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ARTICLE INFO ABSTRACT

Keywords: Sustained myocardial injury due to hypertension and diabetes mellitus leads to production of
Pterostilbene endogenous reactive oxygen species (ROS) and insufficient myocardial antioxidant capacity,
Ferroptosis

increasing the risk of cardiomyocyte ferroptosis. Ferroptosis is a nonapoptotic form of cell death
driven by unrestricted lipid peroxidation. Dysfunction of the glutathione peroxidase 4 (GPX4)
antioxidant system also plays an important role in ferroptosis. Cardiomyocyte ferroptosis ulti-
mately leads to myocardial deterioration, such as inflammation, fibrosis, and cardiac remodeling,
resulting in structural and functional changes. Pterostilbene (PTS), a demethylated derivative of
resveratrol, exhibits strong anti-inflammatory and antioxidative activities. In this study, we used
in vitro experiments to explore ferroptosis induced by angiotensin II (Ang II) of primary cardiac
myocytes (CMs) and in vivo experiments to prepare a transverse aortic constriction (TAC)-induced
cardiac dysfunction mouse model. PTS can significantly ameliorate Ang II-induced cardiomyocyte
ferroptosis in vitro and reduce cardiac remodeling, while improving cardiac function in mice after
TAC in vivo. Further mechanistic investigations revealed that PTS exerts its protective effect
through the SIRT1/GSK-33/GPX4 pathway. After siRNA-mediated knockdown of SIRT1 or GPX4
in CMs, the protective effects of PTS on cardiomyocytes were abolished. This study provides
important theoretical support for the potential of PTS to attenuate pathological cardiac remod-
eling and heart failure and provides a preliminary exploration of the molecular pathways
involved in its protective mechanism.
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1. Introduction

Cardiovascular disease is a major threat to human life and health. Heart failure (HF) is a global epidemic. There were an estimated
64.3 million prevalent cases of heart failure globally in 2017 [1]. Unfortunately, mortality from heart failure has always been high. As
reported, heart failure-related hospitalizations increase the excess deaths by 10 %-30 % [2], and the median survival for heart failure
was only 2.1 years [3]. Hypertension, aortic stenosis, and other conditions that cause long-term increases in ventricular afterload are
common risk factors for heart failure [4]. More than a quarter of people worldwide are considered to have hypertension. It was re-
ported that hypertension is associated with a 71 % increase in the risk of heart failure [5]. Up to a quarter of patients with severe aortic
stenosis may eventually heart failure [6]. Chronic pressure overload leads to cardiac remodeling, culminating in decreased cardiac
compliance and heart failure [7]. In addition to hypertension, diabetes is also an independent risk factor for HF, which increases the
risk of heart failure by 2- to 4-fold. 8.5 % of adults >18 years had diabetes [8]. Diabetes causes myocardial ischemia through vas-
culopathy, and can also directly damage the function of the myocardium. Chronic heart failure (CHF) results from multiple cardio-
vascular diseases and is associated with poor prognosis [9]. Inflammatory damage and oxidative stress play crucial roles in this process.
Myocardial injury increases the production of endogenous reactive oxygen species (ROS), which aggravate the deterioration of cardiac
function [10]. Despite advances in HF treatment over the past few decades, its prevalence and hospitalization rates continue to in-
crease. Therefore, it is important to elucidate the mechanisms of HF progression and explore new methods to improve cardiac function.

The term ferroptosis was originally defined in 2012 as an iron-dependent form of nonapoptotic cell death [11]. It is one of the most
widespread forms of cell death. Compared with regulatory cell death, ferroptosis is not triggered by protease activation of the caspase
family but driven by lipid peroxidation. The canonical axis of ferroptosis-controlling requires uptake of cystine, which is subsequently
reduced to cysteine within the cell, promoting GSH biosynthesis and ultimately leads to increased intracellular content of the anti-
oxidant glutathione peroxidase 4 (GPX4). GPX4 can mediate the reduction of any hydrogen peroxide phospholipids (PLOOHs). Fer-
roptosis is characterized by ROS production and lipid peroxidation. It is regulated by multiple metabolic pathways, such as
mitochondrial viability, intracellular iron status and amino acid metabolism. Disturbances in iron metabolism are essential for ROS
production and lipid peroxides activation [12]. The increased intracellular free Fe?* produced through the Fenton reaction mediates
the massive production of ROS and rapid amplification of PLOOHs on membranes, resulting in the inhibition of the antioxidant
glutathione peroxidase 4 (GPX4) [13]. This process eventually leads to ferroptosis. The normal function of GPX4 is central to the
control of ferroptosis, and GPX4 inhibition/instability can trigger cellular ferroptosis. GPX4 can reduce cholesterol and phospholipid
hydroperoxide levels, thus interrupting the lipid peroxidation chain reactions [14,15]. Ferroptosis is associated with pathophysio-
logical processes in various diseases, such as cancer, stroke, ischemia, and reperfusion injury. Ferroptosis has also been shown to
influence the development of HF caused by various conditions such as cardiomyopathy and myocardial infarction [16]. Recent studies
have shown that cardiomyocyte ferroptosis plays an important role in HF and cardiac remodeling [17,18]. In animal models of cardiac
hypertrophy, infusion of Ang II and pressure overload cause HF. In a 1-year follow-up study of patients with chronic HF, malon-
dialdehyde (MDA) was found to be an independent predictor of death [19]. This result supports the hypothesis that the inhibition of
ferroptosis may be an effective treatment for chronic HF.

Sirtuins (SIRTs) are members of the NAD-dependent deacetylase enzyme family that regulate various cellular functions; among
them, Sirtuin 1 (SIRT1) is the most extensively studied. Previous studies have shown that SIRT1 alleviates liver and acute kidney injury
in mice by inhibiting ferroptosis [20,21]. The cardioprotective effects of SIRT1 have also been demonstrated [22,23]. Glycogen
synthase kinase-3f (GSK-3p) is an evolutionarily conserved serine/threonine kinase that is involved in multiple signaling pathways and
a variety of cellular metabolic processes. Its depletion reduces the unstable free iron pool in cells by disrupting the cellular iron
metabolism, which can lead to embryonic death. Increasing evidence has proven that potential therapeutic applications targeting
GSK-3p could be used to treat common diseases, such as cancer, inflammatory diseases, neurodegenerative diseases [24], and psy-
chiatric disorders [25-28]. Z-disc GSK-3p levels are reduced in patients with HF [29]. The phosphorylation of GSK-3f (p-GSK-3f)
induces myocardial injury by increasing the expression of caspase-3 and Bcl-2-associated X protein (Bax)/B cell lymphoma 2 protein
(Bcl-2) in cardiomyocytes [30]. It also acts as a downstream molecule of SIRT1 to regulate ferroptosis [31].

Pterostilbene (PTS), also known as 3,5-dimethoxy-4"-hydroxystilbene, is a dimethylated analog of resveratrol. PTS is a constituent
of the deciduous tree Pterocarpus marsupium and is most abundantly found in blueberries. PTS has anti-inflammatory, antioxidant,
anticancer, and neuroprotective properties [32,33]. PTS induces autophagy and regulates Nrf2-mediated antioxidant pathways in
melanocytes [34]. Furthermore, previous studies in HF confirmed that PTS could reduce oxidative stress and inflammation through the
Nrf2/NF-xB signaling pathway [35]. PTS also modulates calcium-handling proteins to improve right ventricular function [36]. In a
study on liver fibrosis and intestinal injury, PTS was confirmed to regulate SIRT1 [37,38]. At present, the effects and exact mechanisms
of PTS on cardiomyocyte ferroptosis and HF remain unclear. Therefore, we investigated the role of PTS in transverse aortic constriction
(TAC) and angiontensin II (Ang II)-induced HF models and explored the molecular pathways that may be involved.

2. Materials and methods
2.1. Animals

C57BL/6 male mice (8-10 weeks old) were acquired from Hua Fukang Experimental Animal Center (Beijing, China) and housed in
the Center for Specific Pathogen-Free Animals, Tongji Medical College, Huazhong University of Science and Technology. Mice are kept

in cages with free access to water and food. Dividing mice randomly into three groups (n = 10): sham, TAC, TAC + PTS (PTS, 50 mg/
kg). All procedures were approved by the Experimental Animal Research Committee of Tongji Medical College.
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2.2. Transverse aortic constriction (TAC)

10-week-old male C57BL/6J mice were selected for TAC surgery. They were anesthetized with 3 % sodium pentobarbital and fixed
on the operating table. Then artificial ventilation was performed with a special mouse ventilator. An experimental needle was made
with a 27G needle. Opening the chest cavity to expose the aortic arch, then the aortic arch between the artery and the left carotid artery
was attached to the experimental needle by a 6-0 thread to ensure narrowing of arterial arches in experimental mice. The needle was
then lightly removed, which would leave a 70 % of the constriction. Mice in the sham-operated group underwent a similar operation
except for the contraction of the aortic arch. The mice continued to be fed for 8 weeks after surgery. Mice that underwent sham
operation were classified as control group and those underwent arterial arches narrowing were classified as TAC group.

2.3. Echocardiography

After 8 weeks of treatment, echocardiography was performed in mice under sevoflurane anesthesia. Placing the mice in supine
position on a heating pad and echocardiography was performed with the use of a mouse high-frequency imaging system (Vevo 3100).
After that, collecting the parameters of cardiac function including left ventricular ejection fraction (EF%), left ventricular fractional
shortening (FS%), left ventricular internal dimension at diastole (LVIDd), left ventricular internal dimensions at systole (LVIDs) and
cardiac output per minute (CO).

2.4. Heart weighing

After the echocardiogram, the mice were immediately weighed. Taking heart tissue according to a uniform standard and weighing
the heart. The heart weight ratio (heart weight/body weight, HW/BW) and the ratio of heart weight/tibia length (HW/TL) was
calculated.

2.5. Histological analysis and immunofluorescence staining

The heart was first fixed with 4 % formaldehyde and then dehydrated, embedded in paraffin wax, and sectioned. Immersing heart
paraffin sections in 3 % hydrogen peroxide solution and then retrieving the antigen. Cell membranes were permeabilized and sealed
with 0.25 % TritonX-100 and fetal donkey serum respectively. Cardiac pathology was visualized by haematoxylin and eosin (H&E),
Masson’s trichrome, wheat germ agglutinin (WGA) staining (#L4895, Sigma, USA) and then cardiac fibrosis and hypertrophy were
measured. GPX4 (#67763-1-1g, Proteintech, USA) fluorescence staining of myocardial tissue and cardiomyocytes was performed
according to instructions. Image J-Pro Plus 6.0 software (Media Cybemetics, Bethesda, USA) was used to calculate the data.

2.6. Transmission electron microscope (TEM)

Dicing the mouse heart tissue into 2 mm thickness, then pre-fixing them in 3 % glutaraldehyde for 2 h. After washing by phosphate
buffe, samples were then fixed in 1 % osmic acid fixative solution. Samples were washed again by phosphate buffer and dehydrated
with acetone, then embedded in Epon/SPURR resin. The heart tissues were washed 3-5 times in distilled water after sectioning, then
stained with 0.2 % lead citrate. Images were taken by an electron microscope.

2.7. Culture of primary cardiac myocytes (CMs) and H9C2 cells

CMs were isolated from 1 to 3 days-old C57BL/6 hearts. Mouse hearts were removed under aseptic conditions and washed in D-
HANKS equilibrium solution. All hearts were cut and digested with pancreatic enzymes for 30 min, then the heart tissue was washed
again. After that, the heart tissue was digested using 1 % type II collagenase (#17101-015, Gibco, USA) for 5 min, and the supernatant
was taken into DMEM medium with 20 % fetal bovine serum (FBS). Repeat the procedure 6 times and collect the heart cells. The cells
were inoculated into culture plates, and after 1 h the supernatant was taken and centrifuged. The collected cells were used to re-seed
the plate to obtain cardiomyocytes of higher purity. Then the cells were subjected to treatment with or without 100 pg/ml PTS
(#S3937, Selleck Chemicals, USA) and 100 nM Ang II (#A9525, Sigma-Aldrich, USA) for 48 h. H9C2 cells were cultured in DMEM
medium with 10 % FBS. A 37 °C constant temperature incubator supplied with 5 % CO2 provides cells with a suitable living envi-
ronment. The treatment of H9C2 cells was similar to that of CMs. Differently, CMs were used for staining experiments, and H9C2 cells
were used for western blots. Cells in the control group were not stimulated by Ang II or treated with PTS. Cells in the Ang II group were
stimulated by ANG but not treated with PTS, and cells in the ANG + PTS group were treated with both Ang II and PTS.

2.8. Small interference RNA (siRNA) transfection

Transfection was performed when the density of H9C2 cells reached 30-50 %. The complete DMEM medium was discarded and the
cells were washed three times with PBS. The final concentration of siSIRT1 or siGPX4 was 50 nM at the time of transfection. siRNA was
transfected with lipofectamine 3000 (#L3000-015, Invitrogen, USA) and steps were as follows. Diluting siRNA with 50 pl Opti-MEM
firstly, then dissolving 5 pl lipofectamine 3000 in 245 pl Opti-MEM and leave it for 5 min at room temperature after mixed well. The
transfection reagents and siRNA dilution were then mixed and left at room temperature for 20 min. Finally, the transfection complex
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Table 1

The antibodies in Western blot.
Antibody Source and reactivity Dilution ratio Manufacturer Cat.No.
GPX4 Rabbit-Mouse, Rat, Human 1:1000 Abcam ab219592
SIRT1 Mouse-Mouse, Rat, Human 1:1000 Abcam ab110304
Ferritin Rabbit -Human, Mouse, Rat 1:1000 ABclonal A19544
GSK-3p Rabbit -Human, Mouse, Rat, Monkey 1:1000 Cell Signaling Technology 12,456
Phospho- GSK-3p Rabbit -Human, Mouse, Rat, Hamster 1:1000 Cell Signaling Technology 5558
GAPDH Mouse-Human, Mouse, Rat, Yeast, Plant, Zebrafish 1:3000 Proteintech 60004-1-Ig
Goat-rabbit IgG Goat-Rabbit 1:3000 Proteintech SA00001-2
Goat-mouse IgG Goat-Mouse 1:3000 Proteintech SA00001-1
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Fig. 1. PTS rescues Ang II-induced increases in ferroptosis in cultured myocardial cells. (A-F) PTS reduced ROS (200 x ), lipid peroxides (200 x )
and Fe?* (200 x ) levels in CMs. (G) Western blot analysis exhibited decrease ferritin in H9C2 cells in response to Ang II, which can be rescued by
PTS. n > 3 in all cell experiments, **P < 0.01 versus the control group; **P < 0.01 versus the Ang II group. DHE, dihydroethidium; Ctr, control; Ang
1I, angiontensin II; PTS, pterostilbene; Fer, ferritin; GAPDH, glyceraldehyde -3-phosphate dehydrogenase.

was added to the cell culture plate and placed into the incubator, and the medium was replaced with fresh medium after 4-6 h.

2.9. Assays of intracellular lipid peroxidation, ROS and Fe**

CMs were inoculated in six-well plates. After a certain period of time, washing them with PBS. Then CMs were incubated with C11-
BODIPY581/591 9 (#D3861, Thermo Fisher Scientific, USA), FerroOrange (#F374, Dojndo, Japan) or dihydroethidium (DHE,
#S0033S-1, Beyotime, China) regent respectively for 30 min. Washed again with PBS and the cells were visualized by fluorescence
microscopy.

2.10. Biochemical assay kits

Accordance with the manufacturer’s instructions, cardiac MDA level were measured using MDA Assay (#ab118970, Abcam, USA)
Kit.
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Fig. 2. PTS prevents against cardiac ferroptosis by SIRT1/GSK-3p/GPX4 signaling. (A, C-E) Representative Western blot images and quantitative
analysis of SIRT1, GSK-3p, p-GSK-3p, and GPX4 in H9C2 cells. (B, F) Immunofluorescence staining reveals decreased GPX4 expression in Ang II-
induced CMs, which is rescued by PTS. n > 3 in all cell experiments, **P < 0.01 versus the control group; **P < 0.01 versus the Ang II group.
Ctr, control; Ang II, angiontensin II; PTS, pterostilbene; SIRT1, sirtuin 1; GSK-3p, glycogen synthase kinase-3p; p-GSK-3f, phosphorylation of
glycogen synthase kinase-3p; GPX4, glutathione peroxidase 4; GAPDH, glyceraldehyde -3-phosphate dehydrogenase.

2.11. Western blot analysis

Using RIPA buffer (#P0013B, Beyotime, Shanghai, China) to lyse heart tissue or CMs and obtain proteins in samples, and detecting
Protein Concentration with BCA Protein Assay Kit (#23227, Thermo Fisher Scientific, Massachusetts, USA). Expression levels of
specific proteins in equal amount samples were detected by electrophoresis. The steps are as follows. Proteins were added to each well
of the SDS-PAGE gel (#PG212, Epizyme Biomedical Technology Co. Ltd., Shanghai, China) in a specific order. Electrophoresis was
performed and the proteins were then transferred to a PVDF membrane (#03010040001, Roche, Basel, Switzerland). Blocking the
membrane in 5 % skimmed milk (#BS102, Biosharp Co. Ltd., Chengdu, China) for 1.5 h and washing them three times with tris-
buffered saline-Tween (TBST). The membranes were incubated with primary antibody dilutions at 4 °C overnight. On the next day,
the membrane was washed with TBST again for 3 times, and then incubated with the secondary antibody dilution for 2 h at room
temperature. Using ECL substrate (#SQ201, Epizyme Biomedical Technology Co. Ltd., Shanghai, China) to exposure PVDF mem-
branes. Image J software was used to analyze the intensity of blots. All antibodies used in this experiment are listed in Table 1.

2.12. Statistical analysis

For all animal experiments, n > 6, while cell experiments contained n > 3. Independent repeated experiments were performed at
least in triplicate. SPSS 26.0 software was used for statistical analysis and data are shown as mean =+ standard error (SEM). Student’s t-
test was performed to assess differences between two groups and one way analysis of variance (ANOVA) followed by Tukey’s HSD
multiple comparison post-hoc test was used for multiple groups. P < 0.05 was considered statistically significant.
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Fig. 3. GPX4 or Sirtl knockdown mitigated the effects of PTS in CMs. (A) siGPX4 took away the protective effect of PTS on cardiomyocytes. (B)
Western blot results show the expressions of SITR1, p-GSK-3p, GSK-3f, GPX4, and ferritin in SIRT1 knockdown cardiomyocytes. n > 3 in all cell
experiments, ns P > 0.05. Ang II, angiontensin II; PTS, pterostilbene; SIRT1, sirtuin 1; GSK-3p, glycogen synthase kinase-3p; p-GSK-3p, phos-
phorylation of glycogen synthase kinase-3f; GPX4, glutathione peroxidase 4; Fer, ferritin, GAPDH, glyceraldehyde -3-phosphate dehydrogenase.

3. Results
3.1. PTS dlleviates Ang Il-induced ferroptosis in cardiomyocytes

The production of ROS and lipid peroxidases is a hallmark of ferroptosis. Accumulation of reduced ferrous iron (Fe?") is an early
signal initiating ferroptosis. Ferritin (Fer) is a major intracellular iron storage protein, and its expression limits ferroptosis. To verify
whether PTS affects cardiomyocyte ferroptosis, we used Ang II to stimulate CMs and evaluated the effects of PTS on ROS production,
lipid peroxidation, and Fe?* levels. Intracellular ROS and oxidized lipids increased in CMs treated with Ang II for 48 h. Compared to
Ang II, PTS treatment reduced the enrichment of intracellular ROS and lipid peroxides (Fig. 1A-B and D-E). PTS also reduced the Ang
I-induced accumulation of Fe>* and increased the expression of ferritin (Fig. 1C and F-G). Collectively, these results suggest that PTS
alleviates ferroptosis in cardiomyocytes (see Fig. 1).

3.2. PTS inhibits Ang II-induced cardiomyocyte ferroptosis through SIRT1/GSK-3p signaling pathway

The activated SIRT1/GSK-3p/GPX4 pathway plays an important role in ferroptosis. To determine whether PTS exerted effects
through the SIRT1/GSK-3p/GPX4 pathway, we examined the expression of SIRT1, GSK-3f, p-GSK-3p, and GPX4 in myocardial cells
after stimulation by Ang II. Immunofluorescence results suggested that the expression of GPX4 in the CMs was significantly decreased
(Fig. 2B and F). PTS treatment markedly increased GPX4 expression, and Western blot analysis revealed the same trend. In addition,
the expression of SIRT1 decreased and that of p-GSK-3p was increased in myocardial cells treated with Ang II (Fig. 2A and C-E).
However, PTS treatment delayed this change.

3.3. Knockdown of SIRT1 or GPX4 mitigated the effects of PTS in H9C2 cells

To further explore the signaling pathways through which PTS inhibits ferroptosis in myocardial cells, siRNAs were designed. We
observed that the inhibitory effect of PTS on cardiomyocyte ferroptosis was abolished by blocking the expression of GPX4, a key
protein involved in ferroptosis (Fig. 3A and C-D). Blocking the SIRT1 pathway significantly attenuated the inhibitory effect of PTS on
myocardial ferroptosis via the SITR1/GSK-3p/GPX4 pathway (Fig. 3B and E-H). Based on these results, we deduced that the inhibitory
effect of PTS on cardiomyocyte ferroptosis occurs mainly through the SITR1/GSK-3p/GPX4 pathway.

3.4. PTS alleviated pressure overload-induced ventricular systolic dysfunction in mice

For the in vitro experiments, we constructed a TAC mouse model to examine the potential cardioprotective effects of PTS on HF.
Wild-type (WT) mice were treated with PTS (50 mg/kg) for eight weeks after TAC. We observed a significant decrease in cardiac
function in TAC mice, as shown by reduced left ventricular ejection fraction (LVEF%), fractional shortening (LVFS%), and cardiac
index (CO), as well as increased left ventricular internal dimensions at systole (LVIDs) and left ventricular internal dimensions at
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Fig. 4. PTS rescued impaired cardiac function in mice after TAC. (A) Representative images of cardiac echocardiography in each group. The pa-
rameters detected by echocardiography displayed by a bar graph: (B) left ventricular ejection fraction (LVEF%); (C) fractional shortening (LVFS%);
(D) left ventricular internal dimensions at systole (LVIDs); (E) left ventricular internal dimensions at diastole (LVIDA); (F) cardiac index (CO).n > 6
in all animal experiments, **P < 0.01 versus the control group; ##p < 0.01 versus the TAC group. TAC, transverse aortic constriction; PTS,
pterostilbene.

diastole (LVIDd). However, PTS treatment prevented HF, as evidenced by an increase in EF%, FS%, and CO, and a decrease in LVID
(Fig. 4). These results demonstrate that PTS suppresses ventricular systolic dysfunction in mice with pressure overload, suggesting that
PTS may protect against hypertension-mediated cardiac injury.

3.5. PTS alleviated the pathological cardiac remodeling

We further evaluated the effects of PTS on cardiac hypertrophy and fibrosis. PTS rescued the increased HW/BW ratio and HW/TL
ratio in mice after TAC (Fig. 5C and D). Myocardial cell size, which was significantly increased in TAC mouse hearts, was also reduced
by PTS. In the histological analysis, H&E and WGA staining showed that TAC-induced cardiomyocyte hypertrophy was reversed by PTS
(Fig. 5A-B and F). PTS treatment significantly reduced the cardiac collagen volume fraction (Fig. 5 A-B and E). In summary, PTS
remarkably alleviated cardiac remodeling.
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Fig. 5. PTS inhibited myocardial damage in heart failure. (A) H&E and Masson’s staining (20 x ) for assessment of myocardial injury after TAC. (B)
Representative H&E, Masson’s and WGA staining images (200 x ) in each groups. (C, D) HW/BW ratio and HW/TL ratio in the different groups. (E,
F) Quantification of the fibrotic area and cardiomyocyte hypertrophy in mice. n > 6 in all animal experiments, **P < 0.01 versus the control group;
##p < 0.01 versus the TAC group. HE, haematoxylin and eosin; TAC, transverse aortic constriction; PTS, pterostilbene; HW, heart weight; BW, body
weight; TL, tibia length; WGA, wheat germ agglutinin.

3.6. PTS reduces cardiomyocyte ferroptosis through the SIRT1/GSK-3/GPX4 pathway in mice after TAC

In order to study the preventive effect and mechanism of PTS on myocardial ferroptosis in HF mice, the expression of GPX4 and
related regulatory pathway SIRT1/GSK-3p was detected by immunofluorescence and Western blot (Fig. 6). In this work, treatment of
mice with PTS after TAC was linked with upregulation of SIRT1 and GPX4 and downregulation of p-GSK-3p. These results are
consistent with those of the in vitro experiments.

3.7. Cardiomyocyte ferroptosis occurred in mice after TAC, which can be alleviated by PTS

Furthermore, to explore whether PTS exerts cardioprotective effects by affecting cardiomyocyte ferroptosis in HF mice, we con-
structed a TAC mouse model for in vitro experiments. Ferroptosis is accompanied by ROS production. Mitochondria are the major
organelles responsible for cellular ROS generation; thus, ferroptosis is usually accompanied by changes in the mitochondrial structure.
To explore whether PTS exerts cardioprotective effects by affecting cardiomyocyte ferroptosis in mice, we used TEM, immunofluo-
rescence, and Western blot to detect mitochondrial damage, oxidative stress and ferritin expression, which were involved in ferrop-
tosis. After TAC, mouse cardiomyocytes had smaller mitochondria, reduced or absent mitochondrial cristae, and condensed
mitochondrial membrane density, whereas PTS attenuated mitochondrial morphological abnormalities and cell death (Fig. 7A).
Immunofluorescence and Western blot showed that ROS levels increased and ferritin expression decreased in myocardial tissue after
TAC. However, PTS treatment significantly attenuated these effects (Fig. 7B-E). We conclude that PTS attenuates ferroptosis in mice
with HF.

4. Discussion
HF is the end stage of various heart diseases and is primarily caused by hypertension, myocardial infarction, and degenerative valve

disease, etc. It has high morbidity and mortality rates worldwide [39]. Pressure overload-induced HF is usually accompanied by the
loss of myocytes and adverse changes in the surviving myocytes and extracellular matrix, including myocardial hypertrophy and
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Fig. 6. PTS influenced SIRT1/GSK-33/GPX4 pathway in mice. (A, C-E) Western blot analysis of SIRT1, p-GSK-3p, GSK-3p, GPX4 protein expressions
in each group. (B, F) Immunofluorescence staining reveals relative expression of GPX4 in mouse myocardial tissue in each group. n > 6 in all animal
experiments, **P < 0.01 versus the control group; *#P < 0.01 versus the TAC group. TAG, transverse aortic constriction; PTS, pterostilbene; SIRT1,
sirtuin 1; GSK-3p, glycogen synthase kinase-3p; p-GSK-3p, phosphorylation of glycogen synthase kinase-3f; GPX4, glutathione peroxidase 4; GAPDH,
glyceraldehyde -3-phosphate dehydrogenase.

cardiac fibrosis [40,41]. Owing to hemodynamic changes, the functions of other organs such as the lungs, liver, kidneys, and blood
vessels are also impaired, resulting in a vicious systemic pathophysiological cycle.

Ferroptosis plays a crucial role in the pathophysiology of various cardiovascular diseases [42,43]. Several studies have shown that
cardiomyocytes are highly susceptible to free iron overload [44-46]. Cardiac ferritin levels are important indicators of cardiac function
[42]. Iron in ferritin is released as free iron during ferroptosis, and excessive iron loading can further aggravate myocardial injury.
Therefore, in the present study, we focused on inhibiting cardiomyocyte ferroptosis to alleviate the development of HF and ventricular
remodeling.

The PTS was found to have an excellent ability to resist oxidative stress. In addition, in a study on liver fibrosis, PTS was found to
inhibit the increase in collagen 1 [47]. However, whether PTS regulates cardiomyocyte ferroptosis has not yet been investigated. In
this study, we demonstrated for the first time that PTS protects against cardiomyocyte ferroptosis and, consequently, against HF and
cardiac remodeling.

Ferroptosis is a form of cell death characterized by an iron overload that results in the accumulation of ROS and lipid peroxides.
High iron levels can cause severe cardiac injury, which can be rescued by a ferroptosis inhibitor Fer-1. Our study indicated that there
was an increase in iron and MDA levels in mouse hearts with HF, leading to the upregulation of ROS, which was reversed by PTS.
Therefore, we propose that PTS negatively regulates cardiac ferroptosis in hypertensive HF. Additionally, decreased iron storage leads
to iron overload during ferroptosis [48]. We demonstrated that PTS rescued the reduced ferritin levels and increased ROS and lipid
peroxides in cultured myocardial cells treated with Ang II. These findings strongly suggest that PTS has therapeutic potential for the
prevention and treatment of cardiac ferroptosis in the heart.

SIRT1 activity has been implicated in the prevention of ferroptosis [49]. Inhibition of SIRT1 activity induces HF [50]. GSK-3p is
closely associated with myocardial cell death and cardiac fibrosis [51]. Consistent with this, we found that PTS prevented heart
ferroptosis and significantly elevated the expression of SIRT1. Overexpression of SIRT1 can regulate p-GSK-3f expression, subse-
quently elevating GPX4, which was inactivated in the TAC hearts or Ang II-stimulated myocardial cells. We then designed siRNAs to
knockdown GPX4 in myocardial cells, and the regulatory effect of PTS on ferritin almost disappeared. Similarly, when SIRT1 was
knocked down, the effect of PTS on p-GSK-3p and GPX4 expression was subsequently abolished. These results suggest that PTS
modulates cardiomyocyte ferroptosis via the SIRT1/GSK-33/GPX4 pathway. They also imply that other SIRT1 regulatory drugs or
treatments may exert the same cardioprotective effect. In the future, more studies are needed to confirm this conjecture and provide
new ideas for the treatment of heart failure.

Our findings should be interpreted in the context of several limitations. Despite the representative features of in vitro experiments, it
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Fig. 7. PTS attenuates cardiac ferroptosis in vivo. (A) TEM images for cardiac tissue in each group. (B, E) DHE staining shows that PTS restores TAC-
induced ROS generation in heart failure. (C, D) The Fer expression was determined by Western blot. n > 6 in all animal experiments, **P < 0.01
versus the control group; ##p < 0.01 versus the TAC group. TAC, transverse aortic constriction; PTS, pterostilbene; TEM, transmission electron
microscope; Fer, ferritin; GAPDH, glyceraldehyde -3-phosphate dehydrogenase; DHE, dihydroethidium.

would be better to evaluate the mechanism of PTS in a more nuanced manner in an in vivo model. HF is not only closely related to
cardiomyocyte ferroptosis but also to a variety of physiological and pathological processes, including inflammation, autophagy, and
pyroptosis. Additionally, the dysfunction of fibroblasts, immune cells, endothelial cells, and smooth muscle cells may affect the
pathological progression of HF. All of these factors potentially play important roles in PTS-induced cardioprotection. However, the
present study focused mainly on cardiomyocyte ferroptosis to confirm the effects of the PTS on HF. Despite our finding that the PTS
works well, these results cannot be translated into clinical practice. Further clinical trials are required for a better clinical translation.

5. Conclusion

This study revealed that the expression of SIRT1 is downregulated in the hearts of mice with HF, which was related to car-
diomyocyte ferroptosis, pathological hypertrophy, myocardial fibrosis, and dysfunction. PTS effectively hindered this trend and fer-
roptosis in HF, thus improving heart function and alleviating cardiac remodeling. Notably, SIRT1 activation results in a reduction of p-
GSK-3p while attenuating GPX4 deficiency in HF, ultimately inhibiting ferroptosis. The in vivo and in vitro data delineate the important
role of PTS in HF. This discovery provides new ideas for the prevention of HF.
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Fer: ferritin

GAPDH: glyceraldehyde -3-phosphate dehydrogenase
GPX4: glutathione peroxidase 4

GSK-3p: glycogen synthase kinase-3f

H&E: haematoxylin and eosin

HF: heart failure

HW: heart weight

LVEF%: left ventricular ejection fraction

LVFS%: left ventricular fractional shortening

LVIDd: left ventricular internal dimension at diastole
LVIDs: left ventricular internal dimensions at systole
MDA: malondialdehyde

Pp-GSK-3p: phosphorylation of glycogen synthase kinase-3
PLOOHSs: hydrogen peroxide phospholipids

PTS: pterostilbene

ROS: reactive oxygen species

SEM: standard error

siRNA: small interference RNA

SIRT1I: sirtuin 1

SIRTs: Sirtuins

TAC: transverse aortic constriction

TBST: tris-buffered saline-Tween

TEM: transmission electron microscope

TL: tibia length

WGA: wheat germ agglutinin

WT: wild-type
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