

ELISA
Levels of interleukin (IL)-6, tumour necrosis factor alpha 
(TNF-α) and IL-1β were determined utilizing the ELISA 
kits (IL-6, Cat. No. ERC003QT.96; TNF-α, Cat. No. 
ERC102aQT.48; IL-1β, Cat. No. EMC001b.96.2) as per 
the instructions for the specific experimental steps. All 
reagent kits were obtained from NeoBioscience (Shen-
zhen, Guangdong, China).
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ROS measurement
The cell ROS detection kit was purchased from Abcam 
(ab186029, Cambridge, MA, USA). The specific experi-
mental steps were carried out following the manuals.

Determinations of Fe2+, malondialdehyde (MDA), LPO, 
GPX4 enzyme activity, glutathione reductase (GR), GSH 
and glutathione disulfide(GSSG)
Levels of Fe2+, MDA, LPO, GPX4 enzyme activity, GSH, 
GR and GSSG were measured using the iron assay kit 
(ab83366, Abcam), MDA assay kit (ab118970, Abcam), 
LPO assay kit (ab133085, Abcam), GPX4 enzyme activ-
ity assay kit (CB12629-Ra, COIBO BIO, Shanghai, 
China), reduced GSH assay kit (BC1175, Solarbio, Bei-
jing, China), GR assay kit (LZ-01372 S, Lianzu Biotech-
nology Co., Ltd., Shanghai, China) and GSSG assay kit 
(ab239709, Abcam), respectively referring to the manu-
facturer’s manual.

Western blot
Cells and tissues were gathered from each group respec-
tively, and supplemented with cell lysate to extract pro-
teins. The protein concentration was determined using a 
bicinchoninic acid assay kit (AR1189, Boster Biological 
Technology, Wuhan, Hubei, China). Later, an appropri-
ate amount of loading buffer was added to the protein 
samples, and the mixture was heated in a boiling water 
bath for 5 min to induce protein denaturation. The dena-
tured protein samples were then placed into the upper 
sample hole. SDS-PAGE electrophoresis was performed, 
and the proteins were separated and electrotransferred to 
a PVDF membrane for transmodeling, and then placed 
in BSA containing 3% for 2  h. Subsequently, samples 
were incubated with anti-GPX4 (1:1000, #59735, CST, 
Danvers, MA, USA), anti-SLC7A11 (1:1000, #98051, 
CST), anti-LC3II/I (1:1000, #43566, CST), and anti-p62 
(1:1000, #5114, CST) overnight at 4  °C, with β-actin 
(1:1000, #4967, CST) as the internal reference. After-
ward, the samples interacted with the horseradish per-
oxidase-labeled secondary antibody (1:2000, BA1054, 
Boster Biological Technology) at room temperature in 
the dark for 1  h, and then subjected to color develop-
ment in enhanced chemiluminescence working solution 
(AR1191, Boster Biological Technology). The grayscale of 
each band was quantified in Western blot images using 
Image Pro Plus 6.0 (Media Cybernetics, Bethesda, MD, 
USA). The experiment was repeated three times.

Transmission electron microscopy (TEM)
Cells were fixed at room temperature for 3  h with 2.5% 
glutaraldehyde (Sigma) before being washed with phos-
phate-buffered saline at pH 7.4. Thereafter, cells were 
fixated in 1% osmic acid for 1.5  h, followed by gradient 
dehydration in 50%, 70%, 80%, 90% ethanol, 90% acetone, 

and pure acetone. After penetration with acetone and 
resin, cells were embedded with resin, and the thick-
ness of sections was 70 nm. BAF and DMSO were added 
4  h before cell fixation. Mitochondrial morphology was 
viewed using a TEM (HT-7800, Hitachi, Japan) [29].

Mitochondrial membrane potential (MMP) determination
MMP was quantified using fluorescent probe JC-1 
(ab113850, Abcam) following the given directions. Cells 
were plated in the 6-well plates at a seeding density of 
1 × 106 cells/well, stained with JC-1, centrifuged, and 
washed. The fluorescence intensity was measured utiliz-
ing a fluorescence microscope (Olympus) [30].

Statistical analysis
Data from this study were statistically analyzed and 
graphed using SPSS 21.0 (IBM, Armonk, NY, USA) and 
GraphPad Prism 8.01 (GraphPad, San Diego, CA, USA) 
statistical software. The normal distribution of continu-
ous variables was validated by Kolmogorov-SmiRnov. 
The data that conformed to the normal distribution were 
expressedas mean ± standard deviation. The independent 
sample t-test was used to compare data between the two 
groups, and one-way analysis of variance (ANOVA) was 
implemented to compare data among groups, followed 
by Tukey’s multiple comparison test. The difference was 
statistically significant with P < 0.05.

Results
I/R inhibited ferroptosis-related SLC7A11/GSH/GPX4 
pathway and induced myocardial injury
We established an MI/RI rat model following the previ-
ous method [1]. Compared with the Sham group, the 
MI/R group had an increased myocardial infarction area 
(Fig. 1A). Myocardial injury was assessed by H&E stain-
ing, and there was more severe myocardial injury in the 
MI/R group than in the Sham group (Fig.  1B). Besides, 
ELISA elicited that the expression levels of TNF-α, IL-6 
and IL-1β in the MI/R group were up-regulated rela-
tive to the Sham group (Fig.  1C, all P < 0.01). In com-
parison with the Sham group, the MI/R group exhibited 
decreased GR and GSH levels and increased Fe2+ and 
ROS levels (Fig.  1D, all P < 0.01). Beyond that, the pro-
tein expression levels of SLC7A11 and GPX4 were lower 
in the MI/R group than in the Sham group (Fig.  1E, all 
P < 0.01). These results suggested that the ferroptosis-
related SLC7A11/GSH/GPX4 pathway played a protec-
tive role against I/R myocardial injury.

H/R induced ferroptosis in cardiomyocytes
Subsequently, we cultured rat cardiomyocytes H9C2 in 
vitro and established an H/R model Based on the CCK-8 
and LDH assays, cell viability was repressed, while cell 
death was facilitated in the H/R group versus the Con 
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group (Fig.  2A-B, all P < 0.01). As reflected by ELISA, 
compared to the Con group, the expression levels of 
TNF-α, IL-6 and IL-1β in the H/R group were elevated 
(Fig. 2C, all P < 0.01). Compared with the Con group, the 
levels of ROS, Fe2+, MDA and LPO in the H/R group 
were raised (Fig.  2D-F, all P < 0.01). The above results 
indicated that H/R induced ferroptosis in H9C2 cardio-
myocytes. Subsequently, we treated H/R-induced H9C2 
cells with ferroptosis inhibitor Lip-1. In contrast to the 
H/R + DMSO group, the H/R + Lip-1 group showed 
heightened cell viability, abated cell death, and dimin-
ished expression levels of TNF-α, IL-6, IL-1β, ROS, Fe2+, 

MDA and LPO (Fig.  2A-F, all P < 0.05). These findings 
further indicated that H/R induced ferroptosis in H9C2 
cardiomyocytes.

H/R affected GSH synthesis and inhibited GPX4 enzyme 
activity by down-regulating SLC7A11
A study has found that SLC7A11 heightens the biosyn-
thesis of GSH, while the lowered intracellular GSH lev-
els can inactivate GSH-dependent GPX4, thus further 
potentiating ferroptosis [13, 31]. Therefore, we speculated 
that H/R inhibited GPX4 enzyme activity by down-regu-
lating GSH. The expression level of SLC7A11 and GPX4 

Fig. 1  I/R suppressed the ferroptosis-related SLC7A11/GSH/GPX4 pathway and induced myocardial injury. (A) TTC staining to detect the myocardial in-
farction area; (B) H&E staining to evaluate myocardial injury; (C) ELISA to determine the expression levels of TNF-α, IL-6 and IL-1β in myocardial tissues; (D) 
Detection of GR, GSH, Fe2+ and ROS levels in myocardial tissues using reagent kits; (E) Western blot to measure the expression level of SLC7A11 and GPX4 
proteins. n = 6. All experiments were repeated three times, and the data were expressed as mean ± standard deviation. An independent sample t-test was 
used to compare the data between the two groups. ** P < 0.01. Full-length blots/gels are presented in the file named: Western Blots
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proteins was diminished in the H/R group versus the 
Con group (Fig. 3A, all P < 0.05). In comparison with the 
Con group, the GPX4 enzyme activity and levels of GSH, 
GSH/GSSH and GR in the H/R group dropped, whereas 
the GSSG level significantly rose (Fig. 3B/C, all P < 0.01). 
Subsequently, cells were subjected to treatment with H/R 
oe-SLC7A11 and its NC. Higher levels of SLC7A11 and 
GPX4 protein expression, GPX4 enzyme activity and lev-
els of GR, GSH and GSH/GSSH, along with lower levels 
of GSSG were observed in the H/R + oe-SLC7A11 group 
than in the H/R + oe-NC group (Fig.  3A-C, all P < 0.05). 
Altogether, the above-mentioned results suggested that 
H/R affected the synthesis of GSH and suppressed GPX4 
enzyme activity by down-regulating SLC7A11.

Upregulation of SLC7A11 ameliorated H/R-induced 
ferroptosis in cardiomyocytes via the GSH/GPX4 pathway
To verify the effect of the SLC7A11/GSH/GPX4 path-
way on H/R-induced ferroptosis in cardiomyocytes, 
we treated cardiomyocytes with H/R and simultane-
ously overexpressed SLC7A11. Compared with the 
H/R + oe-NC group, the H/R + oe-SLC7A11 group 
showed elevated cell viability and lessened cell death, 
as well as diminished expression levels of TNF-α, IL-6, 
IL-1β, ROS, Fe2+, MDA and LPO (Fig. 4A-F, all P < 0.01). 
These results suggested that upregulation of SLC7A11 
relieved H/R-induced ferroptosis in cardiomyocytes 
through the GSH/GPX4 pathway.

H/R activated mitophagy in cardiomyocytes
GPX4 is capable of inducing ferroptosis by means of 
mitophagy and mitochondrial damage and degrada-
tion stimulated by ROS [19]. To observe ROS-elicited 
mitophagy in cardiomyocytes under H/R conditions, 
we subjected cardiomyocytes to H/R treatment and 

3-MA treatment. Through TEM, we observed that after 
H/R treatment, the outer membrane of mitochondria 
ruptured, mitochondrial cristae decreased, and mito-
chondrial membrane density increased. Nevertheless, 
compared to the H/R + DMSO group, the H/R + 3-MA 
group showed a reduced degree of mitochondrial outer 
membrane rupture, increased mitochondrial cristae, and 
decreased mitochondrial membrane density (Fig.  5A). 
Moreover, MMP (ΔΨ) detection showed that relative 
to the Con group, the H/R group showed an upward 
trend in green fluorescence, and a downward trend in 
ΔΨ, whereas compared with the H/R + DMSO group, 
the H/R + 3-MA group showed reduced green fluores-
cence and elevated ΔΨ (Fig.  5B, P < 0.01). As reflected 
by Western blot, a higher LC3II/I protein level and a 
lower p62 protein level were observed in the H/R group 
than in the Con group, but the trends were opposite in 
the H/R + 3-MA group versus the H/R + DMSO group 
(Fig. 5C, all P < 0.01). The results suggested that H/R stim-
ulated the activation of mitophagy in cardiomyocytes.

Activation of mitophagy partially reversed SLC7A11 
overexpression-mediated improvement on H/R-induced 
ferroptosis in cardiomyocytes
We treated cardiomyocytes with oe-SLC7A11 or with 
both oe-SLC7A11 and rapamycin upon H/R treatment. 
Cells in the H/R + oe-SLC7A11 group showed less rup-
ture of the outer mitochondrial membrane, more mito-
chondrial cristae, less mitochondrial membrane density, 
less green fluorescence, higher ΔΨ, a lower level of cellu-
lar LC3II/I protein, and a higher level of p62 protein than 
cells in the H/R + oe-NC group (Fig.  6A-C, all P < 0.01). 
There were ruptured mitochondrial outer membrane, 
lessened mitochondrial cristae, increased mitochon-
drial membrane density, augmented green fluorescence 

Fig. 2  H/R induced ferroptosis in cardiomyocytes. (A) CCK-8 assay to assess cell viability; (B) LDH assay to evaluate cell death; (C) ELISA to determine 
TNF-α, IL-6 and IL-1β expression levels; (D-F) The reagent kits were used to determine the levels of ROS, Fe2+, MDA and LPO. The cell experiment was re-
peated three times, and the data were expressed as mean ± standard deviation. One-way ANOVA was used for inter-group data comparisons, and Tukey’s 
multiple comparison test was used for post hoc testing. * P < 0.05, ** P < 0.01, *** P < 0.001
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emission, reduced ΔΨ, an elevated LC3II/I protein level, a 
lowered p62 protein level, abated cell viability, increased 
cell death, raised expression levels of inflammatory fac-
tors TNF-α, IL-6 and IL-1β, as well as ROS, Fe2+, MDA 
and LPO in the H/R + oe-SLC7A11 + RA group versus the 
H/R + oe-SLC7A11 + DMSO group (Fig. 6A-I, all P < 0.01). 
These data suggested that activating mitophagy partially 
averted the improvement effect of SLC7A11 overexpres-
sion on H/R-induced ferroptosis in cardiomyocytes.

Discussion
MI/RI refers to the damage that occurs in the heart tis-
sues as a result of the worsening of ischemia in the myo-
cardium following the blockage of a coronary artery [32]. 
Currently, there are limited treatment options for MI/RI, 
and the resulting damage is typically irreversible. It has 
been established that genetic modifications in the ferrop-
tosis pathway effectively impede ferroptosis and reduce 
myocardial damage [33]. Herein, our study sheds light 
on the molecular mechanisms of the ferroptosis-related 
SLC7A11/GSH/GPX4 pathway in MI/RI, providing 

avenues for the MI/RI development of future therapeutic 
strategies.

Inspiringly, ferroptosis has been identified to show 
significant involvement in cardiomyopathy, myocardial 
infarction, and MI/RI [34]. Suppressing SLC7A11 expres-
sion leads to reductions in GSH/GPX4 activity [35], while 
SLC7A11 and its downstream GPX4 or GSH are con-
sidered key modulatory genes in ferroptosis, and their 
downregulation indicates the occurrence of ferroptosis-
related damage, such as myocardial injury [36–38]. Also, 
GPX4 and GSH levels are reduced with the development 
of myocardial infarction inhibiting GPX4 or GSH raises 
lipid ROS levels, which induces myocardial ferropto-
sis and myocardial damage [39]. In this study, we first 
created an MI/RI rat model and confirmed the protec-
tive role of the SLC7A11/GSH/GPX4 pathway in I/RI. 
Similarly, through the SIRT1/p53/SLC7A11 connection, 
USP22 overexpression may prevent ferroptosis-induced 
cardiomyocyte death and shield against MI/RI [40]. Dex-
medetomidine post-conditioning mitigates cardiac I/RI 
in rats by inhibiting ferroptosis through the activation 

Fig. 3  H/R affected GSH synthesis and suppressed GPX4 enzyme activity by down-regulating SLC7A11. (A) Western blot to determine the expression of 
SLC7A11 and GPX4 protein. Full-length blots/gels are presented in the file named: Western Blots; (B-C) The reagent kits were used to measure the levels 
of GPX4, GR, GSH and GSSG. The experiment was repeated three times, and the data were expressed as mean ± standard deviation. One-way ANOVA 
was used for data comparisons between multiple groups, and Tukey’s multiple comparison test was used for post hoc testing. * P < 0.05, ** P < 0.01, *** 
P < 0.001
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of the SLC7A11/GPX4 axis [41]. Zhang et al. have also 
revealed that hydrogen sulfide can prevent cardiomyo-
cytes from oxidative stress and protect against cardio-
toxicity by reducing doxorubicin-induced ferroptosis 
through the SLC7A11/GSH/GPX4 antioxidant pathway 
[42].

Subsequently, we cultured H9C2 rat cardiomyocytes in 
vitro and created an H/R model. Not surprisingly, it was 
discovered that H/R could stimulate ferroptosis in H9C2 
cardiomyocytes, which was also mentioned in published 
reports [43, 44]. In addition to this, we also observed that 
further treatment of oe-SLC7A11 transfection in H/R-
treated cells heightened SLC7A11, GPX4, GR, GSH and 
GSH/GSSH levels, and GPX4 enzyme activity, as well as 
decreased GSSG level in H9C2 cells. SLC7A11 repression 
abates GSH level and subsequently lowers GPX4 enzyme 
activity, which provokes cellular/subcellular membranes 
or ferroptosis [34, 45]. Consequently, H/R affected the 
synthesis of GSH and suppressed GPX4 enzyme activ-
ity via the downregulation of SLC7A11. Similar to our 
results, reduced ROS and Fe2+ levels and suppressed car-
diac ferroptosis are achieved by overexpressing SLC7A11 
in cardiomyocytes [46]. Additionally, Fang et al. reported 
that ferritin H-deficient cardiomyocytes have decreased 
expression of the ferroptosis regulator SLC7A11, whereas 

upregulating SLC7A11 specifically in cardiomyocytes 
enhances GSH levels and effectively prevents cardiac 
ferroptosis [46]. Conversely, the ferroptosis inhibitor 
ferrostatin-1 partially reversed the negative effects of 
triptolide on the SLC7A11/GPX4 signal, thereby reduc-
ing triptolide-elicited cardiotoxicity [47]. Of importance, 
our findings unearthed that SLC7A11 could potentially 
be developed into a new therapeutic target in MI/RI. It 
is interesting to note that upregulation of SLC7A11 ame-
liorates H/R-induced cardiomyocyte ferroptosis via the 
GSH/GPX4 signaling pathway.

It has been reported that the suppression of SLC7A11 
leads to GSH depletion, which in turn facilitates GPX4 
inactivation [48]. Diminished SLC7A11 expression and 
the consequent decline in GSH and GPX4 levels play a 
crucial role in myocardial ferroptosis and cardiomyopa-
thy [47]. In addition, GPX4 can stimulate ferroptosis by 
promoting mitophagy and ROS-induced mitochon-
drial damage and degradation [19]. However, the regu-
latory role of SLC7A11 in mitophagy has been scarcely 
reported. Thus, we further investigated the interac-
tion between SLC7A11 and cardiomyocyte mitophagy. 
We added the mitophagy inhibitor 3-MA to treat H/R-
induced H9C2 cells. Based on the results, 3-MA inhib-
ited H/R-induced mitophagy in H9C2 cells and the 

Fig. 4  Upregulation of SLC7A11 improved H/R-induced ferroptosis in cardiomyocytes through the GSH/GPX4 pathway. (A) CCK-8 assay to evaluate cell 
viability; (B) LDH detection method was used to assess cell death; (C) ELISA to determine the expression levels of TNF-α, IL-6 and IL-1β; (D-F) The reagent 
kits were used to determine the levels of ROS, Fe2+, MDA and LPO. The experiment was repeated three times, and the data were expressed as mean ± stan-
dard deviation. One-way ANOVA was employed for data comparisons between multiple groups, and Tukey’s multiple comparison test was used for post 
hoc testing. ** P < 0.01, *** P < 0.001
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activation of mitophagy partially reversed the ameliora-
tive effect of SLC7A11 upregulation on H/R-induced 
ferroptosis in cardiomyocytes. Accordingly, increased 
ROS under H/R conditions induced myocardial injury by 
inducing mitophagy to curb the activation of the ferrop-
tosis-related SLC7A11/GSH/GPX4 pathway. A previous 
study has reported that 3-MA can mitigate myocardial 
injury in MI/RI rats [49]. Also, the autophagy inhibi-
tor 3-MA has the potential to reduce cardiac damage 
caused by excessive exercise in rats [50]. 3-MA improves 
the exacerbated I/R-induced heart damage and dysfunc-
tion in the group administered with nicotine compared 
to the control group [51]. As a result, the mitophagy 
inhibitor 3-MA may be promising for clinical application 
in the treatment of ischemic heart disease. Furthermore, 
the ferroptosis inhibitor Lip-1 has been documented to 
protect the mouse myocardium against I/RI [52]. Mean-
while, treatment with Lip-1 results in increased viability 

and decreased death of H/R cells, and reduces the level 
of inflammatory factors, which provides a theoretical 
basis for the development of ferroptosis-related reagents 
for myocardial injury in the clinic, but still needs to be 
further explored. Another noteworthy observation in our 
study was that the transfection of oe-SLC7A11 in H/R 
rats led to increased mitochondrial cristae, ΔΨ, and p62 
protein level and decreased mitochondrial membrane 
density, green fluorescence, and LC3II/I protein level. 
To the best of our knowledge, we found for the first time 
that H/R could activate mitophagy in cardiomyocytes by 
suppressing the SLC7A11/GSH/GPX4 axis. Additionally, 
the improvement mediated by SLC7A11 upregulation on 
H/R-induced ferroptosis in cardiomyocytes could be par-
tially annulled by mitophagy activation.

Fig. 5  H/R activated mitophagy in cardiomyocytes. (A) Observation of mitochondrial morphology using a TEM; (B) Fluorescent dye JC-1 was used to 
detect MMP (ΔΨ); (C) Western blot to assess the expression level of LC3II/I and p62 proteins. The experiment was repeated three times, and the data were 
expressed as mean ± standard deviation. One-way ANOVA was used for data comparisons between multiple groups, followed by Tukey’s multiple com-
parison test. ** P < 0.01, *** P < 0.001. Full-length blots/gels are presented in the file named: Western Blots
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Fig. 6  Activation of mitophagy partially reversed SLC7A11 overexpression-mediated improvement on H/R-induced ferroptosis in cardiomyocytes. (A) 
Observation of mitochondrial morphology using a TEM; (B) Fluorescent dye JC-1 to detect MMP (ΔΨ); (C) Western blot to determine the expression levels 
of LC3II/I and p62 proteins. Full-length blots/gels are presented in the file named: Western Blots; (D) CCK-8 assay to evaluate cell viability; (E) LDH detec-
tion method to assess cell death; (F) ELISA to determine TNF-α, IL-6 and IL-1β expression levels; (G-I) The reagent kits to measure the levels of ROS, Fe2+, 
MDA and LPO. The experiment was repeated three times, and the data were expressed as mean ± standard deviation. One-way ANOVA was adopted for 
data comparisons between multiple groups, followed by Tukey’s multiple comparison test. ** P < 0.01, *** P < 0.001
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Conclusions
The present study expounded that MI/RI limited the 
ferroptosis-related SLC7A11/GSH/GPX4 pathway, acti-
vated mitophagy in cardiomyocytes, and caused Fe2+ 
accumulation and LPO in cardiomyocytes, hence induc-
ing myocardial injury. However, for this study, only the 
H9C2 cardiomyocyte cell line was chosen for investi-
gation, with no additional cell lines included for more 
comprehensive analysis, and no clinical research car-
ried out. It is believed that there will be clinical valida-
tion in the field of ferroptosis-related research in the 
future. In addition, further investigation is needed to 
explore the upstream and downstream target genes of the 
SLC7A11/GSH/GPX4 pathway, as well as other associ-
ated pathways.
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