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Abstract. The present study aimed to investigate the role 
of PI3K‑mediated ferroptosis signaling induced by mild 
therapeutic hypothermia (MTH), which was defined as 
a temperature of 34˚C, in protecting against myocardial 
ischemia-reperfusion (I/R) injury (MIRI). To meet this 
aim, H9C2 cells underwent hypoxia‑reperfusion (H/R) 
and/or MTH. The MTT assay was used to assess cell viability, 
cytotoxicity was measured using a lactate dehydrogenase 
cytotoxicity assay, and Annexin V‑FITC/PI flow cytometric 
analysis was used to analyze early and late cell apoptosis. In 
addition, 84 healthy adult male Sprague‑Dawley rats were 
randomly divided into seven groups (n=12), and underwent I/R 
and various treatments. Hemodynamics were monitored, and 
the levels of myocardial injury marker enzymes and oxida‑
tive stress markers in myocardial tissue were measured using 
ELISA. The expression levels of PI3K, AKT, transient receptor 
potential cation channel subfamily M member 7 (TRPM7), 
glutathione peroxidase 4 (GPX4) and acyl‑CoA synthetase 
long chain family member 4 (ACSL4) in animals and cells 
were measured using western blot analysis. These experiments 

revealed that MTH could effectively reduce myocardial 
infarct size, improve hemodynamic performance following 
MIRI and suppress myocardial apoptosis, thereby contrib‑
uting to the recovery from H/R injury. Mechanistically, MTH 
was revealed to be able to activate the PI3K/AKT signaling 
pathway in cells, upregulating GPX4, and downregulating 
the expression levels of TRPM7 and ACSL4. Treatment with 
2‑aminoethoxydiphenyl borate (an inhibitor of TRPM7) could 
further strengthen the myocardial protective effects of MTH, 
whereas treatment with erastin (promoter of ferroptosis) and 
wortmannin (inhibitor of PI3K) led to the effective elimination 
of the myocardial protective effects of MTH. Compared with 
in the I/R group, the PI3K/AKT activation level and the expres‑
sion levels of GPX4 were both significantly increased, whereas 
the expression levels of TRPM7 and ACSL4 were significantly 
decreased in the I/R + MTH group. Taken together, the results 
of the present study indicated that MTH may activate the 
PI3K/AKT signaling pathway to inhibit TRPM7 and suppress 
ferroptosis induced by MIRI.

Introduction

Ischemic cardiomyopathy is one of the main causes of human 
mortality worldwide, accounting for ~30 million deaths annu‑
ally (1‑3). In addition, myocardial ischemia‑reperfusion (I/R) 
injury (MIRI), which leads to the aggravation of disordered 
metabolism of myocardial cells during reperfusion following 
myocardial ischemia, thus causing myocardial ultrastructural 
damage, is one of the main causes of death in patients with 
ischemic heart disease (4,5). Previous studies have shown that 
MIRI is associated with numerous pathophysiological features, 
including the generation of oxygen free radicals, calcium 
overload, endothelial dysfunction, mitochondrial dysfunction, 
immune response, ferroptosis, myocardial cell apoptosis and 
autophagy (6‑8). At present, ischemic preconditioning (IPC) 
and pharmacological preconditioning (PPC) offer the main 
means to improve MIRI in clinical practice (9); however, due 

Mild therapeutic hypothermic protection activates the 
PI3K/AKT signaling pathway to inhibit TRPM7 and suppress 
ferroptosis induced by myocardial ischemia‑reperfusion injury

YAQI LI1,2*,  YIXUAN CHEN3*,  PENG YU4,  DEJU ZHANG5,  XIAOYI TANG3,  ZICHENG ZHU3,  
FAN XIAO3,  WEI DENG3,  YANG LIU3,  ZHAOYING TAN3,  JING ZHANG3  and  SHUCHUN YU3

1Jiangxi Medical College, Nanchang University, Nanchang, Jiangxi 330006, P.R. China; 2Department of Anesthesiology,  
Jiangxi Provincial People's Hospital, The First Affiliated Hospital of Nanchang Medical College, Nanchang, Jiangxi 330006,  

P.R. China; 3Department of Anesthesiology, The Second Affiliated Hospital of Nanchang University, Nanchang,  
Jiangxi 330006, P.R. China; 4Department of Metabolism and Endocrinology, The Second Affiliated 

Hospital of Nanchang University, Jiangxi, Nanchang 330006, P.R. China; 5Food and Nutritional Sciences, 
School of Biological Sciences, The University of Hong Kong, Hong Kong, SAR, P.R. China

Received April 3, 2024;  Accepted September 4, 2024

DOI: 10.3892/mmr.2024.13345

Correspondence to: Professor Jing Zhang or Professor Shuchun 
Yu, Department of Anesthesiology, The Second Affiliated Hospital 
of Nanchang University, 1 Minde Road, Donghu, Nanchang, 
Jiangxi 330006, P.R. China
E‑mail: ndefy01467@ncu.edu.cn
E‑mail: ndefy94004@ncu.edu.cn

*Contributed equally

Key words: mild therapeutic hypothermia, myocardial ischemia-
reperfusion injury, transient receptor potential cation channel 
subfamily M member 7, PI3K/AKT signaling pathway

https://www.spandidos-publications.com/10.3892/mmr.2024.13345


LI et al:  MTH MODULATES THE PI3K/AKT PATHWAY TO ATTENUATE TRPM7-MEDIATED FERROPTOSIS IN MIRI2

to the limited scope of their use, the identification of novel 
therapeutic methods and targets is necessary.

In 1997, Sessler  (10) proposed the concept of mild 
perioperative hypothermia, highlighting that performing 
carotid endarterectomy and neurosurgery at a temperature 
of 33‑35˚C could protect against cerebral ischemia. This was 
later confirmed by a large number of basic research studies 
and clinical trials (11‑13). In addition, further studies have 
indicated that hypothermia can improve the ischemic injury 
of organs through a variety of different mechanisms (14,15). 
Notably, the PI3K/AKT signaling pathway has been shown 
to have an important role in organ reperfusion injury. A 
previous study showed that mild therapeutic hypothermia 
(MTH) combined with hydrogen sulfide treatment could 
reduce damage caused to the hippocampal neurons in rats 
via activating the PI3K/AKT signaling pathway, thereby 
improving cerebral I/R injury in rats (11). In addition, MTH 
has been shown to inhibit inflammatory reactions and reduce 
cell apoptosis through activating the PI3K/AKT signaling 
pathway, thereby improving liver I/R injury (16). MTH may 
also ameliorate MIRI  (17). In another study, investigators 
revealed that MTH could effectively alleviate MIRI in a rabbit 
model  (18). Mochizuki et al  (19) demonstrated that MTH 
could improve MIRI in rats by activating the PI3K signaling 
pathway. In addition, certain studies have shown that MTH 
can reduce inflammatory reactions by inhibiting NLR family 
pyrin domain containing 3 inflammasomes, thereby inhibiting 
calcium channels and improving MIRI (17,20). However, the 
protective mechanism that accounts for the influence of MTH 
on MIRI has yet to be fully elucidated.

Transient receptor potential cation channel subfamily M 
member 7 (TRPM7) is a membrane protein with a dual struc‑
ture of ion channel and protein kinase that, as a member of the 
TRP channel subfamily, is widely distributed in the heart, brain, 
lung, kidney, and other organs and tissues (21,22). TRPM7 is 
a non‑selective cation channel with calcium‑ion permeability 
that serves an important role in the I/R injury of various organs. 
Cerebral I/R injury has previously been studied in a rat model 
with overexpression of TRPM7, and the high expression of 
TRPM7 was shown to be inhibited by electroacupuncture 
through the PI3K pathway  (23). Furthermore, inhibition of 
TRPM7 expression using small interfering RNA has been 
shown to effectively suppress the calcium overload induced by 
long‑term oxygen‑glucose deprivation, and to reduce the genera‑
tion of reactive oxygen species (ROS), thereby promoting the 
survival of oxygen‑ and glucose‑deprived neurons (24,25). The 
expression of TRPM7 has also been reported to be upregulated 
after renal ischemia (26). In addition, microRNA‑9‑5p has been 
reported to decrease the expression of TRPM7 by activating the 
PI3K/Akt pathway, thereby promoting both the migration and 
invasion of endothelial progenitor cells and angiogenesis (27). 
Notably, a recent study revealed that inhibition of TRPM7 
expression may have a protective effect on the reperfusion 
injury of H9C2 cells, and that this could reduce the apoptotic 
rate of H9C2 cells (28).

Ferroptosis is a cell death process that results from the 
accumulation of iron‑dependent lipid peroxides, which differs 
from traditional apoptosis and necrosis (29). The occurrence 
of ferroptosis is closely associated with various pathophysi‑
ological processes, including the blockade of cystine transport, 

the accumulation of reactive oxygen free radicals in cells, 
abnormal iron metabolism, accumulation of iron ions and 
lipid peroxidation (29,30). Of these processes, the accumula‑
tion of iron ions and lipid peroxidation are biochemically the 
most important  (31). Numerous studies have demonstrated 
that ferroptosis has an important role in various types of 
cardiovascular disease, including heart failure, myocardial 
infarction and I/R injury (32‑34). Lapatinib has been shown to 
enhance Adriamycin‑induced oxidative stress and ferroptosis 
of cardiomyocytes through inhibiting the PI3K/AKT signaling 
pathway (35).

With the knowledge that TRPM7 exerts a key role in 
various cell death modalities (36), it was hypothesized that 
MTH could regulate the expression of TRPM7 through its 
action on the PI3K/AKT signaling pathway, thereby inhibiting 
ferroptosis induced by MIRI. In order to further clarify the 
underlying protective mechanism of MTH on MIRI, a rat 
model of MIRI was established, and the rats were treated with 
various drugs to explore the protective mechanism of MTH. 
Taken together, the findings of the present study offer several 
insights that may inform future strategies to relieve MIRI in 
animals or humans.

Materials and methods

Animals, chemical reagents and kits. H9C2 cells, wortmannin 
(Wort) and erastin (Era) were purchased from Beyotime 
Institute of Biotechnology. A total of 86 healthy adult male 
Sprague‑Dawley rats (age, 6‑8 weeks; weight, 250‑350 g) 
were purchased from Hunan SJA Laboratory Animal Co., 
Ltd. 2‑Aminoethoxydiphenyl borate (2‑APB) was obtained 
from Selleck Chemicals (cat. no. S6657). Antibodies against 
glutathione peroxidase 4 (GPX4; cat. no.  52455; Cell 
Signaling Technology, Inc.), acyl‑CoA synthetase long chain 
family member 4 (ACSL4; cat. no. 22401‑1‑AP; Proteintech 
Group, Inc.), ferroptosis suppressor protein 1 (FSP1; cat. 
no. 20886‑1‑AP; Proteintech Group, Inc.), phosphorylated 
(p)‑PI3K (cat. no. 17366; Cell Signaling Technology, Inc.), 
total (t)‑PI3K (cat. no. 4249; Cell Signaling Technology, Inc.), 
p‑AKT (cat. no. 4060; Cell Signaling Technology, Inc.), t‑AKT 
(cat. no. 9272; Cell Signaling Technology, Inc.) and GAPDH 
(cat. no. AF0006; Beyotime Institute of Biotechnology) were 
used in the present study. ELISA kits for creatine kinase‑MB 
(CK‑MB; cat. no. H197‑1‑1), lactate dehydrogenase (LDH; cat. 
no. A020‑1‑2), cardiac troponin I (cTnI; cat. no. H149‑2‑1), 
malondialdehyde (MDA; cat. no. A003‑1‑1), total superoxide 
dismutase (SOD; cat. no. A001‑1‑1) and glutathione peroxi‑
dase (GSH‑Px; cat. no. A005‑1‑2) were supplied by Nanjing 
Jiancheng Bioengineering Institute. In addition, the MTT cell 
viability assay kit was purchased from APeXBIO Technology 
LLC, and the LDH cytotoxicity assay kit and the cytoFLEX® 
Annexin V‑FITC/PI apoptosis kit (cat. no. KGA108) were 
purchased from Nanjing KeyGen Biotech Co., Ltd.

Cell culture and animal treatment. H9C2 cells were resus‑
citated and subcultured. Subsequently, H9C2 cells in the 
exponential growth phase and in good growth condition 
were prepared into a single cell suspension in sugar‑free and 
serum‑free DMEM (Beyotime Institute of Biotechnology), 
with the cell concentration adjusted to 2.5x105  cells/ml. 
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Subsequently, the cells were evenly inoculated into a 6‑well 
plate (2 ml cell suspension/well), and the plate was incubated 
overnight at 37˚C in an atmosphere containing 5% CO2 with 
saturated humidity. Cells were randomly divided into three 
groups (Fig. 1A): The control group (no treatments); the H/R 
group (subjected to hypoxia for 120 min, and then reoxygen‑
ation for 120 min at 37˚C); and the H/R + MTH group [MTH 
(34˚C) was induced during the 120‑min reperfusion period].

Regarding the animal experiments, the Animal Experiment 
Ethics Committee of Nanchang University (Nanchang, 
China) provided full approval for the present study (approval 
no. NCULAE‑20221121086). In addition, the present study 
followed the Animal Research: Reporting In Vivo Experiments 
Guidelines and the American Veterinary Medical Association 
Euthanasia Guidelines 2020 (37). A total of 86 healthy adult 
male Sprague‑Dawley rats (weight, 250‑350 g) were housed 
in cages, with each cage containing one rat, and were housed 
under standard conditions (humidity, 45‑55%; temperature, 
23‑25˚C; 12‑h light/dark cycle), with food and tap water given 
ad  libitum. The cages were cleaned every 3 days. All rats 
were anesthetized prior to the experiment using 3% sodium 
pentobarbital (50 mg/kg), which was injected intraperitone‑
ally with heparin. All rats were euthanized by an overdose 
of sodium pentobarbital (150 mg/kg), which was injected 
intraperitoneally at the end of the experiment.

For these experiments, the rats were randomly divided 
into seven groups (n=12/group) (Fig. 1B): The sham group 
(no treatments); the I/R group, wherein the rats were subjected 
to ischemia for 30 min, followed by reperfusion for 120 min at 
37˚C; the I/R + 2‑APB group, in which the TRPM7 inhibitor 
2‑APB (5 µM) was added during the reperfusion period; the 
I/R + MTH group, wherein MTH (at 34˚C) was induced during 
the 120‑min reperfusion period; the I/R + MTH + 2‑APB 
group, wherein 2‑APB was administered combined with MTH 
(34˚C) during the reperfusion period; the I/R + MTH + Wort 
group, wherein the PI3K inhibitor Wort (1.5 µM) was added 
and MTH (34˚C) was implemented during the reperfusion 
period; and the I/R + MTH + Era group, wherein the ferrop‑
tosis promoter Era (10 µM) was added and MTH (34˚C) was 

implemented during the reperfusion period. All intervention 
drugs were added to modified Krebs‑Henseleit (MKH) buffer 
during the first 15 min of reperfusion.

Isolated heart model preparation and cell model establish‑
ment. Firstly, the Langendorff model for I/R injury was 
constructed. Rats were first anesthetized using 3% sodium 
pentobarbital (50 mg/kg), and then heparin (1,000 IU/kg; n=12 
rats) was injected intraperitoneally. After performing midline 
thoracotomy, the heart was excised within 1 min, and the aorta 
was cannulated for retrograde perfusion at a constant pressure 
of 80 mmHg using a Langendorff device with MKH buffer 
(120.0  mmol/l NaCl, 4.8  mmol/l KCl, 2.4  mmol/l CaCl2, 
25.0  mmol/l NaHCO3, 1.21  mmol/l KH2PO4, 1.2  mmol/l 
MgSO4 and 11.0 mmol/l glucose; pH, 7.40±0.05). The buffer 
was gassed continuously with 95% O2 + 5% CO2, and main‑
tained at 37±0.2˚C or 34±0.2˚C with circulating water. The 
perfusate MKH buffer during the reperfusion phase needed to 
reach a temperature of 34˚C within 5 min in the MTH groups. 
The initial left ventricle end‑diastolic pressure (LVEDP) was 
set to 10 mmHg using a latex balloon filled with bubble‑free 
saline, and Med Lab 6.0 software (ZhongShiDiChuang 
Science and Technology Development Co., Ltd.) was used to 
record hemodynamic changes, including heart rate (HR), left 
ventricular systolic pressure (LVSP), LVEDP and ± dP/dt(max). 
Rats with frequent arrhythmia, refractory ventricular fibrilla‑
tion, HR <180 beats/min or LVSP <75 mmHg were excluded 
from the study; a total of two rats excluded.

Secondly, the H/R cell model was constructed. The H9C2 
cells were cultured in a low volume of substrate‑free medium 
(serum‑free and glucose‑free) in an anaerobic Plexiglas chamber 
(Billups‑Rothenberg, Inc.) containing 0.2% O2, saturated with 
95% N2 and 5% CO2 at 37˚C for 2 h. The volume of hypoxic 
medium used was the minimum volume required to coat the 
cellular monolayer for the prevention of cellular dehydration 
during the ischemic period. Simulated ischemia was followed 
by a simulated reperfusion period, during which the cells were 
exposed to normoxic culture medium at 37˚C for 2 h (Fig. 1A). For 
the hypothermia treatment, the ischemic and hypoxic cells were 
maintained in an incubator at 34˚C for 2 h in the reoxygenation 
stage. The control cells were cultured in growth medium at 37˚C 
in an atmosphere containing 5% CO2 and 95% humidified air.

Determination of myocardial infarct size. After anesthetizing 
the rats, open chest surgery was performed and the rats were 
sacrificed by cervical dislocation before removing the heart. 
Subsequently, the hearts were immediately removed and a 
Langendorff model was established. After reperfusion for 
2 h, the hearts were transferred to PBS solution (pH 7.4) 
maintained at 4˚C, and then frozen at ‑20˚C for 80 min. Each 
heart was cut into five cross‑sections using a blade, and the 
sections were incubated in 1% 2,3,5‑triphenyltetrazolium 
chloride (TTC) (prepared by dissolving 1 g TTC into 100 ml 
PBS; cat. no. TTC 0765; Ameresco, LLC) at 37˚C for 20 min. 
The hearts were fixed in 4% paraformaldehyde overnight at 
37˚C. The myocardial infarct area changed to white, whereas 
the area at risk remained red. An Epson scanner (Seiko Epson 
Corporation) was used to scan each slice, and the myocardial 
infarct area, was calculated using Image Pro Plus software 6.0 
(Media Cybernetics, Inc.).

Figure 1. (A)  Schematic diagram of the cell experimental protocol. 
(B)  Schematic diagram of the animal experimental protocol. 2‑APB, 
2‑aminoethoxydiphenyl borate; Era, erastin; H/R, hypoxia‑reperfusion; 
I/R, ischemia‑reperfusion; MTH, mild therapeutic hypothermia; Wort, 
wortmannin.
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Hematoxylin and eosin (H&E) staining. The myocardial tissue 
obtained from rats was fixed in 10% paraformaldehyde over‑
night at room temperature, followed by embedding in paraffin 
and cutting into 4‑µm sections. These sections were subse‑
quently dewaxed with xylene twice (5 min each) and hydrated 
with 95% ethanol. Subsequently, 0.5% hematoxylin solution 
was added for 10 min, and the sections were rinsed with tap 
water, differentiated with 1% HCl in ethanol for 10 sec, and 
finally stained with 5% eosin for 1‑3 min; all steps were at 
room temperature. The stained sections were dehydrated with 
ethanol for 25 min, dewaxed with xylene, sealed and dried 
with neutral resin, and finally observed under a fluorescence 
microscope (magnif﻿ication, x200; DMi8 DFC7000 T; Leica 
Microsystems, Inc.).

Detection of cell viability and cytotoxicity. Cell viability was 
measured using an MTT cell viability assay kit and cytotoxi-
city was measured using a LDH cytotoxicity assay kit. All steps 
were performed in strict accordance with the manufacturers' 
protocols.

Cell apoptosis detection. Cells were digested with 0.25% 
trypsin without EDTA. After the digestion was terminated, 
the cells were collected and centrifuged at 400 x g for 5 min 
at room temperature, after which the supernatant was removed 
and the cells were washed with PBS. The cells were then 
rinsed twice with PBS at 400 x g for 5 min at room tempera‑
ture, and a cytoFLEX Annexin V‑FITC/PI cell apoptosis 
detection kit was employed to assess the level of cell apoptosis. 
All of the steps were performed in strict accordance with the 
manufacturer's instructions. The samples were analyzed using 
a flow cytometer (BD Accuri C6 Plus; BD Biosciences) with 
FlowJo software (v10.6.2; FlowJo, LLC) according to the 
manufacturer's instructions.

Determination of cardiac enzyme and oxidative stress 
indicator levels. At the end of reperfusion in the Langendorff 
model, coronary effluent was collected for 3 min. Subsequently, 
the levels of cardiac muscle enzymes (CK‑MB, LDH and c‑TnI) 
were measured by ELISA. All steps were performed in strict 
accordance with the manufacturers' protocols. Furthermore, 
myocardial tissue was homogenized in RIPA buffer (cat. 
no. P0013C; Beyotime Institute of Biotechnology) containing 
benzamidine and benzoyl fluoride. The homogenate was then 
centrifuged at 15,000 x g for 25 min at 4˚C, and the super‑
natant was separated and stored at ‑80˚C. Oxidative stress 
markers (GSH‑Px, MDA and SOD) in the supernatant were 
then measured by ELISA. All steps were performed strictly in 
accordance with the manufacturer's instructions.

Western blot analysis. Total proteins were extracted from 
cell samples or homogenized hearts using a kit (Total Protein 
Extraction Kit; cat. no. P1250; Applygen Technologies, Inc.) 
according to the manufacturer's instructions. The clarified 
supernatant was separated from the sample by centrifugation 
at 12,000 x g for 5 min using an MGL‑16M desktop high‑speed 
freezing centrifuge at 4˚C. Subsequently, a BCA reagent kit 
(cat. no. 23227; Thermo Fisher Scientific, Inc.) was used to 
quantify the protein concentration, according to the manufac‑
turer's instructions. Proteins (20 µg/lane) were then separated 

by SDS‑PAGE on 8% gels and were transferred to polyvinyli‑
dene fluoride (PVDF) membranes. Subsequently, the PVDF 
membranes were blocked in 10% non‑fat milk for 2 h at room 
temperature, prior to incubation with primary antibodies 
against TRPM7 (1:500; cat. no. ACC‑047; Alomone Labs), 
t‑PI3K (1:1,000), p‑PI3K (1:1,000), p‑AKT (1:1,000), t‑AKT 
(1:1,000), GPX4 (1:1,000), ASCL4 (1:2,000) and FSP1 (1:1,000) 
at 4˚C overnight, followed by incubation with horseradish 
peroxidase‑conjugated anti‑rabbit IgG (cat. no. 7074S; Cell 
Signaling Technology, Inc.) or anti‑mouse IgG (cat. no. 7076S; 
Cell Signaling Technology, Inc.) secondary antibodies (1:700, 
diluted in 5% non‑fat milk) at room temperature for 2 h. The 
same membrane was probed with anti‑GAPDH as a control for 
normalization of the levels of the proteins of interest. Protein 
bands were detected by chemiluminescence (cat. no. P90720; 
MilliporeSigma) and the images were semi‑quantified using 
ImageJ version 1.51 software (National Institutes of Health).

Statistical analysis. All measurements were performed by two 
researchers in a double‑blinded manner. Data are shown as the 
mean ± standard deviation, based on a minimum of three inde‑
pendent replicates. One‑way analysis of variance was employed, 
followed by Tukey's post hoc test for multiple comparisons to 
assess the differences across multiple groups and to evaluate 
the impact of treatments on data derived from animal and cell 
studies. Statistical analysis was performed using GraphPad 
Prism software (version 9.5; Dotmatics). P<0.05 was considered 
to indicate a statistically significant difference.

Results

MTH improves cell viability, and inhibits the release of LDH 
and cardiomyocyte apoptosis induced by H/R. In our previous 
study (19), it was revealed that MTH (set at 34˚C) was able to 
effectively improve MIRI. Therefore, based on this previous 
research, the present study aimed to further investigate the 
specific underlying protective mechanism. In the present study, it 
was revealed that cell viability was reduced, whereas the release 
of LDH and the level of apoptosis were increased in the H/R 
group compared with those in the control group (Fig. 2). However, 
implementing conditions of MTH reversed this process through 
increasing cell viability, and reducing the release of LDH and 
cardiac myocyte apoptosis (Fig. 2), thus suggesting that MTH 
nay exert a certain myocardial protective effect.

MTH exerts its protective effect on myocardial cells by inhib‑
iting H/R‑mediated ferroptosis through the PI3K/AKT/TRPM7 
signaling axis. In order to further clarify the myocardial protec‑
tive mechanism of MTH, a hypothesis was proposed based on 
previous research (8), and western blot analysis was performed 
to detect the corresponding indicators. First, the expression 
levels of p‑PI3K, p‑AKT and TRPM7 were measured in each 
group of cells, which revealed that the phosphorylation levels 
of PI3K and AKT in the H/R group were between one‑half and 
one‑third the levels of those in the control group, and the expres‑
sion levels of TRPM7 were 3‑4 times higher compared with 
those in the control group (Fig. 3A, D, F and H). By contrast, 
the phosphorylation levels of PI3K and AKT in the H/R + MTH 
group were higher compared with those in the H/R group, 
whereas the expression levels of TRPM7 were reduced.
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Subsequently, the expression levels of GPX4, ACSL4 
and FSP1 in the H9C2 cells were examined in each group 
(Fig. 3B, C, E, G and I). The expression levels of GPX4 were 
decreased and the expression levels of ACSL4 were increased 
in the H/R group compared with those in the control group. 
By contrast, MTH treatment reversed this process; ACSL4 
expression levels were significantly decreased, whereas 
GPX4 expression levels were significantly increased 
compared with those in the H/R group. Furthermore, the 
expression levels of FSP1 were significantly decreased in 
the H/R group, whereas they were significantly higher in 
the MTH group compared with those in the H/R group. 
Taken together, these data suggested that MTH may reduce 
H/R‑mediated ferroptosis through the PI3K/AKT/TRPM7 
signaling axis.

MTH reduces the myocardial infarct area and improves 
hemodynamic performance following I/R injury in rats. To 
determine whether MTH exerts a protective effect on MIRI, 
analysis of the myocardial infarct area and the hemodynamics 
of rats was performed for each group. Compared with in 
the I/R group, the myocardial infarct area was significantly 
reduced in all rats with I/R injury subjected to MTH, except 
in the MTH + Wort/Era groups (Fig. 4), which confirmed that 
MTH could protect against myocardial injury caused by I/R. In 
addition, it was revealed that the ferroptosis promoter Era, the 
PI3K inhibitor Wort and the TRPM7 inhibitor 2‑APB could 
affect the protective effect of MTH on MIRI. Compared with 
in the I/R + MTH group, the myocardial infarct area of the 
I/R + MTH + 2‑APB group was significantly reduced, whereas 
the area was significantly increased in the I/R + MTH + Wort 

Figure 2. Cardiomyocyte viability, cytotoxicity and apoptosis. (A) Viability of H9C2 cells was examined using a MTT cell viability assay kit. (B) Cytotoxicity in 
H9C2 cells was examined using a lactate dehydrogenase cytotoxicity assay kit. (C) Flow cytometric analysis of the levels of H9C2 cell apoptosis. (D) Statistical 
analysis of apoptosis rate. *P<0.05 vs. control group; #P<0.05 vs. H/R group. H/R, hypoxia‑reperfusion; MTH, mild therapeutic hypothermia.
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and I/R + MTH + Era groups, suggesting that I/R could induce 
ferroptosis of myocardial cells. Moreover, the inhibitory effect 
of MTH on myocardial cell ferroptosis induced by I/R may be 
associated with the expression levels of p‑PI3K and TRPM7.

In addition, the hemodynamics of all groups of rats were 
recorded to further elucidate the effects of MTH and various 
drugs on myocardial infarction (Table I). The results showed 
no significant differences in the HR or heart rate pressure 
product values among all of the groups at baseline. However, 
compared with in the sham group, significant changes in HR, 
LVEDP, LVSP and ± dP/dt(max) were observed in other groups 
at 30, 60, 80 and 120 min. As expected, MTH treatment led 
to significant reductions in the HR, LVSP and ± dP/dt(max) 
values, whereas the LVEDP values were increased. The PI3K 
inhibitor Wort and the ferroptosis promoter Era were able 
to inhibit the effects of MTH, whereas treatment with the 
TRPM7 inhibitor 2‑APB was found to enhance the effect 
of MTH, suggesting that MTH exerts an influence on the 
expression levels of PI3K and TRPM7, and on the occurrence 
of ferroptosis.

MTH alleviates MIRI in rats. To further verify the protective 
effect of MTH on MIRI, the myocardial tissue of rats was stained 
with H&E, and the results obtained showed that, compared 

with in the control group, the myocardial tissue of rats in the 
I/R group exhibited clear pathological changes. Specifically, the 
myocardial cells were disordered; some myocardial cells were 
seen to be broken and dissolved; edema and some degeneration 
were observed; and the cell gap was notably widened (Fig. 5A). 
However, the negative pathological changes observed in the 
myocardial tissue of I/R model rats were found to be improved 
following treatment with MTH or 2‑APB, and the myocardial 
cells were arranged neatly. Notably, compared with in the I/R + 
MTH group, the pathological changes observed in the myocar‑
dial tissue of the I/R model rats treated with MTH + 2‑APB 
were further improved; myocardial cells and clear morpho‑
logical structures were both found to be well‑arranged, and 
myocardial cell edema and cell degeneration were suppressed, 
thus suggesting that 2‑APB may enhance the effect of MTH 
through inhibiting the expression of TRPM7. However, the 
I/R model rats in the MTH + Wort and MTH + Era treatment 
groups exhibited obvious pathological changes, which were not 
notably different from those observed in the I/R group.

In addition, the concentrations of CK‑MB, LDH and 
cTnI were measured by ELISA. Compared with those in the 
sham group, the levels of CK‑MB, LDH and cTnI in the I/R 
group rats were significantly increased, whereas the levels 
of CK‑MB, LDH and cTnI in the rats treated with MTH or 

Figure 3. PI3K/AKT phosphorylation, TRPM7 expression levels and the expression level of ferroptosis‑associated proteins in cells. Western blot analyses of 
(A) TRPM7, p‑PI3K, PI3K, p‑AKT and AKT; (B) GPX4 and ACSL4; and (C) FSP1. The expression levels of (D) TRPM7, (E) GPX4, (F) p‑PI3K, (G) ACSL4, 
(H) p‑AKT and (I) FSP1 are shown. *P<0.05 vs. control group; #P<0.05 vs. H/R group. ACSL4, acyl‑CoA synthetase long chain family member 4; FSP1, ferrop‑
tosis suppressor protein 1; GPX4, glutathione peroxidase 4; H/R, hypoxia‑reperfusion; MTH, mild therapeutic hypothermia; p‑, phosphorylated; TRPM7, 
transient receptor potential cation channel subfamily M member 7.
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2‑APB were decreased (Fig. 5B‑D). In addition, compared 
with in the I/R + MTH group, the levels of CK‑MB, LDH and 
cTnI were significantly decreased in the I/R + MTH + 2‑APB 
group, whereas they were increased in the I/R + MTH + Wort 
and I/R + MTH + Era groups. Taken together, these results 
suggested that MTH could improve MIRI, and that the protec‑
tive effect of MTH was affected by the expression levels of 
PI3K and TRPM7, and by whether ferroptosis occurred.

MTH is able to reduce MIRI in rats through activating the 
PI3K/AKT signaling pathway. Subsequently, the activation 
levels of PI3K and AKT were detected in the rats (Fig. 6A, 
C and D). Compared with in the sham group, the phosphory‑
lation levels of PI3K and AKT in the I/R group rats were 
significantly decreased; however, a higher phosphorylation 
level of PI3K and AKT was observed in the I/R + MTH 
group compared with that in the I/R group. Furthermore, the 
phosphorylation levels of PI3K and AKT were significantly 
decreased following treatment with Wort, compared with 
those in the I/R + MTH group. Notably, no significant differ‑
ences in the phosphorylation levels of PI3K and AKT were 
observed between the I/R and I/R + 2‑APB groups, between 
the I/R + MTH and I/R + MTH + 2‑APB groups, or between 
the I/R + MTH and I/R + MTH + Era groups. Collectively, 
these data revealed that neither Era nor 2‑APB affected the 
phosphorylation levels of PI3K and AKT, suggesting that 
MTH is able to regulate the expression of TRPM7 and the 
occurrence of ferroptosis through activating the PI3K/AKT 
signaling pathway, thereby protecting MIRI.

MTH improves MIRI by activating the PI3K/AKT signaling 
pathway to inhibit the expression of TRPM7. To further 

verify the hypothesis, the expression levels of TRPM7 were 
determined (Fig.  6A and B). Compared with in the sham 
group, the expression levels of TRPM7 in the I/R group 
were significantly increased, whereas the expression levels of 
TRPM7 were inhibited in the I/R + MTH group, suggesting 
that MTH treatment could downregulate the expression of 
TRPM7. Moreover, compared with in the I/R + MTH group, 
the expression levels of TRPM7 in the I/R + MTH + 2‑APB 
group were significantly decreased, and a higher expression of 
TRPM7 was detected in the I/R + MTH + Wort group. These 
findings suggested that, under MTH conditions, the expression 
of TRPM7 may be inhibited through activating the PI3K/AKT 
signaling pathway, and that 2‑APB may enhance the inhibi‑
tory effect of MTH. No significant difference in the expression 
levels of TRPM7 was observed between the I/R + MTH and 
I/R + MTH + Era groups, revealing that Era did not affect the 
expression levels of TRPM7.

MTH is able to inhibit ferroptosis induced by MIRI through the 
PI3K/AKT signaling pathway. To further clarify the association 
between ferroptosis and the PI3K/AKT signaling pathway, the 
expression levels of GPX4 and ACSL4 were examined in the 
rats in each group (Fig. 6E‑G). The expression levels of GPX4 
in the I/R group were significantly decreased compared with 
those in the sham group. Following MTH or 2‑APB treatment, 
the expression levels of GPX4 were increased, suggesting that 
MTH and 2‑APB could inhibit the occurrence of ferroptosis. 
Moreover, compared with in the I/R + MTH group, the expres‑
sion levels of GPX4 in the I/R + MTH + 2‑APB group were 
significantly increased, and the expression levels of GPX4 in 
the I/R + MTH + Wort group were decreased by 50%. These 
findings suggested that 2‑APB may enhance the protective 

Figure 4. TTC staining results of myocardial infarction. (A) Myocardial sections following TTC staining. (B) Semi‑quantitative analysis of the TTC staining 
results of myocardial infarction. *P<0.05 vs. sham group; #P<0.05 vs. I/R group; &P<0.05 vs. I/R + MTH group. 2‑APB, 2‑aminoethoxydiphenyl borate; 
Era, erastin; I/R, ischemia‑reperfusion; MTH, mild therapeutic hypothermia; TTC, 2,3,5‑triphenyltetrazolium chloride; Wort, wortmannin.

https://www.spandidos-publications.com/10.3892/mmr.2024.13345
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effect of MTH through inhibiting TRPM7, whereas Wort may 
damage the protective effect of MTH through inhibiting the 
PI3K/AKT signaling pathway. These findings were consistent 
with the aforementioned experimental results obtained from 
investigating the myocardial infarct area and improvements in 
hemodynamic performance following I/R injury in rats.

The expression changes of ACSL4 in each group were 
found to be the opposite of those reported for GPX4. Compared 
with in the sham group, the expression levels of ACSL4 in the 
I/R group were significantly increased. Following treatment 
with MTH or 2‑APB, the expression levels of ACSL4 were 
decreased. Moreover, a greater decrease in the expression 
levels of ACSL4 was observed in the I/R + MTH + 2‑APB 
group when compared with the I/R + MTH group, whereas 
the change in expression of ACSL4 showed an opposite trend 
in the I/R + MTH + Wort and I/R + MTH + Era groups. 
These findings suggested that MTH may be able to inhibit 
the expression of TRPM7 through activating the PI3K/AKT 
signaling pathway, which subsequently inhibits the occurrence 
of ferroptosis, thereby eventually producing a protective effect 
on MIRI. In addition, the levels of the oxidative stress markers 
(GSH‑Px, SOD and MDA) were further tested in the myocar‑
dial tissue of each group of rats (Fig. 6H‑J). These experiments 
revealed that the levels of GSH‑Px and SOD in the MTH 
group were significantly higher compared with those in the 
I/R group, whereas the levels of MDA were significantly lower 
compared with those in the I/R group, further confirming that 
MTH may alleviate ferroptosis induced by MIRI by inhibiting 
oxidative stress.

Discussion

MIRI, which may arise after myocardial ischemia, cardiac 
surgery or circulatory arrest, contributes to adverse cardiovas‑
cular outcomes. During this process, the lack of blood flow to 
the heart leads to an imbalance between oxygen demand and 
supply and, in turn, damage to the cardiac tissue (37). To date, a 
number of studies have identified several mechanisms involved 
in MIRI, including ferroptosis, calcium overload, inflamma‑
tion and oxidative stress (38‑40). Myocardial ischemia leads to 
the abnormal functioning of ion channels in cardiomyocytes, 
increasing intracellular calcium concentration. Following 
blood reperfusion, the calpain system is rapidly activated, 
thereby promoting cardiomyocyte apoptosis (38,39). At the 
same time, following myocardial infarction and reperfusion, 
MIRI promotes the increase of iron ions in the myocardium 
and induces ferroptosis (40). IPC and PPC represent the main 
treatments for MIRI; however, their therapeutic effects remain 
unsatisfactory.

Numerous studies have suggested that MTH is able to 
effectively improve MIRI  (41‑43), and the results of the 
present study were consistent with these previous findings. 
In the present study, it was observed that MTH improved cell 
viability, inhibited LDH release and reduced the rate of cardiac 
myocyte apoptosis. In addition, the results revealed that the 
myocardial infarct area in all rats with I/R injury under MTH 
conditions was significantly reduced compared with that in the 
I/R group; however, Era and Wort could effectively abolish 
the cardioprotective effect of MTH. Furthermore, subjecting 
the rats to MTH conditions led to a significant reduction in 
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the HR, LVSP and ± dP/dt(max) values, and an increase in the 
LVEDP of rats with I/R injury.

Several studies have indicated that MTH exerts a protective 
effect on various types of cardiovascular injury. For example, 
MTH has been shown to inhibit both inflammatory reactions 
and cardiomyocyte apoptosis, thereby effectively improving 
MIRI in septic rats  (44). Moreover, clinical trials showed 
that MTH effectively led to an improvement in the prog‑
nosis of patients with out‑of‑hospital cardiac arrest (45‑47). 
Furthermore, MTH may exert a protective effect on acute 
myocardial infarction. Notably, MTH (at 34˚C) has been 
shown to effectively improve MIRI (17) and the findings of 
the present study lend support to this previous study. In the 
present study, clear pathological changes were identified in 
the myocardial tissue of I/R rats, with disorganized myocar‑
dial cell arrangement, partial myocardial cell fracture and 
lysis, myocardial cell edema and degeneration, and a notable 
widening of cell gaps. However, the disruptive pathological 
changes observed in the myocardial tissue of I/R model rats 
were markedly ameliorated following treatment with MTH 
or 2‑APB, and the myocardial cells were shown to be neatly 
arranged. Compared with those in the I/R group, the levels of 

CK‑MB, LDH and cTnI also exhibited significant decreases 
in the rats treated with MTH or 2‑APB. Similarly, it was 
confirmed that implementing MTH conditions led to improve‑
ments in the H/R‑induced decrease in cell viability, a reduction 
in the rate of LDH release and a reduction in the apoptotic rate 
of cardiac myocytes in vitro.

PI3K/AKT is an important signaling pathway in organ‑
isms that comprises PI3K and the downstream molecule, 
AKT  (48). The PI3K/AKT pathway is activated via the 
receptor tyrosine kinase. Tyrosine residues are subsequently 
phosphorylated, providing binding sites for PI3K translocation 
to the cell membrane, thereby transducing signals to various 
extracellular matrices and cytokines (48). The pathway serves 
important roles in numerous cellular processes, including 
adhesion, proliferation, migration, metabolism, invasion and 
survival (49). In addition, numerous studies have shown that 
the PI3K/AKT signaling pathway participates in the occur‑
rence and development of various types of cardiovascular 
disease (50). Notably, resveratrol has been shown to reduce 
myocardial cell apoptosis and mitochondrial oxidative damage 
caused by MIRI by activating PI3K/AKT (51,52), suggesting 
that activation of the PI3K/AKT signaling pathway may protect 

Figure 5. Pathological changes of myocardial tissue and levels of myocardial enzymes. (A) Hematoxylin and eosin staining, arrows indicate the location of 
myocardial fiber rupture or dissolution. Levels of (B) CK‑MB, (C) LDH and (D) cTnI. *P<0.05 vs. sham group; #P<0.05 vs. I/R group; &P<0.05 vs. I/R + MTH 
group. 2‑APB, 2‑aminoethoxydiphenyl borate; CK‑MB, creatine kinase‑MB; cTnI, cardiac troponin I; Era, erastin; I/R, ischemia‑reperfusion; LDH, lactate 
dehydrogenase; MTH, mild therapeutic hypothermia; Wort, wortmannin.
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against MIRI. Furthermore, MTH has been shown to activate 
the PI3K signaling pathway to protect the myocardium from 
I/R injury (19). In addition, as an inhibitor of PI3K, a previous 
study demonstrated that 1 µM Wort could effectively inhibit 
the protective effect of MTH on MIRI (17). Therefore, the 
same concentration of Wort was chosen for the experiments in 
the present study. Notably, the PI3K signaling pathway is able 
to improve I/R injury through regulating the expression levels 
of TRPM7 (21). The present study revealed that MTH affected 
the physiological levels of PI3K and AKT in cells in vitro. 
Subsequently, the animal intervention experiments showed 
that, compared with in the I/R group, the phosphorylation levels 

of PI3K and AKT were significantly increased in the I/R + 
MTH group; however, no significant differences in the PI3K 
or AKT phosphorylation levels were observed between the I/R 
+ MTH and the I/R + MTH + 2‑APB groups. These results 
provided further evidence to indicate that the expression levels 
of TRPM7 are regulated by the PI3K/AKT signaling pathway, 
thereby providing further evidence for our hypothesis.

TRPM7 is a protein with a dual structure consisting of 
a cationic channel and a serine/threonine protein kinase, 
which has been reported to be temperature‑sensitive (49); 
2‑APB is as an inhibitor of TRPM7. A previous study 
showed that 5 µM 2‑APB was able to effectively inhibit 

Figure 6. PI3K/AKT phosphorylation, TRPM7 expression levels and the expression level of ferroptosis‑associated proteins. (A) Western blot analysis of 
TRPM7, p‑PI3K, PI3K, p‑AKT and AKT. Expression levels of (B) TRPM7, (C) p‑PI3K and (D) p‑AKT. (E) Western blot analysis of GPX4 and ACSL4. 
Expression levels of (F) GPX4 and (G) ACSL4. Levels of the oxidative stress indicators (H) GSH‑Px, (I) MDA and (J) SOD. *P<0.05 vs. sham group; #P<0.05 
vs. I/R group; &P<0.05 vs. I/R + MTH group. 2‑APB, 2‑aminoethoxydiphenyl borate; ACSL4, acyl‑CoA synthetase long chain family member 4; Era, erastin; 
GPX4, glutathione peroxidase 4; GSH‑Px, glutathione peroxidase; I/R, ischemia‑reperfusion; MDA, malondialdehyde; MTH, mild therapeutic hypothermia; 
p‑, phosphorylated; SOD, superoxide dismutase; TRPM7, transient receptor potential cation channel subfamily M member 7; Wort, wortmannin.
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MIRI (53). Therefore, 2‑APB at the same dose was used in 
the relevant experiments in the present study. The results 
demonstrated that MTH was able to inhibit the expression 
of TRPM7 and the occurrence of H/R‑induced ferroptosis. 
In addition, the expression levels of TRPM7 were found to 
be closely associated with ferroptosis. Compared with in 
the I/R + MTH group, the expression levels of GPX4 in the 
I/R + MTH + 2‑APB group were significantly increased, 
whereas the expression levels of ACSL4 were decreased. 
Notably, a previous study reported that lipopolysaccha‑
ride (LPS) induced upregulation of TRPM7 expression in 
cardiomyocytes, and knocking down TRPM7 could inhibit 
LPS‑induced ferroptosis in cardiomyocytes, which was 
consistent with the present research findings (54).

TRPM7 serves a key role in ischemic cardiomyopathy. 
Inhibiting TRPM7 can exert a protective effect on the reper‑
fusion injury of H9C2 cells and reduce the apoptotic rate of 
H9C2 cells  (54). Under neuronal hypoxic conditions or in 
oxygen‑glucose deprivation models, the TRPM7 channels are 
induced to open, causing calcium overload and inducing cells 
to produce large amounts of ROS, which in turn can promote 
the opening of TRPM7, leading to neuronal damage (28).

Ferroptosis is a type of programmed cell death characterized 
by iron‑dependent lipid peroxidation (29). The accumulation 
of lipid ROS is one of the characteristics of ferroptosis. When 

ferroptosis occurs, large amounts of ROS are produced, which, 
in turn, promotes cell ferroptosis (29). GPX4 and ACSL4 have 
key roles in the occurrence and development of ferroptosis, 
and may be used as indicators to monitor ferroptosis. GPX4 
has been shown to inhibit lipid peroxidation, reduce ROS 
production and inhibit the occurrence of cell ferroptosis (55). 
By contrast, ACSL4 can increase the content of phosphatidyl‑
ethanolamines in cells, thereby leading to cell ferroptosis (56). 
Notably, a previously published study suggested that FSP1 is 
one of the key targets for inhibiting ferroptosis, and it is consid‑
ered that FSP1‑mediated ferroptosis may be independent of the 
GPX4‑mediated ferroptosis signaling pathway (57). Therefore, 
GPX4 and ACSL4 were selected as the monitoring indicators 
of ferroptosis in the present study. As an activator of ferrop‑
tosis, our previous study (58) confirmed that 10 µM Era could 
effectively activate the occurrence of ferroptosis. Therefore, 
the same concentration of Era was chosen for the experiments 
performed in the present study. The expression levels of GPX4 
in the I/R + MTH + 2‑APB group were significantly increased 
compared with those in the I/R + MTH group, whereas the 
expression of GPX4 in the I/R + MTH + Wort group was 
decreased. Moreover, the expression of ACSL4 exhibited the 
opposite trend. In addition, several studies have indicated that 
ferroptosis serves a key role in cardiovascular injury caused 
by various diseases, including heart failure, myocardial injury 

Figure 7. Protective mechanism of MTH on myocardial IRI. MTH can reduce the ferroptosis induced by myocardial I/R via inhibiting the expression of 
TRPM7, thereby alleviating myocardial IRI. 2‑APB, 2‑aminoethoxydiphenyl borate; ACSL4, acyl‑CoA synthetase long chain family member 4; Era, erastin; 
GPX4, glutathione peroxidase 4; I/R, ischemia‑reperfusion; IRI, I/R injury; MTH, mild therapeutic hypothermia; p‑, phosphorylated; ROS, reactive oxygen 
species; TRPM7, transient receptor potential cation channel subfamily M member 7; Wort, wortmannin.
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and I/R injury (30‑32). Rehmannioside A has been shown to 
inhibit the occurrence of ferroptosis induced by I/R through 
activating the PI3K/AKT signaling pathway, suggesting that 
the PI3K/AKT signaling pathway is of crucial importance in 
regulating ferroptosis that is induced by I/R (33), consistent 
with the present experimental results. As aforementioned, 
according to the results from the isolated rat model and in 
cell experiments, the present study revealed that MTH could 
inhibit the expression of TRPM7 through the PI3K/AKT 
signaling pathway, thereby inhibiting the occurrence of ferrop‑
tosis induced by I/R and H/R, ultimately exerting a myocardial 
protective effect.

The present study, however, had some limitations. First, 
specific inhibitors were only used in the isolated rat model to 
study the mechanism of action of MTH. The present study did 
not use the C11‑BODIPY method to detect lipid peroxidation 
levels in myocardial tissue and myocardial cells, nor was the 
iron ion content in myocardial tissues and cells measured. 
In addition, the current study did not directly manipulate 
the expression levels of TRPM7 using transgenic, plasmid 
transfection or lentiviral interference techniques, which may 
have confirmed that MTH could exert cardioprotective effects 
by manipulating the expression of TRPM7. Furthermore, the 
exploration of downstream sites affected by TRPM7 in ferrop‑
tosis will be an important focus of subsequent experiments. 
We aim to construct transgenic animal models of TRPM7, and 
knockdown and overexpression cell models, and explore the 
effects of TRPM7 on mitochondrial function and ferroptosis 
through molecular biology methods. Whether this mechanism 
can be further validated in future clinical studies, and whether 
it can enhance the therapeutic effect of MTH by regulating 
TRPM7 to inhibit ferroptosis, deserves further investigation.

The present study indicated that when MIRI occurs, the 
expression of TRPM7 on the myocardial cell membrane may 
be increased. As a non‑selective cation channel, TRPM7 is 
permeable to calcium and magnesium ions in the plasma. 
As its expression level is increased, this may lead to calcium 
ion influx, causing calcium overload of myocardial cells and, 
finally, myocardial cell damage. In addition, calcium overload 
is positively associated with a large amount of ROS accumula‑
tion produced by myocardial cells, further causing myocardial 
damage. It is worth noting that the accumulation of ROS can 
induce ferroptosis, and further aggravate myocardial injury. 
Therefore, it may be suggested that MTH therapy inhibits 
the expression of TRPM7 through activating the PI3K/AKT 
signaling pathway, thereby inhibiting the occurrence of 
ferroptosis, ultimately participating in myocardial protec‑
tion (Fig. 7). In conclusion, MTH protection activates the 
PI3K/AKT signaling pathway to inhibit TRPM7 and suppress 
ferroptosis induced by MIRI. However, further studies are 
required to investigate the clinical application of MTH.
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