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Aims Atrial fibrillation is the most common arrhythmia in clinical practice and increases the potential risk of stroke, thrombo
embolism, and death. Glutathione-S-transferases pi 1 (GSTP1), a key factor of ferroptosis, can participate in stress signal 
and cell damage pathway through its non-catalytic activity, and has the role of regulating and protecting cells from carcino
gens and electrophilic compounds. However, the role and mechanism of GSTP1 in angiotensin II-induced atrial fibrillation 
have not been studied.

Methods and 
results

We constructed a mouse model of atrial fibrillation using Ang II and identified key factors by proteome and ferroptosis PCR 
array. We investigated the role of GSTP1 in atrial remodelling and NRAMs by the ferroptosis inhibitor Ferrostatin-1 (Fer-1), 
AAV9-cTNT-GSTP1, and GSTP1 inhibitor Ezatiostat. The results showed that the ferroptosis pathway was significantly 
altered in atrial fibrillation by proteomics. The ferroptosis inhibitor Fer-1 demonstrated that inhibiting ferroptosis can inter
vene in Ang II-induced atrial fibrillation. The ferroptosis PCR array showed that the expression of GSTP1 was significantly 
decreased in atrial fibrillation, and it was verified in cells and human atrial tissues. In mice infected with AAV9-cTNT-GSTP1, 
it was found that overexpression of GSTP1 inhibited Ang II-induced atrial fibrillation. Overexpression of GSTP1 inhibited 
Ang II-induced myocardial injury, oxidative stress, and ferroptosis in vitro.

Conclusion Therefore, these results preliminarily demonstrate that GSTP1-mediated ferroptosis plays a crucial role in the Ang 
II-induced atrial fibrillation model and can be considered a potential therapeutic target for atrial fibrillation.
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What’s new?

• Glutathione-S-transferases pi 1 (GSTP1) was significantly decreased 
in Ang II-induced mice atrial tissues and In the atrial tissue of patients 
with atrial fibrillation

• Overexpression of GSTP1 alleviates Ang II-induced atrial fibrillation 
by inhibits ferroptosis.

• Targeting GSTP1 may be an effective method to treat atrial 
fibrillation.

Introduction
As the most common form of persistent arrhythmia, atrial fibrillation 
(AF) has high morbidity and mortality, which brings great burden to 
medical and economic development.1 The main pathological feature 
of AF is atrial structural remodelling, including enlarged compartments 
and fibrosis of parietal tissue. Angiotensin II (Ang II) is an important bio
active substance in the renin–angiotensin system, which plays an im
portant role in regulating inflammatory response, oxidative stress, 
atrial fibrosis, and ion channel abnormalities, and can increase AF 
susceptibility.2,3

Ferroptosis, as an iron-dependent non-apoptotic form of cell death, 
is mainly characterized by lipid peroxidation and iron overload.4 In 

addition, the nuclear factor erythroid-2 related factor 2 (NRF2) with re
dox effects can regulate its downstream targeting factors to inhibit lipid 
peroxidation and ferroptosis, such as glutathione S-transferases P1 
(GSTP1), ferritin heavy chain (FTH), glutathione peroxidase 4 
(GPX4), haemoglobin oxygenase-1 (heme oxygenase-1, HO-1), the 
light chain of the cell membrane cystine/glutamate antitransporter (re
combinant solution carrier family 7 member 11, SLC7A11), etc., ferrop
tosis pathway small molecule compounds (iron chelators, antioxidants, 
ferroptosis inhibitors) and genetic programming can alleviate or pre
vent cardiovascular diseases by inhibiting the ferroptosis pathway.5,6

The development of cardiovascular diseases is closely related to fer
roptosis, which can promote ferroptosis through specific signalling 
pathways and metabolic pathways, thus promoting the occurrence of 
cardiovascular diseases.7 Meanwhile, prospective cohort studies have 
shown that high intake of dietary heme iron is strongly associated 
with increased risk of heart disease and cardiovascular death.8 Recent 
studies have also shown a potential association between ferroptosis 
and cardiac arrhythmias.8 Overexpression of the antioxidant factor 
NRF2 attenuates atrial fibrillation-induced arrhythmia, inflammation, 
and cardiac fibrosis.9 Furthermore, excessive alcohol consumption 
can trigger ferroptosis and increase susceptibility to atrial fibrillation.10

Glutathione S-transferase (GST) is an enzyme that catalyses glutathi
one binding.11 Members of the GST enzyme superfamily belong to 
phase II detoxification enzymes, which can regulate the redox state 
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of cells through their antioxidant catalytic and non-catalytic effects.12

GST is mainly divided into seven subtypes: alpha (α), sigma (σ), mu 
(μ), pi (π), theta (θ), omega (ω), and zeta, and GSTP1 is the most studied 
type in mammals with the ability to protect cells from carcinogens and 
cytotoxins.13 GSTP1 is the most common isozyme in mammalian cells 
and can be involved in the regulation of stress signalling through its non- 
catalytic activity.14 GSTP1 can be metabolized by catalysing the reaction 
of unsaturated acrolein with glutathione, thereby protecting 
cyclophosphamide-induced cardiotoxicity in mice.15 GSTP1 prevents 
ionizing radiation (IR)-induced death of pancreatic cancer cells by inhi
biting ferroptosis.16 The mechanism of GSTP1 in atrial fibrillation is not 
completely understood. In this study, the mouse atrial fibrillation model 
was constructed by Ang II induction to study the mechanism of 
ferroptosis-related gene GSTP1 in atrial fibrillation.

Methods
Animals and treatment
C57BL/6J male mice (∼22 g, 8 weeks old) were purchased from Liaoning 
Changsheng Biotechnology Co., Ltd. The mice were housed in a suitable en
vironment with adequate food and water. All animal experiments were 
conducted according to the standards of the Dalian Medical University 
Animal Experiment Management Committee.

Establishment of atrial fibrillation model and 
treatment in vivo
An atrial fibrillation mouse model was established by subcutaneously im
planting Alzet osmotic pumps infused with Angiotensin II (Ang II, 
2000 ng/kg/min, Aladdin, Catalog No. A107852) for 21 days. The dosage 
of Ang II was calculated based on the weight of each mouse, and the 
mice were weighed 1 day before pump implantation to determine the re
quired amounts of Ang II and acetic acid. The mice were anaesthetized 
with tribromoethanol (500 mg/kg, ip), and a 1 cm incision was made in 
the neck skin using ophthalmic scissors. The osmotic pump was implanted 
subcutaneously with the pump cap facing downward, and the wound was 
sutured.

To explore the supportive effect of ferroptosis on Ang II-induced mice, 
ferroptosis inhibitor, Ferrostatin-1 (Fer-1), was treated to Ang II mice. Mice 
were randomly divided into four groups: control group, Fer-1 group, Ang II 
group, and Ang II + Fer-1 group. In the Fer-1 group and Ang II + Fer-1 group, 
Fer-1 (1 mg/kg/day) was intraperitoneal injected 7 days prior to Ang II 
treatment.

Echocardiography
After 20 days of subcutaneous osmotic pump implantation in mice, the mice 
were anaesthetized by using isoflurane (1–2%), which can maintain stable 
physiological functions in animals, including heart rate, blood oxygen partial 
pressure, and blood pH levels. Their chest hair was removed, and ultra
sound coupling agent was applied. The mice were then placed in a supine 
position on the operating table. During the procedure, the mouse’s heart 
rate was maintained at ∼450–500 beats per minute, and a 30 MHz ultra
sound probe was used to locate the mouse’s heart. Initially, the parasternal 
long-axis view was obtained to identify the heart’s long-axis orientation. 
Subsequently, the apical four-chamber view was located, and the left atrial 
diameter (LAD) was measured from this view. Left atrial M-mode ultra
sound data were recorded at the parasternal long-axis view. At least four 
consecutive beats were analysed and calculated using the included software. 
All measurements were performed in a blinded manner to ensure object
ivity and reproducibility.

Electrical stimulation induces atrial fibrillation
Anaesthesia was induced in mice via intraperitoneal injection of tribro
moethanol at 500 mg/kg (the most common anaesthetic, completely anaes
thetized mice within 5 min and lasted ∼10–40 min, suitable for 
experimental projects with long operation time). The mice were then fixed 
in position, and the skin on the right side of the neck was incised with 

ophthalmic scissors. The right jugular vein and its branches were bluntly dis
sected. A small incision was made in the external jugular vein to guide the 
Millar 1.1 F octapolar EP catheter into the right atrium and right ventricle. 
An automatic stimulator was used to deliver pulses starting from voltage 
amplitudes of 3.5, 5, and 8 V, in increasing order, with pacing cycle lengths 
decreasing from 40 to 20 ms (decreasing by 2 ms each time) to induce atrial 
fibrillation for 5 s. A computer data acquisition system (GY6328B; Henan 
Huanan Medical Science & Technology Ltd, Zhengzhou, China) recorded 
single-lead surface electrocardiograms and intracavitary bipolar electro
grams. If a rapid irregular waveform persisted for more than 1 s after the 
5 s pulse stimulation, it was considered that the mouse had atrial fibrillation. 
The occurrence and duration of atrial fibrillation in each mouse were re
corded. End of experiment, the neck skin was bluntly dissected using twee
zers to expose the right carotid artery. The right carotid artery was cut 
open with surgical scissors, and blood was collected into an EP tube using 
a syringe. After allowing the blood to stand for 10 min, the EP tubes 
were placed in a 4°C centrifuge at 3000 rpm for 15 min to separate the ser
um. The serum was then transferred into a new EP tube and stored at 
−80°C. The chest was opened to expose the heart. A 10 mL syringe filled 
with saline was inserted into the apex of the heart, and saline was injected 
until the liver tissue turned white, ensuring complete perfusion. The mice 
were euthanized by cervical dislocation while under anaesthesia. The heart 
was quickly excised using surgical scissors and placed in saline to remove ex
cess blood. Excess blood vessels and fat tissue were carefully removed, and 
the heart was weighed. The ventricles were dissected away using a blade, 
and the remaining atrial tissue was processed further. A portion of the atrial 
tissue was fixed in an EP tube containing 4% paraformaldehyde for subse
quent pathological sectioning. The remaining atrial tissue was placed directly 
into an EP tube, frozen at −80°C, and stored for later extraction of total 
RNA and protein. This procedure was performed immediately after the 
completion of the electrical stimulation experiments to ensure the integrity 
of the tissues for subsequent analyses.

Paraffin embedding
The atrial tissue was fixed in 4% paraformaldehyde at room temperature 
for 48 h. Subsequently, the atrial tissue was placed in a numbered embed
ding box for dehydration (85% ethanol → 95% ethanol → absolute ethanol 
I → absolute ethanol II → xylene I → xylene II). After soaking the tissue in 
liquid paraffin for 1 h, the atrial tissue was embedded in paraffin.

H&E staining
After de-waxing the heart tissue paraffin sections, the sections were im
mersed in haematoxylin staining solution (Solarbio, G1120) for 5 min, 
then rinsed with tap water for ∼20 s. The sections were dipped in hydro
chloric acid alcohol differentiation solution for 4 s, followed by a 10 min 
rinse in running water. The sections were then counterstained with eosin 
for 8 min, rapidly rinsed with tap water, dehydrated, and finally sealed 
with neutral resin.

Masson staining
The heart tissue paraffin sections were de-waxed, and then stained with 
Masson’s trichrome staining (Solarbio, G1340). The tissue sections were 
soaked in Bouin’s solution and stored overnight in the refrigerator at 
4°C. The next day, the sections were immersed in double-distilled water 
for 10 min, followed by the addition of 20 μL of Ponceau S staining solution 
for 30 min. The sections were then rinsed with double-distilled water, treated 
with phosphomolybdic acid solution for 1–2 min, and stained with Aniline 
Blue solution for 2 min, followed by rinsing with double-distilled water. The 
sections were subsequently dehydrated and sealed with neutral resin.

Immunohistochemical staining
Paraffin sectioning, followed by citrate antigen retrieval. Apply the endogen
ous peroxidase blocker for 10 min. Block with 5% Bovine Serum Albumin 
(BSA) and let it sit for 30 min. Add primary antibodies, including CD68 
(1:100, ARG10514, arigobio), 3-Nitrotyrosine (3-NT) (1:100, bs-8551R, 
bioss), and α-SMA (1:500, ARG66381, arigo), and incubate overnight at 
4°C. The next day, after immersing the sections in PBS three times, add 
the reaction enhancer and incubate at room temperature for 20 min. 
Then add the goat anti-mouse/rabbit IgG polymer and incubate at room 
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temperature for 1 h. Use DAB chromogenic solution, followed by haema
toxylin staining for 2 min. Differentiate with hydrochloric acid alcohol dif
ferentiation solution for 3 s. After dehydration, seal the sections with 
neutral resin.

Immunofluorescence staining
The paraffin sections were de-waxed and subjected to citrate antigen re
trieval. After fixation with paraformaldehyde for 20 min, the sections 
were treated with 20 μL of polyethylene glycol octylphenol ether (Triton 
X-100) for 2 min. The sections were then blocked with 5% BSA for 
30 min. Primary antibodies were added, including Collagen III (1:200, 
22734-1-AP, Proteintech), GPX4 (1:200, A1933, Abclonal), γ-H2AX 
(1:150, ab81299, abcam), and 8-OHdG (1:200, GTX41980, GeneTex), 
and incubated overnight at 4°C. The next day, secondary antibodies were 
added, either Alexa Fluor™ Plus 488 (Invitrogen, A32731) or Alexa 
Fluor™ Plus 555 (Invitrogen, A32727), and incubated at room temperature 
in the dark for 1 h. The sections were then mounted.

Dihydroethidium (DHE) fluorescent probe 
staining
The heart tissue sections are de-waxed, soaked in PBS three times for 5 min 
each, stained with DHE (1:600, Sigma, D7008) in the dark at room tempera
ture for 10 min, rinsed in ddH₂O three times for 5 min each, and then 
sealed with an anti-quenching mounting medium containing DAPI 
(Beyotime, P0131).

Extraction of primary atrial myocytes from rat 
hearts
Neonatal rat atrial myocytes (NRAMs) were isolated from the atria of 
24-hour-old SD rats. After wiping the body with 75% alcohol, the neonatal 
rats were decapitated with scissors to euthanize them. Then, the hearts 
were taken out and placed into DMEM/F12 medium, during which the ven
tricular parts were removed. After all the atrial tissues were extracted, they 
were minced. The minced tissues were then digested with trypsin at 37°C. 
After complete digestion of the tissues, the liquid in the centrifuge tube was 
filtered through a sieve and centrifuged at 1000 rpm for 5 min. The super
natant was discarded, and DMEM/F12 was added. The mixture was thor
oughly mixed and transferred to a large culture dish. After 2 h, the culture 
medium containing atrial myocytes was transferred to a centrifuge tube, cen
trifuged at 1000 rpm for 5 min, the supernatant was discarded, thoroughly 
mixed with the culture medium, and transferred to a new culture dish.

RNA isolation and quantitative real-time PCR
After treating the tissue samples or cells with Trizol reagent (Invitrogen, 
Cat. No. 15596026CN), chloroform was added to the mixture at a ratio 
of Trizol:chloroform = 5:1. The mixture was then incubated on ice for 
10 min. Subsequently, the mixture was centrifuged at 12 000 rpm for 
15 min at 4°C. An equal volume of isopropanol was added to the upper 
aqueous phase, and the mixture was incubated at −20°C for 1 h. The mix
ture was centrifuged again at 12 000 rpm for 15 min at 4°C. The super
natant was discarded, and pre-cooled 75% ethanol was added to the 
tube. The mixture was centrifuged once more, and the waste liquid was dis
carded. The RNA pellet was resuspended in an appropriate volume of 
DEPC-treated water, and 1 μL of the sample was used for quantification 
using a protein quantifier. cDNA synthesis was performed using a cDNA 
synthesis kit (YEASEN, Cat. No. 11141ES). RNA was reverse-transcribed 
into cDNA according to the reverse transcription protocol provided in 
the kit manual, and the synthesized cDNA was stored at −20°C. 
Real-time quantitative PCR was conducted using SYBR Green Master Mix 
(YEASEN, Cat. No. 11184ES). The primer sequences are listed in Table 1.

Western blot
After treating tissue samples or cells with a lysis buffer mixture (RIPA lysis 
buffer (Beyotime, P0013B): protease inhibitor (Beyotime, P1045-1): phos
phatase inhibitor (Beyotime, P1045-2): PSMF (Beyotime, ST507) =  
100:1:1:1), place them in a centrifuge at 12 000 rpm, centrifuge at 4°C for 
15 min, and extract the supernatant protein for quantification. After 

SDS-PAGE electrophoresis, transfer to a PVDF membrane. Block with 5% 
skim milk at room temperature for 1 h. Incubate in primary antibody against 
GSTP1 (1:1000, A19061, Abclonal), GPX4 (1:1000, A1933, Abclonal), FTH 
(1:1000, A19544, Abclonal), SLC7A11 (1:1000, A13685, Abclonal), NOX4 
(1:1000, 14347-1-AP, Proteintech), and β-actin (1:4000, T0022, Affinity 
Biosciences) at 4°C overnight. Wash the membrane with configured 
TBST solution (15 min/3 times), incubate in a secondary antibody solution 
prepared in a certain ratio at room temperature for 1 h. Wash the mem
brane with TBST (15 min/3 times). And protein bands were visualized using 
the Odyssey DLx Infrared Imaging System.

Determination of malonic dialdehyde (MDA) 
and GPX in serum and cells
According to the instructions of MDA (Solarbio, BC0025) and GPX 
(Solarbio, BC1195) assay kits, determine the MDA content and GPX activ
ity in mouse serum of each group and cells, and calculate the MDA content 
and GPX activity of each group.

MitoSOX red, DCFH-DA, JC-1 staining
Mitochondrial ROS levels were measured using MitoSOX Red (Invitrogen, 
M36008) mitochondrial superoxide indicators. NRAMs were treated with 
1 μM MitoSox Red at 37°C for 15 min. The levels of oxidizing free radicals 
and superoxide anions were measured with -dichlorodihydrofluorescein 
(DCFH-DA, Beyotime, S0033S). DCFH-DA (10 μM) was incubated at 
37°C in the dark for 30 min. Observe with fluorescence microscope. 
Add the pre-prepared JC-1 (DOJINDO, MT09) working liquid. It was cul
tured at 37°C in 5% CO2 incubator for 30–60 min. The supernatant was 
removed and the cells were washed with PBS twice. The cells were ob
served under fluorescence microscope after adding Imaging Buffer Solution.

Collection of atrial tissues from patients
A total of six patients admitted to the First Affiliated Hospital of Dalian 
Medical University from January 2021 to June 2022 were included in this 
study. The study included three male patients (n = 3) and three matched 
control subjects in terms of age and gender (n = 3). Atrial tissue samples (at
rial appendage) were obtained from routine excision during cardiac surgery 
with cardiopulmonary bypass, while the control group had no history of 
atrial fibrillation and showed no significant abnormalities in physical exam
ination (routine examination, clinical examination, laboratory reports, 
ultrasound reports). Exclusion criteria included diabetes, stroke, thyroid 
disease, blood system and kidney diseases, acute or chronic infectious dis
eases, cancer, etc. Atrial tissues were used for real-time quantitative PCR 
and protein immunoblotting (western blot) to determine mRNA and pro
tein expression levels. The research protocol was approved by the Ethics 
Committee of the First Affiliated Hospital of Dalian Medical University 
(PJ-KS-KY-2021-229), and all patients signed informed consent forms. All 
procedures were in compliance with national policies and regulations.

Proteomics
Atrial tissues were obtained from mice after electrical stimulation. The mice 
were euthanized via cervical dislocation while under anaesthesia. Saline 
group and Ang II group were extracted and concentration of the super
natant was measured using BCA kit. After Trypsin Digestion, Peptides re
sulting from trypsin digestion were desalted using Strata X C18 
(Phenomenex) and then lyophilized under vacuum. The peptides were dis
solved in 0.5 M TEAB and labelled according to the TMT labelling kit instruc
tions. The simplified procedure is as follows: after thawing, the labelling 
reagents were dissolved in acetonitrile and mixed with the peptides, fol
lowed by incubation at room temperature for 2 h. After labelling, the pep
tides were desalted, lyophilized under vacuum, and then fractionated using 
high-pH reverse-phase HPLC with an Agilent 300Extend C18 column 
(5 μm particle size, 4.6 mm inner diameter, 250 mm length). The gradient 
for peptide fractionation was 8–32% acetonitrile at pH 9, over a 60 min per
iod to separate into 60 fractions, which were then combined into 18 frac
tions. The combined fractions were lyophilized under vacuum for 
subsequent analysis. Finally, liquid chromatography-mass spectrometry 
(LC-MS) analysis and database searching were performed (Beijing Jingjie 
Biotechnology Co., Ltd). Kyoto Encyclopedia of Genes and Genomes 
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(KEGG) pathway analysis was conducted to screen for differential metabol
ic pathways. Data were graphed using Xiantao (www.xiantao.love/).

Ferroptosis pathway PCR array
Atrial tissues were obtained from mice after electrical stimulation. The mice 
were euthanized via cervical dislocation while under anaesthesia. Saline 
group and Ang II group were extracted using the Trizol method. After treat
ing tissue samples or cells with Trizol, add chloroform vigorously shake. 
After 10 min, 12 000 rpm, 4°C for 15 min, add isopropanol to the upper 
aqueous phase, mix by inversion, 12 000 rpm, 4°C for 15 min. Add pre- 
cooled 75% ethanol to the tube, centrifuge again, and discard the waste li
quid. Add DEPC and quantification. cDNA synthesis was performed using a 
cDNA synthesis kit. Real-time quantitative PCR was conducted using SYBR 
Green Master Mix (WcGene Biotech Shanghai China). Fluorescent quanti
tative PCR Array detection was performed according to the Ferroptosis 
PCR Array genes. Data were graphed using Xiantao (www.xiantao.love/).

AAV9 vector delivery
Adeno-associated virus serotype 9 (AAV9) expressing full-length GSTP1 
cDNA (1.9 ∗ 1012 vg/mL) was generated by Hanbio (Shanghai, China), ac
cording to the manufacturer’s protocol. The construction process of 
AAV9 virus includes the following steps: Enzyme digestion of the vector, ac
quisition of the target fragment, ligation of the target fragment with the vec
tor, bacterial liquid PCR identification, sequencing, plasmid extraction, 
adenovirus-associated virus packaging, adenovirus-associated virus purifica
tion, quality detection of adenovirus-associated virus, and titre detection. 
AAV9 carrying the GSTP1 gene under the cTnT promoter 
(AAV9-cTnT-GSTP1) was injected intravenously via the tail vein in a single 
dose into the indicated mice. The control mice were injected with an equal 
volume of AAV9-control. After two weeks, we assayed its overexpression 
efficiency by qPCR.

Statistics
All statistical analyses were performed using GraphPad Prism 10.0 software, 
and experimental data were presented as mean ± standard deviation 
(mean ± SD). The Shapiro-Wilk test was used to evaluate the normality dis
tribution in all cases. Statistical analyses were performed by parametric ana
lysis: For comparison between two groups, t-tests were used to analyse 
statistical differences. For four-group data, one-way ANOVA analysis was 
used for statistical analysis. Nonparametric analyses were employed: 
Mann–Whitney U test for two groups or a Kruskal–Wallis test followed 
by Dunn’s multiple comparison tests for three/four groups. A significance 
level of *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 was con
sidered statistically significant, n.s.: not significant.

Ethics
All animal experiments were conducted according to the standards of the 
Dalian Medical University Animal Experiment Management Committee (ap
proval number: AEE21079). The studies involving human participants were 

reviewed and approved by the First Affiliated Hospital of Dalian Medical 
University (PJ-KS-KY-2021-229).

Consent to participate
The patients/participants provided their written informed consent to par
ticipate in this study.

Results
The ferroptosis pathway may be one of the 
important pathways for the occurrence of 
atrial fibrillation
We first constructed a mouse model of atrial fibrillation using Ang II. 
On the 20th day, the atrial size of the mice was measured by ultrasound. 
The results showed that, compared with the control group, the atria of 
Ang II-infused mice were significantly enlarged (Figure 1A). On the 21st 
day of infusion with Ang II or saline, atrial fibrillation was induced in mice 
by an automatic stimulator to detect the susceptibility to atrial fibrilla
tion in each group. The study found that the incidence and duration of 
atrial fibrillation in Ang II-infused mice were significantly increased 
(Figure 1B). Fibrosis and oxidative stress in the atria of mice were de
tected by Masson staining and DHE staining. The results showed that, 
compared with the control group, the levels of fibrosis and oxidative 
stress were significantly increased in the atria of mice infused with 
Ang II for 3 weeks (Figure 1C and D). qPCR revealed that, compared 
with the control group, the expression levels of ANP, BNP, and 
Collagen III mRNA were significantly elevated in the atria of Ang 
II-infused mice (Figure 1E and F). This indicates that the mouse model 
of atrial fibrillation was successfully constructed. To clarify which path
way play important roles in mouse atrial fibrillation, we performed 
proteomic analysis on atrial tissues of the saline group and the Ang II 
group. The study found that, compared with the saline group, 574 pro
teins were up-regulated and 315 proteins were down-regulated in the 
Ang II group (Figure 1G and H). Based on KEGG pathway analysis, the 
ferroptosis signalling pathway was significantly different (Figure 1I). 
These results indicate that the ferroptosis pathway undergoes signifi
cant changes in mouse atrial fibrillation.

Ferroptosis inhibitor Fer-1 inhibits Ang 
II-induced atrial remodelling in mice
To further explore the impact of the ferroptosis pathway on atrial fib
rillation in mice, we intraperitoneally injected ferroptosis inhibitor 
(Fer-1) one week before Ang II infusion for 4 weeks and measured 
the atrial size of the mice on the 20th day of Ang II infusion using ultra
sound. The results showed that compared with the control group, the 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Primer sequences

Species Gene Forward primer (5′–3′) Reverse primer (5′–3′)

Human β-ACTIN GAGAAAATCTGGCACCACACC GGATAGCACAGCCTGGATAGCAA

Human GSTP1 TTGGGCTCTATGGGAAGGAC GGGAGATGTATTTGCAGCGGA

Human GPX4 GAGATCAAAGAGTTCGCCGC GGAGAGACGGTGTCCAAACT

Mouse β-ACTIN GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC

Mouse GSTP1 ATGCCACCATACACCATTGTC GGGAGCTGCCCATACAGAC

Mouse Collagen Ⅲ CTGTAACATGGAAACTGGGGAAA CCATAGCTGAACTGAAAACCACC

Mouse ANP ACCTGCTAGACCACCTGGAG CCTTGGCTGTTATCTTCGGTACCG

Mouse BNP GAGGTCACTCCTATCCTCTGG GCCATTTCCTCCGACTTTTCTC

GSTP1 inhibits Ang II-induced atrial fibrillation                                                                                                                                                     5
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atria of Ang II-infused mice were significantly enlarged, whereas treat
ment with Fer-1 alleviated Ang II-induced atrial enlargement 
(Figure 2A). On the 21st day of Ang II or saline infusion, AF susceptibility 

was detected in each group of mice using an automatic stimulator. The 
study found that the incidence and duration of atrial fibrillation (AF) 
were significantly increased in Ang II-infused mice. Fer-1 treatment 
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reduced the incidence and duration of AF in Ang II-infused mice, al
though the differences did not reach statistical significance, a downward 
trend was observed. (Figure 2B–D). Atrial fibrosis in mice was detected 
using IHC (α-SMA) and Masson staining. The experimental results 
showed that compared with the control group, fibrosis increased after 
3 weeks in the atrial tissue of Ang II-infused mice, whereas the degree of 
fibrosis induced by Ang II was reduced in Fer-1-treated mice (Figure 2E
and F). Therefore, inhibiting the ferroptosis pathway can significantly 
intervene in Ang II-induced atrial fibrillation in mice.

GSTP1 changes in Ang II-induced atrial 
fibrillation found by ferroptosis 
microarray
In order to clarify which gene of ferroptosis pathway plays an important 
role in atrial fibrillation in mice, we performed ferroptosis PCR micro
array analysis on the atrial tissues of normal saline group and Ang II 
group mice (Figure 3A and Table 2). The results showed that there 
were 11 genes with statistically significant differences, including seven 
up-regulated and four down-regulated genes (Figure 3B). Further veri
fication by qPCR showed that the GSTP1 gene difference was the 
most significant (Figure 3C). Further, qPCR and western blot were 
used to detect the expression of ferroptosis pathway-related factors. 
The experimental results showed that compared with mice in saline 
group, the mRNA expression level of GSTP1 was significantly reduced 
in Ang-induced atrial fibrillation mice (Figure 3D). The levels of GSTP1, 
SLC7A11, GPX4, and FTH proteins were significantly reduced in 
Ang-induced mice, compared with those in the saline group 
(Figure 3E). These results indicated that the expression of GSTP1 was 
significantly decreased in Ang-induced atrial fibrillation mice, which 
was positively correlated with ferroptosis-related genes GSTP1 and 
GPX4. Next, we collected atrial tissue samples obtained from routine 
resection during surgery to explore the expression of ferroptosis- 
related genes in patients with atrial fibrillation. The mRNA expression 
of GSTP1 and GPX4 in the atria of patients with atrial fibrillation was 
significantly lower than that of the control group (Figure 3F). The pro
tein levels of GSTP1 and GPX4 were detected by western blot. The ex
perimental results showed that compared with the control group, the 
protein levels of GSTP1 and GPX4 in patients with atrial fibrillation 
were significantly reduced (Figure 3G). The above results show that 
ferroptosis-related genes and proteins in atrial fibrillation tissues will 
be significantly changed, and GSTP1 will be significantly decreased in at
rial fibrillation tissues.

Overexpression of GSTP1 can improve 
Ang II-induced atrial enlargement and 
atrial fibrillation susceptibility
To further explore the effects of GSTP1 gene overexpression on Ang 
II-infused mice, the atrial size of mice was measured via ultrasound on 
the 20th day of Ang II or saline infusion. We first examined the infection 
efficiency of AAV9-cTNT-GSTP1. By detecting mRNA expression of 
GSTP1 in the hearts, livers, and lungs of mice, we found that GSTP1 
was significantly overexpressed in the mouse hearts, while no statistic
ally significant differences were observed in the livers and lungs 
(Figure 4A). Ultrasound results showed that compared with the control 
group, the atria of Ang II-infused mice were significantly enlarged, while 
GSTP1 gene overexpression could alleviate Ang II-induced atrial en
largement (Figure 4B). On the 21st day of Ang II or saline infusion, an 
automatic stimulator was used to induce atrial fibrillation in mice to de
tect the susceptibility of atrial fibrillation in each group. The study found 
that the incidence and duration of atrial fibrillation were significantly in
creased in Ang II-infused mice, while in Ang II mice with overexpressed 
GSTP1, the incidence and duration of atrial fibrillation were both 

reduced (Figure 4C–E). These results indicate that the overexpression 
of GSTP1 can attenuate Ang II-induced atrial enlargement and also re
duce the incidence and shorten the duration of atrial fibrillation to some 
extent.

Overexpression of GSTP1 can improve 
Ang II-induced oxidative stress
Ferroptosis pathway is closely related to oxidative stress levels. To clar
ify the impact of GSTP1 gene overexpression on Ang II-induced oxida
tive stress, DHE fluorescence staining and 3-NT immunohistochemical 
staining were used to detect oxidative stress in mouse atria. Results 
showed that, compared with the control group, the fluorescence inten
sity and 3-NT expression levels in the atria of mice perfused with Ang II 
for 3 weeks were significantly increased. In contrast, in GSTP1 gene 
overexpression mice under Ang II perfusion, the atrial DHE fluores
cence intensity and 3-NT expression levels were significantly reduced 
(Figure 5A and B). Meanwhile, by measuring the level of the oxidative 
stress factor NOX4, it was found that compared with the control 
group, the protein level of NOX4 in Ang II mice was significantly in
creased, while in GSTP1 gene overexpression mice, the NOX4 protein 
level was significantly reduced (Figure 5C). Additionally, by measuring 
the serum MDA content and GPX activity to assess the lipid peroxida
tion level in mice, it was found that the serum MDA level in Ang 
II-induced mice was significantly increased, and GPX activity was de
creased. However, these changes were significantly alleviated in 
GSTP1 gene overexpression mice (Figure 5D and E).

Overexpression of GSTP1 gene can 
improve Ang II-induced inflammation and 
fibrosis
To further explore the effect of GSTP1 gene overexpression on Ang 
II-induced fibrosis, Masson staining was first used to detect atrial fibrosis 
in mice. The experimental results showed that compared with the con
trol group, collagen deposition in atrial tissue increased after 3 weeks of 
Ang II infusion, whereas the degree of fibrosis induced by Ang II was re
duced in mice with GSTP1 overexpression (Figure 6A). Further obser
vation of the degree of fibrosis in atrial tissue through Collagen III (IF) 
and α-SMA (IHC) staining showed that, compared with the control 
group, the expression level of Collagen III and α-SMA in atrial tissue 
of Ang II-infused mice was elevated, while the degree of fibrosis was 
significantly alleviated in mice with GSTP1 overexpression (Figure 6B
and C). To further explore the impact of GSTP1 overexpression on 
Ang II-induced inflammation, H&E staining results showed that infiltra
tion of inflammatory cells in atrial tissue of Ang II-infused mice increased 
significantly, while this phenomenon was significantly reduced in mice 
with GSTP1 gene overexpression (Figure 6D). CD68 is a marker for 
changes in inflammatory factors and macrophages. Further observation 
of macrophage infiltration in atrial tissue through CD68 immunohisto
chemical staining showed that, compared with the control group, 
CD68 macrophage infiltration in atrial tissue of Ang II-infused mice in
creased, while the infiltration degree was significantly alleviated in mice 
with GSTP1 gene overexpression (Figure 6E).

Overexpression of GSTP1 can inhibit Ang 
II-induced oxidative stress, mitochondrial 
damage degree, and ferroptosis pathway 
in rat neonatal atrial myocytes
We experimentally demonstrated that GSTP1 can inhibit Ang 
II-induced atrial fibrillation in mice. Next, the protective effect of 
GSTP1 on Ang II-induced myocardial injury was explored in vitro ex
periments. First, the NRAMs were stimulated with different 
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Table 2 List of ferroptosis genes

Mouse 1 2 3 4 5 6 7 8 9 10 11 12

A Aco1 Arf6 Cars1 Dmt1 Gclc Hamp Hspb1 Ncoa4 Pcbp1 Sat2 Steap3 Vdac2

B Acsl4 Atg5 Cdo1 Dpp4 Gclm Hars Ireb2 Nfe2l2 Pcbp2 Slc1a5 Stim1 Vdac3

C Akr1b1 Atp5g3 Chac1 Elavl1 Gls2 Heph Keap1 Nox1 Pparg Slc39a14 Trf Map1lc3b

D Akr1b10 Bbc3 Cisd1 Emc2 Got1 Hfe Kras Nox3 Prdx6 Slc39a8 Tfr1 Panx2

E Akr1c1 Becn1 Cisd2 Eprs Gpx4 Hmox1 Lox Nox4 Prnp Slc3a2 Tfr2 Sat1

F Aldh1a1 Braf Cp Fth1 Gss Hmox2 Lpcat3 Nqo1 Ptges2 Slc40a1 Tp53 Sqstm1

G Alox12 Brd4 Cs Ftl Gsta1 Hras Map1lc3a Nras Rpl8 Slc7a11 Txnrd1 Usp7

H Alox15 Ca9 Cybb Ftmt Gstp1 Hsf1 Actb Gapdh Hprt1 B2m NTC NTC

GSTP1 inhibits Ang II-induced atrial fibrillation                                                                                                                                                     9



concentrations of Ang II, and it was proved by qPCR and WB ex
periments that the expression level of GSTP1 gradually decreased 
with the increase of Ang II concentration (Figure 7A and B). At 
the same time, we also verified that Ang II can inhibit the expression 
of GPX4 in NRAMs (Figure 7C). We constructed an overexpressing 
adenovirus of GSTP1 (Ad-GSTP1). It was demonstrated by qPCR 
that Ad-GSTP1 can significantly induce the expression of GSTP1 
(Figure 7D). It was found by immunofluorescence (GPX4) that Ang 
II could significantly inhibit the expression of GPX4, while after over
expressing GSTP1, it increased the expression of GPX4 (Figure 7E). 
We performed DNA damage marker γ-H2ax. Similarly, it was found 
by immunofluorescence that Ang II could significantly induce the ex
pression of γ-H2ax, but after overexpression of GSTP1, it inhibited 

the expression of γ-H2ax (Figure 7F). We used DCFH-DA to meas
ure oxidative stress levels. The results showed that Ang II could sig
nificantly induce oxidative stress levels, while overexpressing GSTP1 
inhibited oxidative stress levels (Figure 7G). We also made three 
markers (mitoSOX, JC-1 and 8-OHDG) for mitochondrial damage. 
The results showed that Ang II can significantly induce mitochondrial 
damage, while overexpressing GSTP1 inhibited mitochondrial dam
age (Figure 7H–J). We also did the ferroptosis pathway MDA and 
GPX activities, and the results showed that Ang II can significantly 
induce the expression of MDA and inhibit the activity of GPX, 
while the expression of MDA decreased significantly after overex
pressing GSTP1, and the activity of GPX4 increased significantly 
(Figure 7K).
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Figure 4 Overexpression of GSTP1 can improve Ang II-induced atrial enlargement and atrial fibrillation susceptibility. (A) The expression levels of 
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Inhibition of GSTP1 can aggravate Ang 
II-induced oxidative stress, degree of 
mitochondrial damage, and ferroptosis 
pathway in NRAMs
We stimulated NRAMs with GSTP1 inhibitors Ezatiostat and Ang II, and 
found by immunofluorescence (GPX4) that Ang II could significantly in
hibit GPX4 expression, while Ezatiostat further inhibited GPX4 expres
sion (Figure 8A). We used DCFH-DA to measure oxidative stress levels. 
The results showed that Ang II could significantly induce oxidative 
stress levels, while Ezatiostat further induced oxidative stress levels 
(Figure 8B). It was also found by immunofluorescence that Ang II could 
significantly induce the expression of γ-H2ax, while Ezatiostat further 
promoted the expression of γ-H2ax (Figure 8C). We also performed 

mitochondrial damage marker (mitoSOX and 8-OHDG). The results 
showed that Ang II can significantly induce mitochondrial damage, while 
Ezatiostat further aggravates mitochondrial damage (Figure 8D and E). 
We also did the ferroptosis pathway MDA and GPX activities, and 
the results showed that Ang II can significantly induce the expression 
of MDA and inhibit the activity of GPX, while Ezatiostat further induces 
the expression of MDA and inhibits the activity of GPX (Figure 8F).

Discussion
Atrial fibrillation is the most common arrhythmia in clinical practice, in
creasing the risk of stroke, peripheral thromboembolism, and death in 
patients, thus imposing a heavy burden on social healthcare.17 Ang II 
promotes the occurrence of atrial fibrillation by activating the Ang II 
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type-1 receptor (AT1R), which triggers various complex signalling path
ways, exacerbating cardiac inflammation, oxidative stress, and fibro
sis.18 The method of osmotic pump subcutaneous infusion of 
Angiotensin II (Ang II) is a reliable and repeatable technique that has 

been extensively validated in numerous studies.19–22 The model exhi
bits structural and electrical remodelling in atria, and has been reported 
to be vulnerable to burst pacing-induced AF. As evidenced by previous 
studies, oxidized Ca(2+)/calmodulin-dependent protein kinase II 
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(CaMKII) plays a pivotal role in triggering AF. This enzyme is highly sen
sitive to oxidative stress, which is often induced by Ang II infusion. The 
activation of CaMKII leads to the disruption of normal cardiac electrical 
activity, ultimately resulting in the development of AF.23 In this study, an 
atrial fibrillation mouse model was constructed by subcutaneously im
planting Alzet osmotic pumps to infuse Ang II. Proteomic analysis and 
KEGG pathway analysis of mouse atrial tissues were performed to 
screen for the role of ferroptosis signalling pathways in Ang 
II-induced myocardial injury in atrial fibrillation mice.

Atrial cardiomyopathy is a disease that affects atrial structure, con
traction, or electrophysiological characteristics, and leads to atrial re
modelling, electrical conduction dysfunction, and other related clinical 
manifestations.24 Several studies have demonstrated that the relation
ship between AF and atrial myopathy is more complex. Atrial myopathy 
may exist without AF and can facilitate the development of AF.25 Aging 
leads to advancing decline in the structure and function of the heart, and 
is a leading risk factor for atrial myopathy. Previous evidences have 
shown a close association between aging, atrial fibrillation, and stroke, 
which characterized by myocyte loss, reactive cellular hypertrophy, fi
brosis, and autonomic nervous system dysregulation.26 In some studies, 
male mice displayed AF susceptibility while females did not.27 The Ang II 
mice we used were male and relatively young, so future research on 
elderly mice or female mice will be a new direction to explore.

Ferroptosis, a new research hotspot, has garnered significant atten
tion for its role in heart diseases.28 Ferroptosis is an important form of 
myocardial cell death involved in the development of various cardiovas
cular diseases, such as doxorubicin-induced cardiotoxicity, myocardial 
ischaemia-reperfusion, atrial fibrillation, and atherosclerosis.29 We 
found that inhibiting the ferroptosis pathway can inhibit Ang 
II-induced atrial fibrillation by using ferroptosis inhibitors Fer-1. 
Studies have shown that the antioxidant factor NRF2 can inhibit lipid 
peroxidation and ferroptosis by regulating downstream target factors 
such as GSTP1, GPX4, SLC7A11, and HO-1.30 This study found 
through ferroptosis PCR microarray analysis that GSTP1 RNA expres
sion levels significantly decreased in Ang II-induced atrial fibrillation 
mice. Further modelling confirmed that RNA and protein levels of 
the GSTP1 gene were significantly reduced in Ang II-induced atrial fib
rillation mice. Additionally, other key factors in the ferroptosis pathway, 
such as SLC7A11, GPX4, and FTH, were also significantly decreased. 
Furthermore, protein levels of GSTP1 in atrial tissues of atrial fibrillation 
patients were notably reduced. These results demonstrate that the fer
roptosis pathway signalling factor GSTP1 is involved in the mechanism 
of myocardial injury in Ang II-induced atrial fibrillation mice.

GSTP1 is a member of the glutathione S-transferase (GST) family, 
which exerts detoxification effects by acting on glutathione.31,32

GSTP1 plays a crucial role in regulating cellular oxidative stress and pro
liferation and is an important serum marker in heart failure patients.33

GSTP1 inhibits cyclophosphamide-induced cardiotoxicity by detoxify
ing acrolein, and the cardiotoxicity induced by cyclophosphamide is ex
acerbated in GSTP1-deficient mice. Additionally, cardiac ischaemia 
increases acrolein in the heart, and GSTP1 deficiency makes 

ischaemia-reperfusion injury more sensitive, enlarging the infarct area 
after coronary artery occlusion.34 This study constructed a GSTP1 
overexpression mouse model via tail vein injection of adeno-associated 
virus to explore the role of GSTP1 in Ang II-induced atrial fibrillation 
mice. The results showed that compared with the Ang II group, the at
rial fibrillation incidence in the Ang II + AAV9-GSTP1 group mice was 
reduced, and atrial enlargement was inhibited.

Ferroptosis, a novel form of regulated cell death, is characterized 
mainly by iron-dependent oxidative stress and increased lipid peroxida
tion.35 MDA is a biomarker of oxidative stress in organisms. As a major 
degradation product of reactive oxygen species-induced lipid peroxida
tion, MDA is one of the main indicators of ferroptosis.36,37 GPX activity 
can also serve as an important molecular marker for ferroptosis.38

When GPX4 activity decreases, lipid peroxide products excessively ac
cumulate, inducing ferroptosis.39 This study detected serum MDA and 
GPX in each group of mice using respective assay kits, finding that com
pared with the control group, serum MDA levels significantly increased, 
and GPX activity significantly decreased in the Ang II group, while these 
changes were markedly alleviated in the Ang II + AAV9-GSTP1 group. 
These results provide evidence to some extent that GSTP1 overex
pression inhibits ferroptosis in Ang II-induced atrial fibrillation mice.

The renin–angiotensin–aldosterone system can activate inflamma
tory and oxidative stress mediators, leading to endothelial dysfunction, 
thereby altering microcirculation and promoting subendocardial ischae
mia, exacerbating myocardial fibrosis and cardiac sclerosis.40 3-NT, as a 
classic biomarker of oxidative stress, is closely related to cardiovascular 
diseases.41 A case-control study showed that compared to the control 
group, the levels of 3-NT in cardiovascular disease patients were signifi
cantly increased, and the prevalence of cardiovascular disease also in
creased with elevated levels of 3-NT.41 Immunohistochemical staining 
of 3-NT in mouse atrial tissue revealed that compared to the Ang II 
group, the levels of 3-NT in the Ang II + AAV9-GSTP1 group were sig
nificantly reduced. Additionally, NOX has the function of catalysing the 
production of reactive oxygen species by NADPH.42 Among them, 
NOX4, as the main source of oxidative stress in heart failure, is abun
dantly expressed in the mitochondria of cardiomyocytes.43 Subsequent 
analysis of NOX4 protein levels in mouse atrial tissue showed that 
compared to the Ang II group, the NOX4 protein levels in the Ang 
II + AAV9-GSTP1 group were significantly reduced. These results dem
onstrate that overexpression of GSTP1 can inhibit Ang II-induced oxi
dative stress to some extent.

Myocardial fibrosis and inflammation are the main pathological pro
cesses of myocardial remodelling.44 As an important feature of atrial 
cardiomyopathy, fibrosis promotes the occurrence of atrial fibrilla
tion.45 Collagen III is produced by fibroblasts and other mesenchymal 
cells and is an important component of reticular fibres in the stromal 
tissues of the lungs, liver, heart, and blood vessels.46 The degree of fi
brosis in mouse atrial tissue was detected using Collagen III immuno
fluorescence staining and Masson staining. The results of this study 
found that compared to the Ang II group, the fibrosis level in the Ang 
II + AAV9-GSTP1 group was significantly reduced. It was found that a 

Figure 7 Continued  

(n = 3); (D) qPCR assessment of Ad-gstp1 infection efficiency (n = 3); (E) immunofluorescence detection of GPX4 expression levels under ANG II and 
Ad-GSTP1 stimulation (n = 3); (F ) immunofluorescence detection of H2aX expression levels under ANG II and Ad-GSTP1 stimulation (n = 3); 
(G) DCFH-DA assay to measure oxidative stress levels in cells from various groups under ANG II and Ad-GSTP1 stimulation (n = 3); 
(H ) MitoSOX assay to assess mitochondrial damage in cells from different groups under ANG II and Ad-GSTP1 stimulation (n = 3); (I ) JC-1 staining 
to evaluate mitochondrial damage in cells from various groups under ANG II and Ad-GSTP1 stimulation (n = 3); (J ) immunofluorescence detection of 
8-OHDG expression levels under ANG II and Ad-GSTP1 stimulation (n = 3); (K ) measurement of serum MDA content and GPX activity in mice from 
different experimental groups (n = 3). Statistical analysis was performed with Kruskal–Wallis test (A) and one-way ANOVA (B–K). A significance level of 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 was considered statistically significant.
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single-dose injection of recombinant GSTP1 had a cardioprotective ef
fect on rats after myocardial infarction and could inhibit the inflamma
tory response.33 CD68 can identify macrophage populations, and 
CD68-positive cells are often observed in infiltrated cardiac tissue.47

Furthermore, H&E staining and CD68 immunohistochemical staining 
were used to detect inflammation levels in mouse atrial tissue. This 
study showed that compared to the Ang II group alone, the degree 
of inflammatory cell and CD68 macrophage infiltration in the Ang II  
+ AAV9-GSTP1 group was significantly reduced. These results to 
some extent demonstrate the protective role of GSTP1 in Ang 
II-induced atrial fibrillation.

GSTP1 can catalyse the reaction between glutathione and electro
philic agents, such as intracellular reactive oxygen species and hydroxyl 
radicals, inhibiting the oxidation of polyunsaturated fatty acids on the 
cell membrane and preventing ferroptosis.32 GPX4 can act on glutathi
one to eliminate reactive oxygen species and inhibit lipid peroxidation, 

protecting cells from oxidative stress and serving as an important regu
latory factor in ferroptosis.48,49 Therefore, we observed changes in 
GPX4 levels by adding the GSTP1 inhibitor Ezatiostat and infecting neo
natal rat primary atrial myocytes with adenovirus overexpressing 
GSTP1. Experimental results showed that compared to the control 
group, the protein levels of GPX4 in the Ezatiostat group were signifi
cantly decreased, while the protein levels of GPX4 were significantly in
creased after infection with adenovirus overexpressing GSTP1. This 
suggests that GSTP1 can regulate the activity of GPX4, inhibiting lipid 
peroxidation and ferroptosis (Figure 9).

In summary, we have found that the occurrence of atrial fibrillation 
(AF) is closely related to the ferroptosis metabolic pathway. GSTP1, 
as a key factor in the ferroptosis pathway, plays an important role in 
Angiotensin II (Ang II)-induced cardiomyocyte injury. Research has 
proved that GSTP1 can inhibit JNK signalling by interaction with the 
C terminus to form a GSTP1/JNK heterocomplex.50 In non-stressed 
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Figure 8 Inhibition of GSTP1 can aggravate Ang II-induced oxidative stress, degree of mitochondrial damage, and ferroptosis pathway in RNVMs. 
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ANG II and Ad-GSTP1 stimulation (n = 3); (E) immunofluorescence detection of 8-OHDG expression levels under ANG II and Ad-GSTP1 stimulation 
(n = 3); (F ) measurement of serum MDA content and GPX activity in mice from different experimental groups (n = 3). Statistical analysis was per
formed with one-way ANOVA (A–F). A significance level of *P < 0.05, **P < 0.01, and ***P < 0.001 was considered statistically significant.
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cells, GSTP1 can restrain the activation of JNK by binding to the 
C-terminal of JNK kinase, forming a GSTP1–JNK heterocomplex. 
Stimulus can trigger dissociation of the GSTP1–JNK heterocomplex re
sulted in the activation of JNK/c-Jun signalling pathway.51 The activation 
of JNK is a pivotal factor leading to the accumulation of ROS, which in 
turn triggers the occurrence of ferroptosis. A study showed that 
Galangin alleviated Doxorubicin-induced cardiotoxicity by inhibiting 
ferroptosis through GSTP1/JNK pathway.52 GSTP1 inhibits ferroptosis 
by GST and selenium-independent PH-GPx activities. Modulation of 
GSTP1 activity may present new opportunities for treatment develop
ment because GSTP1 catalyses the conjugation of GSH with 4-HNE 
and dramatically reduces subsequent lipid peroxidation.53 Therefore, 
JNK or 4-HNE, as potential molecular targets, can be chosen for in- 
depth study. Besides, Biomarkers can be used for risk stratification 
and as treatment response predictors, which may approve in the early 
detection and adjustment of AF treatment. Both blood-derived mo
lecular markers and ECG features have been used as biomarkers, 
such as the level of circulating galectin-3 and 12-lead ECGs.54 The ab
normal methylation of GSTP1 promoter, as a highly specific diagnostic 
marker for prostate cancer, is related to the development and progno
sis of a series of tumour types.55 This study may have a certain applica
tion prospect in predicting atrial fibrillation or recurrence of atrial 
fibrillation in the future. In our study, we observed a significant 
down-regulation of GSTP1 expression in Ang II-induced AF. 
Furthermore, by constructing a GSTP1 overexpression mouse model, 

we found that GSTP1 overexpression significantly reduced Ang 
II-induced oxidative stress, fibrosis, and inflammation levels, and de
creased the occurrence of cardiomyocyte injury. Additionally, in atrial 
myocytes, we discovered that GSTP1 can inhibit ferroptosis by enhan
cing the activity of GPX4. Therefore, these results preliminarily demon
strate that GSTP1-mediated ferroptosis plays a crucial role in Ang 
II-induced AF models and may serve as a potential therapeutic target 
for the treatment of atrial fibrillation.
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