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Abstract. Sepsis‑induced cardiomyopathy (SIC) is a mani‑
festation of multiple organ failure as a result of sepsis and 
is a serious threat to life. Here, the effect and mechanisms 
of quercetin (QUE) in SIC were assessed. It was found that 
patients with SIC expressed lower serum levels of glutathione 
peroxidase 4 (GPX4) and SIRT1 but higher levels of CK‑MB, 
cTnI, TNF‑α, and IL‑6 compared with healthy individuals. A 
dose of 80 µM QUE increased the viability and reduced the 
ferroptosis of H9C2 cells treated with 1.0 µg/ml LPS in vitro. 
The administration of QUE decreased the levels of MDA, 
NADPH, lipid peroxidation and cytoplasmic cytochrome C 
and upregulated the levels of GSH and TOM 20, thus exerting 
an anti‑oxidative effect via mediating SIRT1 expression. It 
also activated the SIRT1/p53/SLC7A11 signaling pathway to 
reduce cellular Fe2+ and PTGS2 levels, decreased cell apoptosis 
rate, and upregulated the levels of GPX4 and ferritin to inhibit 
ferroptosis of H9C2 cells in vitro. Injection of QUE into rats 
activated the SIRT1/p53/SLC7A11 signaling pathway, reduced 
the levels of CK‑MB, cTnI, inflammatory cell infiltration, 
MDA, NADPH, cytoplasmic cytochrome C, cellular Fe2+

, and 
PTGS2 but upregulated the levels of GSH, TOM 20, GPX4, and 
ferritin to alleviate SIC in a dose‑dependent manner in vivo. To 
conclude, QUE exerted an anti‑ferroptotic effect via activation 
of the SIRT1/p53/SLC7A11 signaling pathway to dampen SIC 
both in vivo and in vitro. These findings highlighted a potential 
therapeutic strategy for the management of SIC.

Introduction

Sepsis is defined as a syndrome of the systemic inflamma‑
tory response caused primarily by infection. Sepsis‑induced 
cardiomyopathy (SIC) caused by sepsis is one of the mani‑
festations of multiple organ failure in sepsis. The primary 
manifestations are myocardial inflammation, ventricular 
dilation, reduced contractility and impaired ventricular 
response (1). Myocardial injury due to sepsis is recognized as 
a serious global health problem, and it is a significant cause 
of morbidity and mortality (2). Potential mechanisms of SIC 
include myocardial cell inflammation, programmed cell death 
such as apoptosis, pyroptosis (3), ferroptosis (4), metabolic 
changes, autophagy disturbances, and mitochondrial dysfunc‑
tion  (5). Several recent papers have shown that sepsis can 
induce ferroptosis in cardiomyocytes (6‑8), and thus causes 
cardiomyopathy and dysfunction. Therefore, identifying a 
therapeutic agent to improve myocardial injury in patients 
with sepsis may provide an important reference to reduce the 
mortality of patients.

Ferroptosis is an iron‑dependent means of programmed 
cell death. It is a type of regulated cell death that is induced 
by a combination of iron toxicity, lipid peroxidation, and 
plasma membrane damage. Ferrous iron or lipoxygenase 
catalyzes liposome peroxidation of highly expressed unsatu‑
rated fatty acids present at the cell membrane to induce cell 
death (9); its primary feature is decreased levels of glutathione 
(GSH) and glutathione peroxidase 4 (GPX4) (10). Two GSH 
molecules serve as electron donors to diminish phospholipid 
peroxide (PL‑OOH) to the corresponding alcohol under the 
action of GPX4 and generate oxidized glutathione (GSSG) 
at the same time; GSSG can be reduced by glutathione. 
The enzyme GSR utilizes NADPH to reduce GSH, forming 
a cycle. Without deoxidation of peroxidative toxicity by 
reduction to the corresponding alcohol via GPX4 action, 
di/trioxycephalin [OO(O)‑AA/AdA‑PE) accumulates and 
propagates lipid peroxidation to other phospholipids, eventu‑
ally leading to impaired membrane integrity and iron death. 
On the one hand, cell ferroptosis is often accompanied by 
GSH depletion, decreased GPX4 activity, lipid peroxides 
that cannot be metabolized by the GPX4‑catalyzed reduction 
reaction, and lipids are oxidized by ferrous iron in a Fenton 
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reaction, producing ROS and damaging the mitochondria, 
thereby further promoting the occurrence of ferroptosis and 
inflammation (11). On the other hand, ferroptosis can affect 
inflammation through its immunogenicity by release of 
DAMPs or promoted COX and lipoxygenase activity through 
the release of oxidized lipid mediators to trigger inflamma‑
tion  (9). Thus, identifying special pathogenic mechanisms 
may contribute to the development of a therapeutic strategy 
for myocardial recovery in patients with sepsis.

A previous study showed that the treatment of rat cardio‑
myocyte cell line H9C2 with 1 µg/ml LPS for 24 h as a model 
of sepsis in vitro can induce ferroptosis in H9C2 cells (7). 
In addition, there is evidence that in H9C2 cells treated 
with LPS, the SIRT1/p53/SLC7A11 pathway is inhibited 
by LPS and causes inflammation and ferroptosis (12). The 
SIRT1/p53/SLC7A11 pathway is an important regulatory 
pathway for ferroptosis  (13), and studies have shown that 
activating this pathway by expressing the USP22 protein 
can slow ferroptosis in H9C2 cells (12). SIRT1 has also been 
reported to stimulate antioxidant‑related protein expression, 
repair cells damaged by oxidative stress, and prevent cell 
dysfunction. The reduced SIRT 1 level leads to mitochondrial 
dysfunction by increasing ROS levels, lipid peroxidation, and 
DNA damage (14). Therefore, the involvement of SIRT1 and 
its downstream signaling pathways ensured its unique roles in 
the progression of SIC.

Quercetin (QUE) is a dietary flavonoid widely present 
in the plant kingdom with oxidative stress‑regulating and 
anti‑inflammatory functions  (15). In LPS‑induced kidney 
injury, QUE can exert anti‑inflammatory and anti‑oxidant 
effects by increasing SIRT1 expression and inhibiting 
NF‑κB signaling (16). In diabetic encephalopathy, QUE can 
exert anti‑inflammatory effects by increasing the expression 
of SIRT1 and inhibiting the expression of NLRP3 (17). In 
suppressing cellular ferroptosis, QUE can alleviate the ferrop‑
tosis of hepatocytes by protecting mitochondria and reducing 
ROS (18). Similarly, QUE can inhibit oxidative stress and ROS 
production in acute kidney injury, and reduce inflammation 
and ferroptosis in rat renal tubular duct epithelial cells (19). It 
has also been shown that in rat cardiomyocytes H9C2, QUE 
protects cardiomyocytes from hypoxia/reoxygenation‑induced 
apoptosis by modulating the ERK pathway, reducing oxidative 
stress and mitochondrial damage (20).

Therefore, in the present study, the effects of QUE and 
its underlying mechanisms in SIC were assessed to provide a 
potential therapeutic option for the management of SIC. 

Materials and methods

Patients. The present study was approved by the Ethics 
Committee of the Affiliated Hospital of Shandong University 
of Traditional Chinese Medicine and was performed in accor‑
dance with the Declaration of Helsinki. A total of 20 healthy 
donors (male, 11; female, 9) with a mean age of 48.7±15.3 and 
20 SIC patients (male, 10; female, 10) aged 46.2±15.9 were 
enrolled in this study and written informed consent was 
obtained. No significance was observed between the healthy 
donors and the SIC patients concerning sex and age. The 
inclusion criteria were: Patients were diagnosed with sepsis 
according to the American College of Chest Physicians/Society 

of Critical Care Medicine (ACCP/SCCM) (21). Individuals 
with a history of any heart diseases and cardiac surgery, 
autoimmune diseases, malignant tumors, or exposure to toxic 
drugs were excluded. From patients, 5 ml elbow venous blood 
was collected, and the serum was obtained via centrifuga‑
tion at 1,000 x g for 10 min at room temperature. The serum 
levels of GPX4 (cat. no. ab282257), SIRT1 (cat. no. ab171573), 
CK‑MB (cat. no. ab193696), cTnI (cat. no. ab200016), TNF‑α 
(cat. no. ab181421), and IL‑6 (cat. no. ab281515) (all from 
Abcam) levels were measured using commercial ELISA kits 
and a VersaMax microplate reader.

Cell culture. H9C2 myofibroblasts were purchased (Procell) 
and cultured in DMEM containing 10% FBS and 1% antibiotics 
penicillin/streptomycin (Procell Life Science & Technology 
Co., Ltd.) in an incubator with 5% CO2 and 95% air (v/v) at 37˚C. 
To establish the SIC cell model, the H9C2 cells were treated 
with LPS (0.5, 1.0, 1.5, and 2.0 µg/ml; Beijing Solarbio Science 
& Technology Co., Ltd.) for 24 h. To determine the appropriate 
concentration of QUE, different concentrations of QUE (20, 
40, 80, and 160 µM) (MedChemExpress) and 1.0 µg/ml LPS 
were applied to the cell culture for 24 h. The levels of GSH, 
MDA, NADPH, and intracellular Fe2+ were measured using 
commercial kits (Beyotime Institute of Biotechnology) and a 
VersaMax reader.

Cell transfection. H9C2 cells were plated into six‑well 
plates with the density of 1x105. When cells reached 60‑80% 
confluence, the cells were transiently transfected with 50 nM 
siRNA‑negative control (NC) or siRNA‑SIRT1 (siSIRT1) 
(synthesized by Shanghai GenePharma Co.) by Lipofectamine 
2000 (Invitrogen) according to the manufacturer's protocol. 
The cells were cultivated in an incubator at 37˚C with 5% 
CO2 for 18‑48 h. The transfection efficiency was verified at 
24 h after transfection at mRNA and protein levels. After 48 h 
transfection, the transfected cells were used for the subsequent 
experiments. The sequences of siRNA against SIRT1 and the 
siRNA‑negative control were as follows:

siSIRT1, sense: 5'‑CCA​GUA​GCA​CUA​AUU​CCA​ATT‑3', 
antisense: 5'‑UUG​GAA​UUA​GUG​CCA​CUG​GTT‑3')

Negative NC, sense: 5'‑UUC​UCC​GAA​CGU​GUC​ACG​
UTT‑3', antisense: 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3').

MTT assay. H9C2 cells (1x104 cells/well) were maintained 
in 96‑well plates. Then, 20  µl MTT (Shanghai Yeasen 
Biotechnology Co., Ltd.) was added and maintained for 4 h. 
Then the formazan crystals were dissolved using 150  µl 
DMSO (Shanghai Yeasen Biotechnology Co., Ltd.). The 
optical density (OD) value was measured at 490 nm using a 
VersaMax microplate reader.

Rats. This study was approved by the Laboratory Animal 
Ethics Committee and followed the Guide for the Care 
and Use of Laboratory Animals. A total of 32 adult 
Sprague‑Dawley rats (Beijing Fuhao Experimental Animal 
Breeding Center) were maintained under a 12‑h light/dark 
cycle with access to water and standard chow. The rats were 
grouped as follows (n=8 per group): Normal, model, model 
+ 20 mg/kg QUE, model + 40 mg/kg QUE. The rats in the 
normal group were injected with 150 and 150 µl DMSO was 
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also injected into the rats in the model group 6 h before SIC 
modeling. The rats in the model + 20 mg/kg QUE and model 
+ 40 mg/kg QUE groups were injected with 150 µl DMSO + 
20 or 40 mg/kg QUE dehydrates 6 h before establishing the 
SIC model. To establish the SIC model, the rats were anes‑
thetized using 3% halothane. After shaving and disinfecting, 
cecal ligation and puncture (CLP) was performed using a 
median incision. CLP is referred to as the ‘gold standard’ 
rodent model for abdominal sepsis, it creates a continuously 
leaking, polymicrobial infectious focus in the abdomen. 
This was performed following the protocol generated by 
Drechsler and Osuchowski (22). The abdominal cavity of 
rats was opened, and after exposing the cecum, 1.5 cm of 
the cecum was ligated with a 3‑0 silk thread and punctured 
twice with an 18‑gauge needle, the abdomen was sealed with 
5‑0 thread. Bacteremia appeared 6 h after CLP and within 
12‑24 h, the developed clinical signs of a systemic bacterial 
infection including fever, chills, erect hair, general weak‑
ness, and decreased activity were observed in rats after CLP 
indicating successful establishment of the model. Two inves‑
tigators monitored the health and behavior of rats every 4 h 
after CLP. Of the 32 adult Sprague‑Dawley rats one died as a 
result of severe sepsis after CLP, the 31 living rats were used 
for the subsequent experiments. The serum levels of GPX4 
(cat.  no.  ab243674), SIRT1 (cat.  no.  ab242725), CK‑MB 
(cat. no. ab285275), and cTnI (cat. no. ab24460) (all from 
Abcam) were measured 24 h after CLP using commercial kits 
and a VersaMax microplate reader. A total of 48 h after CLP, 
according to the results of the murine sepsis score (MSS) 
scoring protocol the live rats were sacrificed using CO2 at a 
volume displacement of 30‑70% vol/min in accordance with 
the AVMA Guidelines for the Euthanasia of Animals. Then 
the cardiac tissues of the rats were collected for subsequent 
experiments. The entire animal experiment lasted ~5 months 
including animal ordering and purchase, feeding, SIC model 
establishment, and the subsequent detection.

Histology. Heart tissue was fixed with 4% formaldehyde 
for 18‑24  h at room temperature, embedded in paraffin, 
and sectioned into 5 µm thickness. To detect inflammatory 
cell infiltration and iron in the tissues, deparaffinized tissue 
sections were hydrated using ethanol. Subsequently, sections 
were processed with a hematoxylin and eosin staining kit 
according to the manufacturer's protocol (Beyotime Institute 
of Biotechnology) and a Prussian Blue Iron Staining kit 
(Shanghai Yeasen Biotechnology Co., Ltd.) and observed with 
a microscope (Olympus BX51) under the brightfield with the 
magnification of x100 and x400.

Reverse transcription‑quantitative PCR. RNA extraction 
was performed using an RNApure kit (Bioteke Corporation). 
RT was performed using a Super M‑MLV kit (Shanghai 
Yeasen Biotechnology Co., Ltd.). qPCR was performed using 
a QuantStudio 7 Pro (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) using a SYBR MasterMix (Beijing Solarbio 
Science & Technology Co., Ltd.) and a 2x Power Taq PCR 
MasterMix (Bioteke Corporation) and the relative changes in 
gene expression were analyzed using the 2‑ΔΔCq method (23). 
The sequences of primers were as follows: SIRT1 forward, 
5'‑GAG​TGT​GCT​GGA​GGA​TCT​G‑3' and reverse, 5'‑TGC​

TCT​GAT​TTG​TCT​GGT​GT‑3'; and β‑actin forward, 5'‑ACC​
CGC​GAG​TAC​AAC​CTT​CT‑3' and reverse, 5'‑ATG​GCT​ACG​
TAC​ATG​GCT​GG‑3'.

Western blotting. Proteins were extracted with RIPA Lysis 
Buffer (Solarbio) and quantified using BCA kit (Beijing Solarbio 
Science & Technology Co., Ltd.). 20 µg protein was loaded 
per lane and separated with 10% SDS‑PAGE (GenScript) and 
transferred to PVDF membranes (MilliporeSigma), the primary 
antibodies used were: Anti‑GPX4 (1:1,000, cat. no. ab125066, 
22 kDa), anti‑PTGS2 (1:1,000, cat. no.  ab179800, 69 kDa), 
anti‑ferritin (1:1,000, cat. no. ab75973, 21 kDa), anti‑SIRT1 
(1:1,000, cat.  no.  ab110304, 110 kDa), anti‑acetyl‑p53 
(K382) (1:1,000, cat.  no.  ab75754, 53  kDa), anti‑SLC7A11 
(1:1,000, cat.  no.  ab175186, 55 kDa), anti‑TOM20 (1:1,000, 
cat. no. ab186735, 16 kDa), cytoplasmic cytochrome C (1:1,000, 
cat. no. ab133504, 11 kDa), and β‑actin (1:5,000, cat. no., ab6276, 
42 kDa) (all from Abcam), and blots were incubated with 
primary antibody for 4˚C for 12 h, after which membranes were 
incubated the secondary HRP‑conjugated antibody (1:2,000, 
cat. no. ab6789) for 1 h at room temperature. Signals were visu‑
alized using a DAB kit (Beijing Solarbio Science & Technology 
Co., Ltd.) and processed using ImageJ 1.46R version (National 
Institutes of Health). 

Flow cytometry. A total of 1x105 H9C2 cells were seeded in 
6‑well plates, treated with QUE for 24 h, digested and resus‑
pended in 150 µl binding buffer, and stained in the dark with 
Annexin V‑FITC/PI staining kit (BD Biosciences) containing 
5 µl FITC‑conjugated Annexin V and 5 µl PI for 15 min at room 
temperature. The apoptosis rate of H9C2 cells was obtained 
using a FACSCalibur flow cytometer (BD Biosciences) and 
analyzed by FlowJo 10.6.2 (Becton Dickinson & Company).

Lipid peroxidation assay. For this assay, an Image‑iT lipid 
peroxidation assay kit (Thermo Fisher Scientific, Inc.) was 
used. The cells were treated with 25 µl Image‑iT lipid peroxi‑
dation sensor and incubated for 0.5 h at 37˚C. The media was 
removed, and the cells were washed with PBS (Beijing Solarbio 
Science & Technology Co., Ltd.) and imaged by a fluorescence 
microscope (Olympus CKX53, Olympus Corporation) with 
the magnification of x200. The fluorescence was read at two 
separate wavelengths. Excitation/emission of 581/591 nm for 
the reduced dye (red), and the other at excitation/emission of 
488/510 nm for the oxidized dye (green). 

Immunofluorescence analysis. A total of 1 ml precooled 0.9% 
NaCl buffer was thoroughly homogenized using 50 mg tissue, 
and after centrifugation with 1,000 x g for 10 min at 4˚C by a 
low speed freezing centrifuge, 200 µl supernatant was mixed 
with 2 µl dihydroethidium probe (Beijing Biolab Technology 
Co., Ltd.) and incubated for 0.5 h at 37˚C. The images were 
obtained using a fluorescence microscope (Ex/Em=535/610 nm; 
Olympus CKX53, Olympus Corporation).

Statistical analysis. The experiments were performed in 
triplicate and repeated three times. Data are presented as 
the mean ± SEM. GraphPad Prism version 9.3.3 (GraphPad 
Software, Inc.) was used for analysis. Pearson's correlation test 
was used for correlation analysis. Statistical significance was 

https://www.spandidos-publications.com/10.3892/ijmm.2023.5319
https://www.spandidos-publications.com/10.3892/ijmm.2023.5319


LIN et al:  QUERCETIN RELIEVES FERROPTOSIS IN SEPSIS‑INDUCED CARDIOMYOPATHY4

analyzed using an unpaired Student's t‑test between two groups 
or a one‑way ANOVA with Bonferroni post hoc analysis for 
comparisons between multiple groups. P<0.05 was considered 
to indicate a statistically significant difference.

Results

GPX4 and SIRT1 and inflammatory oxidative stress marker 
levels are increased in the serum of SIC patients. To assess 

Figure 1. Measurement of the serum levels of GPX4, SIRT1, markers of cardiac injury, and markers of the oxidative stress responses in the clinical samples 
and rat SIC models. Serum levels of (A) GPX‑4 and SIRT1, (B) CK‑MB and cTnI and (C) TNF‑α and IL‑6 in SIC patients and healthy donors. (D) Correlation 
between GPX4, SIRT1, CK‑MB, and cTnI in the 20 SIC patients. Serum levels of (E) GPX‑4 and SIRT1, and (F) of cardiac injury markers in the rat model 
of SIC. (G) Inflammatory cell infiltration in the rat cardiac tissues was assessed using hematoxylin and eosin staining. *P<0.05, **P<0.01, ***P<0.001. GPX4, 
glutathione peroxidase 4; SIC, Sepsis‑induced cardiomyopathy.
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the properties of the serum samples of 20 healthy donors and 
20 SIC patients, blood samples were collected, and serum was 
obtained. Next, the serum levels of GPX4, SIRT1, markers of 
myocardial injury (CK‑MB and cTnI), and markers of inflam‑
matory oxidative stress (TNF‑α and IL‑6) were measured. The 
results indicated that the serum levels of GPX4 and SIRT1 were 
lower whereas the levels of myocardial injury and inflammatory 
oxidative stress markers were higher in the serum of SIC patients 
compared with the serum of healthy donors (Fig. 1A‑C). Using 
a Pearson's correlation test, serum levels of GPX4 and SIRT1 
in 20 SIC patients were negatively correlated with the serum 
levels of CK‑MB and cTnI (Fig. 1D). This indicated that cell 
ferroptosis was closely associated with SIC.

QUE increases the levels of GPX4 and SIRT1 and decreases 
the levels of markers of myocardial injury in a dose‑dependent 
manner in vivo. To determine the potential protective effects 
of QUE against SIC in vivo, the rats were divided into four 
groups (normal, model, model +20 mg/kg QUE and model 
+40 mg/kg QUE) and the serum levels of GPX4, SIRT1, and 
markers of myocardial injury markers were tested. The SIC 
model group had lower levels of GPX4 and SIRT1 but higher 
levels of CK‑MB and cTnI compared with the normal group. 
The injection of QUE upregulated the levels of GPX4 and 
SIRT1 and it showed beneficial effects against cardiac injury 
caused by sepsis based on the reduction in the levels of CK‑MB 
and cTnI, and this effect was dose‑dependent manner, thus 
reducing SIC (Fig. 1E and F). To investigate the pathology of 
sepsis in inducing cardiac injury and the mechanism of action 
of QUE, the rat cardiac tissues were stained using hematoxylin 
and eosin and it was shown that the number of inflammatory 
cells increased in the model group and injection of QUE 
reduced inflammatory cell infiltration in cardiac tissues. When 
40 mg/kg QUE was used, a better anti‑inflammatory effect 
was observed than 20 mg/kg QUE (Fig. 1G). These results 

showed that QUE upregulated the levels of GPX4 and SIRT1 
and reduced the levels of markers of myocardial injury in a 
dose‑dependent manner in vivo.

QUE inhibits LPS‑induced ferroptosis of H9C2 cells in vitro. 
To explore the roles and molecular mechanism of QUE in 
treating SIC, the H9C2 cells were treated with different 
concentrations of LPS (0.5, 1.0, 1.5, or 2.0 µg/ml) for 24 h 
and the results of the MTT assay showed that the viability of 
H9C2 cells decreased in a dose‑dependent manner and the 
viability of cells treated with 1.0 µg/ml LPS was ~50% of the 
viability of cells treated with PBS (Fig. 2A). Thus, 1.0 µg/ml 
LPS was selected for the establishment of the in vitro model 
of SIC. Next, different concentrations of QUE (20, 40, 80, 
and 160 µM) and 1.0 µg/ml LPS to treat the H9C2 cells for 
24 h. It was found that the cell viability was elevated when the 
concentration of QUE increased, but the viability was reduced 
when the concentration of QUE was 160 µM. In the LPS + 
80 µM QUE group, the cell viability was ~80% of the viability 
of cells in the PBS group (Fig. 2B). Therefore, 80 µM QUE 
was used for the subsequent experiments. 

The anti‑ferroptotic effect of QUE was examined using 
western blotting and commercial kits, and it was found that 
1.0 µg/ml LPS treatment increased the levels of PTGS2 and 
intracellular Fe2+ and reduced the expression of GPX4 and 
ferritin. QUE decreased the levels of PTGS2 and intracel‑
lular Fe2+ and increased the expression of GPX4 and ferritin 
(Fig. 2C and D). These results illustrated that QUE ameliorated 
ferroptosis of H9C2 cells induced by 1.0 µg/ml LPS.

QUE suppresses LPS‑induced oxidative stress by mediating 
SIRT1 expression in H9C2 cells in vitro. Since it was found 
that QUE could increase the expression levels of SIRT1 
in vivo in Fig. 1E and both QUE (24) and SIRT1 (14) have 
been reported to exert anti‑oxidative roles; thus, whether QUE 

Figure 2. QUE inhibited LPS‑induced ferroptosis of H9C2 cells in vitro. Viability of H9C2 cells treated with different concentrations of (A) LPS (0.5, 1.0, 1.5, 
2.0 µg/ml) for 24 h was determined using an MTT assay. (B) The viability of H9C2 cells treated with QUE (20, 40, 80 and 160 µM) and 1.0 µg/ml LPS for 
24 h was determined using MTT assay. (C) The expression levels of ferroptosis‑related proteins were detected by western blotting. (D) The levels of Fe2+ were 
measured using a commercial kit. *P<0.05, **P<0.01, ***P<0.001. QUE, quercetin.
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played anti‑oxidative roles via modulating SIRT1 expres‑
sion in the in vitro SIC cell model was investigated. siRNA 
against SIRT1 was transfected into H9C2 cells to knock down 
endogenous SIRT1 expression and the transfection efficiency 
was confirmed (Fig. 3A and B). Next, the levels of oxidative 
stress response markers (GSH, MDA, NADPH, and lipid 
peroxidation) in H9C2 cells were measured using ELISA and 

immunofluorescent microscopy. The results showed that the 
LPS group exhibited higher levels of MDA, NADPH, and lipid 
peroxidation but a lower level of GSH compared with the blank 
group. QUE reduced the oxidative stress response of cells by 
increasing the GSH levels and decreasing the MDA, NADPH, 
and ROS levels. Additionally, knockdown of SIRT1 partially 
counteracted the anti‑oxidative effects of QUE by increasing 

Figure 3. QUE suppressed LPS‑induced oxidative stress by mediating SIRT1 expression in H9C2 cells in vitro. (A and B) siRNA mediated knockdown of 
SIRT1 was confirmed at the mRNA and protein level. (C) The levels of oxidative stress response markers were examined using commercial kits. (D) The levels 
of lipid peroxidation were measured by immunofluorescent assay. (E) The expression levels of mitochondrial‑related proteins were detected using western 
blotting. *P<0.05, **P<0.01, ***P<0.001. QUE, quercetin; siRNA, small interfering RNA; NC, negative control.
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the levels of MDA, NADPH and lipid peroxidation and reducing 
the levels of GSH (Fig. 3C and D). Given the highly activated 
oxidative stress response was associated with mitochondrial 
injury, the expression levels of mitochondrial proteins were 
evaluated by western blotting. The cells in the LPS group 
exhibited a higher level of cytoplasmic cytochrome C and a 
lower level of TOM 20 compared with the blank group, which 
indicated that LPS treatment induced mitochondrial damage. 
The damaging effects of LPS were neutralized by QUE via 
increasing the expression of TOM 20 and downregulating cyto‑
plasmic cytochrome C levels. Compared with the LPS + QUE 
+si‑NC group, the protective roles of QUE on mitochondria 
were then reversed by si‑SIRT1 in the LPS+QUE+si‑SIRT1 
group (Fig. 3E). This showed that LPS damaged the mitochon‑
dria of H9C2 cells and QUE exerted a protective effect against 
LPS‑induced oxidative‑related damages, but the antioxidant 
impact of QUE was neutralized by the knockdown of SIRT1.

QUE activates the SIRT1/p53/SLC7A11 signaling pathway to 
inhibit ferroptosis of H9C2 cells in vitro. As it was found that 
QUE exhibited anti‑ferroptotic and anti‑oxidative effects on 

LPS‑treated H9C2 cells, to explore its underlying mechanism of 
action and the involvement of downstream signaling pathways, 
western blotting was used and it was found that LPS downreg‑
ulated the expression of SIRT1 and SCL7A11 but upregulated 
the acetylated levels of p53. QUE suppressed the effect of LPS 
(Fig. 4A). Next, the ferroptosis of H9C2 cells was determined 
based on the levels of ferroptosis markers via ELISA and 
western blotting to verify the suppressive mechanism of QUE 
against cell ferroptosis. QUE exerted an anti‑ferroptotic effect 
by increasing the intracellular Fe2+ levels as well as the expres‑
sion levels of GPX4 and ferritin and suppressing the expression 
levels of PTGS2 in the LPS‑induced ferroptosis of H9C2 cells. 
However, its influence was partially reversed by the knock‑
down of SIRT1 in the LPS+QUE+si‑SIRT1 group compared 
to the LPS +QUE +si‑NC group (Fig. 4B and C). Subsequently, 
the death of H9C2 cells was observed by microscopy and 
analyzed via flow cytometry. It was found that the cells in 
the LPS group showed a higher rate of apoptosis, and the 
administration of QUE reduced this cell death. Knockdown 
of SIRT1 in the LPS+ QUE+si‑SIRT1 group increased the 
apoptosis of cells in contrast to the LPS + QUE + si‑NC group 

Figure 4. QUE activated the SIRT1/p53/SLC7A11 signaling pathway to inhibit ferroptosis of H9C2 cells in vitro. (A) The expression levels of the 
SIRT1/p53/SLC7A11 pathway‑associated proteins were detected by western blotting. (B) The levels of Fe2+ were evaluated using a commercial kit. (C) The 
expression levels of ferroptosis‑related proteins were detected by western blotting. (D) Death of H9C2 cells under different treatment conditions. (E) Cell death 
rate was detected by  flow cytometry. *P<0.05, **P<0.01, ***P<0.001. QUE, quercetin; si, small interfering; NC, negative control.
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(Fig. 4D and E). These results revealed that QUE inhibited 
LPS‑induced ferroptosis of H9C2 cells by activating the 
SIRT1/p53/SLC7A11 signaling in vitro.

QUE activates the SIRT1/p53/SLC7A11 signaling pathway 
to inhibit ferroptosis in vivo. Since the protective effects of 
QUE in rat models against SIC were determined, next, the 
molecular mechanism of action was subsequently investigated 
in vivo. First, the levels of oxidative stress response markers 
(GSH, MDA, and NADPH) in the rat cardiac tissues were 
measured using commercial ELISA kits to investigate the 
anti‑oxidative effects of QUE. The results showed that the 
model group exhibited higher levels of MDA and NADPH but 
lower levels of GSH compared with the normal group. The 
application of QUE reduced the oxidative stress response 
in a dose‑dependent manner by increasing GSH levels and 
reducing MDA and NADPH levels (Fig. 5A). Next, to explore 
the impact of QUE on mitochondria, which are the primary 

cell organelles responsible for oxidative stress responses, the 
expression levels of mitochondrial proteins in cardiac tissues 
were evaluated due to the close relationships between oxidative 
stress response and mitochondrial injury. The cardiac tissues 
in the model group expressed higher levels of cytoplasmic 
cytochrome C and a lower level of TOM 20 compared with 
the blank group, suggesting the occurrence of mitochondrial 
damage; and this mitochondrial injury was alleviated by QUE 
in a dose‑dependent manner by increasing the expression of 
TOM 20 and downregulating cytoplasmic cytochrome  C 
expression (Fig. 5B). This showed that SIC damaged the mito‑
chondria and QUE exerted a mitochondrial protective and 
anti‑oxidative effect against sepsis.

Next, the expression levels of SIRT1, acetyl‑p53 (K382), 
and SLC7A11 in the rat cardiac tissues were detected to inves‑
tigate the mechanism of action of QUE. The results showed 
that the rats in the model group exhibited a lower level of 
SIRT1 and SCL7A11 and a higher level of acetyl‑p53. The 

Figure 5. QUE activates the SIRT1/p53/SLC7A11 signaling pathway to inhibit SIC in rats in vivo. (A) The levels of oxidative stress response markers were 
examined using commercial kits. (B) The expression levels of mitochondrial‑related proteins were detected by western blotting. (C) Expression levels of 
pathway‑related proteins were detected by western blotting. (D) The deposition of ferric iron was observed using Prussian blue staining. (E) The expression 
levels of ferroptosis‑related proteins were detected by western blotting. *P<0.05, **P<0.01, ***P<0.001. QUE, quercetin.
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injection of QUE‑activated SIRT1/p53/SLC7A11 signaling 
by upregulating the expression of SIRT1 and SCL7A11 and 
decreasing acetyl‑p53 levels, and 40 mg/kg QUE exhibited 
a more potent effect than 20 mg/kg QUE (Fig. 5C). Finally, 
the levels of ferroptosis markers in the cardiac tissues were 
assessed using Prussian blue staining and western blotting to 
verify the anti‑ferroptotic roles of QUE in vivo. The Prussian 
blue staining showed that LPS increased the levels of ferric 
iron deposition, while its effects were mitigated by QUE in a 
dose‑dependent manner, suggesting that the Fenton reaction 
could be suppressed by QUE (Fig. 5D). The results of western 
blotting also confirmed that the model group exhibited a higher 
level of PTGS2 but lower levels of GSH and ferritin. QUE 
ameliorated the ferroptosis by reducing PTGS2 and increasing 
GSH and ferritin expression (Fig. 5E). These results showed 
that QUE inhibited oxidative stress responses and also weak‑
ened cell ferroptosis by activating the SIRT1/p53/SLC7A11 
signaling pathway to ameliorate SIC in rats in vivo.

Discussion

In the present study, the roles of QUE in SIC were investi‑
gated both in vitro and in vivo. QUE exerted anti‑ferroptotic 
roles via activation of the SIRT1/p53/SLC7A11 pathway to 
protect mitochondria, reduce oxidative stress response, and 
relieve SIC. These outcomes corroborated that QUE exhibited 
potential therapeutic effects in SIC.

Clinically, sepsis‑induced a complex myocardial inflamma‑
tory response that resulted in myocardial dysfunction. Sepsis 
can develop into septic shock or multiple organ dysfunction 
if it is not controlled in a timely and effective manner (25). 
Despite advances in the understanding of myocardial inflam‑
matory responses, there are no reliable targets and drugs to 
treat SIC (26). In the present study, administration of LPS 
to H9C2 cells could induce SIC, stimulate oxidative stress 
responses, and also induce cell ferroptosis which was consis‑
tent with a study by Li et al (7). The execution of CLP in rats 
may lead to tissue inflammation of rats to mimic SIC in vivo, 
which was similar to a previous study (27). 

Studies have shown that H9C2 cells undergo ferroptosis due 
to various reasons such as ischemia/reperfusion injury (28), 
chemotherapeutic agents (29), and sepsis (30). Ferroptosis is a 
type of iron‑related programmed cell death that differs from 
apoptosis, necrosis, autophagy, and pyroptosis, and pharma‑
cologically, this cell death process can be inhibited by iron 
chelators and lipid peroxidation inhibitors  (31). Following 
LPS‑triggered ferroptosis of H9C2 cells, the cell viability was 
decreased, the mitochondria were damaged, and the oxida‑
tive stress response was activated. Additionally, the levels 
of GPX4, which protects cells from ferroptosis, were down‑
regulated. Conditions that lead to GSH exhaustion directly 
affect the activity and stability of GPX4, thereby making cells 
more susceptible to ferroptosis (30). Additionally, ferric iron 
deposition and inflammatory cell infiltration in the cardiac 
tissues of the experimental sepsis rat model were observed 
similar to that observed by Li et al (7).

Activation of the SIRT1/p53/SLC7A11 signaling pathway 
is associated with ferroptosis. SIRT1 is an NAD+‑dependent 
deacetylase that directly deacetylates p53 and mediates its 
pro‑apoptotic function  (32). SIRT1 functions in catalyzing 

histone deacetylation and has broad effects on several processes 
such as anti‑inflammation, aging, anti‑oxidation, mitochon‑
drial biogenesis, cellular senescence, apoptosis, and circadian 
rhythms (33). It has been reported that depletion of SIRT1 
exacerbates I/R injury (34) and reducing SIRT1 expression 
protected mice from alcohol‑induced liver damage by reducing 
ferroptosis of hepatocytes  (35). In addition, p53 positively 
regulated cell ferroptosis by inhibiting the expression of 
SLC7A11, thereby promoting the production of reactive oxygen 
species (13). Upregulated SLC7A11 expression may inhibit 
ROS‑induced ferroptosis (36). Therefore, these findings suggest 
that p53/SLC7A11 potentially mediates ferroptosis in cardio‑
myocytes downstream of SIRT1. To show that QUE reduced 
cell ferroptosis by increasing SIRT1 expression, in  vitro 
experiments were performed by knocking down SIRT1 after 
the application of QUE, and the results showed that QUE could 
activate SIRT1/p53/SLC7A11 axis to ameliorate ferroptosis of 
H9C2 cells and relieve SIC, consistent a study by Ma et al (12). 
However, whether SIRT1 regulated the ferroptosis of cardio‑
myocytes by deacetylation of P53 remains to be determined. 
Additionally, to further confirm the results of the present study, 
the dose of LPS (0.5, 1.0, 1.5, or 2) for the establishment of the 
in vitro model should be increased using a broader range (using 
concentration in orders of magnitudes) as performed previ‑
ously (37,38). Additionally, a ferroptosis inducer group should 
also be included as a positive control of LPS in cell modeling 
to improve the rigor of the design process. These are the limita‑
tions of the present which will be taken into consideration in 
future studies on the study of QUE, specifically when deter‑
mining the mechanism of myocardial injury induced by sepsis.

In conclusion, QUE had protective effects on mitochondria 
and oxidative stress responses and an anti‑ferroptotic effect 
on rat H9C2 cells in vitro and a rat model of SIC in vivo by 
stimulating the SIRT1/p53/SLC7A11 pathway. Due to the 
proinflammatory effect of SIC and the close relationship 
between ferroptosis and inflammation, the roles of QUE 
on LPS‑induced pyroptosis in SIC using H9C2 cells and a 
rat model highlighted its potential therapeutic value and its 
potential mechanism, of action in the management of SIC.
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