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H,S regulation of ferroptosis attenuates
sepsis-induced cardiomyopathy
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Abstract. Ferroptosis is a non-apoptotic form of cell death
mediated by reactive oxygen species (ROS). Iron metabolism
disorders play a key role in sepsis-induced cardiomyopathy
(SIC). While hydrogen sulfide (H,S) inhibits SIC, it is
unknown if it does so by controlling ferroptosis. The present
study evaluated whether sodium hydrosulfide (NaHS),
an H,S donor, alleviates SIC by decreasing ferroptosis.
Lipopolysaccharide (LPS) was employed to induce an in vitro
model of septic myocardial injury in rat H9¢2 cardiomyocytes.
The myocardial injury model of septic rats was established by
cecal ligation and puncture (CLP). Cardiomyocyte injury was
evaluated using Cell Counting Kit-8 and myocardial enzyme
assay and hematoxylin and eosin (H&E) staining. The cardiac
function of rats was assessed using echocardiography and
changes in myocardial fibers and mitochondria were evaluated
using H&E staining and transmission electron microscopy,
respectively. Fe?*, glutathione and malondialdehyde levels in
cardiomyocytes were detected using assay kits, ROS and mito-
chondrial membrane potential changes were detected using
fluorescent probes and ferroptosis and Beclin 1 (BECNI)
signaling pathway-associated protein expression levels were
semi-quantified using western blotting. NaHS decreased
ferroptosis of H9c2 cells induced by LPS and decreased
injury of myocardial cells by improving iron metabolism
disorder and oxidative stress levels. Furthermore, in vivo
results demonstrated that NaHS attenuated CLP-induced
septic myocardial ferroptosis and significantly improved
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cardiac dysfunction in septic rats compared with the CLP
group. NaHS was demonstrated to attenuate sepsis-induced
myocardial cell and tissue injury by significantly inhibiting
the phosphorylation of BECNI1 and significantly increasing
expression levels of the ferroptosis regulatory proteins solute
carrier family 7 member 11 and glutathione peroxidase 4. The
results of the present study suggested that by regulating the
BECNI signaling pathway, NaHS may decrease the incidence
of myocardial ferroptosis, thereby improving SIC.

Introduction

Sepsis is a potentially fatal condition characterized by
systemic organ damage and dysfunction induced by an
abnormal host response to infection (1). With the expansion
of the ‘Save Sepsis’ campaign, the international guidelines for
sepsis and infectious shock management in 2021 emphasized
the role of multi-organ dysfunction, early detection and sepsis
treatment (2). The heart is one of the most sensitive organs to
sepsis and sepsis-induced cardiomyopathy (SIC) is frequently
observed in the intensive care unit, with an incidence of
10-70% in patients with sepsis in the United States (3). The
pathophysiology of SIC includes dysregulation of inflamma-
tory mediators, mitochondrial dysfunction, oxidative stress,
calcium regulatory abnormality, dysregulation and endothelial
dysfunction of the autonomic nervous system, endoplasmic
reticulum stress, autophagy and ferroptosis (4,5).

Ferroptosis is a unique form of programmed cell death
dependent on reactive oxygen species (ROS) and iron and
is distinct from apoptosis, necrosis and autophagy (6).
Ferroptosis is primarily caused by a blockage of the
cystine/glutamate reverse transporter system X, (system X)),
oxidative stress, iron overload and lipid peroxidation accu-
mulation. System x,” comprises the catalytic subunit solute
carrier family 7 member 11 (SLC7A11) and the chaperone
subunit solute carrier family 3 member 2 (7); inhibition of
system x_ transport decreases cellular antioxidant capacity
and causes toxic lipid peroxide accumulation, eventually
leading to cellular ferroptosis (8). Beclin 1 (BECNI), an
endogenous SLC7A11-binding protein, is key for the regula-
tion of ferroptosis (9). Ferroptosis has been associated with
diabetic (10), azithromycin-induced (11) and iron overload
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cardiomyopathy (12) and lipopolysaccharide (LPS)-induced
acute lung (13) and acute kidney injury (14). However, addi-
tional research is required to determine the precise mechanism
and therapeutic targets of ferroptosis in LPS- and cecal liga-
tion and puncture (CLP)-induced cardiomyocyte injury in
septic rats.

In mammals, H,S is regarded as the ‘third novel medical
signaling gas molecule’ and serves an important role in
protecting cells from oxidative stress and signal transduc-
tion (15). H,S synthesis is dependent on three enzymes:
Cystathionine fB-synthase, cystathionine vy-lyase and
3-mercaptopyruvate sulfur-transferase (16). H,S synthesis
is implicated in a range of pathological and physiological
processes, including inflammation (17), oxidative stress (18),
apoptosis (19) and autophagy (20). NaHS has been reported
to enhance LPS-induced SIC via regulation of signaling
pathways, such as the toll-like receptor 4 pathway, and endo-
plasmic reticulum stress (21). Although NaHS has been widely
investigated in the prevention and treatment of sepsis (22,23),
its regulatory mechanisms and involvement in ferroptosis
regulation in SIC require further elucidation. In the present
study, an in vitro model of LPS-induced H9c2 cardiomyocyte
injury and an in vivo model of CLP-induced sepsis were
employed to determine whether the H,S donor NaHS allevi-
ates septic myocardial injury by decreasing oxidative stress
and cardiomyocyte ferroptosis.

Materials and methods

Cell culture and processing. The rat cardiomyocyte H9¢c2 cell
line (Procell Life Science & Technology) was cultured in flasks
containing 89% DMEM (Gibco; Thermo Fisher Scientific,
Inc.), 10% fetal bovine serum (Gibco; Thermo Fisher Scientific,
Inc.) and 1% 10,000 U/ml penicillin-streptomycin (HyClone;
Cytiva) at 37°C under 5% CO,. The cells were pretreated
with NaHS (Sigma-Aldrich; Merck KGaA; 20, 50, 100, 150
and 200 pmol/l) for 1 h at 37°C prior to cell stimulation with
LPS (Sigma-Aldrich; Merck KGaA; 1, 3, 5, 10 and 20 ug/ml)
for 24 h at 37°C. The control group received double-distilled
water to the same volume as the experimental group.

Cell viability assay. Cell Counting Kit-8 (CCK-8) assay
(cat. no. CKO04; Dojindo Laboratories, Inc.) was used to assess
cell viability. H9c2 cells were seeded in 96-well plates, at a
density of 2x10* cells/well and cultured for 24 h at 37°C. The
cells were pretreated with 20, 50, 100, 150 and 200 M NaHS
for 1 h at 37°C prior to cell stimulation with 1, 3, 5, 10 and
20 pg/ml LPS for 24 h at 37°C. Subsequently, 10 u1 CCK-8
solution was added to each well and the 96-well plates were
incubated for 2 h at 37°C and the cells were then incubated
for 3 h. The optical density was measured at 450 nm using
a microplate reader (Thermo Fisher Scientific, Inc.). The cell
vitality was calculated as follows: Cell viability (%)=(absor-
bance of treatment-absorbance of blank)/(absorbance of
control-absorbance of blank) x100.

Determination of lactate dehydrogenase (LDH), creatine
kinase-myocardial band (CK-MB), glutathione (GSH), malo-
ndialdehyde (MDA), Fe** and ROS levels and mitochondrial
membrane potential. H9c2 (2x10* cells/well) were pre-treated

with 50 ymol/l NaHS for 1 h prior to cell stimulation with
5 ug/mlLPS for 24 h at 37°C. The cells were separated into three
groups as follows: i) Control, ii) LPS and iii) LPS + NaHS. LDH
Activity Assay (cat. no. BC0680; Beijing Solarbio Science and
Technology Co., Ltd.), CK-MB ELISA (cat. no. SEKM-0152;
Beijing Solarbio Science and Technology Co., Ltd.), Reduced
GSH Content Assay (cat. no. BC1170; Beijing Solarbio
Science and Technology Co., Ltd.), MDA Content Assay (cat.
no. BC0020; Beijing Solarbio Science and Technology Co.,
Ltd.) and Total Iron Content Colorimetric Assay Kits (cat.
no. E1042; Applygen Technologies, Inc.) were used to evaluate
levels each marker in supernatant (4°C, 200 g, 5 min) according
to the manufacturers protocol. The ROS and mitochondrial
membrane potential changes in rat H9c2 cardiomyocytes were
quantified by measuring the fluorescence of DCFH-DA ROS
(cat. no. D6470; Beijing Solarbio Science and Technology Co.,
Ltd.) and JC-1 (cat. no. J8030; Beijing Solarbio Science and
Technology Co., Ltd.) fluorescent probes, respectively. The
cells were incubated with DCFH-DA ROS and JC-1 working
solution at 37°C for 30 min. Subsequently, 1X PBS was used
to wash cells at least two times. Images were captured under a
fluorescence microscope (magnification, x200) and evaluated
using ImagelJ software (v146; National Institutes of Health).

Western blotting. Total protein was extracted from H9c2 cells
and myocardial tissue using RIPA lysis buffer (cat. no. R0010;
Beijing Solarbio Science & Technology Co., Ltd.). Protein
concentration was evaluated using a Pierce BCA protein assay
kit (cat. no. PC0020; Beijing Solarbio Science & Technology
Co., Ltd.). The protein samples (10 ug/lane) were then sepa-
rated using 10 and 12% SDS-PAGE and electrophoresed. The
proteins were electro-transferred onto PVDF membranes. The
membranes were blocked with 5% bovine serum albumin
(cat. no. A8020; Beijing Solarbio Science & Technology Co.,
Ltd.) for 2 h at room temperature before overnight incubation
at 4°C with primary antibodies as follows: BECN1 (1:1,000;
cat. no. ab210498; Abcam), phosphorylated (p)-BECNI1
(1:1,000; cat. no. ab183313; Abcam), GPX4 (1:1,000;
cat.no. T56959; Abmart Pharmaceutical Technology Co.,Ltd.),
SLC7A11 (1:1,000; cat. no. T57046; Abmart Pharmaceutical
Technology Co., Ltd.), ferritin (1:1,000; cat. no. T55648
Abmart Pharmaceutical Technology Co., Ltd.) and p actin
(1:1,000; cat. no. TA328071; OriGene Technologies, Inc.). After
washing the PVDF membranes, the secondary antibodies were
incubated for 1 h at room temperature. Secondary antibodies
were as follows: Peroxidase Conjugated Affinity Purified Goat
anti-Mouse IgG (H+L) (1:10,000; cat. no. TA130003; OriGene
Technologies, Inc.) and Goat Anti-Rabbit IgG Secondary
Antibody (1:10,000; cat. no. TA130015 OriGene Technologies,
Inc.). Gels were washed, incubated with high-sensitivity
ECL (cat. no. WBULSO0100; Sigma-Aldrich; Merck KGaA)
according to manufacturer's protocol and imaged. Band inten-
sity was semi-quantified and evaluated using ImageJ software
(v146; National Institutes of Health).

Immunofluorescence staining. As aforementioned, H9¢c2
(2x10* cells/well) were pre-treated with 50 pmol/l1 NaHS for
1 h prior to cell stimulation with 5 yg/ml LPS for 24 h at
37°C. Cells were fixed using 4% paraformaldehyde for 24 h
at room temperature, blocked with PBS containing 1% BSA
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(cat. no. A8020; Beijing Solarbio Science & Technology
Co., Ltd.) for 1 h at room temperature, followed by over-
night incubation at 4°C with primary antibodies BECNI1
(1:1,000; cat. no. ab210498; Abcam) and SLC7A11 (1:1,000;
cat. no. T57046; Abmart Pharmaceutical Technology Co.,
Ltd.). The next day, cultures were gently washed three
times and incubated for 50 min at room temperature with
a Cy3 conjugated Goat Anti-Rabbit IgG (H+L) (1:500; cat.
no. GB21303; Wuhan Servicebio Technology Co., Ltd.).
The nuclei were counterstained with DAPI (cat. no. G1012;
Servicebio, Inc.) for 10 min at room temperature and washed
three times for 5 min each. The slides were gently shaken
before being sealed with Anti-Fluorescence Quenching
Sealing Reagent (cat. no. G1401; Servicebio, Inc.) for 10 min
at room temperature. Images were captured under a fluo-
rescence microscope (magnification, x200) and evaluated
using ImagelJ software (v146; National Institutes of Health).
Finally, Pearson's correlation coefficient and Mander's co
localization coefficient were used to evaluate the expression
of fluorescence colocalization using Dunn et al's scoring
system (24).

BECNI small interfering (si)RNA transfection. BECNI1
fragments and mutants were synthesized by Shanghai
GenePharma Co., Ltd. as follows: BECN1-siRNA, 5-GCG
GACAATTTGGCACGATCA-3' and negative control
(NC)-siRNA: 5-TTCTCCGAACGTGTCACGT-3". The
Lentiviral plasmid LV3(H1/GFP&Puro)-BECNI1-Rat-1157
was obtained from Shanghai GenePharma Co., Ltd. 293T cells
(Shanghai GenePharma Co., Ltd.) were co-transfected with the
second-generation lentiviral plasmid (10 ug) and packaging
plasmids (pGag/Pol, pRev, PVSV-G), and mixed according
to the ratio of 2:1:1:1. Incubated at 37°C in 5% CO, incubator
for 48 h. Lentivirus was produced and H9c2 cells were trans-
duced for 48 h at 37°C with 5 pl/well BECNI1-siRNA (1 ug/ul)
or NC-siRNA, the titer of BECN1-siRNA was determined
to be 3x10% TU/ml, and the MOI for H9¢2 infection was 20.
After lentiviral transduction and under the same conditions
for 48 h. Then, 10,000 U/ml penicillin-streptomycin was used
for maintenance, 5 yg/ml puromycin was used to screen cells
and protein expression levels of BECNI were assessed using
western blotting. Following stable transfection, H9¢c2 cells were
treated with 50 gmol/l NaHS for 1 h at 37°C, then stimulated
with 5 pg/ml LPS for 24 h at 37°C. H9¢2 cells were divided
into treatment groups as follows: i) LPS; ii) BECNI1-siRNA +
LPS; iii) LPS + NaHS and iv) BECN1-siRNA + LPS + NaHS.

Animal model. A total of 30 male Sprague-Dawley (SD)
rats (age, 6-8 weeks; weight, 200+10 g) was purchased from
the Animal Experimentation Center of Xinjiang Medical
University [animal license no. SYXK (new) 2011-010101]. All
SD rats were housed in the Animal Experimentation Center
of Shihezi University according to the standards described by
the National Institutes of Health (25). All rats were housed
under standard conditions of 25°C, 60% relative humidity and
12/12-h light/dark cycle with free access to standard labora-
tory food and water. The present study was approved by the
Institutional Ethics Committee of The Medical Committee of
The First Affiliated Hospital of Shihezi University School of
Medicine (approval no. A2022-104-01).

Establishment of the SIC model and model grouping. The
septic myocardial injury model was established using the
previously reported CLP method (26). Briefly, rats were fasted
for 12 h before surgery without water restriction. Rats were
anesthetized using isoflurane inhalation (induction, 2.5%;
maintenance, 1.0%). The abdominal cavity was cut along the
midline, the cecum was ligated and the end of the cecum was
perforated once with a 50-gauge needle; after squeezing out
a small amount of feces, the abdomen was closed. Following
surgery, 1 ml/100 g saline was administrated subcutane-
ously for resuscitation without diet restriction. Rats in the
sham group (n=10) underwent the same surgical procedure
without CLP. In the CLP + NaHS group (n=10), 8.9 pmol/kg
NaHS was administered by intraperitoneal injection 1 h after
CLP (26). All rats in the CLP group demonstrated symptoms
such as increased respiratory and heart rate (HR), listlessness,
vertical hair, huddling, reduced food intake and decreased
activity following CLP modeling, which was consistent with
the previously reported rat sepsis model (26,27). At 12 h
after surgery, the cardiac function of rats in each group was
evaluated using echocardiography. When rats were unable to
move, slow to respond and demonstrating symptoms such as
diarrhea or urinary incontinence, abdominal infection and
suppuration or reached the end of the experimental timeline,
i.e. 12 h after the operation. They were anesthetized with
isoflurane (induction, 2.5%) and euthanized by cervical
dislocation. The death of rats was confirmed by cardiac and
respiratory arrest, muscle relaxation and lack of reflex. The
myocardial injury was assessed using hematoxylin and eosin
(H&E) staining. Changes in myocardial fiber microstructure
and mitochondria were evaluated using transmission electron
microscopy and myocardial tissue protein was extracted to
determine ferroptosis-associated protein expression using
western blotting.

Echocardiography. At 12 h after surgery, rats were anesthe-
tized using isoflurane (induction, 2.5%; maintenance, 1.0%)
and the anterior chest hair was shaved. Rates were placed in
the left supine position on the examination table, connected
to an electrocardiogram and GE Vivid E9 Ultrasound
Machine with 12 sec heart probe and probe frequency
12 Mhz was used to perform echocardiography. HR and left
ventricular end-diastolic diameter (LVEDD) were measured
under the M-mode ultrasound module and LV ejection
fraction (LVEF%) and shortening fraction (LVFS%) were
calculated. At least three cardiac cycles were recorded for
each rat to reflect the diastolic and systolic functions of the
heart.

Histopathological examination. Myocardial tissue specimens
from sham, CLP and CLP + NaHS rats were fixed in 4% para-
formaldehyde for 24 h at room temperature, paraffin-embedded
and cut into 4 ym sections. The tissue sections were stained
with H&E for 24 h at room temperature. Subsequently, the
tissues were dehydrated in different concentrations of ethanol,
embedded in paraffin and sliced into 4-uym-thick sections. The
tissue sections were then stained with hematoxylin (0.4%)
and eosin (0.1%) (H&E) solution at 37°C for 5 min and the
pathological changes after myocardial injury were observed
using a light microscope. Finally, the extent of Pathological
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score of myocardial injury was evaluated using the Kishimoto
scoring system (28).

Transmission electron microscopy. LV myocardium samples
(2x2x2 mm) were collected and fixed in 4% paraformalde-
hyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer for
2 h at room temperature. Tissue samples were embedded in
1% agarose, the samples were successively dehydrated with
30-50-70-80-95-100-100% alcohol for 20 min each time, and
100% acetone twice for 15 min each time at room temperature
and cut into ultrathin sections (70 nm) using an ultramicrotome.
Sections were stained using 2% uranyl acetate in pure ethanol
for 15 min, followed by 2.6% lead citrate for 15 min at room
temperature. At least five images were taken per sample. using
a transmission electron microscope (magnification x10,000)
at 80 kV. The extent of mitochondrial damage was evaluated
using the Flameng scoring system (29).

Statistical analysis. SPSS 26.0 (IBM Corp.) statistical soft-
ware was used to analyze the data. Data are presented as the
mean =+ standard deviation. Paired student's t test was used to
compare the means of two samples; =3 samples were compared
using one-way ANOVA with complete randomization and post
hoc Bonferroni's correction. P<0.05 was considered to indicate
a statistically significant difference. Each experiment was
performed three times.

Results

NaHS attenuates sepsis-induced cardiomyocyte injury and
impaired iron metabolism. The effect of LPS and the H,S
donor NaHS on cell viability were assessed to determine the
appropriate dose. When LPS concentration increased, H9c2
cell viability significantly decreased and Fe** concentra-
tion significantly increased compared with the control (both
P<0.05; Fig. 1A and B). When treated with 5 ug/ml LPS, the
mean activity of the cell was 50.22% and the concentration
of Fe** released was 140.69% that of the control. These results
demonstrated that a SIC model was created using 5 pg/ml
LPS. In the LPS-induced myocardial injury model of sepsis
in HO9¢2 cells, NaHS significantly improved the LPS-induced
decrease in cell viability for concentrations <150 pgmol/ml
and significantly decreased intracellular Fe** concentration
compared with the LPS group (both P<0.05; Fig. 1C and D).
These data demonstrated that NaHS treatment improved cell
viability, decreased cell injury and regulated impaired iron
metabolism. However, its effects were independent of concen-
tration. Cell viability was decreased when NaHS concentration
was =100 gmol/l. NaHS at 50 ygmol/l produced the greatest
treatment effect, therefore it was used in subsequent tests.
JC-1 staining demonstrated that mitochondrial JC-1
polymer (red fluorescence) decreased and JC-1 monomer
(green fluorescence) increased in the LPS group, with the
red:green ratio significantly decreased compared with the
control (P<0.05; Fig. 1E). This demonstrated that the mito-
chondrial membrane potential was decreased, which suggested
increased cell damage. Treatment with NaHS significantly
reversed this phenomenon (P<0.05) compared with the LPS
group and demonstrated increased mitochondrial membrane
potential level, which suggested that cellular damage was

alleviated. These data indicate that NaHS improves cardio-
myocyte viability and alleviates LPS induced iron metabolism
disorder and mitochondrial membrane potential abnormality.

NaHS decreases sepsis-induced oxidative stress and lipid
peroxidation in cardiomyocytes. Significantly elevated
release of cardiac enzymes LDH and CK-MB from
HO9c2 cells was observed in the LPS group compared
with the control (P<0.05; Fig. 2A and B), which suggested
increased cardiomyocyte injury. NaHS intervention signifi-
cantly decreased levels of LDH and CK-MB compared with
the LPS group (P<0.05), which suggested NaHS attenuated
cell injury. Following LPS stimulation, the antioxidant GSH
activity of H9c2 cells was significantly decreased compared
(Fig. 2C), whereas the lipid peroxide MDA content signifi-
cantly increased compared with the control (both P<0.05;
Fig. 2D). Furthermore, green fluorescence (indicating ROS)
was significantly enhanced in the LPS group compared with
the control (P<0.05; Fig. 2E), which suggested an imbalance
between oxidative and antioxidant effects in cardiomyocytes
in response to LPS stimulation and oxidative stress. Following
NaHS treatment, GSH activity significantly increased, MDA
concentration significantly decreased and ROS fluorescence
intensity significantly decreased compared with the LPS
group (both P<0.05; Fig. 2C, D and E). These data suggested
that NaHS enhanced intracellular antioxidant capacity and
mitigated oxidative stress and lipid peroxidation caused by
LPS in cardiomyocytes.

NaHS inhibits sepsis-induced ferroptosis in cardiomyocytes.
Expression levels of the ferroptosis regulatory proteins
SLC7A11 and GPX4 were significantly lower, whereas
p-BECNI1 expression was significantly higher, in the LPS
group compared with the control (P<0.05; Fig. 3A). NaHS
treatment significantly increased SLC7A11 and GPX4 protein
expression levels, whereas p-BECNI protein expression
levels were significantly decreased compared with the LPS
group (P<0.05). Immunofluorescence demonstrated that
co-localization characterization parameters, such as Pearson's
correlation coefficient and Mander's co-localization coef-
ficient, were significantly elevated following LPS stimulation
(P<0.05; Fig. 3B). BECNI co-localization with SLC7A11, a
key component of system x., compared with the control group,
the co-localization of BECNI and SLC7A11 was enhanced
after LPS intervention. However, NaHS markedly reversed
this effect compared with the LPS group (P<0.05). These
results suggest that sodium thiohydride alleviates LPS induced
ferroptosis in cardiomyocytes by inhibiting the interaction of
BECNI1 with SLC7AI1.

Inhibition of BECNI expression by NaHS attenuates ferrop-
tosis in cardiomyocytes. The aforementioned data suggested
that NaHS may decrease LPS-induced ferroptosis in H9c2
cardiomyocytes via the BECN1/SLC7A11 signaling pathway.
To evaluate the association between the BECNI1 signaling
pathway and ferroptosis, rat H9c2 cardiomyocytes were trans-
fected with siRNA to silence BECNI. The transfected cells
were treated with 5 pg/ml LPS and 50 gmol/l NaHS alone
or in combination for 24 h. The protein expression levels of
BECNI were significantly reduced in BECN-siRNA compared
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Figure 1. NaHS attenuates sepsis-induced cardiomyocyte injury and impaired iron metabolism. (A) H9¢2 cell viability and (B) Fe?* concentration under
different concentrations of LPS stimulation. (C) H9¢c2 cell viability and (D) Fe?* concentration following NaHS intervention with 5 pg/ml LPS stimulation.
(E) Aggregate JC-1/Monomeric JC-1in H9¢2 cells (magnification, x200) with 5 yg/ml LPS and 50 gmol/l NaHS. "P<0.05 vs. control; “P<0.05 vs. LPS 5 pg/ml.
LPS, lipopolysaccharide; NaHS, sodium hydrosulfide.

with NC-siRNA (P<0.05; Fig. 4A). Therefore, GPX4 protein ~ protein expression levels were significantly increased and
expression reflects the occurrence of ferroptosis. GPX4 and  BECNI protein expression level was significantly decreased in
SLC7AT11 protein expression levels were significantly higher ~ the BECNI-siRNA + LPS + NaHS group compared with the
and BECNI protein expression level was decreased in the  LPS + NaHS group (P<0.05; Fig. 4C). These results suggested
BECNI-siRNA + LPS group compared with the LPS group that inhibiting BECNI boosted cells antioxidant capacity and
(P<0.05; Fig. 4C). Furthermore, ferritin, GPX4 and SLC7A11  decreased LPS-induced ferroptosis sensitivity in H9c2 cells,



6
200 200
150 ~ 1504
S S
= - m .
E 100 = 100
| X
50 O 50-
0- 0- =1
S 2 52 S 2 %
R 5 753
(@] (@]
E Control

ROS

C

CAO et al: ROLE OF BECN1/SLC7A11 REGULATION OF FERROPTOSIS IN SEPSIS-INDUCED CARDIOMYOPATHY

D
100 - 100
80 _
B £
£ 60 3
=) £
T 401 £
& 5
20 =
0 : :
S % S 2o2
s — &3 § 32
O O
LPS+NaHS

ROS fluorescence intensity

5
=
c
o
O

Figure 2. NaHS attenuates sepsis-induced oxidative stress and lipid peroxidation in cardiomyocytes. Levels of cardiac enzymes (A) LDH and (B) CK-MB,
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tive oxygen species.

which indicated BECN1 may serve as a regulator of system x_.
NaHS may protect against LPS-induced ferroptosis in H9c2
cells by disrupting the BECN1/SLC7AL11 signaling pathway.

NaHS inhibits myocardial ferroptosis and improves SIC. The
effect of NaHS on ferroptosis in septic rat heart tissue was
assessed using a CLP-induced in vivo model of septic myocar-
dial injury. Compared with the sham group, the LVEF%,
LVFS% and HR significantly decreased and LVEED signifi-
cantly increased, and the systolic and diastolic functions of
sepsis rats were decreased in the CLP group (P<0.05; Fig. 5A).
However, LVEF%, LVFS% and HR significantly increased
and LVEDD significantly decreased in the CLP + NaHS
group compared with the CLP group (P<0.05). There were no
pathological alterations visually apparent in the sham group
(Fig. 5B). However, myocardial fibers in the CLP group were
misaligned and partially deteriorated compared with the sham
group, demonstrating inflammatory cell infiltration, interstitial
edema, transverse blurring and erythrocyte exudation, which
resulted in significantly higher pathological score (P=0.0017).
Myocardial myofilaments in the CLP + NaHS group were
more structured than in the CLP group, with no inflamma-
tory infiltration or erythrocyte exudation, Pathological score
decreased (P=0.0285). The CLP group exhibited disorganized
mitochondrial arrangement, swelling, degeneration, small
size and increased density of mitochondria, decreased size
and breakage of cristae, partial dissolution and disappear-
ance of the outer membrane, which resulted in significantly
increased pathological score significantly higher (P=0.0009;

Fig. 5C) when assessed using transmission electron micros-
copy. The CLP + NaHS group demonstrated less myocardial
mitochondrial damage and more intact membrane compared
with the CLP group. However, mitochondrial cristae fractures
and swelling remained and the myocardial fibers were more
precisely aligned, Pathological score decreased (P=0.0023).
Protein expression levels of SLC7A11, GPX4, BECNI1 and
p-BECNI1 were semi-quantified using western blotting in
cardiac tissue from rats in each treatment group (Fig. 5D).
SLC7A11, GPX4 and ferritin protein expression levels were
significantly lowered and p-BECNI protein expression levels
were significantly elevated in the CLP group compared with the
sham (P<0.05), which demonstrated activation of ferroptosis.
However, NaHS significantly promoted GPX4, SLC7A11 and
ferritin protein expression levels and significantly decreased
p-BECNI protein expression levels compared with the CLP
group (P<0.05). These results suggested that NaHS-mediated
upregulation of SLC7A11 and GPX4 and downregulation of
p-BECNI protected against ferroptosis during SIC.

Discussion

Sepsis is a global health concern that continues to be the
leading cause of infection-associated death (30). A recent
study reported that septic myocardial injury is associated with
increased risk of short- and long-term death from septic shock
and that this risk increases with cardiac dysfunction (31).
LPS is an integral component of gram-negative bacteria outer
membranes that induces systemic inflammatory reactions,
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sepsis, infectious shock and multi-organ failure by infiltrating
the lymphatic and circulatory systems (32). Myocardial cell
injury is the most commonly utilized model of SIC (33). H,S
has been reported in substantial basic research to be involved
in controlling homeostasis, cardiac contraction, anti-inflam-
matory, pro-apoptotic and other pathological functions (34-38).

NaHS is a conventional and stable H,S donor with
anti-inflammatory, anti-oxidative stress, anti-apoptotic and
autophagy-regulating properties (39). It has emerged as a target
for sepsis therapeutic research due to its reported regulation
of AMPK/mTOR and PI3K/Akt/mTOR pathways to decrease
sepsis multi-organ injury (27,40). To the best of our knowledge,
however, the role of NaHS in SIC and its mechanisms have not
been elucidated. To study the protective effect of NaHS on SIC,
LPS was used in the present study to induce rat H9¢2 cardiomy-
ocytes to produce an in vitro model of sepsis myocardial injury;
a CLP-induced in vivo model of sepsis rat myocardial injury
was also used. The present study demonstrated that 50 zmol/l

NaHS decreased the decrease in cell viability caused by LPS
stimulation and significantly decreased release of cardiac
enzymes compared, thereby minimizing myocardial cell injury
in vitro. In vivo assessments demonstrated that NaHS pretreat-
ment improved cardiac systolic and diastolic dysfunction in
septic rats and decreased cardiac tissue degradation, edema and
release of inflammatory cells following CLP surgery, which
significantly improved myocardial histopathology scores.
Ferroptosis is a new type of cell death in which iron-depen-
dent lipid peroxidation co-exists with oxidative stress (41). GSH,
the primary non-enzymatic antioxidant in cells, is a condensed
form of glutamate, cysteine and glycine with direct antioxidant
effects and serves as a synthetic substrate for GPX4 (42.43).
ROS are created by normal cellular physiological processes and
are key for biological signaling and cellular balance (44,45).
MDA activity, a byproduct of lipid peroxidation, represents the
severity of oxygen radical damage to body tissue and is also
associated with ferroptosis (46). Oxidative stress and lipid
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peroxidation are important in the pathophysiology of myocar-
dial injury and ferroptosis has recently been reported to be a key
element in SIC, with suppression of LPS-induced ferroptosis in
cardiac tissue alleviating SIC (41). H,S decreases ferroptosis
in acute lung injury by raising protein expression of GPX4
and SLC7AILI in rat lung tissue following CLP surgery and
prevented autophagy activation in acute lung injury via blocking
the mTOR signaling pathway (47). The involvement of NaHS in
CLP-induced myocardial ferroptosis is uncertain. The present
study demonstrated that MDA levels rose significantly following
LPS stimulation compared with the control, which suggested
that lipid peroxidation was involved in this model of cardiac cell
injury. In combination with significantly decreased GSH activity
and GPX4 and SLC7AL11 protein expression levels following
LPS treatment, these data suggested that ferroptosis-induced
oxidative stress and lipid peroxidation were involved in the
development of SIC. When treated with NaHS, the levels of
antioxidant marker GSH increased and the lipid peroxidation
product MDA was significantly decreased compared with the
LPS group. These data demonstrated that NaHS protected
against septic myocardial damage by decreasing oxidative stress
and lipid peroxidation in the heart.

Ferroptosis is an iron-dependent form of programmed cell
death characterized by lipid peroxidation and morphological
alteration (48). Ferritin, an iron storage protein, is key in iron
metabolism because it stores and releases iron to maintain iron
homeostasis in the body. Iron homeostasis has been reported
to be critical for normal heart function (49). Iron shortage and
overload are linked to cardiomyopathy and heart failure via
SLC7A11 pathway (50). When intracellular Fe** levels rise, the
body produces large amounts of hydroxyl radicals and ROS, both
of which are harmful to cells, via the Fenton reaction, worsening
the occurrence of ferroptosis (51). LPS induces ferroptosis by acti-
vating cardiomyocyte nuclear receptor coactivator 4 (NCOA4),
which increases its expression. NCOA4 interacts directly with
ferritin to degrade it, releasing large amounts of Fe** and inducing
excessive mitochondrial ROS production (52). Aberrant changes
in mitochondrial membrane potential are not only key signs
of mitochondrial damage and ferroptosis initiation but also an
early warning of the occurrence of ferroptosis (53). The present
study demonstrated a significant increase in Fe** content and
significantly decreased mitochondrial membrane potential and
ferritin protein expression levels in cells following LPS stimula-
tion compared with the control. Following CLP, transmission
electron microscopy of cardiac tissue demonstrated disrupted
mitochondrial organization, swelling, degeneration of mitochon-
dria and decreased and fragmented cristae. The present study
demonstrated that NaHS administration significantly improved
iron metabolism in myocardial cells and tissue compared with
the LPS group, which suggested that NaHS decreased ferroptosis
in septic myocardial injury.

BECNI is a key regulator of autophagy and has been
reported in the pathophysiology of diseases such as metabolic
disorders and tumors (54,55). In sepsis, cardiac dysfunction is
a key cause of multi-organ dysfunction and BECN1-dependent
autophagy has been reported to protect the heart (56,57).
However, the regulatory mechanisms governing BECNI and
autophagy remain unclear. Song et al (58) reported a potential
mechanism by which BECN1 may enhance ferroptosis in cancer
cells via modulation of system X, activity, thereby enhancing

GSH depletion and lipid peroxidation. This mechanism is
dependent on formation of the BECN1-SLC7A11 complex (58).
BECNI regulates ferroptosis independently of autophagy, as
reported by previous studies (59,60). Liu et al (60) reported
that BECNI1 overexpression aggravates isoflurane-induced cell
damage via upregulation of ferroptosis. This effect is signifi-
cantly attenuated by silencing of BECNI in SH-SYSY cells.
Liu er al suggested that BECNI1 may regulate ferroptosis via
inhibition of the glutamate exchange activity of system x.,
which is involved in isoflurane-induced toxicity (60). These
results are similar to the present study, which demonstrated
that LPS significantly increased the phosphorylation of BECN1
while significantly decreasing the protein expression levels of
SLC7AL11, a core component of system X" compared with the
control. Furthermore, immunofluorescence staining demon-
strated significantly enhanced co-localization of BECNI and
SLC7AT11, which form a BECN1-SLC7A11 complex, decreasing
system x.” activity and thus regulating ferroptosis (58). BECNI
knockdown decreased LPS-induced cell damage, which in turn
prevented ferroptosis. When cells were treated with NaHS, a
significant decrease in p-BECNI and significant increase in
SLC7A11 protein expression levels were observed compared
with the LPS group. Furthermore, inhibiting BECN1 expression
markedly diminished the protective effect of NaHS on H9c2
cells. It could therefore be hypothesized that BECNI acts as a
key signaling component in the transition between autophagy
and ferroptosis in septic cardiac damage. However, there is a
close relationship between ferroptosis and autophagy, BECN1
knockout mice were not used in animal experiments, the precise
chemical mechanism of this action requires further study.
Evaluation of the use of NaHS in sepsis multi-organ dysfunction
based on autophagy and ferroptosis requires further study.

In conclusion, the present study demonstrated that NaHS
alleviated SIC via modulation of the BECNI signaling
pathway, decreased oxidative stress and lipid peroxidation
levels and inhibition of ferroptosis. Ferroptosis is predicted to
be a novel therapeutic target for SIC and NaHS may be an
effective treatment for SIC.
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