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Abstract

Background: Heart failure (HF) continues to represent a significant global public health concern. Transient receptor potential cation
channel subfamily V member 1 (TRPV1) is a calcium-permeable channel that has been linked to cardiac disease and function. However,
its significance in HF and underlying processes is unknown. This study aims to determine the regulatory role of TRPV1 in mitochondrial
autophagy in HF. Methods: AC16 cardiomyocytes were exposed to angiotensin II (Ang II) to simulate pathological conditions, and
changes in oxidative stress were assessed. Transverse aortic constriction (TAC) was used to create a pressure overload-induced HF
mouse model, and cardiac-specific TRPVI overexpression was achieved by Adeno-associated virus 9 (AAV9). RNA sequencing and
bioinformatics analysis were performed to identify TRPVI-related mitochondrial genes. Finally, the effects of TRPVI overexpression
and sideroflexin 2 (SFXN2) knockdown on markers related to mitophagy and ferroptosis were analyzed. Results: In vitro, TRPV1
overexpression drastically decreased intracellular Ca?™ levels, lessened oxidative stress, and reduced Ang II-induced cell death (p <
0.05). Bioinformatics analysis identified seven mitochondrial genes associated with TRPVI, among which SFXN2 showed a strong
correlation with TRPV1 (p < 0.05). Overexpressing cardiac-specific TRPV1 in the TAC model led to improved cardiac function, higher
fractional shortening and ejection fraction, and reduced levels of mitophagy markers (p < 0.05). Mechanistically, TRPV1 activated
SFXN2, increasing glutathione peroxidase 4 (GPX4) expression and antioxidant capacity (glutathione (GSH), superoxide dismutase
(SOD)) while decreasing malondialdehyde (MDA) and ferrous iron (Fe?T) levels (p < 0.05). These protective effects were removed by
SFXN2 knockdown. Furthermore, the TRPVI1-SFXN2 axis suppressed mitophagy by modulating the PTEN-induced kinase 1 (PINK1)-
Parkin-sequestosome 1 (SQSTM1) axis. Conclusion: Our results show that TRPVI overexpression alleviates Ang II-induced myocardial
injury in HF. This protective effect is mediated through SFXN2-dependent mitophagy and ferroptosis, highlighting TRPV'I as a potential
therapeutic target for HF.
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1. Introduction as metoprolol, are used to treat persistent symptoms by
lowering heart rate and cardiac strain [7]. In more severe
situations, cardiac resynchronization treatment (CRT)
can be used to promote heart contractile coordination.
Implantable cardioverter-defibrillator (ICD) treatment is
used to prevent sudden death in patients. In addition, the
novel Sirtuin 3 (S/R73)-targeted small-molecule agonist
2-amino-4-(3,4-dihydroxyphenyl)-6-hydroxy-pyrimidine-
5-carboxamide (2-APOC) has shown potential in the

Heart failure (HF) is a complicated clinical disease
in which abnormal cardiac structure or function leads
to impaired ventricular filling or ejection capacity [1].
Patients usually present with symptoms such as exertional
dyspnea, paroxysmal nocturnal dyspnea, and orthopnea
[2,3]. Valvular heart disease, coronary artery sclerosis,
hypertension, and chronic lung diseases such as acute

pulmonary infarction and emphysema are potential causes
of HF [4]. In addition, physiological stress, such as preg-
nancy, fatigue, or rapid fluid overload, can increase the
burden on the heart and cause myocardial failure in suscep-
tible individuals [5]. The current treatment strategy for HF
involves a step-by-step approach. Angiotensin-converting
enzyme inhibitors and diuretics are common types of med-
ications used in basic treatment [6]. Beta-blockers, such

treatment of HF by targeting specific ion channels [8]. This
emerging evidence suggests that in-depth research on the
regulation of HF-related ion channels in cardiomyocytes
may provide important directions for the development of
new treatment strategies.

Transient receptor potential cation channel subfamily
V member 1 (TRPV1) is an ion channel protein from the
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transient receptor potential (TRP) family. Numerous physi-
ological and pathological processes, including pain percep-
tion, temperature control, and the inflammatory response,
are influenced by TRPVI. This molecule has a low per-
meability to anions but a high permeability to cations such
as calcium ions. In recent years, TRPVI has become an
important target for drug research. Research has shown
that aberrant expression of this gene is intimately linked to
the development of numerous disorders. As an agonist of
TRPV1, capsaicin can not only promote fat decomposition
and improve vascular function but also activate TRPVI in
cardiomyocytes, promote energy metabolism, and reduce
myocardial hypertrophy and oxidative stress caused by high
salt [9]. On the basis of these important regulatory roles of
TRPV1 in the cardiovascular system, researchers have in-
vestigated its therapeutic potential for cardiac remodeling
and dysfunction. For example, Horton JS ez al. [10] re-
ported that TRPV'] antagonists can be used as a new treat-
ment option for cardiac hypertrophy and HF. TRPV1, as a
key regulator of the natriuretic peptide signaling pathway,
may offer a novel molecular intervention strategy for car-
diac hypertrophy and HF. Another rat model study revealed
that moxibustion can reduce myocardial damage caused by
chronic heart failure (CHF) and normalize cardiac function
by regulating the expression of TRPV, thereby reducing
myocardial fibrosis [11].

Accumulating data show that ferroptosis is important
in the pathophysiology of cardiovascular illnesses. Recent
studies have identified key metabolic pathways that reg-
ulate ferroptosis, including iron metabolism, glutathione
(GSH) metabolism, and lipid metabolism, in various car-
diovascular disease models [12,13]. Notably, autophagy,
as a key regulator of ferroptosis, regulates cellular iron
homeostasis by degrading iron storage proteins such as fer-
ritin, leading to elevated intracellular iron levels and sub-
sequent lipid peroxidation. Mitophagy, a form of selec-
tive autophagy, has emerged as a key regulator of HF pro-
gression [14]. A member of the sideroflexin (SFXN) pro-
tein family, sideroflexin 2 (SFXN2), plays a role in the
metabolism of iron in the mitochondria. A recent study
demonstrated a role for SFXN2 in regulating heme biosyn-
thesis, with SFXN2-knockdown cells showing increased
mitochondrial iron content. SFXN2 overexpression inhibits
mitophagy in multiple myeloma cells and increases iron-
mediated energy production by inhibiting PTEN-induced
kinase 1 (PINK1)/Parkin-mediated mitophagy along with
heme oxygenase 1 (HO1)-mediated protection against ox-
idative stress [15]. However, the role of SFXN2 in HF is
unknown.

HF is a complicated illness with several underlying
causes, such as oxidative stress, mitochondrial dysfunc-
tion, and cell death. Studies have shown that TRPV1, as
an ion channel, can regulate calcium homeostasis and in-
flammatory responses in multiple cell types, but its specific
role in HF is not fully understood. This study focused on

the regulatory mechanism of TRPV1 in mitochondrial au-
tophagy and ferroptosis to investigate its role in angiotensin
II-induced cardiomyocyte injury and pressure load-induced
HF in a mouse model. This analysis of the molecular mech-
anism of 7RPV1 in HF, especially its role in the SFXN2-
dependent pathway, provides a new perspective on the pos-
sibility of TRPV1 as a new target for HF therapy.

2. Materials and Methods
2.1 Cell Culture

Human cardiomyocytes AC16 (CL-0790, Procell,
Wuhan, Hubei, China) were cultivated in Dulbecco’s mod-
ified Eagle’s medium (DMEM, #G4512-500ML, Service-
bio, Wuhan, Hubei, China) supplemented with 10% fetal
bovine serum (FBS, #164210; Pricella, Shanghai, China)
under standard conditions (37 °C, 5% COs). ACI16 cells
were subjected to short tandem repeat (STR) analysis and
Mycoplasma testing. The cells were passaged using 0.25%
trypsin (#BL501B; Biosharp, Hefei, Anhui, China) once
they reached 70-80% confluence. For cryopreservation,
the cells were resuspended in freezing medium consisting
of DMEM, FBS, and dimethyl sulfoxide (DMSO, #HY-
Y0320C, MCE, Monmouth Junction, NJ, USA) at a ra-
tio of 5:4:1. The cell suspension was transferred into cry-
ovials and gradually cooled to —80 °C overnight before be-
ing stored in liquid nitrogen.

2.2 Cell Treatment and Transfection

Angiotensin II (Ang II) is a major regulator of
cardiovascular disease, causing cardiomyocyte hyper-
trophy, fibrosis, and oxidative stress [16]. In this
study, AC16 human cardiomyocytes were treated with
1 pmol/L Ang II (#HY-13948, MCE, Monmouth Junc-
tion, NJ, USA) for 24 hours to establish a cell model
that mimics the pathological conditions of HF. The small
interfering RNA (siRNA) sequences targeting SFXN2
(Supplementary Material 1), the TRPVI overexpres-
sion plasmid (Supplementary Material 2) and the nega-
tive control (OE-NC, pRP[Exp]-CMV >ORF _Stuffer) were
synthesized by General Biotechnology Co., Ltd. (Hefei,
Anhui, China) and Vectorbuilder (Guangzhou, Guangdong,
China). For TRPV1 overexpression, AC16 cells were added
to 6-well plates to 70% confluency and transfected with the
TRPVI overexpression plasmid using Lipo8000™ trans-
fection reagent (#C0533; Beyotime, Shanghai, China) ac-
cording to the manufacturer’s instructions. Transfection
complexes were prepared by mixing plasmid DNA with
Lipo8000™ reagent in serum-free medium and incubat-
ing for 10-15 minutes. For SFXN2 knockdown, cells
were transfected with 2.5 pL of siRNA targeting SFXN2
(Si-SFXN2) or a negative control (Si-NC) using the same
method. For the cotransfection experiments, the TRPV]
plasmid and Si-SFXN2 (or Si-NC) were co-delivered into
the cells after 6 h, and the medium was changed to com-
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plete medium supplemented with 10% FBS. The cells were
cultured for 24 hours before further analysis.

2.3 Animals

Eight- to twelve-week-old C57BL/6J male mice (20—
25 g) (total = 32) were obtained from Liaoning Chang-
sheng Biotechnology Co., Ltd. (Shenyang, Liaoning,
China), which maintains specific pathogen-free certifica-
tion (SCXK[Lia0]2020-000). Every animal experiment
was carried out in compliance with the rules and regulations
that were authorized by the Animal Ethics Committee’s In-
stitutional Animal Care and Use Committee of The First Af-
filiated Hospital of Anhui University of Chinese Medicine
(AZYFY-2024-1006). All experiments were conducted in
accordance with the 3R principles. Research was conducted
at the Anhui Provincial Key Laboratory of Meridians and
Organs. The animals were maintained at 22 4+ 2 °C under
controlled lighting (12 h cycles) with unrestricted access to
standard chow and water.

2.4 Transverse Aortic Constriction (TAC) and
Adeno-Associated Virus 9 (AAV9) Injection

The mice were randomly assigned to four groups:
the sham, TAC, TAC+AAV9-cardiac troponin T (CTNT)-
control, and TAC+AAV9-CTNT-TRPVI groups (n = 8 per
group). The mice were anesthetized with ketamine (100
mg/kg) and xylazine (10 mg/kg) (6-1712, Bingene, Bei-
jing, China) via intraperitoneal injection. TAC surgery was
conducted as previously described [17] to create a mouse
model of cardiac hypertrophy and HF. Sham-operated con-
trol mice underwent the same surgery but without aor-
tic constriction. AAV9 was used to achieve cardiac-
specific overexpression of TRPVI. The AAV9-TRPVI
vector was constructed by inserting mouse 7RPVI com-
plementary DNA (cDNA) under the control of the pro-
moter (Supplementary Material 3). The AAV9-CTNT-
control vector (AAV00274Z, Creative-Biogene, Shirley,
NY, USA) without any exogenous gene was used as a con-
trol. AAV9 vectors (1 x 10'! viral genome particles per
mouse) were administered by tail vein injection. After 2
weeks, the infected mice were subjected to TAC for 28 days.
After the study, euthanasia was performed using an over-
dose of sodium pentobarbital (150 mg/kg, intraperitoneal
injection).

2.5 Echocardiographic Analysis

Cardiac function was evaluated using a Vevo 2100
system (VisualSonics, Toronto, ON, Canada) with a 30
MHz transducer at week 8 post-surgery. Under 2% isoflu-
rane (#R510-22-10, RWD, Shenzhen, Guangdong, China)
anesthesia and temperature monitoring, parasternal short-
axis M-mode images were acquired at the papillary mus-
cle level. Left ventricular (LV) functional parameters, in-
cluding the ejection fraction (EF) and fractional shorten-
ing (FS), were analyzed via Vevo Lab software (version
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3.1.1, FUJIFILM VisualSonics Inc., Toronto, ON, Canada)
by an independent operator unaware of group allocation.
All echocardiographic measurements were carried out by
an experienced operator who was unaware of the experi-
mental groups.

2.6 RNA Isolation and Sequencing

Following the manufacturer’s instructions, TRIzol
reagent (#G3013-100ML; Life Technologies, Carlsbad,
CA, USA) was used to separate total RNA from AC16
cells. The RNA concentration and purity were evaluated via
an OD1000+ ultramicrospectrophotometer (Nanjing Wuyi
Technology Co., Ltd., Nanjing, Jiangsu, China). Samples
showing intact RNA bands on 1% agarose gels (ST004L,
Beyotime, Shanghai, China) and RNA integrity number
(RIN) values exceeding 8 qualified for library construc-
tion. The NEBNext Ultra RNA Library Prep Kit for Il-
lumina (#E7530L; New England Biolabs, Ipswich, MA,
USA) was used to produce RNA sequencing (RNA-seq) li-
braries in accordance with the manufacturer’s instructions.
Poly-T magnetic beads were used to isolate mRNA for frag-
mentation. Double-stranded cDNA was generated through
reverse transcription with random hexamers followed by
second-strand synthesis. After that, the double-stranded
cDNA underwent PCR amplification, adapter ligation, end
repair, and A-tailing. A Qubit 2.0 fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA) was used to quan-
tify the final cDNA libraries, and an Agilent 2100 Bioana-
lyzer (Agilent Technologies, Inc., Santa Clara, CA, USA)
was used for validation. The libraries were sequenced us-
ing 150 bp paired-end reads on an Illumina NovaSeq 6000
platform (Illumina, San Diego, CA, USA). Shanghai OE
Biotech. Co., Ltd. (Shanghai, China) carried out the RNA
sequencing. For every group, three biological replicates
were conducted.

2.7 Bioinformatic Analysis

The “limma” package (version 3.54.0) in R (ver-
sion 4.0.3, R Foundation for Statistical Computing, Vi-
enna, Austria) was used to perform differential gene ex-
pression analysis between the control and TRPVI over-
expression groups. Genes with |loga-fold change (FC)|
>1 and p < 0.05 were considered differentially expressed
genes (DEGs). Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway enrich-
ment analyses were performed using the Database for An-
notation, Visualization, and Integrated Discovery (DAVID;
https://david.nciferf.gov/). Both the GO and KEGG path-
way enrichment results were deemed statistically signifi-
cant when the p value was less than 0.05.

2.8 Identification of TRPVI-Associated
Mitochondria-Related Genes (Mito-RGs)

A total of 1576 Mito-RGs were collected from the
Molecular Signature Database (MSigDB, https://www.gs
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Table 1. List of antibodies used for Western blot analysis.

Antibody

Cell (Dilution; Item No.; Manufacturer)

Tissue (Cell (Dilution; Item No.; Manufacturer))

Transient receptor  potential

1:500, #DF10320, Affinity Biosciences, Liyang,

1:1000, #DF10320, Affinity Biosciences, Liyang,

cation channel subfamily V Jiangsu, China
member 1 (TRPV1)
Sideroflexin 2 (SFXN2) 1:1000, #BS77506,
Chongqing, China
Glutathione peroxidase 4 (GPX4)
Jiangsu, China
Parkin
Jiangsu, China
PTEN-induced kinase 1 (PINK1)
Jiangsu, China
Sequestosome 1 (SQSTM1)
China

Atrial natriuretic peptide (ANP) /

Beta-myosin heavy chain (8- /
MHC)
Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH)
Voltage-dependent anion channel
1 (VDACI)

China

Jiangsu, China

Bioworld Technology,

1:500, #DF6701, Affinity Biosciences, Liyang,

1:500, #AF0235, Affinity Biosciences, Liyang,

1:1000, #DF7742, Affinity Biosciences, Liyang,

1:5000, #66184-1-1g, Proteintech, Wuhan, Hubei,

1:5000, #380626, ZENBIO, Chengdu, Sichuan,

1:500, #AF5478, Affinity Biosciences, Liyang,

Jiangsu, China

1:1000, #BS77506,
Chongging, China
1:1000, #DF6701, Affinity Biosciences, Liyang,
Jiangsu, China

1:500, #2132, Cell Signaling Technology, Dan-
vers, MA, USA

1:1000, #DF7742, Affinity Biosciences, Liyang,
Jiangsu, China

1:5000, #66184-1-1g, Proteintech, Wuhan, Hubei,
China

1:500, #DF6497, Affinity Biosciences, Liyang,
Jiangsu, China

1:500, #ab23990, Abcam, Cambridge, Cam-
bridgeshire, UK

1:5000, #380626, ZENBIO, Chengdu, Sichuan,
China

1:500, #AF5478, Affinity Biosciences, Liyang,
Jiangsu, China

Bioworld Technology,

ea-msigdb.org/gsea/msigdb/). The overlapping genes be-
tween 249 TRPV[-related genes and 1576 Mito-RGs were
identified using the Venn online graphical tool (https://bioi
nformatics.psb.ugent.be/webtools/Venn/).

2.9 Correlation Analysis Between TRPV1 and Mito-RG
Expression

The sequencing datasets (containing the control group
and the TRPV1 overexpression group) were used to assess
the expression levels of seven overlapping genes. The raw
counts were normalized with DESeq2 (version 1.30.1) in
R, and the logs-transformed normalized expression values
were visualized with pheatmap (version 1.0.12). The cor-
relation matrix of the seven genes was calculated and visu-
alized using a corrplot (version 0.84). The Spearman cor-
relation coefficient between TRPVI and each of the seven
Mito-RGs was calculated in R using the Spearman method.
Scatter plots with trend lines were generated using ggplot2
(version 3.3.3) to visualize the correlations.

2.10 Subcellular Fractionation

Mitochondria and the cytosol were isolated from car-
diac tissue via a Tissue Mitochondria Isolation Kit (#C3606,
Beyotime, Shanghai, China) and a Tissue Cytoplasm and
Nucleus Separation Kit (#NT-032, Invent, Wilmington, DE,
USA) according to the manufacturer’s instructions. Simi-
larly, mitochondria and cytosol from AC16 cells were ex-
tracted using the Cell Mitochondria Isolation Kit (#C3601,
Beyotime, Shanghai, China) and the Cell Cytoplasm and

Nucleus Separation Kit (#BB-36021, Beibokit, Shanghai,
China) following the manufacturer’s protocols.

2.11 Western Blot Analysis

Proteins in cardiac tissue and AC16 cells (mitochon-
dria) were extracted with radioimmunoprecipitation as-
say (RIPA) buffer (#P0013, Beyotime, Shanghai, China).
After the samples were homogenized, they were incu-
bated on ice for 30 minutes and then centrifuged at
12,000 xg for 15 minutes (4 °C). The supernatant was
then collected. Protein quantification was performed
with a bicinchoninic acid (BCA) kit (P0012, Beyotime,
Shanghai, China). The samples (30 pg) were dena-
tured in loading buffer (100 °C, 10 min) and resolved
by 10% sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) (#P0690, Beyotime, Shanghai,
China) (stacking: 80 V; separating: 120 V). Proteins
were electroblotted onto methanol-activated polyvinyli-
dene fluoride (PVDF) (#FFP24, Beyotime, Shanghai,
China) membranes (300 mA, 90 min). After being
blocked with 5% milk-Tris-buffered saline with Tween
20 (TBST) (60145ES76, YEASEN, Shanghai, China) (2
h), the membranes were probed with primary antibod-
ies (Table 1) overnight at 4 °C, followed by incuba-
tion with HRP-conjugated secondary antibodies (goat anti-
mouse IgG (ZB-2305, Zs-BIO, Beijing, China), goat anti-
rabbit IgG (ZB-2301), Zs-BIO, Beijing, China) (1:10,000,
1 h). The membrane was exposed to enhanced chemilu-
minescence detection reagent (KGC4902, Keygene, Nan-
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Table 2. Primer sequences and amplicon sizes used for quantitative real-time polymerase chain reaction (QRT-PCR) analysis.

Gene Size (bp) Forward primer (5’-3") Reverse primer (5’-3%)

Hu-TRPV1 195 CCACTCTTCTCCCACACGAG  GGCAGGTGTCCTTTTGGAGT
G0/G1 switch gene 2 (G0S2) 118 TCCACCAAAGGAGTTTGGGA  TCCTTCCTCCCTAGTGCAAA
Solute Carrier Family 25 Member 24 (SLC25A424) 121 TATCCAGCACCTGTGGTCAG  ATTCGTCGAAAGAGGCCAAC
Schindler Disease (SDS) 194 CCCATCCTTAGCCACCTTGC GGATGGCTGAGATGGTTCCT
Sideroflexin 2 (SFXN2) 120 AAGGGAATCTGCGTGAAGGA  GATCATCCCAGGAGCTGACA
Creatine Kinase Mitochondrial 2 (CKMT2) 192 AAAGATCACCCAAGGGCAGT TCGGACAGCTTGTAGTAGCG
Tubulin Polymerization Promoting Protein (7PPP) 113 CCTTCTCCACTCAGCTCCAA GGTGACCACTATGTCCTCGT
GAPDH 138 CGGATTTGGTCGTATTGG GGTGGAATCATATTGGAACA

jing, Jiangsu, China), and gel imaging was performed
using gel imaging equipment (Bio-Rad, Hercules, CA,
USA) for protein visualization.  The grayscale den-
sity of the protein bands was quantified using Imagel
software (version 1.8.0; National Institutes of Health,
Bethesda, MD, USA). Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) and voltage-dependent anion channel
1 (VDAC1) were used as cytosolic and mitochondrial mark-
ers, respectively.

2.12 Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

TRIzol reagent (#G3013-100ML; Life Technologies,
Carlsbad, CA, USA) was used to extract total RNA from
AC16 cardiomyocytes. An OD1000+ ultramicrospec-
trophotometer (Nanjing Wuyi Technology Co., Ltd., Nan-
jing, Jiangsu, China) was used to measure the concen-
tration and purity of the RNA, and 1% agarose gel elec-
trophoresis was used to confirm the integrity of the RNA.
With a reverse transcription kit with dsSDNAse (#BL699A;
Biosharp, Hefei, Anhui, China) and a PTC-200 heat cy-
cler (Bio-Rad, Hercules, CA, USA), first-strand cDNA was
generated. The reaction proceeded for 30 min at 37 °C fol-
lowed by 5 min at 85 °C. qRT-PCR was carried out with
an ABI StepOne Plus Real-Time PCR System with Taq
SYBR Green qPCR Premix Universal (#£EG20117M, Best-
enzymes, Lianyungang, Jiangsu, China). A 20 uL PCR
mixture was prepared with SYBR Green premix (10 pL),
primers (0.4 pL each, 10 uM, Sangon Biotech, Shanghai,
China), cDNA (3 pL), and Diethylpyrocarbonate-treated
Water (DEPC-H50) (6.2 uL, #D1007; Generay Biotech,
Shanghai, China). Initial denaturation at 95 °C for 30 s was
followed by 40 cycles of 95 °C for 15 s and 60 °C for 30 s
as part of the amplification process. Melting curve analysis
was used to establish the specificity of amplification. The
expression levels of TRPV'I and mitochondria-related genes
were analyzed. The internal reference gene was GAPDH.
Table 2 lists the specific sequences of the primers used.
The relative expression of genes was calculated using the
2~ AACT method.
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2.13 Determination of Oxidative Stress and Ferroptosis
Markers

A bicinchoninic acid (BCA) protein assay kit
(#BL521A; Biosharp, Hefei, Anhui, China) was used
to measure the protein concentration of the homogenate
after AC16 cells from various treatment groups were
obtained and homogenized in ice-cold phosphate-buffered
saline (PBS, #G4207; Servicebio, Wuhan, Hubei, China).
The malondialdehyde (MDA), superoxide dismutase
(SOD), glutathione (GSH), and ferrous iron (Fe?*) levels
associated with lipid peroxidation were subsequently
measured using an MDA assay kit (#A003-1-2), a SOD kit
(#A001-3-1), a reduced GSH assay kit (#A006-2-1), and a
ferrous ion colorimetric kit (#E-BC-K773-M; Elabscience,
Wuhan, Hubei, China). All unlabeled kits were provided
by Nanjing Jiancheng Bioengineering Institute (Nanjing,
Jiangsu, China). Every test was carried out in compliance
with the manufacturer’s instructions. The absorbance
was measured at 532 nm (MDA), 450 nm (SOD), 420
nm (GSH), and 593 nm (Fe?") using a microplate reader
(Bio-Rad, Hercules, CA, USA). The quantitative methods
were performed according to the instructions provided in
the manual.

2.14 Measurement of the Intracellular Calcium
Concentration (Ca*?)

The intracellular Ca?* concentration of AC16 cells
was analyzed using a calcium assay kit (#40776ES50,
YEASEN, Shanghai, China) according to the manufac-
turer’s instructions. In brief, AC16 cells were extracted via
centrifugation at 1000 rpm for 5 minutes and then rinsed
with PBS. The cells were then incubated with 5 uM Rhod-
2 AM (prepared in DMSO with a 2—5 mM stock solution)
for 30 minutes at 37 °C in the dark. The cells were washed
twice with PBS, followed by centrifugation (1000 rpm, 5
min). Fluorescence images were captured with a Leica
DMI3000B inverted fluorescence microscope (Leica, Wet-
zlar, Hesse, Germany) at 200x magnification. Calcium-
bound Rhod-2 AM fluorescence was detected using an ap-
propriate red fluorescence filter, and the green fluorescent
protein (GFP) signal was monitored in the green channel.
Quantification was performed using ImageJ software.
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2.15 Calcein Acetoxymethyl Ester (Calcein
AM)/Propidium lodide (PI) Staining

Following the manufacturer’s instructions, cell via-
bility was evaluated using the Calcein AM/PI Live/Dead
Viability/Cytotoxicity Assay Kit (#C2015M; Beyotime,
Shanghai, China). After being washed with PBS, AC16
cells from various treatment groups were treated with the
working solution for 30 minutes at 37 °C in the dark. PI
(red fluorescence) was used to identify dead cells, whereas
Calcein AM (green fluorescence) was used to identify live
cells. Fluorescence images were taken at 200 x magnifica-
tion using an Olympus CKX53 inverted microscope (Olym-
pus, Tokyo, Japan), and at least three random fields of view
were taken for each group. Images were acquired using ap-
propriate filter sets for the PI (red) and Calcein AM (green)
channels and then merged for analysis. Cell viability was
quantified using ImagelJ software.

2.16 Mitochondrial Reactive Oxygen Species (ROS)
Detection

MitoSOX Red (HY-D1055, MCE, Monmouth Junc-
tion, NJ, USA) was used to assess the levels of ROS in
the mitochondria. ACI16 cells were plated, rinsed with
PBS, and then incubated with 5 uM MitoSOX Red work-
ing solution at 37 °C for 30 minutes in the dark. Nuclei
were counterstained with 4’,6-diamidino-2’-phenylindole
(DAPI, #C1002; Beyotime, Shanghai, China). Fluores-
cence images were captured at 200x magnification us-
ing a Leica DMI3000B inverted fluorescence microscope.
At least three random fields were taken for each group.
Red fluorescence indicates mitochondrial superoxide lev-
els, while DAPI staining (blue) was used for nuclear visu-
alization. The ROS level was quantified using ImageJ soft-
ware.

2.17 Terminal Deoxynucleotidyl Transferase dUTP
Nick-End Labeling (TUNEL) Assay

Apoptotic cells were detected via a one-step TUNEL
kit (#ECK-A320; Elabscience, Wuhan, Hubei, China). The
samples were fixed in 4% paraformaldehyde (CF189021,
Solarbio, Beijing, China) (30 min) and permeabilized with
0.2% Triton X-100 (P0096, Beyotime, Shanghai, China) (5
min) in PBS. After washing, the samples were incubated
in the dark (37 °C, 1 h) with a TdT/luciferin-dutP reaction
mixture. Nuclear staining was performed with DAPI (25
pg/mL, 10 min). Images were acquired at 100x magnifi-
cation, and TUNEL-positive cells (green) were quantified
relative to total DAPI signals (blue) using ImageJ software.

2.18 Statistical Analysis

Data analysis was performed with R (version 4.0.3, R
Foundation for Statistical Computing, Vienna, Austria) and
GraphPad Prism (version 8.0.0, GraphPad Software, San
Diego, CA, USA). The results represent the mean =+ stan-
dard deviation (standard deviation) from three independent

experiments. Differences between pairs were evaluated
by Student’s #-test, whereas multigroup analyses employed
one-way analysis of variance (ANOVA) with Tukey’s post
hoc comparisons. Statistical significance was set at p <
0.05.

3. Results

3.1 TRPVI Overexpression Reduces Intracellular Ca**
Levels in AC16 Cardiomyocytes

ACI16 human cardiomyocytes were treated with 1
pmol/L Ang II to simulate pathological cardiac conditions.
TRPVI mRNA expression was significantly downregulated
according to qRT-PCR (p < 0.0001, Fig. 1A). Western blot
analysis revealed that TRPV'] protein levels were similarly
reduced following Ang II stimulation (p < 0.001, Fig. 1B).
To investigate the effect of TRPV 1, we first overexpressed
TRPVI1in AC16 cells (p < 0.0001, Fig. 1C,D). Next, the in-
tracellular Ca%t level in AC16 cells was assessed using flu-
orescent probes. Compared with that in the control group,
TRPV1 overexpression significantly reduced the intracellu-
lar Ca* level (p < 0.05, Fig. 2A). OE-TRPV1 increased
the level of TRPV1 in the HF cell model, which was vali-
dated via qRT-PCR and Western blot analyses (p < 0.0001,
Fig. 2B,C).

3.2 TRPV1 Alleviates Ang II-Induced Cell Death and
Oxidative Stress

To investigate whether TRPV1 affects cell viability
under Ang II stimulation, we performed PI/Calcein AM
double staining. Compared with the control treatment, Ang
II treatment dramatically inhibited cell viability (p < 0.001,
Supplementary Fig. 1). Overexpression of TRPVI re-
versed the Ang Il-induced decrease in cell viability (p <
0.05, Supplementary Fig. 1). Next, the intracellular ROS
levels were examined using fluorescence imaging. A com-
parison of the Ang Il-treated group with the control group
revealed a substantial increase in ROS generation (p <
0.0001, Supplementary Fig. 2). Notably, overexpression
of TRPV 1 significantly attenuated the increase in ROS lev-
els induced by Ang II (p < 0.001, Supplementary Fig. 2).
These results suggest that by preventing oxidative stress,
TRPV1 overexpression shields cardiomyocytes from Ang
II-induced harm.

3.3 Identification and Enrichment Analysis of
TRPV1-Related Differentially Expressed Genes

According to the screening criteria for DEGs, 195 up-
regulated genes and 54 downregulated genes were screened
from the sequencing data (Supplementary Fig. 3). The
results of the biological process (BP), cellular component
(CC), and molecular function (MF) enrichment analyses re-
vealed that the upregulated genes were associated primar-
ily with nucleosomes (GO: 0000786), the deoxyribonucleic
acid (DNA) packaging complex (GO: 0044815), protein
heterodimerization activity (GO: 0046982), DNA binding
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Fig. 1. Analysis of transient receptor potential cation channel subfamily V member 1 (TRPV1) level in AC16 cells induced by

angiotensin II (Ang II) and overexpressing TRPV1. (A) Quantitative real-time polymerase chain reaction (QRT-PCR) detected the
TRPVI mRNA level in AC16 cells induced by Ang II. (B) Western blot analysis of TRPV1 protein levels in AC16 cells after Ang 11
induction was performed and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for normalization. (C) qRT-PCR detected
the TRPVI mRNA level of AC16 cells in overexpression negative control (OE-NC) and overexpression TRPVI (OE-TRPV1) groups.
(D) Western blot analysis of TRPV1 protein levels of AC16 cells in OE-NC and OE-TRPV1 groups was performed, and GAPDH was

used for normalization. Each experiment was independently repeated three times. Data are presented as mean + standard deviation.

w5y < 0,001, **%%p < 0.0001.

(GO: 0003677), and nucleosome assembly (GO: 0006334)
(Supplementary Fig. 4A). The downregulated genes were
related to the extracellular region (GO: 0005576), cytokine
activity (GO: 0005125), cell adhesion (GO: 0007155), and
the cell surface receptor signaling pathway (GO: 0007166)
(Supplementary Fig. 4B). KEGG enrichment pathway
analysis revealed that the pathways enriched with the upreg-
ulated genes included the apelin signaling pathway, herpes
simplex virus 1 infection, and alcoholism (Supplementary
Fig. 5A). The downregulated genes were associated with
KEGG pathways such as the chemokine signaling path-
way, NOD-like receptor signaling pathway, influenza A
pathway, and the interleukin-17 (IL-17) signaling pathway
(Supplementary Fig. SB).

&% IMR Press

3.4 Identification of TRPVI-Mitochondrial Gene
Interactions

To explore the possible molecular mechanisms un-
derlying the relationship between TRPVI and mitochon-
drial function, we performed an intersection analysis of
TRPVI-related genes and Mito-RGs. Venn diagram anal-
ysis revealed that there were 7 overlapping genes between
the TRPVI-related genes (249 genes) and Mito-RGs (1576
genes) (Fig. 3A). Among these overlapping genes, heatmap
analysis revealed different expression patterns between the
groups (Fig. 3B). Further analysis revealed differences in
correlations between different genes (Fig. 3C). For exam-
ple, solute carrier family 25 member 24 (SLC25424) and
GO0/G1 switch gene 2 (G0S2) were strongly positively cor-
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Fig. 2. Effects of TRPV1 overexpression on intracellular Ca®" levels and TRPV1 expression in heart failure (HF) cell model. (A)

Representative fluorescence microscopy images showing intracellular calcium ion (Ca>") levels (red), green fluorescent protein (GEP)

expression (green), and merged images in OE-NC and OE-TRPV1 groups. Magnification: 200x. Scale bar =50 pm. (B) qRT-PCR was
used to detect the TRPVI mRNA level in HF cell model transfected with OE-TRPV 1. (C) Western blot detection of TRPV1 protein level
in HF cell model transfected with OE-TRPV1, and GAPDH was used for normalization. Each experiment was independently repeated

three times. Data are presented as mean + standard deviation. *p < 0.05, ****p < 0.0001.

related, whereas SLC25424 was significantly negatively
correlated with tubulin polymerization promoting protein
(TPPP) and lactate dehydrogenase A like 6B (LDHALGB)
(p < 0.01, Fig. 3C). These findings suggest that there is
a complex regulatory network between TRPV1 and Mito-
RGs, which may contribute to the role of TRPVI in mito-
chondrial function.

3.5 Correlation Analysis of TRPV1 and TRPV1-Mito
DEGs and Their Expression in HF

Further analysis confirmed the correlation between
TRPVI and seven genes (Supplementary Fig. 6A-G).

Strong correlations were observed between TRPVI and
both LDHAL6B (p = 0.03, r = 0.86) and SFXN2 (p =
0.04, r = 0.83) (Supplementary Fig. 6C,E). In vitro ex-
periments verified the expression of these genes in AC16
cells treated with Ang II. After TRPVI overexpression,
qRT—PCR analysis revealed that the expression of schindler
disease (SDS), SFXN2, creatine kinase mitochondrial 2
(CKMT?2), TPPP, and LDHALG6B was dramatically greater
than that in the Ang II+OE-NC group (p < 0.001), whereas
the GOS2 and SLC25424 levels were not significantly al-
tered (Supplementary Fig. 6H). Among these genes, LD-
HALG6B and SFXN2 presented the strongest correlations
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Fig. 3. Analysis of TRPV1 and mitochondria-related gene expression patterns. (A) Venn diagram showing the overlap between

TRPV-related genes and mitochondria-related genes. (B) Heatmap visualization of expression patterns for the seven overlapping genes

across different experimental groups. Color scale represents normalized expression values, with red indicating upregulation and blue

indicating downregulation. (C) Correlation matrix showing the relationships among the seven overlapping genes. The size and color

intensity of squares represent correlation strength (—1 to 1), with blue indicating negative correlations and red indicating positive correla-
tions. Statistical significance is denoted by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001). LDHALG6B, lactate dehydrogenase A like

6B.

with TRPVI. The role of SFXN2 in mitochondrial func-
tion has been previously established. However, its specific
involvement in mitochondrial function during HF remains
unclear. Therefore, we selected SFXN2 for further analysis.

3.6 TRPVI-Targeted Therapy Alleviates TAC-Induced HF

To assess the therapeutic potential of TRPV1 in HF, we
generated a model of cardiac dysfunction caused by pres-
sure overload using TAC. Cardiac function was assessed
using echocardiography. Compared with those in the sham
group, the cardiac function of the mice in the TAC-treated
group was considerably worse, as evidenced by a reduc-
tion in FS and EF (p < 0.0001, Supplementary Fig. 7A—
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C). Notably, compared with TAC+AAV9-CTNT-control,
AAV9-mediated cardiac-specific TRPVI overexpression
(TAC+AAV9-CTNT-TRPVI) improved cardiac function,
as shown by a moderate increase in EF and FS (p < 0.0001,
Supplementary Fig. 7A—C). Compared with those in the
sham group, TAC dramatically decreased the expression
of TRPV1 and SFXNZ2 while increasing the protein levels
of atrial natriuretic peptide (ANP) and beta-myosin heavy
chain (5-MHC) (p < 0.0001, Fig. 4A—E). Moreover, com-
pared with those in the TAC+AAV9-CTNT-control group,
TRPV1 overexpression significantly increased TRPV1 and
SFXN?2 protein levels but significantly reduced the expres-
sion of the cardiac stress markers ANP and 5-MHC (p <
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Fig. 4. TRPV1 overexpression regulates the expression of HF-related markers in the TAC-induced HF model. (A) Representative

Western blot images showing protein expression of HF-related markers (atrial natriuretic peptide (ANP), beta-myosin heavy chain (3-
MHC), TRPV1, and sideroflexin 2 (SFXN2)) in different experimental groups (sham, transverse aortic constriction (TAC), TAC+adeno-
associated virus 9 (AVV9)-cardiac troponin T (CTNT)-control, TAC+AVV9-CTNT-TRPV'1), with GAPDH as a loading control. (B-E)
Quantitative analysis of protein expression levels of TRPV1 (B), SFXN2 (C), ANP (D), and 5-MHC (E) with GAPDH as a standard.

Each experiment was independently repeated three times. Data are presented as mean =+ standard deviation. *p < 0.05, **p < 0.01,

#HEp < 0,001, **%%p < 0.0001.

0.05, Fig. 4A—E). These results suggest that TRPVI over-
expression can alleviate pathological cardiac remodeling in
HF caused by pressure overload.

3.7 TRPV1 Overexpression Protects Mice From
TAC-Induced HF by Inhibiting Cardiac Mitochondrial
Autophagy

Using the TAC mouse model, we examined how
TRPV1 regulates the levels of autophagy-related proteins.
Compared with sham surgery, TAC surgery increased the
expression level of sequestosome 1 (SQSTM1) in the cy-
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toplasm while drastically lowering the amounts of Parkin
and PTEN-induced kinase 1 (PINK1) (p < 0.05, Fig. 5A,B).
TRPV1 overexpression decreased the amount of SQSTM1
and restored Parkin expression (p < 0.0001), but it had
no discernible effect on PINK1 expression (Fig. 5A,B).
In the mitochondrial fraction, TAC increased Parkin and
PINK levels while decreasing SQSTM1 levels (p < 0.001,
Fig. 5A,C). Overexpression of TRPVI decreased the lev-
els of Parkin and PINKI1 (p < 0.001, Fig. 5A,C). Au-
tophagy is a lysosome-dependent degradation pathway that
promotes ferroptosis by degrading iron storage proteins
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Fig. 5. TRPVI overexpression regulates the expression of mitophagy-related proteins in the cytoplasm and mitochondria in

the TAC-induced HF model. (A) Representative Western blot images showing the protein expression of mitophagy markers (Parkin,
PTEN-induced kinase 1 (PINK1), and sequestosome 1 (SQSTM1)) in the cytoplasm and mitochondria fractions. GAPDH and voltage-

dependent anion channel 1 (VDAC1) were used as loading controls for the cytoplasm and mitochondria fractions, respectively. (B)

Quantification of the cytoplasmic protein levels of Parkin, PINK1, and SQSTM1 in the experimental groups, with GAPDH as the standard.
(C) Quantification of the mitochondrial protein levels of Parkin, PINK1, and SQSTM1 in the experimental groups, with VDACT1 as the
standard. n = 8 per group. Data are presented as mean =+ standard deviation. *p < 0.05, ***p < 0.001, ****p < 0.0001.

such as ferritin, leading to increased intracellular iron lev-
els and subsequent lipid peroxidation. Therefore, on the
basis of the connection between autophagy and ferropto-
sis, we examined the expression of glutathione peroxidase
4 (GPX4), a ferroptosis marker. Western blot analysis re-
vealed that TAC significantly reduced GPX4 protein levels
(p < 0.0001, Supplementary Fig. 8A,B). Compared with
the TAC+AAV9-CTNT-control group, TRPVI overexpres-
sion significantly upregulated GPX4 expression, indicating
that TRPV'I has a protective effect against TAC-induced fer-
roptosis (p < 0.001, Supplementary Fig. 8A,B). These
findings suggest that TRPV I may respond to TAC-induced
cardiac stress by regulating autophagy and ferroptosis path-
ways.

3.8 TRPV1 Regulates Ferroptosis Through an
SFXN2-Dependent Pathway

Previously, we analyzed and verified that TRPV1 and
SFXN2 interact in HF, but the specific mechanism was
unclear. Therefore, we continued to analyze this phe-
nomenon through in vitro experiments. To analyze the role
of SFXN2, we designed three siRNAs targeting SFXN2.
The qRT-PCR results demonstrated that all three siRNAs
effectively reduced SFXN2 expression in cells, with Si-
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SEXN2#3 (referred to as Si-SFXN2) exhibiting the high-
est knockdown efficacy (p < 0.0001, Supplementary Fig.
9A). Western blot analysis further confirmed that Si-SFXN2
significantly decreased SFXN2 protein levels (p < 0.01,
Supplementary Fig. 9B,C). First, QRT-PCR experiments
revealed that, compared with OE-NC, TRPVI overexpres-
sion significantly increased SFXN2 mRNA levels, but when
TRPV1 was combined with Si-SFXN2, its mRNA level was
reduced (p < 0.0001, Fig. 6A). These results were also con-
firmed at the protein level, and SFXN2 knockdown effec-
tively reversed 7TRPVI-induced SFXN2 upregulation (p <
0.0001, Fig. 6B,C). Next, we assessed ferroptosis-related
markers. The results revealed that TRPVI overexpres-
sion significantly increased GPX4 protein levels, whereas
SFXN2 knockdown partially reversed this effect (p < 0.05,
Fig. 6D,E). Consistent with these findings, TRPVI overex-
pression significantly reduced the MDA and Fe?* levels
while increasing the GSH content and SOD activity (p <
0.0001, Fig. 6F,I). Importantly, these effects were partially
reversed after SFXN2 knockdown (p < 0.001, Fig. 6F-I).
Taken together, these results suggest that TRPV1 regulates
ferroptosis through an SFXN2-dependent pathway.
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Fig. 6. TRPV1 regulates ferroptosis in HF through an SFXN2-dependent mechanism. (A) QRT-PCR was used to detect the changes
in the mRNA level of SFXN2 after TRPV1 was overexpressed alone or in combination with down-expressed SFXN2 in Ang II-induced
AC16 cardiomyocytes. (B,C) Western blot was used to detect the protein level of SFXN2 after TRPVI was overexpressed alone or in
combination with down-expressed SFXN2 in Ang II-induced AC16 cardiomyocytes. (D,E) Western blot was used to detect the protein
level of glutathione peroxidase 4 (GPX4) in Ang Il-induced AC16 cardiomyocytes after TRPV1 was overexpressed alone or in combi-
nation with down-expressed SFXN2. (F-I) Commercial kits were used to detect the changes in the levels of malondialdehyde (MDA),
glutathione (GSH), superoxide dismutase (SOD), and ferrous iron (Fe?*) after TRPVI was overexpressed alone or in combination with
down-expressed SFXN2 in Ang II-induced AC16 cardiomyocytes. Each experiment was independently repeated three times. Data are
presented as mean + standard deviation. *p < 0.05, ***p < 0.001, ****p < 0.0001. Si-NC, small interfering RNA negative control;
Si-SFXN2, small interfering RNA targeting SFXN2.
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(Si-NC); OE-TRPV1+small interfering RNA targeting SFXN2 (Si-SFXNZ2)). Left: Representative fluorescence images showing TUNEL-
positive cells (green) and nuclear 4’,6-Diamidino-2’-phenylindole (DAPI) staining (blue). Right: Quantification of apoptosis rates among
experimental groups. Magnification: 100x. Scale bar = 50 um. (B) Western blot images showing the protein levels of Parkin, PINK1,
and SQSTMI in the cytoplasmic and mitochondrial fractions. GAPDH and VDAC1 were used as loading controls for the cytoplasmic and
mitochondrial fractions, respectively. (C) Quantification of cytoplasmic protein levels with GAPDH as the standard. (D) Quantification
of mitochondrial protein levels with VDAC] as the standard. Each experiment was independently repeated three times. Data are presented
as mean = standard deviation. *p < 0.05, **p < 0.01, ****p < 0.0001.
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3.9 TRPV1 Inhibits Mitochondrial Autophagy by
Regulating PINK I-Parkin-SQSTM1 Through the
Upregulation of SFXN2

Next, we further analyzed the mechanism of action
of SFXN2 and TRPV1I in an HF model. TUNEL staining
demonstrated that TRPVI expression alone resulted in a
substantial decrease in apoptosis compared with that in the
OE-NC group (p < 0.0001, Fig. 7A). When SFXN2 knock-
down reversed the inhibitory effect of TRPV1 overexpres-
sion on cell apoptosis (p < 0.0001, Fig. 7A). Subsequent
Western blot experiments were used to measure the lev-
els of autophagy-related proteins in the cytoplasm and mi-
tochondria after the transfection of TRPVI-overexpressing
and SFXN2-knockdown vectors. Compared with those
in the OE-NC group, TRPV1 overexpression significantly
increased Parkin levels in the cytoplasm while reducing
SQSTMI levels (p < 0.05, Fig. 7B,C). SFXN2 knockdown
reversed these TRPV1-mediated effects, specifically reduc-
ing cytoplasmic Parkin and increasing SQSTM1 levels (p
< 0.01, Fig. 7B,C). In mitochondria, TRPV overexpres-
sion resulted in a substantial reduction in the protein expres-
sion of Parkin and PINK1 but increased SQSTM1 expres-
sion compared with that in the OE-NC group (p < 0.0001,
Fig. 7B,D). Conversely, SFXN2 knockdown significantly
reversed these changes, resulting in increased mitochon-
drial accumulation of Parkin and PINK1, while decreasing
SQSTM1 levels (p < 0.0001, Fig. 7B,D).

4. Discussion

HF is a severe symptom or advanced stage of certain
cardiac disorders. HF can manifest as a decline in car-
diac pumping function, decreased ejection function, dys-
pnea, fatigue, edema and other symptoms. Major ad-
vancements have been made in the treatment of HF in
recent years, including sodium-dependent glucose trans-
porter 2 (SGLT2) inhibitors for reducing cardiac work-
load and increasing cardiac metabolism, glucagon like pep-
tide 1 (GLP-1) receptor agonists/SGLT2 inhibitors as first-
line treatments for HF patients with reduced ejection frac-
tion (HFrEF), and 3-blockers for normalizing cardiac func-
tion [18,19]. Moreover, increasing cardiac function, pro-
moting myocardial regeneration and normalizing energy
metabolism through specific gene delivery is an emerging
treatment method [20]. In this study, through bioinfor-
matic analysis and experimental validation, we identified
SFXN?2 as a key downstream target of TRPV] and described
a novel cardioprotective mechanism involving the regula-
tion of SFXN2-dependent ferroptosis and mitochondrial au-
tophagy by TRPV1. Specifically, we found that TRPV]
expression was downregulated in both Ang Il-treated car-
diomyocytes and TAC-induced HF models. Importantly,
upregulating TRPV1 expression normalized cardiac func-
tion and attenuated pathological remodeling. These find-
ings elucidate a novel mechanism by which TRPV1 exerts
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cardioprotective effects and suggest a potential therapeutic
strategy for treating HF by targeting TRPV1-SFXN2 signal-
ing.

Research has shown that changes in myocardial cal-
cium ions regulate the process of contraction and blood flow
in HF. In the context of HF, the interaction between my-
ocardial cells and the calcium ion regulatory mechanism
in the body is impaired, resulting in unstable contraction
and expansion of the heart [21]. This change, in turn, af-
fects the blood transfusion capacity of the heart and thus
causes HF in patients. To explore the regulatory mecha-
nism involved in this process, we investigated the role of
TRPVI under pathological conditions induced by Ang II.
Our results indicated that Ang II therapy significantly re-
duced TRPV1 expression in AC16 cardiomyocytes. Fluo-
rescence analysis indicated that TRPV1 overexpression dra-
matically decreased the intracellular Ca?* level in AC16
cardiomyocytes, indicating that TRPV1 is essential for pre-
serving calcium homeostasis.

Oxidative stress contributes to the progression of HF
through many pathways, which can cause myocardial cell
damage and mitochondrial dysfunction and induce inflam-
matory responses by activating the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-xB) signal-
ing pathway [22]. Increased ROS has been shown to lead
to protein and DNA damage, promote cell apoptosis and
necrosis, and ultimately lead to cardiac dysfunction [23].
Given the established relationship between calcium home-
ostasis and oxidative stress in cardiac pathophysiology, the
current investigation investigated the effects of TRPVI on
oxidative stress markers. The results revealed that TRPV1
overexpression protected cardiomyocytes against Ang II-
induced death. Importantly, TRPV1 significantly attenu-
ated Ang II-induced oxidative stress, as manifested by re-
duced ROS levels. These findings indicate that TRPVI may
protect against HF progression by lowering oxidative stress,
offering insights into potential therapeutic targets for HF.

Through sequencing data, we screened 195 upreg-
ulated and 54 downregulated TRPVI-related DEGs from
ACI16 cardiomyocytes with TRPVI overexpression. Ac-
cording to the enrichment analysis, these genes were con-
nected to pathways such as the apelin signaling pathway,
herpes simplex virus 1 infection, alcoholism, the IL-17
signaling pathway, influenza A, the chemokine signaling
pathway, and the NOD-like receptor signaling pathway.
Through a variety of signaling pathways, TRPVI may be
crucial to the onset and progression of HF, according to the
roles of these enriched pathways. The apelin signaling path-
way is one such pathway and has been extensively recog-
nized to be linked to HF [24]. Apelin binds to the apelin re-
ceptor (APJ), regulates cardiac function and vasodilation,
and has a crucial protective effect [25]. The pathological
process of HF is often accompanied by an inflammatory
response, and chemokines such as C-C motif chemokine
ligand 2 (CCL2) and C-X-C motif chemokine ligand 12
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(CXCL12) play key roles in myocardial injury, fibrosis and
remodeling [26,27]. Influenza virus infection can also in-
duce viral myocarditis, which can lead to HF in severe cases
[28]. NOD-like receptor family pyrin domain containing
3 (NLRP3) inflammasomes in NOD-like receptors (NLRs)
promote myocardial fibrosis and ventricular remodeling by
releasing interleukin-18 (IL-18) and interleukin-1 beta (IL-
15) [29]. IL-17 triggers the production of inflammatory
molecules, including tumor necrosis factor-alpha (TNF-«)
and interleukin-6 (IL-6), which can worsen HF [30].

Studies have revealed that mitochondrial dysfunc-
tion is directly associated with the incidence and pro-
gression of HF, with dysfunctional mitochondrial energy
metabolism, gene mutations, oxidative stress damage, and
calcium homeostasis imbalance being major variables that
cause HF [31,32]. In-depth studies into the association be-
tween mitochondrial malfunction and HF may lead to the
discovery of novel therapeutic targets. In this study, seven
genes related to TRPVI (G0S2, SLC25A424, SDS, SFXN2,
CKMT?2, TPPP, and LDHALG6B) were identified from Mito-
RGs. Research has revealed substantial positive associa-
tions between the TRPVI, SFXN2, and LDHAL6B genes.
qRT-PCR was used to validate the changes in the expres-
sion of these genes in Ang Il-treated AC16 cells. Among
these genes, SDS, SFXN2, CKMT2, TPPP, and LDHAL6B
were significantly overexpressed after TRPV1 overexpres-
sion. These results suggest that TRPV1 has a potential con-
nection with mitochondrial regulation. Given that SFXN2
plays a crucial role in controlling iron metabolism and mi-
tochondrial activity and that the relationship between LD-
HAL6B and mitochondria has not been explored in de-
tail, SFXN2 was selected as a key downstream target of
TRPV1 for further study. SFXN2, an evolutionarily con-
served protein found in mitochondria, plays a role in the
metabolism of iron within the mitochondria. Our study
revealed that TRPVI regulates SFXN2 expression in car-
diomyocytes, suggesting a potential link between calcium
signaling and mitochondrial iron metabolism in HF.

The TAC model is a common experimental model of
left ventricular hypertrophy (LVH) and HF and has been
widely used to study the processes of compensatory or mal-
adaptive cardiac remodeling, cardiac hypertrophy, fibro-
sis, and dysfunction [33,34]. To evaluate the therapeu-
tic potential of TRPV1 in HF induced by pressure over-
load, we used this well-established model in our study.
The increased ejection fraction and fractional shortening
in the TAC-induced HF model demonstrated normalized
cardiac function in this study due to TRPVI overexpres-
sion. TRPV1 overexpression reduced the TAC-induced in-
crease in cardiac stress indicators (ANP and 5-MHC) and
restored SFXN2 protein levels, as determined by Western
blot analysis. These cardiac stress markers play important
roles in HF. Among them, ANP, as a protective molecule,
attempts to alleviate HF symptoms by reducing blood pres-
sure and reducing cardiac workload [35]. The upregula-
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tion of S-MHC reflects reduced myocardial contractility
and cardiac remodeling, which are key factors in HF pro-
gression [36]. Furthermore, TRPV1 overexpression regu-
lated autophagy-related proteins and reversed TAC-induced
changes in Parkin, PINK1, and SQSTM1. This regulation
of autophagy and ferroptosis pathways, particularly through
increased GPX4 expression, suggests that TRPV1 prevents
TAC-induced HF by alleviating mitochondrial dysfunction
and ferroptosis.

Excessive ROS generation during HF development is
caused by mitochondrial dysfunction and is a major fac-
tor in the promotion of oxidative damage and disruption
of cellular homeostasis [37]. When mitochondrial function
is impaired, cardiomyocytes are unable to effectively clear
damaged mitochondria, resulting in ROS accumulation and
subsequent cell death. Recent studies have shown that intra-
cellular stress caused by lipid peroxidation, oxidative stress,
and inflammatory responses triggers autophagy in endothe-
lial cells and cardiomyocytes, particularly by affecting car-
diac iron metabolism [38,39]. This dysregulation of iron
homeostasis may lead to ferroptosis, a newly recognized
form of regulated cell death. In HF with preserved ejec-
tion fraction (HFpEF), the inhibition of ferroptosis has been
shown to alleviate pathological cardiac remodeling, includ-
ing cardiac fibrosis and decreased capillary density [40].
Notably, targeting the 4CSL4-ferroptosis-ferroptosis sig-
naling axis may represent a promising therapeutic strategy
for HF [41]. For example, phosphoglycerate mutase family
member 5 (PGAMYS) has a protective effect against ferrop-
tosis through a reduction in oxidative stress mediated by
the kelch-like ECH-associated protein 1 (KEAP1)/nuclear
factor erythroid 2-related factor 2 (NRF2) pathway [42].
Moreover, GPX4, a key antiferroptosis protein, can be reg-
ulated through the autophagy—lysosomal pathway, in which
excessive autophagy may lead to GPX4 degradation and
subsequent ferroptosis [43]. Therefore, understanding the
role of ferroptosis in HF may help develop new targeted
therapies.

Recent studies have proposed a complex relationship
between mitophagy and ferroptosis in HF. The PINKI-
Parkin-SQSTM1 pathway has been shown to regulate mi-
tochondrial quality control through selective mitophagy
[44]. PINKI1 phosphorylation recruits Parkin to depolar-
ized mitochondria, thereby activating SQSTM1-mediated
clearance. Notably, this mechanism has been impli-
cated in ferroptosis, as autophagy can promote ferrop-
tosis by disrupting iron storage proteins, leading to in-
creased intracellular iron accumulation and lipid peroxi-
dation [45]. This connection is further supported by an-
other study showing that under conditions of oxidative
stress, such as hypoxia/reoxygenation injury, disturbances
in iron metabolism and GSH homeostasis promote ferrop-
tosis through alterations in GPX4 and iron transport-related
proteins [46]. Similar regulatory mechanisms have been
observed for other molecules, such as nucleolar protein
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family member 4 (NPLOC4), which promotes mitochon-
drial function through endoplasmic reticulum oxidoreduc-
tase 1 alpha (ERO1«) expression and mitophagy mediated
by the -catenin/glycogen synthase kinase 3 beta (GSK3 )
pathway [47]. In this study, we demonstrated that TRPVI
regulates ferroptosis through an SFXN2-dependent path-
way. Overexpression of TRPVI increased the amount of
SFXN2 mRNA and protein, which in turn increased GPX4
expression and decreased the levels of MDA, Fe?*, and
oxidative stress markers. These effects were largely re-
versed by SFXN2 knockdown, demonstrating the key role
of SFXN2 in TRPV1-mediated control of ferroptosis. In ad-
dition, we found that TRPV'I inhibited mitophagy by regu-
lating the PINK 1-Parkin-SQSTM1 pathway. These effects
were reversed after SFXN2 knockdown, indicating that
TRPV1 may prevent HF by coordinating SFXN2-dependent
ferroptosis and mitophagy pathways.

5. Conclusion

Our findings revealed that TRPVI expression was
downregulated in Ang Il-treated cardiomyocytes and the
TAC-induced HF model, whereas the upregulation of
TRPV1 expression significantly normalized cardiac func-
tion and alleviated pathological remodeling. Mechanis-
tically, TRPV1 upregulated SFXN2 expression, increased
GPX4 levels and antioxidant capacity, and regulated
PINK1-Parkin-SQSTM1 distribution in the cytoplasm and
mitochondria. Taken together, these findings identify
TRPV1 as a novel cardioprotective factor through SFXN2-
dependent ferroptosis regulation and mitophagy in HF.
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