
Front. Biosci. (Landmark Ed) 2025; 30(6): 39559
https://doi.org/10.31083/FBL39559

Copyright: © 2025 The Author(s). Published by IMR Press.
This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Original Research

The VDAC3/DHODH Axis Ameliorates Sepsis-induced Myocardial
Injury by Regulating Ferroptosis
Jiali Wang1,† , Fan Zhang1,† , Chaoqing Tan1, Nana Wang1, Xuexia Xia1,2 , Yun Ye1,
Yue Cao1, Xin Huang3, Zhenjiang Bai3, He Zhao4, Ling Sun1, Qiuqin Xu1,
Huiting Zhou4,* , Jie Huang1,*
1Department of Cardiology, Children’s Hospital of Soochow University, 215003 Suzhou, Jiangsu, China
2Department of Pediatrics, Wuxi Ninth People’s Hospital Affiliated to Soochow University, 215003 Wuxi, Jiangsu, China
3Pediatric Intensive Care Unit, Children’s Hospital of Soochow University, 215003 Suzhou, Jiangsu, China
4Institute of Pediatric Research, Children’s Hospital of Soochow University, 215003 Suzhou, Jiangsu, China
*Correspondence: huitingzhousdfey@163.com (Huiting Zhou); j.shuang@163.com (Jie Huang)
†These authors contributed equally.
Academic Editor: Ioanna-Katerina Aggeli
Submitted: 6 April 2025 Revised: 16 May 2025 Accepted: 23 May 2025 Published: 17 June 2025

Abstract

Background: Sepsis-induced myocardial injury (SIMI) represents a major contributor to prolonged hospitalization in intensive care units
(ICUs) and is associated with increased mortality rates. Mitochondria serve as the primary energy source for cardiomyocytes and are
also essential for various other cell functions. The essential voltage-dependent anion channel 3 (VDAC3) protein located in the outer
mitochondrial membrane plays a crucial role in preserving mitochondrial homeostasis by controlling metabolite transport and the shape
of cristae. However, the precise mechanism by which VDAC3 is involved in SIMI remains unclear. This study aimed to explore the
function and mechanism of VDAC3 in SIMI pathogenesis, with a particular emphasis on its regulatory role in ferroptosis. Methods:
Lipopolysaccharide (LPS)-treated HL-1 cardiomyocytes (a murine cardiomyocyte cell line) were used to construct an in vitromyocardial
injury model, and mice were used to establish a cecal ligation and puncture (CLP)-induced in vivo myocardial injury model. Transmis-
sion electron microscopy (TEM) was employed to evaluate the mitochondrial ultrastructure in cardiac tissues, while hematoxylin-eosin
(H&E) staining was used to assess histopathological alterations. Echocardiography was used to evaluate the structural and functional
characteristics of the heart. Integrated transcriptome and proteomic studies were performed to identify differentially expressed genes.
VDAC3 expression levels, inflammatory responses, cellular proliferation, and ferroptosis were assessed using colorimetric assays, flow
cytometry, enzyme-linked immunosorbent assay (ELISA), Cell Counting Kit-8 (CCK-8) proliferation assay, western blotting, and quan-
titative reverse transcription PCR (qRT-PCR). The relationship between VDAC3 and ferroptosis was investigated in vitro by transfecting
cells with VDAC3 overexpression plasmids. Results: The injury model group in both the in vitro and in vivo experiments showed a
decreased level of the antioxidant glutathione (GSH) and an elevated level of the lipid peroxidation product malondialdehyde (MDA).
Moreover, ferroptosis regulation occurred through the modulation of glutathione peroxidase 4 (GPX4), solute carrier family 7 members
11 (SLC7A11), ferritin, prostaglandin-endoperoxide synthase 2 (PTGS2), lipocalin 2 (LCN2), and acyl-coenzyme A (CoA)-synthetase
long-chain family member 4 (ACSL4) expression. Administration of ferrostatin-1 (Fer-1), an inhibitor of ferroptosis, markedly reduced
the cardiac injury caused by CLP. Additionally, VDAC3 expression was significantly downregulated in experimental models and sep-
tic children. In contrast, Fer-1 treatment increased the expression of both VDAC3 and dihydroorotate dehydrogenase (DHODH) and
significantly ameliorated cardiac damage. Overexpression of VDAC3 reduced mitochondrial oxidative stress, increased the expression
of DHODH, and altered the progression of ferroptosis. Conclusion: Collectively, this research provides insights into the molecular
mechanism behind the VDAC3/DHODH axis in SIMI. This axis mitigates cardiac injury by regulating ferroptosis, thereby suggesting
novel therapies for SIMI.
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1. Introduction

Sepsis occurs because of a dysregulated host response
to infection, leading to potentially lethal organ failure that
is characterized by complicated physiological, pathophys-
iological, and biochemical processes [1,2]. Sepsis-related
multi-organ dysfunction is a major cause of patient death
in intensive care units (ICUs), as well as elevating the cost
of healthcare [3]. Septic shock is a subset of sepsis char-

acterized by concurrent circulatory, cellular, and metabolic
dysfunction. It is also associated with a significantly higher
mortality risk compared to sepsis without shock [4]. Sepsis-
induced myocardial injury (SIMI), defined as reversible
myocardial dysfunction, typicallymanifests in patients with
sepsis, and particularly those progressing to septic shock
[5]. Clinical data reveal a 20% mortality rate in septic
patients without myocardial involvement, versus 70–90%
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in those with SIMI [6]. Although considered to be a re-
versible complication, SIMI is associated with poor clini-
cal outcomes, with a reported hospitalization rate of 35%
and 1-year mortality rate of 51% in affected patients [7].
Emerging evidence highlights the critical role of mitochon-
drial dysfunction in SIMI pathogenesis [8,9]. Mitochondria
are central regulators of myocardial energy metabolism and
integrate multiple metabolic pathways, thus making them
key mediators in this pathological process [10].

Cardiac energy metabolism relies predominantly on
lipid pathways for adenosine triphosphate (ATP) genera-
tion. Approximately 60~90% of myocardial ATP produc-
tion is derived from β-oxidation of fatty acids, with the re-
maining ATP synthesis derived from oxidation of glucose,
lactate, ketone bodies, and amino acids [11]. Ferroptosis is
a distinct iron-dependent form of regulated cell death char-
acterized by lethal lipid peroxide accumulation. It is char-
acterized by unique biochemical, morphological, and regu-
latory mechanisms compared to apoptosis, autophagy, and
necroptosis [12,13]. This cell death modality has gained
significant attention in preclinical research due to its in-
volvement in various pathological conditions. Ferroptosis
is also primarily a process that balances oxidative and an-
tioxidant damage [14]. Its development is mechanistically
linked to glutathione depletion and to inactivation of glu-
tathione peroxidase 4 (GPX4), which are key components
of the cellular antioxidant system [15]. In addition, short-
term lactate stimulation activates mitochondrial and oxida-
tive stress processes to inducemitochondrial-dependent fer-
roptosis [16]. Notably, cells undergoing ferroptosis can re-
lease damage-related molecular patterns (DAMPs) and un-
dergo lipid peroxidation, thereby mediating inflammatory
responses that exacerbate sepsis-induced multiorgan dys-
function [17,18].

Cardiac tissues demonstrate a marked susceptibility
to oxidative damage, with lipid peroxidation serving as a
critical pathological mediator in reactive oxygen species
(ROS)-induced cardiac injury. Multiple endogenous ROS
generation pathways exist in cardiac tissues, including but
not limited to the mitochondrial electron transport chain,
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase, xanthine oxidoreductase, nitric oxide synthase,
and cytochrome P450 enzymatic complexes [19]. Emerg-
ing experimental evidence highlights the central role of mi-
tochondria in the pathogenesis of ferroptosis [20]. Ultra-
structural changes occur in the mitochondria during ferrop-
tosis, including mitochondrial contraction and cristae frag-
mentation. Impaired mitochondrial dynamics and dysfunc-
tion significantly increase the susceptibility to ferroptosis
[12].

The calcium transfer-mitochondrial ROS axis and the
lipid transfer-polyunsaturated fatty acid-containing triacyl-
glycerol axis are both controlled by themitochondrial mem-
brane and are critically involved in the execution of ferrop-
tosis [21]. Voltage dependent anion channels (VDACs),

also known as mitochondrial pore proteins, are the most
abundant outer mitochondrial membrane (OMM) proteins
that mediate metabolite transport between the mitochon-
dria and cytoplasm [22,23]. Of the three VDAC isoforms,
VDAC1 and VDAC2 are co-localized in distinct domains
of the OMM, whereas VDAC3 is more broadly distributed
across this membrane [24]. Notably, the VDAC3 pro-
moter shows enrichment for several specificmotifs required
for the mitochondrial stress response [25]. VDAC3 cys-
teine has a key role in the regulation of mitochondrial
ROS [26]. Functionally, VDAC3 is involved in recruiting
PTEN-induced kinase 1 (PIK1), a cytoplasmic protein es-
sential for mitochondrial quality control by regulating the
selective autophagic clearance of depolarized mitochondria
[27]. Emerging studies have confirmed the involvement
of VDAC3 in modulating ferroptosis via distinct molecu-
lar pathways [28–30]. However, it remains to be elucidated
whether VDAC3 regulates ferroptosis in the pathogenesis
of SIMI.

The analysis of global metabolomics data in 2021 re-
vealed a novel mitochondrial defense mechanism against
ferroptosis. Mitochondrial dihydroorotate dehydrogenase
(DHODH) and mitochondrial GPX4 act as critical regula-
tors of mitochondrial lipid peroxidation [31]. DHODH is
located in the inner mitochondrial membrane (IMM) and
serves as the rate-limiting enzyme in the de novo pyrim-
idine nucleotide synthesis pathway [32]. This multifunc-
tional therapeutic target has demonstrated clinical relevance
across various pathological conditions. Due to the critical
role of de novo pyrimidine nucleotide biosynthesis in tumor
growth, DHODH inhibitors have been investigated for pos-
sible treatment of cancer [33]. Furthermore, pharmacolog-
ical modulation of DHODH has shown promise in amelio-
rating ovariectomy-induced cognitive decline [34]. How-
ever, the mechanism involving DHODH in SIMI remains
unclear, with further investigations required to fully explore
its role.

We therefore established a murine model of SIMI
through cecal ligation and puncture (CLP), and also devel-
oped a lipopolysaccharide (LPS)-induced HL-1 cardiomy-
ocyte model. In addition, we collected serum samples from
septic patients in order to investigate the functional role of
the VDAC3/DHODH axis and its underlying mechanism in
SIMI pathogenesis, with the aim of identifying novel ther-
apeutic targets for SIMI.

2. Materials and Methods
2.1 Clinical Ethics and Patients

This study enrolled 29 pediatric patients diagnosed
with sepsis (Sepsis group) and 29 healthy children (Healthy
group) hospitalized at the Children’s Hospital of Soochow
University from April 2024 to December 2024. Clinical
samples and data were collected after written informed con-
sent was obtained from the guardians of all participants.
The study protocol was reviewed and approved by theMed-
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Table 1. Experimental groups and procedures.
Group Procedure

CLP Induced by CLP to establish polymicrobial sepsis-induced myocardial injury
sham Laparotomy and closure only
sham + Fer-1 Laparotomy and closure, followed by intraperitoneal injection of 5 mg/kg Fer-1 at 2 h post-surgery
sham + PBS Laparotomy and closure, followed by intraperitoneal injection of equivalent PBS at 2 h post-surgery
CLP + Fer-1 CLP-induced sepsis with intraperitoneal injection of 5 mg/kg Fer-1 at 2 h post-surgery
CLP + PBS CLP-induced sepsis with intraperitoneal injection of equivalent PBS at 2 h post-surgery
Note: Fer-1, ferrostatin-1; CLP, cecal ligation and puncture; PBS, phosphate-buffered saline. Fer-1 was administered at a
dose of 5 mg/kg as described previously [35].

ical Ethics Committee of the Children’s Hospital of Soo-
chow University (2024CS169).

2.2 Mice

Male C57BL/6J mice (specific pathogen free grade,
7~8 weeks old, 20~24 g) were purchased from Hangzhou
Ziyuan Laboratory Animal Technology Co., Ltd. [SCXK
(Zhe) 2024-0004]. The mice were acclimatized under con-
trolled environmental conditions at an ambient tempera-
ture of 22~28 °C, relative humidity of 50%, and 12 h/12
h day/night alternation. All animal experiments met the
requirements of the Animal Experimentation and Ethics
Committee of Soochow University (SUDA20241104A02).
The 3R principle was followed throughout the experimental
process.

2.3 CLP Sepsis Model

A murine model of polymicrobial SIMI was estab-
lished by performing CLP using established protocols [9].
Briefly, Anesthesia was induced in C57BL/6 mice via in-
halation of 2.5% isoflurane and maintained with 1% isoflu-
rane. Then the mice were placed in a supine position on
the surgical platform. The limbs were fixed with adhesive
tape, the abdomen was prepared and disinfected with iodine
povidone, and a median incision of about 1 cm in length
was made along the white line of the abdomen. The ab-
dominal musculature was bluntly separated and the cecum
exposed and carefully separated, avoiding damage to the
blood vessels. Its contents were then squeezed to the dis-
tal end, and the cecum ligated with a sterile 4-gauge wire
at one-third of the distance from the blind end. The dis-
tal end of the ligation was perforated with a 22G needle.
The cecum was then returned to the abdominal cavity and
the abdomen closed after squeezing out a small amount of
intestinal content. Careful attention was paid throughout
the operation to avoid injury to blood vessels and organ tis-
sues. Immediately after surgery, 1 mL of preheated saline
was injected subcutaneously and the mice were placed on a
thermostatic electric blanket and returned to their cage af-
ter awakening. Sham-operated controls underwent identi-
cal anesthesia and laparotomy procedures without cecalma-
nipulation, followed by equivalent saline resuscitation.

The mice were randomly divided into 6 groups, as

shown in Table 1 (Ref. [35]): sham, CLP, sham + PBS,
sham + Fer-1, CLP + PBS, and CLP + Fer-1.

2.4 Collection of Mouse Samples
Samples were collected 24 h post-modeling based

on previous work [36] and preliminary experimental re-
sults. At the designated time point, the mice were anaes-
thetized using 2.5% isoflurane inhalation, and an appropri-
ate amount of whole blood was collected. Serum was sepa-
rated by centrifugation and stored at –80 °C for subsequent
analysis. After blood collection, the mice were sacrificed
by cervical dislocation, and the cardiac tissues were har-
vested. The thoracic cavity was surgically exposed by par-
tial sternal and costal resection after limb fixation. The in-
tact heart was carefully excised using blunt dissection tech-
niques and immediately rinsed with pre-cooled PBS (Ser-
vicebio, Cat# G4202, Wuhan, China) to remove residual
blood. The harvested organs were temporarily maintained
in 1.5 mL microcentrifuge tubes on ice, with particular at-
tention paid to minimizing mechanical trauma during sur-
gical manipulation. The collected cardiac tissues were used
for transcriptomics and proteomics sequencing analyses,
histopathological evaluation, and HT7800/HT7700 trans-
mission electron microscopy (HITACHI, Tokyo, Japan) ob-
servation. Any remaining aliquots were cryopreserved at
–80 °C for potential future investigations.

2.5 HL-1 Cardiomyocytes
HL-1 cardiomyocytes were purchased from HyCyte

(Suzhou, China) and cultured in complete growth medium
under standard incubator conditions. They were then pas-
saged or used in subsequent experiments according to the
growth density and status of the cells. Based on themethod-
ology described in reference [37] and confirmed by prelim-
inary experiments, the in vitromyocardial injury model was
established by stimulating cells with 1 µg/mL LPS (Sigma,
Cat# L5293, Shanghai, China). The cell line was validated
by short tandem repeat (STR) profiling and tested negative
for mycoplasma.

2.6 Cell Transfection
The overexpression plasmids used in this study were

constructed by GenePharma (Suzhou, China). HL-1 car-
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diomyocytes in the logarithmic growth phase were seeded
into 24-well plates and transfected with the plasmids af-
ter reaching 60–80% confluence. The GP-transfect-Mate
transfection reagent (GenePharma, Suzhou, China) was
used as recommended by the manufacturer, and the effi-
ciency of transfection was assessed quantitatively by fluo-
rescence microscopy (OLYMPUS, Tokyo, Japan) after 24
h.

2.7 RNA Sequencing
Serum samples were collected from the CLP model

in mice to quantify myocardial injury biomarkers, in-
cluding creatine kinase-MB isoenzyme (CK-MB) and car-
diac troponin T (cTnT). Cardiac tissues from CLP model
mice exhibiting significant myocardial injury were subse-
quently submitted to Novogene for transcriptome sequenc-
ing, together with their sham-operated counterparts. Dif-
ferentially expressed genes (DEGs) were identified using
the DESeq2 1.42.0 in R 4.3.2 software (https://cloud.r-
project.org/bin/), with three biological replicates per group.
The selection criteria for DEGs were set as |log2(Fold-
Change)| ≥0.25 and p-value≤ 0.05. A heatmap to visualize
the clustering of DEGs across different experimental groups
was generated using the pheatmap 1.0.12 (https://cran.r-
project.org/web/packages/pheatmap/).

2.8 Proteome Sequencing
Following establishment of the model, cardiac tissue

samples from both the myocardial injury model group and
the sham-operated group were selected based on the serum
levels of CK-MB and cTnT. These were submitted to PTM
BIO (Hangzhou, China) for proteomic sequencing analysis.
Differentially expressed proteins (DEPs) were identified
using the stringent criteria of a |Log2(Fold-Change)| ≥1.5
and p-value ≤ 0.05. Proteomic data were visualized using
a heatmap, and functional enrichment analyses including
Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Gene ontology (GO) classification were performed. KEGG
results were presented in chord diagram format, while GO
enrichment results were displayed as bar graphs, ensuring
comprehensive visualization of the analytical results.

2.9 Transmission Electron Microscopy (TEM)
Fresh murine cardiac tissue specimens were collected

and dissected into fragments of approximately one mm3.
The tissue samples were immediately immersed in electron
microscopy-grade, glutaraldehyde-based fixative (Service-
bio, Cat# G1102, Wuhan, China) for primary fixation. This
initial fixation was performed under light-protected condi-
tions at room temperature for 2 h, followed by storage at
4 °C to maintain ultrastructural integrity. All fixed speci-
mens were subsequently transferred to Servicebio (Wuhan,
China) for further processing and ultrastructural analy-
sis using standardized HT7800/HT7700 TEM (HITACHI,
Tokyo, Japan) protocols.

2.10 Detection of Malondialdehyde (MDA) and
Glutathione

The total glutathione content, reduced glutathione
(GSH) level, and GSH/oxidized glutathione (GSSG) ratio
in cardiac tissues and HL-1 cardiomyocytes were quan-
titatively analyzed using a GSH/GSSG assay kit (Bey-
otime, Cat# S0053, Shanghai, China) as recommended by
the manufacturer. The level of malondialdehyde (MDA),
a lipid peroxidation biomarker, was simultaneously deter-
mined using an MDA assay kit (Beyotime, Cat# S0131S,
Shanghai, China) as recommended by the manufacturer. To
ensure accurate comparative analysis, the final concentra-
tions ofMDA and GSHwere normalized to the total protein
content measured in corresponding tissue homogenates or
cellular lysates.

2.11 Western Blotting
Total protein was extracted from cardiac tissue and

cultured cells using RIPA lysis buffer (Beyotime, Cat#
P0013C). Protein samples were separated by SDS-PAGE
electrophoresis and subsequently transferred onto PVDF
membranes (Millipore, Boston, MA, USA). After blocking
with 5% BSA (Biosharp, Hefei, China) for 2 h at room tem-
perature, the membranes underwent sequential incubations
with the primary antibodies listed in Table 2, followed by
the corresponding horseradish peroxidase-conjugated sec-
ondary antibodies. Membranes were incubated overnight
at 4 °C with primary antibodies, followed by three washes
with Tris-buffered saline with Tween®-20 (TBST) (Fude-
bio, Hangzhou, China) and then an 1 h incubation at room
temperature with secondary antibody. Protein bands were
visualized using enhanced chemiluminescence detection
reagents (Fudebio, Hangzhou, China) and quantitatively
analyzed with ImageJ software (version Fiji; National In-
stitute of Health, Bethesda, MD, USA).

2.12 Quantitative Real-time PCR (qRT-PCR)
Total RNA was isolated from cardiac tissues and cul-

tured cells using an RNA extractor (BBI, Cat# B610409-
0100, Shanghai, China). The RNA concentration and pu-
rity were determined based on spectrophotometric mea-
surements. Subsequently, RNA samples were reverse-
transcribed into complementary DNA (cDNA) using 5×
All-In-One RT MasterMix (ABM, Cat# G490, Zhenjiang,
China) as recommended by the manufacturer. The cDNA
was used as a template for PCR amplification with the
SYBR Green Pro Taq HS Premixed qPCR kit (Accurate
Biology, Cat# AG11701, Changsha, China). Relative ex-
pression levels were calculated using the 2−∆∆Ct method
and normalized to β-actin. All primer sequences were syn-
thesized commercially by ATANTARES (Suzhou, China),
with the reaction specificity confirmed through melting
curve analysis. The primer sequences are shown in Table 3.
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Table 2. Antibody details.
Antibody Source Identifier

Anti-VDAC3 ABclonal Cat# A10544
Anti-DHODH Abcam Cat# ab174288
Anti-GAPDH Abcam Cat# ab8245
Anti-SLC7A11 Abmart Cat# T57046S
Anti-GPX4 Abcam Cat# ab125066
Anti-Ferritin Abmart Cat# T55648F
Goat anti-rabbit IgG (H&L) HRP Fudebio Cat# FDR007
Note: VDAC3, voltage-dependent anion channel 3; DHODH, dihydrooro-
tate dehydrogenase; GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase; SLC7A11, solute carrier family 7 members 11; GPX4, glutathione
peroxidase 4.

Table 3. Primer sequences for qRT-PCR.
Mouse genes Sequence

VDAC3 Forward 5′-GACGGGATTGTTTTAGTCTCGG-3′

Reverse 5′-GCCTTGTAACCAAGAGCGAAA-3′

DHODH Forward 5′-TTCACCTCTTACCTGACAGCC-3′

Reverse 5′-TGGAGTCCTGAAACGTAGCTC-3′

GPX4 Forward 5′-TGTGCATCCCGCGATGATT-3′

Reverse 5′-CCCTGTACTTATCCAGGCAGA-3′

SLC7A11 Forward 5′-GGCACCGTCATCGGATCAG-3′

Reverse 5′-CTCCACAGGCAGACCAGAAAA-3′

PTGS2 Forward 5′-TGCACTATGGTTACAAAAGCTGG-3′

Reverse 5′-TCAGGAAGCTCCTTATTTCCCTT-3′

LCN2 Forward 5′-GCAGGTGGTACGTTGTGGG-3′

Reverse 5′-CTCTTGTAGCTCATAGATGGTGC-3′

IL-6 Forward 5′-CTGCAAGAGACTTCCATCCAG-3′

Reverse 5′-AGTGGTATAGACAGGTCTGTTGG-3′

IL-1β Forward 5′-GAAATGCCACCTTTTGACAGTG-3′

Reverse 5′-TGGATGCTCTCATCAGGACAG-3′

β-actin Forward 5′-GGCTGTATTCCCCTCCATCG-3′

Reverse 5′-CCAGTTGGTAACAATGCCATGT-3′

Note: PTGS2, prostaglandin peroxidase synthase 2; LCN2, lipocalin 2; IL-
6, interleukin-6; IL-1β, interleukin-1β; qRT-PCR, quantitative reverse tran-
scription PCR.

2.13 Enzyme-linked Immunosorbent Assay (ELISA)
Levels of the tumor necrosis factor-α (TNF-α) and IL-

6 in mouse serum and cell culture supernatant were mea-
sured using mouse TNF-α and IL-6 ELISA kits (Dakewe,
Cat# 1217202, Cat# 1210602, Shanghai, China) as rec-
ommended by the manufacturer. The myocardial injury
biomarkers cTnT and CK-MB in mouse serum were quan-
tified using corresponding mouse ELISA kits (Elabscience,
Cat# E-EL-M0355, Cat# E-EL-M1801, Wuhan, China) ac-
cording to standard protocols. Human VDAC3 levels in
patient serum were evaluated using the human VDAC3
ELISA kit (EYKITS, Cat# EY-k836117, Shanghai, China)
as recommended by the manufacturer.

2.14 Echocardiography Evaluation
Anesthesia was induced in mice using 2.5% isoflurane

inhalation, followed bymaintenancewith 1% isoflurane un-
til completion of the examination. After anesthesia, mice
were placed in a supine posture and secured at the center of
a heating pad. Depilatory cream was then applied evenly
to the thoracic region using cotton swabs. After 2~3 min-
utes, the cream was thoroughly removed using clean cotton
swabs. Ultrasound gel was uniformly applied to the trans-
ducer contact area, and transthoracic echocardiography was
performed to evaluate cardiac structural and functional al-
terations.
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2.15 Hematoxylin-eosin (H&E) Staining
Following paraffin embedding of the mouse heart, 4

µm tissue sections were prepared for H&E (Servicebio,
Cat# G1076, Wuhan, China) staining as previously de-
scribed [38]. Briefly, mouse cardiac tissues were fixed in
4% paraformaldehyde (Servicebio, Cat# G1101, Wuhan,
China) solution and then subjected sequentially to dehy-
dration, transparency, wax dipping, embedding, sectioning,
dewaxing, dehydration, rinsing, and H&E staining. This
was followed by dehydration, clearing, and mounting. The
sections were then observed by light microscopy and the
images recorded.

2.16 Evaluation of Lipid Peroxidation by Flow Cytometry
Cardiomyocytes in good growth condition were uni-

formly seeded into 6-well plates and grown in a cell cul-
ture incubator. After reaching 60–80% confluency, the
cells were transfected with a VDAC3-overexpression plas-
mid for 24 h and then stimulated with 1 µg/mL LPS for 6
h. Subsequently, they were harvested after digestion and
centrifuged at 600 g for 5 min. The supernatant was dis-
carded and cellular lipid peroxidation was measured using
the Lipid Peroxidation assay kit with BODIPY 581/591C11
(Beyotime, Cat# S0043S) as recommended by themanufac-
turer. Briefly, 2 µM BODIPY 581/591 C11 was incubated
with cells at 37 °C for 30 min, washed twice with 1× PBS
and then analyzed by flow cytometry. Data analysis was
performed using FlowJo 10.8 (FlowJo, LLC, Ashland, OR,
USA).

2.17 Cell Viability Assay
Cardiomyocytes in good growth condition were uni-

formly seeded into 96-well plates and grown in a cell cul-
ture incubator. After reaching 60–80% confluency, the
cells were transfected with VDAC3-overexpression plas-
mid (GenePharma, Suzhou, China) for 24 h. Cell viabil-
ity was measured at 0, 24, 48, and 72 h post-transfection
using the CCK-8 kit (Fudebio, Cat# FD3788, Hangzhou,
China). Cells were incubated with 100 µL/well CCK-8
reagent (Fudebio, Cat# FD3788, Hangzhou, China) for 1.5
h and the absorbance measured at 450 nm using an enzyme
marker (Thermo, Waltham, MA, USA).

2.18 ROS Detection
Cardiomyocytes in good growth condition were uni-

formly seeded into 24-well plates and grown in a cell cul-
ture incubator. After reaching 60–80% confluency, the cells
were transfected with VDAC3-overexpression plasmid for
24 h, followed by stimulation with 1 µg/mL LPS for 6 h.
Cellular ROS levels were measured using the ROS assay
kit (Beyotime, Cat# S0033S) and Hoechst 33342 Staining
Solution for Live Cells (Beyotime, Cat# C1027) as recom-
mended by the manufacturer. Briefly, cells were incubated
with 10 µM DCFH-DA and 1× Hoechst stain for 20 min,
washed three times, and then imaged using fluorescencemi-

croscopy [39]. Data analysis was performed using ImageJ
software.

2.19 Statistical Analysis
Statistical analyses were performed using GraphPad

Prism 8 software (GraphPad Software Inc., San Diego,
CA, USA). Normally distributed continuous data were ex-
pressed as the mean ± standard deviation (mean ± SD).
Comparisons between two groups were conducted using
unpaired two-tailed Student’s t-tests. Multiple group com-
parisons were analyzed using one-way analysis of vari-
ance (ANOVA) with Tukey’s post hoc test, or two-way
ANOVA with Sidak’s multiple comparisons test. Rela-
tionships between continuous variables were assessed us-
ing Spearman’s rank correlation coefficient. The number
of biological replicates (n) for each experiment is specified
in the corresponding figure legends. A p value of <0.05
was considered to represent statistical significance.

3. Results
3.1 Ferrostatin-1 (Fer-1) Significantly Inhibited
CLP-induced Ferroptosis

To investigate the role of ferroptosis in CLP-induced
myocardial injury, we established a SIMI mouse model
as described in the Methods and then administered 5
mg/kg of Fer-1. TEM analysis revealed distinct ultra-
structural changes in the mitochondria. Myocardial cells
in both the Sham+PBS and Sham+Fer-1 groups exhib-
ited well-organized mitochondrial arrays with intact mem-
branes, uniform matrix density, and well-preserved cristae
(Fig. 1A). In contrast, the CLP+PBS group displayed
marked mitochondrial disorganization characterized by
swelling, vacuolization, membrane rupture with increased
electron density, and fragmentation or loss of cristae. No-
tably, Fer-1 treatment in the CLP+Fer-1 group substantially
ameliorated these pathological alterations.

The colorimetric assay results for oxidative stress lev-
els in the cardiac tissues of mice revealed no significant dif-
ferences between the Sham+PBS and Sham+Fer-1 groups
in terms of total glutathione content, GSH, and GSH/GSSG
ratio (Fig. 1C–E). However, the CLP+PBS group exhib-
ited significantly decreased total glutathione, GSH, and
GSH/GSSG ratio, accompanied by a marked increase in
the lipid peroxidation metabolite MDA (Fig. 1B). Admin-
istration of Fer-1 in the CLP+Fer-1 group significantly in-
creased the total glutathione, GSH, and GSH/GSSG ratio
compared to the CLP+PBS group, while simultaneously
reducing the MDA level (Fig. 1B–E). Collectively, these
findings indicate that Fer-1 can effectively suppress CLP-
induced oxidative stress.

Western blot analysis of ferroptosis-related proteins
(Fig. 1F) revealed no significant differences in myocar-
dial ferritin, GPX4, and solute carrier family 7 mem-
bers 11 (SLC7A11) protein levels between the Sham+PBS
and Sham+Fer-1 groups (Fig. 1G–I). In contrast, the
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Fig. 1. Fer-1 significantly inhibitedCLP-induced ferroptosis. (A) TEM images ofmitochondrial ultrastructure in cardiac tissues (Scale
bar = 1 µm; n = 5). (B) MDA levels in cardiac tissues (n = 6). (C–E) Glutathione profiles in cardiac tissues (n = 6): total glutathione (C),
GSH (D), and GSH/GSSG ratio (E). (F) Western blot showing protein expression of ferroptosis-related markers in cardiac tissues (n =
3): ferritin quantification (G), GPX4 quantification (H), and SLC7A11 quantification (I). qRT-PCR showing relative mRNA expression
in cardiac tissues (n = 6): GPX4 (J), SLC7A11 (K), PTGS2 (L), and LCN2 (M). Data are expressed as the mean ± SD. Statistical
analyses were performed using one-way ANOVA with Tukey’s multiple comparisons test. * p< 0.05, ** p< 0.01, *** p< 0.001, ****
p < 0.0001, ns p > 0.05. Abbreviations: TEM, transmission electron microscopy; MDA, malondialdehyde; GSH, reduced glutathione;
GSSG, oxidized glutathione; GPX4, glutathione peroxidase 4; SLC7A11, solute carrier family 7 member 11; PTGS2, prostaglandin-
endoperoxide synthase 2; LCN2, lipocalin 2; Fer-1, Ferrostatin-1; CLP, cecal ligation and puncture; SD, standard deviation.
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CLP+PBS group exhibited significantly decreased GPX4
and SLC7A11 protein expression (Fig. 1H,I), but markedly
increased ferritin expression (Fig. 1G). Fer-1 treatment ef-
fectively reversed these alterations in the CLP+Fer-1 group
by restoring GPX4 and SLC7A11 expression, while re-
ducing ferritin to levels comparable with the CLP+PBS
group. qRT-PCR analysis of mRNA expression revealed
similar regulatory effects (Fig. 1J–M). No significant dif-
ferences in PTGS2, LCN2, GPX4, or SLC7A11mRNA lev-
els were observed between the Sham+PBS and Sham+Fer-
1 groups. However, the CLP+PBS group showed signifi-
cant downregulation of the GPX4 and SLC7A11 transcripts
(Fig. 1J,K), accompanied by substantial upregulation of
PTGS2 and LCN2 mRNA (Fig. 1L,M). Following Fer-1
treatment, mouse cardiac tissue from the CLP+Fer-1 group
showed significantly increased expression of GPX4 and
SLC7A11 mRNA compared to the CLP+PBS group, but
markedly reduced expression of PTGS2 and LCN2 mRNA.

Taken together, these findings demonstrate that in-
traperitoneal administration of Fer-1 effectively inhibited
CLP-induced ferroptosis through coordinated regulation of
key ferroptosis-related markers at both the protein and
mRNA levels.

3.2 Inhibition of Ferroptosis Effectively Improved
CLP-induced Myocardial Injury

To further investigate the relationship between ferrop-
tosis and myocardial injury, we examined whether Fer-1
treatment could ameliorate myocardial damage. ELISA as-
says revealed there were no significant differences between
the Sham+Fer-1 and Sham+PBS groups in the serum levels
of pro-inflammatory cytokines IL-6 and TNF-α. In con-
trast, the CLP+PBS group showed markedly elevated lev-
els of IL-6 and TNF-α relative to the Sham+PBS group.
Notably, Fer-1 treatment significantly reduced the levels
of these inflammatory mediators in the CLP+Fer-1 group
compared to the CLP+PBS group, although no signifi-
cant differences were observed between the CLP+Fer-1 and
Sham+PBS groups (Fig. 2A,B). These findings suggest that
Fer-1 effectively suppresses CLP-induced systemic inflam-
matory responses.

We next measured the serum levels of myocardial in-
jury biomarkers. No significant differences in CK-MB and
cTnT levels were observed between the Sham+PBS and
Sham+Fer-1 groups. However, the CLP+PBS group had
significantly elevated CK-MB and cTnT levels relative to
the Sham control, while Fer-1 treatment substantially re-
duced these cardiac markers in the CLP+Fer-1 group com-
pared to the CLP+PBS group (Fig. 2C,D). Histopatholog-
ical examination by light microscopy revealed intact my-
ocardial architecture in both the Sham+PBS and Sham+Fer-
1 groups. These were characterized by densely and orderly
arranged cardiomyocytes with distinct nucleoli, intact nu-
clear membranes, and the absence of interstitial edema. In
contrast, the CLP+PBS group displayed marked pathologi-

cal alterations, including disorganized myocardial cell ar-
rangement, myofibril fragmentation, pronounced cellular
and interstitial edema, and obvious inflammatory cell in-
filtration. Fer-1 treatment significantly ameliorated these
histopathological changes in the CLP+Fer-1 group com-
pared to the CLP+PBS controls (Fig. 2E).

Echocardiographic analysis revealed the Sham+Fer-
1 group had preserved cardiac function and struc-
ture compared to Sham+PBS controls. The CLP+PBS
group showed significant reductions in left ventricular
end-diastolic volume (LVEDV) and end-systolic volume
(LVESV), accompanied by decreased left ventricular inter-
nal dimensions, pronounced thickening of ventricular walls
and interventricular septum with edema, and indistinct my-
ocardial borders. In contrast, Fer-1 treatment substantially
ameliorated these structural alterations in the CLP+Fer-1
group, which showed no statistically significant differences
in cardiac parameters compared to the Sham+PBS controls
(Fig. 2F–J).

Collectively, these findings demonstrate that pharma-
cological inhibition of ferroptosis with Fer-1 effectively
ameliorated the CLP-induced systemic inflammatory re-
sponse and mitigated the extent of myocardial injury.

3.3 Downregulation of VDAC3 Expression in
CLP-induced Myocardial Injury

To further investigate the molecular mechanism un-
derlying ferroptosis regulation in SIMI, transcriptomic and
proteomic sequencing were performed on cardiac tissues
from the Sham and CLP groups. The integrated analysis
identified 35,556 DEGs and 232 DEPs. Compared with
the Sham group, the CLP group exhibited 1760 upregulated
and 1796 downregulated genes, along with 88 upregulated
and 144 downregulated proteins (visualized as heatmaps in
Fig. 3A,B). To validate the consistency between transcrip-
tomic and proteomic profiles, intersection analysis was con-
ducted between the downregulated genes and downregu-
lated proteins, as well as between the upregulated genes and
upregulated proteins. This analysis revealed 16 commonly
downregulated gene/protein pairs and 21 commonly upreg-
ulated gene/protein pairs (presented as Venn diagrams in
Fig. 3C).

GO enrichment analysis was performed to assess the
potential functions of DEPs. The results revealed that DEPs
were significantly involved in biological processes includ-
ing mitochondrial ATP synthesis-coupled electron trans-
port, oxidative phosphorylation, mitochondrial respiratory
chain complex assembly, and ATP metabolism. Molecular
function analysis suggested regulatory roles for the DEPs
in NADH dehydrogenase activity, oxidoreductase activity,
and electron transfer activity. Cellular component local-
ization indicated a predominant mitochondrial distribution
for the DEPs (Fig. 3D). Separate KEGG pathway analy-
sis of up- and down-regulated DEPs showed significant
enrichment in oxidative phosphorylation, HIF-1 signaling
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Fig. 2. Inhibition of ferroptosis effectively improvedCLP-inducedmyocardial injury inmice. (A) Serum level of TNF-α (n = 5). (B)
Serum level of IL-6 (n = 5). (C) Serum level of CK-MB (n = 6). (D) Serum level of cTnT (n = 5). (E) Representative H&E-stained cardiac
section (Scale bar = 100 µm, n = 3). (F) Representative echocardiographic images. (G–J) Quantitative analysis of LVV, IVS, LVID, and
LVPW (n = 6). Data are presented as the mean ± SD. Statistical analysis was performed using one-way ANOVA followed by Tukey’s
multiple comparisons test. * p< 0.05, ** p< 0.01, **** p< 0.0001, ns p> 0.05. Abbreviations: LVEDV, left ventricular end-diastolic
volume; LVESV, left ventricular end-systolic volume; IVSd, interventricular septal end-diastolic thickness; IVSs, interventricular septal
end-systolic thickness; LVIDd, left ventricular end-diastolic internal diameter; LVIDs, left ventricular end-systolic internal diameters;
LVPWd, left ventricular end-diastolic posterior wall thickness; LVPWs, Left ventricular end-systolic posterior wall thickness; TNF-
α, tumor necrosis factor-α; H&E, hematoxylin-eosin; LVV, left ventricular volume; IVS, interventricular septal thickness; LVID, left
ventricular internal diameter; LVPW, Left ventricular posterior wall thickness; ANOVA, analysis of variance.
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Fig. 3. Downregulation of VDAC3 expression during CLP-induced myocardial injury. (A) Heatmap of DEGs identified from tran-
scriptome analysis of mouse cardiac tissue (n = 3). (B) Heatmap of DEPs identified from transcriptome analysis of mouse cardiac tissue
(n = 3). (C) Venn diagrams showing overlap between downregulated DEGs and DEPs, and between upregulated DEGs and DEPs. (D)
Bar graph showing results of GO enrichment analysis for identified DEPs: BP, MF, and CC. (E,F) Chord plots of KEGG pathway en-
richment analysis for downregulated and upregulated DEPs. (G) Venn diagram showing overlapping proteins between KEGG-enriched
DEPs and intersection proteins from Fig. 3C. (H) Representative Western blots showing VDAC3 and DHODH protein expression in
mouse cardiac tissue. (I) Quantitative analysis of VDAC3 protein levels in mouse cardiac tissues (n = 3). (J) Quantitative analysis of
DHODH protein levels in mouse cardiac tissues (n = 3). (K,L) Quantitative analysis of VDAC3 and DHODH mRNA levels in mouse
cardiac tissues (n = 6). Data are presented as the mean ± SD. Statistical analysis was performed using one-way ANOVA followed by
Tukey’s multiple comparisons test. * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001, ns p> 0.05. Abbreviations: DEGs, differ-
entially expressed genes; DEPs, differentially expressed proteins; GO, gene ontology; BP, biological process; MF, molecular function;
CC, cellular component; VDAC3, voltage-dependent anion channel 3; CLP, cecal ligation and puncture; KEGG, Kyoto Encyclopedia of
Genes and Genomes; DHODH, dihydroorotate dehydrogenase.
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pathway, Toll-like receptor signaling pathway, JAK-STAT
signaling pathway, and various disease-related pathways.
Variations in the expression of significantly enriched pro-
teins across distinct biological pathways were visually rep-
resented through chord diagrams (Fig. 3E,F).

To identify key DEPs, we performed intersection anal-
ysis between 28 KEGG-enriched DEPs and 37 DEGs/DEPs
with overlapping transcriptomic and proteomic profiles.
This consistently yielded four DEGs/DEPs (Fig. 3G).
VDAC3 is an abundant protein in the OMM that regulates
metabolite transport between the mitochondria and cyto-
plasm [22], as well as the protection of mitochondria from
oxidative stress-induced damage [40]. Since both KEGG
and GO enrichment analyses suggested that cardiac tissue
injury in the CLP groupwas associatedwith oxidative phos-
phorylation and mitochondrial dysfunction, VDAC3 was
selected as the key DEG/DEP for further investigation. The
DHODH enzyme localizes to the outer surface of the IMM
and is a recently identified non-canonical ferroptosis de-
fense pathway, independent of the classical GPX4 axis [31].
The inactivation of mitochondrial DHODH triggers exten-
sive lipid peroxidationwithinmitochondria and induces fer-
roptosis [41].

We next conducted Western blotting and qRT-PCR
analyses of murine cardiac tissues to study potential
changes in the protein and mRNA expression of VDAC3
and DHODH during SIMI. Comparative analysis revealed
no significant differences in VDAC3 and DHODH expres-
sion at both the protein and mRNA levels between the
Sham+PBS and Sham+Fer-1 groups. However, the expres-
sion of both VDAC3 and DHODH was markedly lower in
the CLP+PBS group compared to the Sham controls. Fer-1
treatment in the CLP+Fer-1 group significantly attenuated
these decreases, resulting in elevated expression relative to
the CLP+PBS group (Fig. 3H–L).

These findings suggest that VDAC3 potentiallymodu-
lates mitochondrial homeostasis to regulate ferroptosis and
exert cardioprotective effects in SIMI through the DHODH
pathway.

3.4 Decreased VDAC3 Levels in the Serum of Septic
Patients

Serum samples were collected from healthy controls
and from septic patients for assessment of the VDAC3
level using ELISA. Correlation analyses were subsequently
performed between the VDAC3 level and various clini-
cal indices in the sepsis group, including white blood cells
(WBC), lactate dehydrogenase (LDH), neutrophil percent-
age (N%), C-reactive protein (CRP), and platelets (PLT).
VDAC3 levels were found to be significantly lower in sep-
sis patients compared to healthy controls (Fig. 4A). Further-
more, the serum level of VDAC3 was negatively correlated
with the level of WBC (r = –0.4670, p = 0.0106) and the
N% (r = –0.4350, p = 0.0184) (Fig. 4B,C), and positively
correlated with the levels of LDH (r = 0.5335, p = 0.0029)

and PLT (r = 0.4603, p = 0.0120) (Fig. 4D,E).Moreover, the
VDAC3 level showed no significant correlation with CRP
(r = –0.1520, p = 0.4312) (Fig. 4F).

These results are consistent with our in vivo experi-
mental findings, and implicate VDAC3 in sepsis-related in-
flammatory responses and organ damage.

3.5 LPS Induced Ferroptosis in HL-1 Cardiomyocytes

LPS is the major pathogenic component of Gram-
negative bacteria. It was used here to establish an experi-
mental, in vitro inflammatory injury model using HL-1 car-
diomyocytes. HL-1 cardiomyocytes were first treated with
1 µg/mLLPS, followed bymeasurement of TNF-α levels in
the cell supernatant using ELISA. Significant elevation of
the TNF-α concentration was found in the LPS group com-
pared with the Con group (Fig. 5A). Furthermore, quantita-
tive analysis revealed markedly upregulated expression of
IL-6 and IL-1β mRNA in LPS-stimulated cardiomyocytes
(Fig. 5B,C). Collectively, these findings confirm success-
ful establishment of the LPS-induced inflammatory injury
model in HL-1 cardiomyocytes.

Given that lipid peroxidation is a critical hallmark of
ferroptosis, we next measured the levels of the lipid per-
oxidation product MDA and of glutathione in cardiomy-
ocytes. Compared with the Con group, LPS-treated car-
diomyocytes showed significant reductions in total glu-
tathione content, GSH, and the GSH/GSSG ratio (Fig. 5E–
G), along with a markedly increased MDA level (Fig. 5D).
Furthermore, flow cytometric analysis revealed increased
lipid peroxidation in LPS-stimulated HL-1 cardiomyocytes
compared to the Con group (Fig. 5H,I). Together, these
findings indicate that LPS stimulation of cardiomyocytes
induces an imbalance in the mitochondrial antioxidant sys-
tem.

Subsequently, we evaluated the expression of
ferroptosis-related proteins in HL-1 cardiomyocytes.
Compared with the Con group, the LPS group showed
significantly reduced expression of GPX4 and SLC7A11
protein (Fig. 5J–L), and markedly increased expression of
ferritin protein (Fig. 5J,M). Moreover, qRT-PCR analysis
revealed that LPS treatment significantly decreased the
expression of GPX4 and SLC7A11 mRNA in HL-1
cardiomyocytes (Fig. 5N,O), but substantially increased
the expression of PTGS2 mRNA (Fig. 5P) compared to
the control group. Collectively, these findings indicate that
LPS induces ferroptosis in HL-1 cardiomyocytes.

We also performed Western blot and qRT-PCR anal-
yses to evaluate the expression of VDAC3 and DHODH
in HL-1 cardiomyocytes at the protein and mRNA lev-
els. The LPS group showed significantly reduced protein
and mRNA expression of both VDAC3 and DHODH com-
pared with the Con group (Fig. 5Q–U). These findings sug-
gest that VDAC3 and DHODH play crucial roles in LPS-
induced myocardial injury.
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Fig. 4. Decreased VDAC3 level in the serum of septic patients. (A) Serum VDAC3 levels in healthy controls and in septic children (n
= 29). (B) Negative correlation between VDAC3 level and WBC in septic children (n = 29). (C) Negative correlation between VDAC3
level and N% in septic children (n = 29). (D) Positive correlation between VDAC3 level and LDH in septic children (n = 29). (E) Positive
correlation between VDAC3 level and PLT in septic children (n = 29). (F) No significant correlation was found between the VDAC3
level and CRP in septic children (n = 29). Data are presented as the mean± SD. Statistical significance was determined with the unpaired
two-tailed Student’s t-test. Spearman correlation analysis was employed to evaluate associations between continuous variables. * p <
0.05, Abbreviations: WBC, white blood cells; LDH, lactate dehydrogenase; N%, neutrophil percentage; CRP, C-reactive protein; PLT,
platelets.

3.6 Overexpression of VDAC3 Regulates Ferroptosis

To further investigate the mechanism involving
VDAC3 in SIMI, a VDAC3-overexpression plasmid
was transfected into HL-1 cardiomyocytes. Fluores-
cence microscopy revealed the transfection efficiency was
>80% (Fig. 6A), indicating optimal transfection conditions
for subsequent functional studies. The CCK-8 cell prolif-
eration assay demonstrated significantly increased cell pro-
liferation in the VDAC3 overexpression (OE) group com-
pared to the negative control (NC) group at 24 h, 48 h, and
72 h post-transfection (Fig. 6B). This result indicates that
VDAC3 overexpression promotes the proliferation of HL-
1 cardiomyocytes.

We also evaluated the effects of VDAC3 overex-
pression in HL-1 cardiomyocytes on the expression of
ferroptosis-related genes at the protein and mRNA level.
Western blot analysis revealed that VDAC3 overexpression
significantly increased the protein expression of DHODH
and GPX4, while markedly downregulating the expression
of ferritin (Fig. 6C–G). These findings indicate that VDAC3
overexpression modulates the expression of ferroptosis-
associated proteins in HL-1 cardiomyocytes. Furthermore,
the results of qRT-PCR showed that VDAC3 overexpres-
sion substantially increased the mRNA levels of DHODH,

SLC7A11 and GPX4, but significantly reduced those of
PTGS2 and ACSL4 (Fig. 6H–M). Hence, VDAC3 overex-
pression appears to regulate the transcriptional expression
of ferroptosis-related genes in HL-1 cardiomyocytes.

Excessive intracellular ROS production accompanied
by depletion of the antioxidant GSH both contribute to
oxidative stress. We next used the DCFH-DA fluores-
cent probe to evaluate the effects of VDAC3 overexpres-
sion on ROS levels in HL-1 cardiomyocytes. The OE
and NC groups showed no significant difference in ROS
level. However, the LPS-treated NC group (NC-LPS) ex-
hibited markedly elevated ROS production, while VDAC3-
overexpressing LPS-treated cells (OE-LPS) showed sig-
nificantly reduced ROS levels compared to the NC-LPS
group (Fig. 6N,O). These results indicate that VDAC3 over-
expression can significantly reduce LPS-induced ROS gen-
eration.

Lipid peroxidation leads to structural and functional
alterations of critical membrane proteins, ultimately leading
to cellular dysfunction and extensive tissue damage. Flow
cytometric analysis using the BODIPY 581/591 C11 flu-
orescent probe revealed no significant difference in lipid
peroxidation between the OE and NC groups under basal
conditions. Stimulation with LPS significantly increased
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Fig. 5. LPS induced ferroptosis in HL-1 cardiomyocytes. (A) TNF-α level in cell culture supernatants was determined by ELISA (n =
3). (B) Quantitative analysis of IL-6 mRNA expression in cardiomyocytes (n = 3). (C) Quantitative analysis of IL-1β mRNA expression
in cardiomyocytes (n = 6). (D) MDA content was measured using colorimetric assay (n = 6). (E) Total glutathione level (n = 6). (F)
GSH concentration (n = 6). (G) GSH/GSSG ratio in cellular extracts (n = 6). (H,I) Quantitative assessment of lipid peroxidation by flow
cytometry (n = 3). (J–M) Western blotting analysis of GPX4, SLC7A11 and ferritin protein expression (n = 3). (N–P) GPX4, SLC7A11,
and PTGS2 mRNA levels were quantified by qRT-PCR (n = 6). (Q–S) Protein expression of DHODH and VDAC3 was evaluated by
Western blotting (n = 3). (T,U) Relative mRNA expression levels of DHODH and VDAC3 were determined by qRT-PCR (n = 6). Data
are presented as the mean ± SD. Statistical significance was determined using unpaired two-tailed Student’s t-tests. * p < 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001, ns p > 0.05. Abbreviations: Con, control; LPS, lipopolysaccharide; MDA, Malondialdehyde;
GSH, reduced glutathione; GSSG, oxidized glutathione; HL-1, a murine cardiomyocyte cell line; ELISA, enzyme-linked immunosorbent
assay; IL, interleukin.
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Fig. 6. Overexpression of VDAC3 regulates ferroptosis. (A) The transfection efficiency of VDAC3-overexpressing plasmids in HL-
1 cardiomyocytes was demonstrated by fluorescence microscopy (Scale bar = 200 µm). (B) Cell proliferation was assessed using the
CCK-8 assay (n = 6). (C) Protein expression levels of GPX4, ferritin, DHODH, and VDAC3 were evaluated by Western blotting and
subsequently quantified. (D) VDAC3 protein expression (n = 3). (E) DHODH protein expression (n = 4). (F) GPX4 protein expression (n
= 3). (G) Ferritin protein expression (n = 3). (H–M) Relative mRNA expression levels of VDAC3, DHODH, GPX4, SLC7A11, PTGS2,
and ACSL4 were quantified by qRT-PCR (n = 6). (N,O) Intracellular ROS levels were measured by fluorescence microscopy (Scale bar
= 200 µm; n = 3). (P,Q) Intracellular lipid peroxidation was evaluated by flow cytometry (n = 3). Data are presented as the mean± SD.
Statistical analyses were performed using two-way ANOVA with Sidak’s multiple comparisons test (B), one-way ANOVA with Tukey’s
multiple comparisons test (N–Q), or multiple unpaired two-tailed Student’s t-tests (C–M). * p< 0.05, ** p< 0.01, *** p< 0.001, ****
p < 0.0001, ns p > 0.05. Abbreviations: NC, negative control; OE, overexpression.
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lipid peroxidation in the NC-LPS group compared to un-
treated controls, whereas the OE-LPS group showed sub-
stantially decreased lipid peroxidation relative to the NC-
LPS group (Fig. 6P,Q). This indicates that VDAC3 overex-
pression effectively mitigates LPS-induced lipid peroxida-
tion in HL-1 cardiomyocytes.

4. Discussion
The results of this study found that ferroptosis plays

a critical role in CLP-induced myocardial injury, and
that inhibition of ferroptosis significantly ameliorates car-
diac damage in mice. Furthermore, in vivo and in vitro
models revealed significant downregulation of VDAC3
and DHODH expression, while inhibition of ferroptosis
markedly upregulated their expression in cardiac tissues.
Importantly, the serum level of VDAC3 was significantly
lower in pediatric sepsis patients and correlated with cer-
tain clinical indicators of sepsis. Additionally, VDAC3
overexpression effectively upregulated the expression of
DHODH, reduced mitochondrial oxidative stress, and reg-
ulated LPS-induced ferroptosis.

SIMI is the predominant manifestation of septic car-
diac dysfunction, with an incidence of up to 50% [42].
The pathophysiological processes of SIMI include impaired
ATP production, dysregulated Ca2+ homeostasis, mito-
chondrial permeability transition pore dysfunction, and ex-
cessive generation of oxygen-free radicals [43]. The mech-
anisms underlying SIMI are complex and remain to be fully
elucidated. However, current evidence indicates the lipoly-
sis rate is significantly increased during the acute phase of
sepsis through a process regulated by pro-inflammatory cy-
tokines, stress hormones and insulin [44]. Oxidative stress
and inflammation play a critical role in sepsis-induced car-
diac injury [45]. Myocardial protection during sepsis may
be achieved with therapeutic interventions that attenuate
iron overload, reduce oxidative stress, and modulate the in-
flammatory response [46]. Additionally, the accumulation
of lipid droplets in damaged cardiomyocytes suggests that
impaired transport of fatty acids into mitochondria may be
a potential mechanism that contributes to SIMI [47].

Ferroptosis is a regulated cell death pathway char-
acterized by iron-dependent accumulation of lipid perox-
ides [48,49], with multiple studies implicating this path-
way in SIMI [36,50]. The first-generation ferroptosis in-
hibitor Fer-1 has been employed extensively in the investi-
gation of various diseases, including cardiovascular disor-
ders [51]. In our experimental design, intraperitoneal ad-
ministration of Fer-1 at 2 h after CLP modeling effectively
suppressed CLP-induced ferroptosis and ameliorated my-
ocardial injury. We also established an LPS-induced HL-1
cardiomyocyte model of myocardial injury. Evaluation of
classic ferroptosis markers in this model confirmed the as-
sociation between ferroptosis and LPS-mediated cardiomy-
ocyte damage. Given the complex regulatory role of mito-
chondria in ferroptosis, additional studies are required to

elucidate the underlying mechanisms by which mitochon-
drial homeostasis is maintained under septic stress.

Mitochondria play a pivotal role in orchestrating fun-
damental metabolic processes, redox homeostasis, and cal-
cium regulation, with substantial evidence supporting a di-
rect association betweenmitochondrial dysfunction and fer-
roptosis [52]. These essential organelles are critical for
maintaining cellular functionality in cardiomyocytes, and
their impairment leads to myocardial cell dysfunction [53–
55]. Mitochondrial membrane phospholipids are essen-
tial for maintaining structural integrity, respiratory pro-
tein activity, and protein trafficking to mitochondria. The
double-membrane architecture of mitochondria consists of
an OMM and an IMM, with the latter serving as the prin-
cipal site for electron transport chain activity and ATP gen-
eration [56]. These membranes contain numerous special-
ized proteins that regulate diverse cellular functions be-
tween the endoplasmic reticulum andmitochondria, includ-
ing lipid metabolism, calcium signaling, inflammatory re-
sponses, and programmed cell death pathways [57].

Emerging evidence suggests that VDAC3 may partic-
ipate in ferroptosis through molecular mechanisms that in-
volve modulation of the mitochondrial membrane potential
and redox homeostasis [28–30]. However, the precise role
of VDAC3 remains controversial. Notably, the canonical
ferroptosis inducer Erastin has been demonstrated to bind
directly to VDAC2/3 isoforms. This impairs the electron
transfer efficiency of NADH dehydrogenase complexes by
altering OMM permeability, ultimately triggering cellular
ferroptosis [58,59]. Although both VDAC2 and VDAC3
can serve as direct molecular targets of Erastin, current re-
search has led to a relatively thorough understanding of
the VDAC2 regulatory network. This encompasses its
functional characteristics in the transport of mitochondrial
metabolites, maintenance of calcium homeostasis, and sup-
pression of apoptosis [23,60,61]. In contrast, the molecu-
lar mechanisms underlying the involvement of VDAC3 in
ferroptosis remain enigmatic. Critical questions remain re-
garding its potential involvement in distinct signaling trans-
duction pathways for cell death, as well as its interaction
networks with other ferroptosis-associated proteins [62,63].

DHODH is localized to the IMM and participates
in the de novo pyrimidine nucleotide synthesis pathway,
which represents a recently identified mitochondrial de-
fense mechanism against ferroptosis [32,36]. We hypoth-
esize that activation of ferroptosis during septic myocardial
injury may be closely associated with mitochondrial dys-
function. A previous study has demonstrated a critical role
for VDAC in cellular apoptosis [64]. Although VDAC3 has
been shown to protect mitochondria from oxidative stress-
induced damage, the underlying molecular mechanisms re-
main unclear [40]. Using mass spectrometry analysis, Yang
et al. [65] showed that VDAC3 interacts with DHODH,
thereby bridging the pyrimidine biosynthesis complex to
IMM-anchored DHODH to form a multi-enzyme complex
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termed the “pyrimidinosome”. This process is regulated
by AMP-activated protein kinase (AMPK), which disso-
ciates from the complex to enhance pyrimidinosome as-
sembly and inactivate uridine 5′-monophosphate synthase,
thereby promoting DHODH-mediated defense against fer-
roptosis [65].

We observed significant downregulation of VDAC3
and DHODH in both CLP-induced cardiac tissues and in
LPS-stimulated cardiomyocytes. Notably, treatment with
the ferroptosis inhibitor Fer-1 substantially upregulated
both VDAC3 and DHODH mRNA and protein expression
in murine cardiac tissues, suggesting their involvement in
ferroptosis regulation. Furthermore, marked downregula-
tion of VDAC3 was observed in serum samples from sep-
tic patients, and significant correlations were observed be-
tween VDAC3 and the clinical parameters of WBC, N%,
LDH, and PLT. In addition, our findings demonstrated that
overexpression of VDAC3 alleviated LPS-induced mito-
chondrial oxidative stress and lipid peroxidation, indicating
the critical role of VDAC3 in ferroptosis.

N-carbamoyl-L-aspartate is an intermediate in the
de novo pyrimidine biosynthesis pathway upstream of
DHODH. This molecule was significantly depleted follow-
ing treatment of cancer cells with a GPX4 inhibitor. In
contrast, the downstream DHODH metabolite uridine ac-
cumulated after treatment, indicating complementary roles
for GPX4 and DHODH in the suppression of ferroptosis
[66]. In summary, the current results showed that VDAC3
overexpression upregulated the expression of DHODH and
modulated ferroptosis signaling pathways, indicating a po-
tential regulatorymechanism inwhichVDAC3 governs fer-
roptosis through DHODH-mediated pathways. However,
the upstream signaling molecules that regulate VDAC3 re-
main unknown and warrant further investigation.

5. Conclusions
In summary, this study suggests that ferroptosis is

a significant contributor to SIMI, and that administration
of Fer-1 effectively mitigates cardiac damage by inhibit-
ing ferroptosis. Furthermore, the VDAC3/DHODH signal-
ing axis was found to maintain mitochondrial homeosta-
sis, thereby regulating ferroptosis and conferring myocar-
dial protection. These findings suggest that therapeutic tar-
geting of the VDAC3/DHODH regulatory mechanism may
be a promising intervention strategy for SIMI.
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