
Redox Biology 70 (2024) 103066

Available online 29 January 2024
2213-2317/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Hydrogen sulfide protects cardiomyocytes from doxorubicin-induced 
ferroptosis through the SLC7A11/GSH/GPx4 pathway by Keap1 
S-sulfhydration and Nrf2 activation 

Hui Zhang a,c,1, Jianan Pan a,1, Shuying Huang a,1, Xiaonan Chen a, Alex Chia Yu Chang a,b, 
Changqian Wang a, Junfeng Zhang a,**, Huili Zhang a,* 

a Department of Cardiology, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China 
b Shanghai Institute of Precision Medicine, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China 
c Department of Echocardiography, Zhongshan Hospital, Fudan University, Shanghai Institute of Cardiovascular Diseases, Shanghai Institute of Medical Imaging, 
Shanghai, China   

A R T I C L E  I N F O   

Keywords: 
Doxorubicin-induced cardiotoxicity 
Hydrogen sulfide 
Ferroptosis 
SLC7A11 
S-sulfhydrated Keap1 

A B S T R A C T   

Recent studies have demonstrated that ferroptosis, a novel form of nonapoptotic regulated cell death plays an 
important role in doxorubicin (DOX)-induced cardiotoxicity (DoIC). Hydrogen sulfide (H2S) is emerging as the 
third important gaseous mediator in cardiovascular system. However, whether H2S has an effect on DOX-induced 
ferroptosis remains unknown. Here, we found that DOX not only triggered cardiomyocyte ferroptosis but also 
significantly inhibited the synthesis of endogenous H2S in the murine model of chronic DoIC. Application of 
NaHS, an H2S donor obviously activated the SLC7A11/GSH/GPx4 antioxidant pathway and thus alleviated DOX- 
induced ferroptosis and cardiac injury in mice. In contrast, cardiac-specific knockout of cystathionine γ-lyase 
gene (Cse) in mice (Csef/f/Cre+) to abolish the cardiac synthesis of endogenous H2S evidently exacerbated DOX- 
induced ferroptosis and cardiac dysfunction. A further suppression of SLC7A11/GSH/GPx4 pathway was ob-
tained in Csef/f/Cre+ mice with DoIC, as compared to Csef/f/Cre− mice with DoIC. The aggravation caused by 
cardiac-specific Cse deficiency was remarkably rescued by exogenous supplementation of NaHS. Moreover, in 
DOX-stimulated H9c2 cardiomyocytes, pretreatment with NaHS dose-dependently enhanced the activity of 
SLC7A11/GSH/GPx4 pathway and subsequently mitigated ferroptosis and mitochondrial impairment. On the 
contrary, transfection with Cse siRNA in DOX-stimulated H9c2 cardiomyocytes markedly inhibited SLC7A11/ 
GSH/GPx4 pathway, thus leading to aggravated ferroptosis and more damage to mitochondrial structure and 
function. In addition, the protective effect of NaHS on DOX-induced ferroptosis was closely related to the S- 
sulfhydrated Keap1, which in turn promoted nuclear translocation of Nrf2 and the transcription of SLC7A11 and 
GPx4. In conclusion, our findings suggest that H2S may exert protective effect on DoIC by inhibiting DOX- 
induced ferroptosis via Keap1/Nrf2-dependent SLC7A11/GSH/GPx4 antioxidant pathway.   

1. Introduction 

Doxorubicin (DOX), as an anthracycline is a potent chemothera-
peutic agent used for the treatment of solid tumors and hematological 
malignancies. However, doxorubicin (DOX)-induced cardiotoxicity 
(DoIC) including acute left ventricular dysfunction, late-onset 

cardiomyopathy and heart failure (HF) is still an important health 
concern [1–3]. Despite extensive effort to explore the mechanisms un-
derlying DoIC, the molecular pathogenesis remains elusive. One major 
source of cardiomyocyte damage is excessive production of reactive 
oxygen species (ROS), which harm lipids, DNA or proteins [4]. Topo-
isomerase II-β-mediated DNA double strand breakage and mitochondrial 
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damage are also involved in DOX cardiotoxicity [5]. 
Recently, ferroptosis, a novel regulated cell death (RCD) character-

ized by the iron-dependent accumulation of lipid peroxides, has been 
identified to play an important role in DoIC [6]. DOX and its metabolites 
upregulated transferrin receptor and inactivated ferritin, resulting in 
disruption of iron homeostasis and iron overload [6,7]. On the other 
hand, DOX also inhibited the levels of antioxidant substances, including 
glutathione peroxidase 4 (GPx4), a core regulatory protein to prevent 
cells from ferroptosis by eliminating intracellular lipid peroxides, as well 
as SOD and GSH [8]. Lately, Fang et al. found that ferrostatin-1 (Fer-1, 
an inhibitor of ferroptosis), but not emricasan (an inhibitor of 
apoptosis), necrostatin-1 (a specific inhibitor of necroptosis) and 
3-methyladenine (an inhibitor of autophagy), reduced DOX-induced 
cardiomyopathy and mortality in mice [9]. Dexrazoxane, the only 
FDA approved drug to prevent DOX-induced cardiotoxicity in cancer 
patients, inhibited DOX-induced ferroptosis by chelating iron in car-
diomyocytes [10]. These findings highlight the importance of ferrop-
tosis in the pathology of DoIC and suggest that ferroptosis may be a 
promising target for the prevention of DoIC. 

Hydrogen sulfide (H2S) is endogenously synthesized from L-cysteine 
by several enzymes, including cystathionine-γ-lyase (CSE), cys-
tathionine-β-synthase (CBS), 3-mercaptopyruvate sulfurtransferase (3- 
MPST) and cysteine aminotransferase (CAT) [11]. H2S has long been 
regarded as toxic gas because of its ability to inhibit the activity of cy-
tochrome c oxidase and destroy mitochondrial respiration [12]. How-
ever, its toxicological profiles mainly depend on the exposure 
concentrations [12]. Growing evidences show that H2S endogenously 
produced in mammalian cells at a very low level exerts various biolog-
ical functions. It combats oxidative species, reacts with the metal centers 
of iron-heme proteins, and modifies protein cysteine residues known as 
persulfidation [13–15]. The interaction of H2S with various signaling 
molecules has been suggested to aid in signaling transduction and play 
important role in cardiovascular diseases, including atherosclerosis, 
coronary heart disease, heart failure, hypertension, pulmonary arterial 
hypertension, and myocardial ischemia/reperfusion injury [16–20]. 
Although H2S has been shown to confer protection against DoIC 
[21–25], it is unclear whether H2S is involved in the pathogenesis of 
DOX-induced ferroptosis. 

It is well established that H2S is critical for maintaining balanced 
amounts of antioxidants in the body [12]. Appropriate levels of H2S 
shield cardiomyocytes from oxidative stress by directly scavenging ROS 
and reactive nitrogen species (RNS), reducing glutathione disulfide 
(GSSG) and enhancing the level of glutathione (GSH) [12,26]. Hence, 
we speculated that H2S is likely to have an effective role in repressing 
DOX-induced ferroptosis. Unfortunately, how H2S could affect ferrop-
tosis in DoIC and the underlying mechanism are rarely investigated. 
Therefore, the present study was designed to examine the role and the 
mechanism of H2S in DOX-induced ferroptosis in cardiomyocytes. Our 
findings suggest that H2S combated DOX-induced ferroptosis and car-
diac injury by upregulating the activity of the lipid peroxide repair 
system, solute carrier family 7-member 11-glutathione 
(SLC7A11)/GSH/GPx4 pathway [10,27] through inducing Kelch-like 
ECH-Associating protein 1(Keap1) S-sulfhydration and activating Nu-
clear Erythroid 2-Related Factor 2 (Nrf2) [28,29], but having no effect 
on iron overload. 

2. Materials and methods 

2.1. Animal experiments 

The current study was ethically carried out in strict accordance with 
the recommendations of the “Guide for the Care and Use of Laboratory 
Animals” and the protocol was approved by the Animal Experiment 
Ethics Committee of Shanghai Jiao Tong University School of Medicine. 
Male 7-week-old C57BL/6J mice weighing 18–20 g were purchased 
from Shanghai Model Organisms Center (Shanghai, China) and housed 

in a standard raising condition of controlled humidity and a 12-h day/ 
night cycle at 22 ◦C. After 1 week of the acclimation period, the animals 
were randomly given DOX (i.p., 5 mg/kg/week; Cat#HY-15142, Med-
ChemExpress, USA) or saline for 4 weeks. During the DOX injection, 
mice were administered with NaHS (an H2S donor; i.p., 1 mg/kg/day; 
Cat#LS7485, Macklin, China), Ferrostatin-1 (Fer-1, a lipid peroxidation 
cleaner; i.p., 2 μmol/kg/day; Cat#100579, MedChemExpress, USA) or 
saline. To inhibit the production of endogenous H2S in cardiomyocytes, 
Cse-floxed mice on a C57BL/6J background were generated using a 
LoxP-targeting system at the Shanghai Model Organisms Center. The 
Cse-floxed mice were crossed with cardiac-specific and tamoxifen- 
inducible Myh6-cre transgenic mice (Cre-ERT2, Cre recombinase fused 
to a mutant estrogen ligand-binding domain) to obtain age matched 
Csef/f/cre− and Csef/f/cre+ mice for experiments. 2 weeks before DOX 
treatment, both Csef/f/cre− and Csef/f/cre+ mice were administered 
Tamoxifen (i.p., 75 mg/kg/day; Cat#HY-13757A, MedChemExpress, 
USA) for a total of 5 consecutive days for cre characterization work. 2 
weeks after the last injection of DOX, echocardiography was imple-
mented, blood samples and heart tissues were obtained from mice 
euthanized using deep isoflurane (5 %) anesthesia and stored at − 80 ◦C 
for subsequent use. The experimental design paradigm was shown in 
Fig. S1. 

2.2. Echocardiography 

Transthoracic echocardiography was performed using a 30-MHz 
high-frequency scan probe (Vevo 2100, VisualSonics, Canada). Mice 
were anesthetized and maintained under 1–3 % isoflurane and 2 L/min 
100 % oxygen during the procedure. Echocardiographic measurements 
were performed by a blinded investigator as previously described [30]. 
Left ventricular ejection fraction (EF) and fractional shortening (FS) 
were measured and calculated using Vevo Analysis software. 

2.3. Histological analysis 

The heart tissues were fixed with 4 % paraformaldehyde and 
embedded in paraffin. The paraffin-embedded hearts were then 
sectioned and stained with hematoxylin-eosin (Cat#G1005, Servicebio 
Biotech, China) and Masson trichrome staining reagent (Cat#G1006, 
Servicebio Biotech, China) according to the manufacturer’s instructions. 
The images were observed and captured with Nikon Eclipse Ti fluores-
cence microscope (Nikon, Japan) and processed with Image J software. 

2.4. Immunohistochemistry 

The heart sections were deparaffinized and rehydrated by gradient 
elution using xylene and ethanol, followed by washing with phosphate- 
buffered saline (PBS). To quench endogenous peroxidase activity, heart 
sections were incubated with peroxidase blocking reagent (3 % H2O2 in 
methanol) for 10 min. Prepared heart sections were blocked by incu-
bation with 5 % goat serum (Cat#C0265, Beyotime Biotechnology, 
China) for 1 h at 37 ◦C, and then incubated overnight with primary 
antibodies (Table S1) at 4 ◦C under humidified conditions, followed by 
incubation for 1 h with HRP conjugated anti-rabbit secondary antibody 
(Cat#GB23303, 1:500, Servicebio Biotech, China) at room temperature. 
Control slides stained with isotype IgG controls were prepared to 
determine the antibody specificity of each staining. After washing with 
PBS, the DAB Solution was used to cover the entire tissue section and 
incubate for 5 min. Stained slides were observed using Nikon Eclipse Ti 
fluorescence microscope (Nikon, Japan) and analyzed using Image J 
software. 

2.5. Measurement of plasma H2S 

120 μL aliquots of plasma were mixed with 100 μL distilled water and 
60 μL 1 % zinc acetate to trap H2S. Subsequently, 40 μL N, N-dimethyl-p- 
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Fig. 1. Insufficient production of endogenous H2S in cardiomyocytes in DoIC. 
A, Plasma H2S concentration in mice (n = 6). B, H2S synthesizing activity in hearts (n = 6). C, The expression levels of Cse mRNA in heart tissues (n = 6). D and E, 
Representative blots and quantitative analysis of CSE protein levels in heart tissues (n = 3). F and G, Representative images of endogenous H2S levels detected by the 
SulfoBiotics-HSip-1 DA fluorescent probe (Green) in H9c2 cells after a series of time gradient and concentration gradient doxorubicin stimulation (Scale bar indicated 
20 μm), and the quantitative analysis of the fluorescence intensities were shown in H and I (n = 3). J and K, The expression levels of Cse mRNA in H9c2 cells after a 
series of time gradient and concentration gradient doxorubicin stimulation (n = 3). L-O Representative blots and quantitative analysis of CSE protein levels in H9c2 
cells after a series of time gradient and concentration gradient doxorubicin stimulation (n = 3). The data are presented as the Mean ± SD. *p < 0.05, **p < 0.01 and 
***p < 0.001 vs. Vehicle group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 2. Inhibition of endogenous H2S production aggravated DoIC, which was partially rescued by exogenous H2S supplementation. 
A, Body weight of mice (n = 6). B, Ratio of heart weight to tibia length (HW/TL, n = 6). C, Representative M-mode images of transthoracic echocardiography. D and 
E, Quantification of left ventricular ejection fraction and left ventricular fraction shortening (n = 6). F and G, The expression levels of Anp and Bnp mRNA in heart 
tissues. H, Representative images of H&E staining in heart sections (Scale bar indicated 20 μm). I, Representative images of Masson’s trichrome staining in heart 
sections (Scale bar indicated 20 μm). J, Representative transmission electron micrographs of heart tissues (Scale bar indicated 1 μm). The data are presented as the 
Mean ± SD. **p < 0.01 and ***p < 0.001 vs. Vehicle group at the same genetic background; #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. DOX group of Csef/f/cre− ; 
&&&p < 0.001 vs. DOX group of Csef/f/cre+. 
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phenylenediamine sulphate (20 μM) in 7.2 M HCl was added, followed 
by 40 μL FeCl3 (30 μM) in 1.2 M HCl. Thereafter, 120 μL 10 % tri-
chloroacetic acid was used to precipitate protein that might be present in 
the plasma. The resulting solution was centrifuged at 14,000 g for 5 min 
at 4 ◦C. The absorbance of the final solution was measured at 670 nm 
using a 96-well microplate reader (Bio-Tek, USA). The plasma concen-
tration of H2S was calculated against a calibration curve of NaHS. 

2.6. H2S synthesizing activity assay 

H2S synthesizing activity in heart homogenates was measured as 
previously described [31]. The reaction mixture containing 100 mM 
potassium phosphate buffer (pH 7.4), 20 mM L-cysteine, 2 mM pyridoxal 
5′-phosphate and tissue homogenate was prepared in tightly sealed tubes 
on ice. Tubes were subsequently transferred to a water bath at 37 ◦C to 
initiate the reactions. After 30 min, 1 % zinc acetate was added to entrap 
synthesized H2S and 10 % trichloroacetic acid was subsequently added 
to stop the reaction. Additionally, 20 μM N, N-dimethyl-p--
phenylenediamine sulphate in 7.2 M HCl was added, followed by 30 μM 
FeCl3 in 1.2 M HCl. The absorbance of the final solution was determined 
at 670 nm using spectrophotometry (Bio-Tek, USA). The concentration 
of H2S in each reaction mixture was calculated against a calibration 
curve of NaHS. H2S synthesizing activity in heart homogenates was 
expressed as nmol H2S formed/mg DNA after being adjusted to the DNA 
concentration in heart homogenates. 

2.7. Measurement of MDA content 

Serum and cardiac malondialdehyde (MDA) levels were measured 
using a kit (Cat#A003, Nanjing Jiancheng, China) in accordance with 
the manufacturer’s instructions. 

2.8. Cell treatment and transfection 

H9c2 rat cardiomyocytes were purchased from Type Culture 
Collection of the Chinese Academy of Sciences (Shanghai, China) and 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
(Cat#11965092, Hyclone, USA) with 10 % fetal bovine serum (FBS) 
(Cat#10099141, Gibco, USA) and 1 % penicillin-streptomycin solution 
(P/S) (Cat#15070063, Gibco, USA) at 37 ◦C in a humidified incubator 
containing 95 % air and 5 % CO2. Cells were seeded on a 6-well plate or 
a 96-well plate before experiments and replaced with serum-free DMEM 
for 12 h when cells were cultured at about 80 % confluence. DOX 
treatment was implemented at different concentrations (0–5 μM) for 24 
h or 1 μM for different times (0–48 h). To supplement exogenous H2S, 
cells were incubated with NaHS (100 or 200 μM) during the DOX 
treatment. To suppress ferroptosis, cells were incubated with Fer-1 (2 
μM) during the DOX treatment. To inhibit the activity of system xÇ− , 
cells were incubated with Erastin2 (a selective inhibitor of the system 
xÇ− , 2 μM; Cat#HY-139087, MedChemExpress, USA) during the DOX 
treatment. For in vitro knockdown of Cse, a small interfering RNA 
(siRNA) molecule (siCse; Genomeditech, China) was synthesized. The 
target sequences were listed in Table S2. A random sequence molecule 
was synthesized as negative control. Cells were seeded at a density of 1 
× 105 cells/mL in a well plate containing growth medium without an-
tibiotics and incubated overnight. Lipofectamin™ 3000 

(Cat#L3000015, Invitrogen, USA) was used according to the manufac-
turer’s instruction for 48 h to transfect in OPTI-MEM reduced serum 
medium (Cat#31985088, Gibco, USA). The effects of these in-
terventions were evaluated by real-time PCR and Western Blot. After 
complete intervention, cells or supernatants were collected for subse-
quent use. 

2.9. Intracellular H2S detection assay 

Intracellular H2S level was measured using the sensitive fluorescent 
probe SulfoBiotics-HSip-1 DA (Cat#SB22, DOJINDO, Japan) according 
to the manufacturer’s protocols. Briefly, treated cells were washed and 
incubated in 5 μM HSip-1 DA working solution for 30 min at 37 ◦C. 
Hoechst 33342 staining solution for live cells (Cat#C1027, Beyotime 
Biotechnology, China) was used for counterstaining the nucleus. All 
images were obtained with Nikon Eclipse Ti fluorescence microscope 
(Nikon, Japan) and analyzed using Image J software. 

2.10. Cell viability 

Cells were seeded at a concentration of 5000 cells/well in a 96-well 
plate. Different treatments were implemented as described above. The 
cell viabilities of each group were detected using the enhanced Cell 
Counting Kit-8 (CCK-8; Cat#C0042, Beyotime Biotechnology, China) for 
measuring the absorbance values at a wavelength of 450 nm 2 h after 
adding the working solution. 

2.11. Flow cytometry-based lipid peroxidation assay 

Cells were seeded in a 6-well plate and treated as indicated. After 
treatment, the cells were incubated in 2 μM BODIPY™ 581/591C11 
regent (Cat#D3861, Invitrogen, USA) for 30 min at 37 ◦C in the dark, 
then analyzed using a CytoFLEXS flow cytometer (Beckman, USA). Data 
were collected from a minimum of 10,000 cells per sample and analyzed 
in the FlowJo 10.0 software. 

2.12. Reactive oxygen species (ROS) generation 

The H9c2 cells were cultured in 6-well plates and treated as above. 
ROS in cells was monitored using a Fluorometric Intracellular ROS Kit 
(Cat#MAK142; Sigma, USA) according to the manufacturer’s in-
structions. Hoechst 33342 staining solution for live cells was used for 
counterstaining the nucleus. The level of intracellular ROS was detected 
with Nikon Eclipse Ti fluorescence microscope (Nikon, Japan) and 
analyzed using Image J software. 

2.13. Analysis of mitochondrial membrane potential 

Mitochondrial membrane potential was measured using the sensitive 
fluorescent probe JC-1 (Cat#T3168, Invitrogen, USA) according to the 
manufacturer’s protocols. Briefly, treated cells were washed and incu-
bated in 1 μM JC-1 working solution for 30 min at 37 ◦C. Hoechst 33342 
staining solution for live cells was used for counterstaining the nucleus. 
All images were obtained with Nikon Eclipse Ti fluorescence microscope 
(Nikon, Japan) and analyzed using Image J software. Results were 
shown as a ratio of fluorescence measured at 485 nm/535 nm to that 

Fig. 3. H2S ameliorated DoIC by inhibiting cardiomyocyte ferroptosis in vivo. 
A, Body weight of mice (n = 6). B, Ratio of heart weight to tibia length (HW/TL, n = 6). C, Representative M-mode images of transthoracic echocardiography. D and 
E, Quantification of left ventricular ejection fraction and left ventricular fraction shortening (n = 6). F and G, The expression levels of Anp and Bnp mRNA in heart 
tissues (n = 6). H, Representative images of H&E staining in heart sections (Scale bar indicated 20 μm). I, Representative images of Masson’s trichrome staining in 
heart sections (Scale bar indicated 20 μm), the percentage of fibrotic area was calculated in L (n = 6). J, Representative images of immunohistochemistry staining of 
FTH (Brown) in heart sections (Scale bar indicated 20 μm), the quantification analysis of FTH was shown in M (n = 6). K, Representative transmission electron 
micrographs of heart tissues (Scale bar indicated 1 μm). N and O, MDA levels in plasma and heart tissues (n = 6). P, The expression levels of Ptgs2 mRNA in heart 
tissues (n = 6). The data are presented as the Mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. Vehicle group; #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. 
DOX group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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measured at 535 nm/590 nm (monomers to aggregates fluorescence). 

2.14. Oxygen consumption measurements 

Measurement of oxygen consumption rate of H9c2 cells was per-
formed using seahorse XF Cell Mito Stress Test Kit (Cat#103010, Agi-
lent, USA) performed by Seahorse XF96e Extracellular Flux Analyzer 
(Agilent, USA). 1 × 104 H9c2 cells were seeded on Seahorse cell culture 
plates and treated according to aforementioned protocol. The completed 
culture media were changed to Seahorse XF DMEM supplemented with 
5 μM glucose, 1 μM pyruvate and 10 μM glutamine. After 1 h incubation 
at 37 ◦C in CO2-free incubator, oxygen consumption was measured 
following respective injections with a blank, oligomycin (1.5 M), FCCP 
(1 M), and Rotenone/Antimycin A (0.5 M). Oxygen consumption mea-
surements were normalized to total cell number determined by DAPI 
stained nucleus counting at the end of the experiment. 

2.15. Glutathione level assay 

Heart homogenates or cell lysates were collected for GSH analysis 
using a total GSH/oxidized GSH assay kit (Cat#A061, Nanjing Jian-
cheng, China) in triplicate according to the manufacturer’s instructions. 
The results were normalized to total protein concentration tested by the 
bicinchoninic acid method. 

2.16. Supernatant glutamate level assay 

The release of glutamate from H9c2 cells into the extracellular me-
dium was detected using a WST based glutamate assay kit (Cat#G269, 
DOJINDO, Japan). The H9c2 cells were seeded in 6-well plates and 
treated as above. The supernatants of each well were collected and 
tested in triplicate according to the manufacturer’s instructions. Su-
pernatant glutamate level was normalized to total cell number deter-
mined by DAPI stained nuclei counting at the end of the experiment. 

2.17. Quantitative real-time PCR 

Total RNA was isolated from cardiac tissues or cells using TRIzol 
regent (Cat#15596018, Invitrogen, USA), and RNA concentration and 
purity were measured using Nanodrop 3100 (Thermo Scientific, USA). 
RNA was reverse-transcribed using HiScriptII Reverse Transcriptase kit 
(Cat#R201, Vazyme, China) in accordance with the manufacturer’s in-
structions, and quantitative PCR was conducted in triplicate using an 
Applied Biosystems 6Flex with SYBR Green Master Mix (Cat#B21703, 
Bimake, USA). The fold difference in gene expression was calculated 
using the 2-△△Ct method and was presented relative to Gapdh mRNA. 
The sequences of the forward and reverse primers used for amplification 
were shown in Table S3. 

2.18. Western immunoblot 

To obtain total protein extracts, cultured cells or frozen cardiac tis-
sues were lysed at 4 ◦C in radioimmunoprecipitation (RIPA) buffer with 
protease and phosphatase inhibitor cocktail (Cat#P1050, Beyotime 
Biotechnology, China). Tissue homogenates or cell lysates were clarified 

by centrifugation at 14,000 g for 15 min at 4 ◦C and the protein con-
centration was determined using the bicinchoninic acid method 
(Cat#P0010S, Beyotime Biotechnology, China). A total of 20 μg protein 
per sample was size-fractionated by sodium dodecyl sulphate poly-
acrylamide gel electrophoresis and transferred onto Immobilon poly-
vinylidene difluoride membranes (Millipore, USA). The membranes 
were blocked for 2 h with 5 % DifcoTM Skim Milk (Cat#232100, BD 
Biosciences, USA) and then probed overnight at 4 ◦C with primary an-
tibodies (Table S1), followed by a 1:30,000 dilution of Dylight™ 800 
4XPEG-conjugated goat anti-rabbit IgG (H + L) or goat anti-mouse IgG 
(H + L) (Cell Signaling Technology, USA) for an hour. The results were 
visualized and analyzed by Odyssey Infrared Imaging System. 

2.19. Co-immunoprecipitation (Co-IP) 

H9c2 cells were harvested and lysed as previously described. Cell 
lysates were incubated with anti-Keap1 antibody (1 μg/mg protein; 
Table S1) or normal rabbit IgG overnight at 4 ◦C, followed by incubating 
with 30 μL BSA blocked Protein A/G magnetic beads (Cat# B23201, 
Bimake, USA) for 6 h at 4 ◦C. The precipitated beads were washed 3 
times with ice-cold immunoprecipitation lysis buffer and proteins were 
eluted in SDS loading buffer (Cat# P0015B, Beyotime Biotechnology, 
China) by incubating at 95 ◦C for 10 min. The eluted proteins were 
analyzed by immunoblotting. 

2.20. Immunofluorescence staining 

H9c2 cells were rinsed with PBS, fixed with 4 % paraformaldehyde 
for 20 min at room temperature, blocked by incubation with PBS con-
taining 10 % goat serum (Cat#C0265, Beyotime Biotechnology, China) 
and 0.3 % Triton-100 (Cat#9036-19-5, Sigma-Aldrich, USA) for 1 h at 
37 ◦C and incubated with primary antibodies (Table S1) overnight at 
4 ◦C. After additional washing, cells were incubated with Alexa Fluro 
conjugated secondary antibody (Table S1) for 1 h at room temperature. 
Nuclei were stained using 4′,6-diamidino-2-phenylindole (DAPI) for 10 
min. Image acquisition was performed using Nikon Eclipse Ti fluores-
cence microscope (Nikon, Japan) and analyzed using Image J software. 

2.21. Biotin switch assay of S-sulfhydration 

A biotin switch assay was performed utilizing a biotin switch assay 
kit (Cat#ab236207, Abcam, USA) with little modifications [28,29]. 
Briefly, treated H9c2 cells were homogenized in HEN buffer (250 mM 
HEPES-NaOH [pH 7.7] supplemented with 1 mM EDTA and 0.1 mM 
neocuproine) containing 150 μM deferoxamine, 1 % Nonidet-P40 
(NP-40), and protease/phosphatase inhibitors. The lysates were added 
to HEN buffer supplemented with 2.5 % SDS and 20 mM methyl 
methanethiosulfonate (MMTS). The samples were frequently shaken at 
50 ◦C for 30 min. Then, the MMTS was removed by adding acetone and 
the samples were precipitated at − 20 ◦C for 1 h. The pellets were sus-
pended in HEN buffer containing 1 % SDS and 4 mM biotin-HPDP. After 
3 h of incubation at 25 ◦C, the proteins were purified with acetone. 
Finally, the proteins were dissolved in solution buffer, purified with 
streptavidin–agarose beads and subjected to western blotting with an 
anti-Keap1 antibody (Table S1). Cells treated by dithiothreitol (DTT) (1 

Fig. 4. H2S ameliorated DoIC by inhibiting cardiomyocyte ferroptosis in vitro. 
A, Cell viability of H9c2 cells (n = 3). B, The expression levels of Ptgs2 mRNA in H9c2 cells (n = 3). C and D, Representative images and quantification of intracellular 
lipid peroxide in H9c2 cells (n = 3). E, Representative images of intracellular Fe2+ level detected by FerroOrange staining (Orange) in H9c2 cells, and the quantitative 
analysis of the fluorescence intensities were shown in H (n = 3). F, Representative images of intracellular ROS level detected by cell ROS fluorescent probe (Red) in 
H9c2 cells, and the quantitative analysis of the fluorescence intensities were shown in I (n = 3). G, Representative images of mitochondrial membrane potential 
detected by JC-1 fluorescent probe in H9c2 cells, and the quantitative analysis was established as the ratio of the JC-1 Monomers (Green) and JC-1 Aggregates (Red) 
in J (n = 3). K, Representative transmission electron micrographs of H9c2 cells (Scale bar indicated 1 μm). L-N, Real-time oxygen consumption rates (OCR) and 
calculated basal and maximal respiration rates in H9c2 cells (n = 3). The data are presented as the Mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. Vehicle 
group; ##p < 0.01 and ###p < 0.001 vs. DOX group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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mmol/L) served as the negative control group. 

2.22. Transmission electron microscopy (TEM) 

For TEM morphological analysis, freshly excised heart tissues or cell 
pellets were fixed in 2.5 % glutaraldehyde in 0.1 M sodium cacodylate 
buffer (pH 7.4) at 4 ◦C for 2 h. After being washed with 0.1 M sodium 
cacodylate buffer, they were post-fixed with 1 % osmium tetroxide for 2 
h and dehydrated through a graded ethanol series at 4 ◦C. Finally, the 
samples were embedded in epoxy resin at room temperature for 4 h. 
Ultrathin sections (70 nm) were assembled to a copper grid and 
observed using electron microscopy (Hitachi, Japan). 

2.23. Statistical analysis 

All arithmetic data were expressed as the mean ± SD at least 6 mice 
in vivo and 3 independent experiments in vitro. A two-tailed Student’s t- 
test was used to compare means between two groups and one-way 
ANOVA followed by Tukey’s multiple comparison was used to analyze 
the differences among more than 3 groups. Statistical analysis was 
performed using GraphPad Prism 9.0. A p-value <0.05 was considered 
statistically significant. 

3. Results 

3.1. Disturbance of endogenous H2S metabolism in hearts in DoIC 

A classic mouse model of chronic DoIC was applied to explore the 
changes of endogenous H2S metabolism in cardiomyocytes. As shown in 
Fig. 1A and B, the plasma level of H2S and cardiac H2S synthesizing 
activity in DOX group markedly reduced as compared with vehicle 
group. Meanwhile, the cardiac mRNA and protein expression of CSE, a 
crucial H2S generating enzyme in cardiovascular system, was signifi-
cantly downregulated by DOX (Fig. 1C–E). Additionally, we evaluated 
the mRNA and protein expression of MPST and CBS, two other major 
H2S production enzymes. The cardiac expression of MPST did not 
significantly alter during the induction of DoIC while CBS was minimally 
expressed in heart tissues (Figs. S2A–S2C). 

On the other hand, H9c2 rat cardiomyocytes were incubated with 
DOX at gradient concentrations ranging from 0.25 to 5.0 μM or for 
different time periods. Intracellular H2S level was detected by 
SulfoBiotics-HSip-1 DA, a sensitive fluorescent probe verified by the 
gradient NaHS intervention test (Figs. S2D and S2E). Not surprisingly, 
DOX decreased the intracellular H2S level in H9c2 cells in a dose- 
dependent and time-dependent manner (Fig. 1F–I). Coincidently, the 
mRNA and protein expression of CSE was also dose-dependently and 
time-dependently downregulated by DOX (Fig. 1J–O). Taken together, 
these findings suggested that DOX suppressed the expression of CSE in 
cardiomyocytes and caused endogenous H2S insufficiency in DoIC. 

3.2. Mice with cardiac loss of CSE (Csef/f/Cre+) developed more severe 
DoIC 

To verify the role of H2S in DoIC, cardiomyocyte-specific Cse 
knockout mice (Csef/f/Cre+) were generated using LoxP-targeting 

system. Since a recent research showed that cardiomyocyte-specific 
Cre recombinase expression caused a dilated cardiomyopathy with 
ferroptosis-like phenotype in 6-month-old mice [32], we first verified 
that the 8-week-old, Cre-ERT2 mice we used showed no difference in 
cardiac function (Figs. S3A–S3G), histology (Fig. S3H), and ferroptotic 
phenotypes (Fig. S3I-S3N) compared to wild-type mice of the same age. 
Then, cardiac Cse deletion was induced by Tamoxifen right before start 
of induction of DoIC (Fig. S1B), the genotype identification was shown 
in Fig. S4A. The cardiac CSE protein level was significantly suppressed 
by Tamoxifen induction in Csef/f/Cre+ mice (Figs. S4B and S4C), fol-
lowed by the decreased H2S levels both in plasma (Fig. S4D) and cardiac 
tissues (Fig. S4E). 

As shown in Fig. 2A–G, DOX caused myocardial injury and heart 
failure, as characterized by an obvious reduction in body weight (BW) 
and the ratio of heart weight to tibia length (HW/TL), ejection fraction 
(EF) and fraction shortening (FS) evaluated by echocardiography, and 
an apparent rise in Anp and Bnp mRNA levels, two classic biomarkers of 
heart failure. Histologically, cardiac tissue was seriously damaged in 
DOX group, as indicated by ruptured cardiomyocytes and disordered 
myocardial fibers, with a certain degree of inter-myocardial fibrosis. 
Cardiac depletion of endogenous H2S production in Csef/f/Cre+ mice 
significantly aggravated DoIC. A further decline in BW, HW/TL, EF and 
FS, along with an extra rise in Anp and Bnp mRNA level (Fig. 2A–G) was 
observed in Csef/f/Cre+ mice injected with DOX. Impairment in the 
histology of cardiac muscles was also augmented by cardiomyocyte- 
specific deletion of Cse (Fig. 2H and I). Consistent with developing 
more severe DoIC, Csef/f/Cre+ mice displayed exacerbated mitochon-
drial damage, as characterized by more obvious mitochondrial swelling 
and vacuolization with disintegration and lysis of cristae in car-
diomyocytes (Fig. 2J). All the deteriorations observed in DOX-injected 
Csef/f/Cre+ mice were substantially reversed by a long-term low-dose 
supplementation of exogenous H2S (Fig. 2A–J). Altogether, these results 
proposed a protective role of endogenous H2S in the process of chronic 
DoIC. 

3.3. H2S ameliorated DoIC by inhibiting ferroptosis in cardiomyocytes 

Recent studies have revealed that ferroptosis, a newly defined iron- 
dependent cell death, plays a key role in DoIC [9]. Then, we investi-
gated the potential effect of H2S on ferroptosis in DoIC. During the in-
duction of DoIC, mice received daily intraperitoneal injections of NaHS 
or Fer-1, a ferroptosis inhibitor by eliminating lipid peroxides. Both 
NaHS and Fer-1 ameliorated the loss of BW and HW/TL, cardiac 
dysfunction and the increase in cardiac Anp and Bnp mRNA level caused 
by DOX (Fig. 3A–G). Besides, both NaHS and Fer-1 alleviated 
DOX-induced morphological alterations and myocardial fibrosis in heart 
tissues (Fig. 3H, I and 3L). Further, as same as Fer-1, H2S significantly 
reduced lipid peroxide production, including decreased serum and car-
diac MDA levels (Fig. 3N and O) and downregulated Ptgs2 mRNA 
expression, a classic marker of ferroptosis (Fig. 3P), thereby partially 
restoring mitochondrial ultrastructure in cardiomyocytes (Fig. 3K). 
However, both Fer-1 and H2S had no effect on DOX-induced iron 
accumulation in cardiomyocytes (Fig. 3J and M). 

To ascertain the relationship between H2S and ferroptosis in DoIC, 
H9c2 cells were pretreated with NaHS or Fer-1 before incubation with 

Fig. 5. Cardiac knockout of Cse gene in mice or knockdown Cse gene in H9c2 cells aggravated DOX-induced ferroptosis. 
A and B, MDA level in plasma and heart tissues (n = 6). C, The expression levels of Ptgs2 mRNA in heart tissues (n = 6). D, Cell viability of H9c2 cells (n = 3). E, The 
expression levels of Ptgs2 mRNA in H9c2 cells (n = 6). F and G, Representative images and quantification of intracellular lipid peroxide in H9c2 cells (n = 3). J, 
Representative images of intracellular ROS level detected by cell ROS fluorescent probe (Red) in H9c2 cells, and the quantitative analysis of the fluorescence in-
tensities were shown in H (n = 3). K, Representative images of mitochondrial membrane potential detected by JC-1 fluorescent probe in H9c2 cells, and the 
quantitative analysis was established as the ratio of the JC-1 Monomers (Green) and JC-1 Aggregates (Red) in I (n = 3). L-N, Real-time oxygen consumption rates 
(OCR) and calculated basal and maximal respiration rates in H9c2 cells (n = 3). The data are presented as the Mean ± SD. For panel A-C, *p < 0.05, **p < 0.01 and 
***p < 0.001 vs. Vehicle group at the same genetic background; ###p < 0.001 vs. DOX group of Csef/f/cre− ; &&&p < 0.001 vs. DOX group of Csef/f/cre+. For panel 
D-N, *p < 0.05 and ***p < 0.001 vs. Vehicle group; @p < 0.05, @@p < 0.01 and @@@p < 0.001 vs. siNC + DOX group; $$$p < 0.001 vs. siCse + DOX group. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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DOX. NaHS dose-dependently reversed DOX-induced suppression of cell 
viability, which could be mimicked by pretreatment with Fer-1 
(Fig. 4A). Besides, similar to Fer-1, NaHS significantly inhibited DOX- 
induced ferroptosis, as evidenced by a dose-dependent reduction in 
Ptgs2 mRNA expression (Fig. 4B) and lipid peroxide level (Fig. 4C and 
D). Further, in coincidence with the findings in vivo, both NaHS and Fer- 
1 markedly suppressed ROS production (Fig. 4F and I) and restored 
mitochondrial dysfunction and ultrastructure damage as characterized 
by an obvious increase in mitochondrial membrane potential (Fig. 4G 
and J), improved mitochondrial respiration capacity (Fig. 4L–N) as well 
as less swollen mitochondria with cristae loss (Fig. 4K). However, 
neither NaHS nor Fer-1 restrained iron accumulation in DOX-stimulated 
H9c2 cells (Fig. 4E and H). Taken together, both in vivo and in vitro 
findings suggested that H2S attenuated DOX-induced cardiomyocyte 
ferroptosis by inhibiting accumulation of lipid peroxide. 

3.4. Cardiac loss of Cse aggravated DOX-induced ferroptosis in 
cardiomyocytes 

Cse cardiac-specific knockout mice were used to further validate our 
findings about H2S and DOX-induced ferroptosis. In contrast to DOX- 
injected Csef/f/Cre− mice, plasma and cardiac MDA levels (Fig. 5A and 
B) and Ptgs2 mRNA expression (Fig. 5C) significantly elevated in DOX- 
injected Csef/f/Cre+ mice. The aggravation of MDA production and 
ferroptosis in DOX-injected Csef/f/Cre + mice was abrogated by sup-
plementation of exogenous H2S. 

On the other hand, siRNA for Cse (siCse) was constructed and 
transfected into H9c2 cells. The transfection efficiency was shown in 
Figs. S5A–S5C, and the cellular H2S level was significantly decreased in 
the Cse knockdown cells (Figs. S5D and S5E). Under stimulation of DOX, 
H9c2 cells with siCse transfection showed lower cell viability (Fig. 5D), 
higher Ptgs2 mRNA expression (Fig. 5E) and more lipid peroxide accu-
mulation (Fig. 5F and G). Besides, siCse transfection further increased 
the intracellular level of ROS (Fig. 5H and J) and exacerbated mito-
chondrial impairment, as characterized by an obvious decline in mito-
chondrial membrane potential (Fig. 5I and K) and mitochondrial 
respiration capacity (Fig. 5L–N). All these changes could be partially 
reversed by supplementation with exogenous H2S. Collectively, both in 
vivo and in vitro findings suggested that H2S attenuated DOX-induced 
cardiomyocyte ferroptosis by inhibiting accumulation of lipid peroxide. 

3.5. H2S inhibited DOX-induced ferroptosis by SLC7A11/GSH/GPx4 
pathway 

SLC7A11/GSH/GPx4 signaling axis is the canonical ferroptosis de-
fense pathway [10]. SLC7A11, a cystine/glutamate antiporter (also 
commonly known as xCT) mediates the uptake of extracellular cystine in 
exchange for glutamate [27]. Cystine is converted to cysteine to syn-
thesize GSH. GPx4 then uses GSH as a co-factor to reduce lipid peroxides 
and prevent ferroptosis [27]. Therefore, we investigated the association 
between H2S and SLC7A11/GSH/GPx4 pathway in DOX-induced 
ferroptosis. 

In the murine model of DoIC, DOX significantly downregulated the 
expression of SLC7A11 (Fig. 6A and B) and GPx4 (Fig. 6A and C) in 
hearts and consequently decreased the GSH/GSSG ratio (Figs. S6A and 
S6B and Fig. 6D). Administration of NaHS remarkably mitigated DOX- 

induced downregulation of SLC7A11, GPx4 and the GSH/GSSG ratio 
in hearts (Fig. 6A–D, Figs. S6A and S6B). In sharp contrast, cardiac 
knockout of Cse in mice with DOX injection exacerbated the reduction in 
expression of SLC7A11 (Fig. 6E and F) and GPx4 (Fig. 6E and G), and the 
GSH/GSSG ratio (Fig.S6C, S6D and Fig. 6H). The exacerbation was 
partially rescued by exogenous H2S supplementation (Fig. 6E–H, 
Figs. S6C and S6D). 

In H9c2 cells, DOX downregulated the expression of SLC7A11 
(Fig. 6I and J) and GPx4 (Fig. 6I and K) and decreased the GSH/GSSG 
ratio (Figs. S6E and S6F and Fig. 6L) and glutamate level (Fig. 6M). 
NaHS dose-dependently attenuated the alterations in SLC7A11/GSH/ 
GPx4 pathway caused by DOX (Fig. 6I–M, Figs. S6E and S6F). However, 
transfection with siCse aggravated them (Fig. 6N–R, Figs. S6G and S6H), 
which was partially abrogated by addition of NaHS. 

Erastin2 is a potent inhibitor of the system xÇ− cystine/glutamate 
transporter and triggers ferroptosis in many cell types [33,34]. In 
accordance with the literature, Erastin2 not only inhibited the expres-
sion of SLC7A11 and GPx4 in H9c2 cells but also aggravated the 
inhibitory effect in DOX-stimulated H9c2 cells (Figs. S7A–7C). As a 
result, Erastin2 caused more severe lipid peroxidative damage and 
mitochondrial dysfunction in DOX-stimulated H9c2 cells in comparison 
to unstimulated cells (Figs. S7D–7F). Notably, pretreatment with NaHS 
had negligible effect on the expression of SLC7A11 and GPx4 as well as 
the process of ferroptosis (Fig. S7). 

Pretreatment with Erastin2 in DOX-stimulated H9c2 cells signifi-
cantly abrogated the upregulation of SLC7A11 (Fig. 7A and B) and GPx4 
expression (Fig. 7A and C) caused by NaHS. As a result, NaHS could not 
restore DOX-induced ferroptosis in the presence of Erastin2. In DOX +
NaHS + Erastin2 group, GSH/GSSG ratio (Figs. S6I and S6J and Fig. 7D), 
supernatant glutamate level (Fig. 7E) and cell viability (Fig. 7F) were 
apparently lower than those in DOX + NaHS group whereas Ptgs2 
expression (Fig. 7G), lipid peroxides (Fig. 7H and I) and intracellular 
ROS (Fig. 7J and K) were much higher. An obvious impairment in 
mitochondrial membrane potential (Fig. 7L and M) and mitochondrial 
respiration capacity (Fig. 7N–P) was also observed in the DOX + NaHS 
+ Erastin2 group. Collectively, these observations indicated that inhi-
bition of system xÇ− abolished the protective effect of NaHS in DOX- 
induced cardiomyocyte ferroptosis, suggesting the involvement of 
SLC7A11/GSH/GPx4 pathway in the anti-ferroptosis activity of H2S. 

3.6. H2S promoted SLC7A11 and GPx4 transcription by inducing Keap1 
S-sulfhydration and Nrf2 activation 

To determine the potential mechanism of H2S in regulating 
SLC7A11/GSH/GPx4 pathway, we examined the Keap1-Nrf2 signaling 
axis, which regulates oxidative stress-induced SLC7A11 and GPx4 
transcription [27]. Interestingly, DOX treated significantly upregulated 
the expression of Keap1 (Fig. 8A and D) and increased the Nrf2/Keap1 
interaction (Fig. 8A–C), which led to a decreased protein level (Fig. 8A 
and E) and an inhibition of nuclear translocation of Nrf2 (Fig. 8F and G), 
thus decreased the transcription of SLC7A11 and GPx4 (Fig. 8H). 
Administration of NaHS, although had no effect in the expression of 
Keap1, partially increased Nrf2 dissociation from Keap1 and reversed 
the protein level and nuclear translocation of Nrf2, promoting SLC7A11 
and GPx4 transcription (Fig. 8A–H). S-sulfhydration, the addition of one 
sulfhydryl to the thiol side of the cysteine residue and formation of a 

Fig. 6. H2S inhibited DOX-induced cardiomyocyte ferroptosis via regulating SLC7A11/GSH/GPx4 pathway. 
A-C, Representative blots and quantitative analysis of SLC7A11 and GPx4 protein levels in heart tissues (n = 3). D, the ratio of the GSH and GSSG in heart tissues (n 
= 6). E-G, Representative blots and quantitative analysis of SLC7A11 and GPx4 protein levels in heart tissues (n = 3). H, the ratio of the GSH and GSSG in heart 
tissues (n = 6). I–K, Representative blots and quantitative analysis of SLC7A11 and GPx4 protein levels in H9c2 cells (n = 3). L, the ratio of the GSH and GSSG in 
H9c2 cells (n = 3). M, The glutamate levels of supernatants from cultured H9c2 cells (n = 3). N–P, Representative blots and quantitative analysis of SLC7A11 and 
GPx4 protein levels in H9c2 cells (n = 3). Q, the ratio of the GSH and GSSG in H9c2 cells (n = 3). R, The glutamate levels of supernatants from cultured H9c2 cells (n 
= 3). The data are presented as the Mean ± SD. For panel F–H, *p < 0.05 and ***p < 0.001 vs. Vehicle group at the same genetic background; #p < 0.05, ##p < 0.01 
and ###p < 0.001 vs. DOX group of Csef/f/cre− ; &&&p < 0.001 vs. DOX group of Csef/f/cre+. For the rest of panels, *p < 0.05, **p < 0.01 and ***p < 0.001 vs. 
Vehicle group; ##p < 0.01 and ###p < 0.001 vs. DOX group; @p < 0.05 and @@p < 0.01 vs. siNC + DOX group; $$$p < 0.001 vs. siCse + DOX group. 
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persulfide group (R-S-S-H), has been identified as a novel post-
translational modification by H2S [35]. Recent advances have shown 
that H2S regulated Keap1-Nrf2 signaling axis through Keap1 S-sulfhy-
dration [28,29]. We next investigated the S-sulfhydration level of Keap1 
using the “tag-switch” assay. The results showed that NaHS adminis-
tration enhanced S-sulfhydration on Keap1, which significantly 
decreased in DOX-challenged cells (Fig. 8I and J). 

Moreover, transfection with siCse before DOX treatment resulted in a 
significant increase in the Nrf2/Keap1 interaction, a decreased protein 
level and nuclear translocation of Nrf2, a lower transcription level of 
SLC7A11 and GPx4 compared to the DOX group (Fig. 8K–R), due to the 
lack of Keap1 S-sulfhydration (Fig. 8S and T) but not the protein level of 
Keap1(Fig. 8K and N). All these can be partially reversed by NaHS 
administration (Fig. 8K–T). Collectively, these observations indicated 
that S-sulfhydration of Keap1 and the subsequent activation of Nrf2 are 
one of the key mechanisms to the protective effect of NaHS in DOX- 
induced cardiomyocyte ferroptosis. 

4. Discussion 

Various studies have already proposed that H2S and its donors may 
offer a therapeutic approach for the prevention of DoIC. Wu et al. found 
that S-propargyl-cysteine (SPRC), a producing agent of endogenous H2S, 
alleviated DOX-induced ROS production, mitochondrial dysfunction 
and intracellular Ca2+ overload by activating gp130-mediated STAT3 
signaling [23]. Our previous study reported that H2S reversed 
DOX-induced cardiac gap junction remodeling and then improved heart 
failure [21]. Other possible explanations for the protective effect of H2S 
in DoIC included suppressing endoplasmic reticulum stress, car-
diomyocyte apoptosis and autophagy [22,24]. Further, synthetic DOX 
derivatives conjugated with a H2S-releasing moiety have been shown to 
be less cardiotoxic and more effective than the parent drug against 
P-glycoprotein overexpressing osteosarcoma cells [25]. 

In the present study, we focused on the role of H2S in DOX-induced 
ferroptosis, a novel form of regulated cell death resulting from iron 
overload and accumulation of lipid peroxidation [36]. We detected and 
proved that DOX triggered ferroptosis in cardiomyocytes. Excess lipid 
peroxidation, one of the biochemical features of ferroptosis was 
observed in DoIC, as characterized by increased levels of MDA and Ptgs2 
mRNA. Mitochondria in cardiomyocytes displayed ferroptotic-like 
morphological changes, such as mitochondrial swelling and vacuoliza-
tion with disintegration and lysis of cristae. Mitochondrial function was 
also impaired along with decreased mitochondrial membrane potential 
and respiration capacity. Meanwhile, in accordance with our previous 
study, we found the insufficiency of endogenous H2S in DoIC [21]. CSE 
expression, its H2S synthesizing activity and the level of H2S in hearts 
were significantly suppressed by DOX both in vivo and in vitro. Appli-
cation of exogenous H2S significantly attenuated DOX-induced ferrop-
tosis and improved the phenotype of DoIC. The protective effect of H2S 
in DOX-induced ferroptosis could be mimicked by Fer-1, a ferroptosis 
inhibitor, but was significantly abrogated by pretreatment with Era-
stin2, a ferroptosis trigger. In contrast, further depletion of H2S in 
cardiomyocyte-specific Cse deletion mice (Csef/f/Cre+) or by Cse siRNA 
aggravated ferroptosis in DoIC and heart failure. The exacerbation could 
be partially reversed by supplementation of NaHS. These findings 

demonstrate the anti-ferroptosis role of H2S in DoIC and encourage us to 
further explore the molecular mechanisms. 

It is well-recognized that ferroptosis is mainly regulated by the 
competition between the ferroptosis execution system and the antioxi-
dant defense system. SLC7A11/GSH/GPx4 signaling axis is one of the 
classic ferroptosis antioxidant pathways [10,27]. Extracellular cystine is 
imported into the cell through SLC7A11, and then converted to cysteine 
to synthesize GSH. GPx4 uses the reduced GSH as a co-factor to detoxify 
lipid peroxides to lipid alcohols, thereby preventing ferroptosis [10,37]. 
Here, we found that the expression of SLC7A11 and GPx4 along with the 
level of GSH were significantly suppressed in mice with DoIC or 
DOX-stimulated cardiomyocytes, eventually leading to excess lipid 
peroxidation, mitochondrial impairment and cell death. Interference 
with endogenous H2S metabolism affected the activity of 
SLC7A11/GSH/GPx4 pathway in DoIC. Further inhibition of endoge-
nous H2S synthesis by cardiac Cse deletion or transfection with Cse 
siRNA in cardiomyocytes significantly downregulated the expression of 
SLC7A11 and GPx4 and augmented DOX-induced ferroptosis. Supple-
mentation of exogenous H2S in DoIC caused opposite effect on 
SLC7A11/GSH/GPx4 pathway. Further, using the Erastin2 to pharma-
cologically block SLC7A11, H2S failed to exert its protective effect in 
DOX-induced cardiomyocyte ferroptosis. These findings highlight the 
involvement of SLC7A11/GSH/GPx4 signaling pathway in H2S-me-
diated defense against DOX-induced ferroptosis. 

To the best of our knowledge, it is the first study to show that H2S 
attenuates ferroptosis and DOX-induced cardiac injury by upregulating 
the expression of system xÇ− /GPx4 system. H2S, dexrazoxane and Fer-1 
remarkably relieved DOX-induced ferroptosis. However, they exert 
similar anti-ferroptosis effects via different mechanisms. Dexrazoxane 
fuses with free and bound iron, interferes Fenton reaction and decreases 
DOX-induced increase of cardiac nonheme iron [38–40]. H2S combated 
DOX-induced ferroptosis and mitochondrial damage via stimulating 
SLC7A11/GSH/GPx4 pathway, but had no effect on iron accumulation 
in cardiomyocytes. Therefore, H2S may have the potential to synergize 
with dexrazoxane and provide better protection in DoIC from diverse 
aspects. 

Recently, H2S has been suggested to post-translationally modify 
protein cysteine residues known as persulfidation or S-sulfhydration and 
regulate the function of target protein [13]. Thus, we speculated that 
upregulation of SLC7A11 and GPx4 expression by H2S may be credited 
to persulfidation in Keap1-Nrf2-ARE (antioxidant response element) 
pathway, one of the most important regulators for antioxidant response 
in DOX challenged cardiomyocytes [41,42]. In our research, we found 
that H2S persulfidated Keap1 and promoted Nrf2 nuclear translocation, 
which in turn promoted SLC7A11/GPx4 transcription through binding 
to the promoter containing ARE sequence and inhibited DOX-induced 
ferroptosis in cardiomyocytes. Other studies have observed that 
Keap-1 was inactivated by H2S through persulfidating cysteine-151, 
cysteine-226 or cysteine-613 residues [28,29,43,44]. Moreover, inde-
pendent of Keap1, H2S activated the PI3K/AKT signaling pathway, 
increased the binding of Nrf2 to ARE and caused resistance to oxidative 
stress in rats with DOX-induced cardiomyopathy [24]. On the other 
hand, Fang et al. reported that DOX administration enhanced the nu-
clear accumulation of Nrf2, stimulated heme oxygenase (HO-1) 
expression and gave rise to the release of free iron and ferroptosis in 

Fig. 7. Inhibition of SLC7A11 counteracted the protective effect of H2S on DOX-induced cardiomyocyte ferroptosis. 
A-C, Representative blots and quantitative analysis of SLC7A11 and GPx4 protein levels in H9c2 cells (n = 3). D, the ratio of the GSH and GSSG in H9c2 cells (n = 3). 
E, The glutamate levels of supernatants from cultured H9c2 cells (n = 3). F, Cell viability of H9c2 cells (n = 3). G, The expression levels of Ptgs2 mRNA in H9c2 cells 
(n = 3). H and I, Representative images and quantification of intracellular lipid peroxide in H9c2 cells (n = 3). J, Representative images of intracellular ROS level 
detected by cell ROS fluorescent probe (Red) in H9c2 cells, and the quantitative analysis of the fluorescence intensities were shown in K (n = 3). L, Representative 
images of mitochondrial membrane potential detected by JC-1 fluorescent probe in H9c2 cells, and the quantitative analysis was established as the ratio of the JC-1 
Monomers (Green) and JC-1 Aggregates (Red) in M (n = 3). N–P, Real-time oxygen consumption rates (OCR) and calculated basal and maximal respiration rates in 
H9c2 cells (n = 3). The data are presented as the Mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. Vehicle group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. 
DOX group; ££p < 0.01 and £££p < 0.001 vs. DOX + NaHS group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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hearts [9]. The data seems conflicting to the anti-ferroptosis effect of 
Nrf2, as mentioned above, by activating the transcription of a set of 
anti-ferroptosis genes. Therefore, whether H2S-mediated regulation of 
SLC7A11/GPx4 expression in DoIC is dependent on Keap1-Nrf2 
signaling pathway warrants further investigation. 

Of note, recent studies found that sulfane sulfur species (persulfides 
or polysulfides) are easily formed following the oxidation of endogenous 
H2S by CSE/MPST in various tissues or by sulfur quinone oxidoreductase 
(SQR) in mitochondria [45–48]. Persulfides/polysulfides have been 
proposed to serve as a sink of endogenous H2S and contribute to many of 
the biological effects currently attributed to H2S [49]. Moreover, H2S is 
theoretically difficult to react with protein thiol, because both molecules 
are in the same oxidation state (S atom in both H2S and thiol is − 2). 
Exogenous H2S used in experiments that is mostly prepared by NaHS 
inevitably contains trace amounts of polysulfide. Therefore, it is possible 
that H2S-related sulfane sulfur species rather than H2S itself cause 
S-sulfhydration of cysteine residues. Indeed, some studies confirmed 
that endogenous persulfides/polysulfides in cells or tissues of mammals 
sulfurated cysteine residues and thus caused conformation changes in 
target protein to regulate their activity [45–48]. Taken together, H2S 
may exert its effect on protein S-sulfhydration directly or by its derived 
sulfane sulfur species. Up to now, sulfane sulfur species are still under-
studied due to their inherent instability and lack of selective and sen-
sitive detection methods. Their detailed mechanisms of biological action 
will be our future research direction. 

Additionally, the analytical method of H2S in our study is methylene 
blue assay. Due to the use of a strong acid in this method, H2S can be 
easily released from acid-labile sulfur under a condition of a strong acid 
and its level is to some extent overestimated [50,51]. To get more insight 
in the roles of endogenous H2S in DoIC and explore H2S-based therapies, 
it is necessary to accurately measure the concentration of H2S within 
biological systems. More reliable and sensitive methods, for example 
chromatography methods based on high performance liquid chroma-
tography (HPLC) and gas chromatography will be used in our future 
study. 

5. Conclusions 

Our study demonstrated that loss of endogenous H2S production 
aggravated the disruption of redox homeostasis and ultimately boosted 
DOX-induced cardiomyocyte ferroptosis. H2S upregulated the activity of 
SLC7A11/GSH/GPx4 signaling pathway and defended against ferrop-
tosis in DoIC by assisting GSH synthesis and alleviating lipid peroxida-
tion due to the S-sulfhydration of Keap1 and the activation of Nrf2. Our 
findings provide a novel target in the application of H2S to treat DOX- 
induced cardiac injury and heart failure. 
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