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A B S T R A C T   

Hydrogen sulfide (H2S), produced by cystathionine γ lyase (CSE), is an important endogenous gasotransmitter to 
maintain heart function. However, the molecular mechanism for how H2S influences the mitochondrial 
morphology during heart failure remains poorly understood. Here, we found that CSE/H2S pathway mediated 
cardiac function and mitochondrial morphology through regulating dynamin related protein 1 (Drp1) activity 
and translocation. Mechanistically, elevation of H2S levels by CSE overexpression declined protein level, phos-
phorylation (Ser 616), oligomerization and GTPase activity of Drp1 by S-sulfhydration in mouse hearts. Inter-
estingly, Drp1 S-sulfhydration directly competed with S-nitrosylation by nitric oxide at the specific cysteine 607. 
The non-S-sulfhydration of Drp1 mutation (C607A) attenuated the regulatory effect of H2S on Drp1 activation, 
mitochondrial fission and heart function. Moreover, the non-canonical role of Drp1 mediated isoprenaline- 
induced mitochondrial dysfunction and cardiomyocyte death through interaction with voltage-dependent 
anion channel 1. These results uncover that a novel mechanism that H2S S-sulfhydrated Drp1 at cysteine 607 
to prevent heart failure through modulating its activity and mitochondrial translocation. Our findings also 
provide initial evidence demonstrating that Drp1 may be a critical regulator as well as an effective strategy for 
heart dysfunction.   

1. Introduction 

Cardiovascular disease remains a leading cause of death in the world 
[1]. As the increase in aging population, cardiovascular risk factors and 
improved treatment therapies for ischemic heart events, the prevalence 
of heart failure is steadily rising to approximately 64.3 million people 
worldwide with extra millions of undiagnosed cases, describing it as 
global pandemic [2]. Although significant advances in pharmacological 
treatments and the use of guideline-directed therapies for patients with 
heart failure, the morbidity and mortality of heart failure associated 
with the condition remain unacceptably high. However, there have been 
few new medical strategies for heart failure in the past twenty years [3, 
4]. The novel concept and therapy for heart failure treatment are ur-
gently needed. 

The heart is a high energy demand organ and consumes the majority 
of adenosine triphosphate (ATP) (~95%) that is derived from oxidative 
metabolism in mitochondria. Mitochondrial dysfunction contributes to 

the development of heart failure through multiple mechanisms, such as 
bottlenecks of metabolic flux, impaired Ca2+ homeostasis, redox 
imbalance, protein modification and so on [5,6]. In addition, mito-
chondrial dynamics play a critical role in mitochondrial quality control 
and mitochondrial damage is often linked to morphological changes [7]. 
For instance, dynamin-related protein 1 (Drp1) deficiency caused car-
diomyopathy and lethality [8–10]. We and other group previously re-
ported that excessive lipid uptake increased Drp1 activity, led to 
mitochondrial fission and dysfunction in the heart [11,12]. Moreover, 
the non-canonical functions of Drp1, e.g. stimulating mPTP (mito-
chondrial permeability transition pore) opening, caused heart dysfunc-
tion in ischemia-reperfusion injury [13,14]. Therefore, a deeper 
understanding of the molecular mechanism by which Drp1 activation 
and the role of Drp1 are imperative to the development of targeted novel 
therapeutics for heart failure. 

Hydrogen sulfide (H2S) is a product of cysteine metabolism by cys-
tathionine γ lyase (CSE) in the heart, which is a known biological active 
gasotransmitter [15]. Preclinical and clinical experiments show that 
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endogenous H2S generation is blunted in the heart injury and the 
insufficient production of H2S contributes to the progression of heart 
diseases [16]. Restored H2S level by CSE overexpressing or exogenous 
sulfide-based therapies protected against in myocardial infarction and 
heart failure [17–19]. H2S has emerged as a key regulator via anti-
apoptotic and antioxidant pathways and anti-inflammatory effects [16, 
20]. Increasing study reports that H2S exerts biological actions through 
S-sulfhydration of target proteins, whereby a sulfhydryl (-SH) group is 
post-translationally added to a cysteine residue [21]. This sulfhydration 
facilitates rapid responses and the fine tuning of cellular signaling. It has 
been estimated that up to 25% of proteins are S-sulfhydrated [22]. 
Despite the clear link to mitochondrial function, to date it has not been 
unraveled whether H2S directly regulates mitochondria morphology 
during the development of heart failure. 

The aims of this study were to investigate whether H2S regulates 
Drp1 activity through S-sulfhydration and to decipher the mechanism by 
which activated Drp1 compromises cardiac hypertrophy and dysfunc-
tion. We found that CSE deficiency substantially exacerbated heart 
failure, whereas overexpression of CSE significantly corrected cardiac 
dysfunction and hypertrophy. Mechanistically, H2S competed with NO 
to bind the thiol group of cysteine 607 of Drp1. S-sulfhydrated Drp1 
prevented its activity and translocation to mitochondria to induce 
mitochondrial hyperfission and heart dysfunction. In addition, Drp1 S- 
sulfhydraiton alleviated cardiomyocyte apoptosis through declining the 
interaction between Drp1 and the voltage-dependent anion channel 1 
(VDAC1). The non-S-suflhydration of Drp1 (cysteine 607 mutated to 
alanine) blocked the protective role of H2S in heart function. These 
findings uncover a novel post-translational Drp1 modification by S- 
suflhydration, which will be a potential therapeutic target. 

2. Methods 

2.1. Animals 

The rodents (mice and rats) were handled according to the Guide for 
the Care and Use of Laboratory Animals published by the National 
Research Council (United States) Committee. Experimental procedures 
were performed with the approved protocol by the Institutional Animal 
Care and Use Committee of Shanghai University. Both male and female 
mice were included in the study. The CSE KO mice (C57BL/6 back-
ground) were purchased from Shanghai Research Center for Model Or-
ganisms. Wild type mice (C57BL/6) and rats (Sprague Dawley) were 
purchased from Shanghai Jiesijie Laboratory Animal Company. Purified 
CSE or Drp1 C607A adenovirus (1 × 109 opu) was administered by 
direct injection to the LV free wall (three sites, 25 μl per site) of WT mice 
and these mice were respectively named CSE OE mice and Drp1 C607A 
mice. ISO subcutaneous injection or TAC surgery was performed 5 days 
after adenovirus injection. All mice were kept on regular chow and 
water ad libitum in a vivarium with a 12 h light/dark cycle at 22 ◦C. 
Mice were euthanized with an intraperitoneal injection of a 

pentobarbital overdose (100 mg/kg). 

2.2. TAC or ISO-induced heart failure 

For TAC-induced heart failure, eight-week-old male mice were 
randomly assigned to respective groups and underwent TAC or sham 
surgery. Mice were anesthetized by sodium pentobarbital (75 mg/kg) 
and 1.5% isoflurane. Aorta was exposed through left thoracotomy and a 
constriction was made by using a 7-0 ligature around the vessel and tied 
against a 27-gauge blunt needle. The sham surgery was performed 
without the constriction of the aorta. For ISO-induced heart failure, mice 
were subcutaneously injected with 7.5 mg/kg ISO everyday to induce 
heart failure. The control group mice were injected subcutaneously with 
vehicle. After 4 weeks, hearts were harvested for further studies such as 
heart weight, pathological staining analysis, mitochondrial morphology 
by electron microscopy and protein levels by Western blots. Blinding 
procedures were applied in endpoint analysis on mice including mito-
chondrial morphology, echocardiography, pathological analysis and 
H2S level measurements. 

2.3. Transthoracic echocardiography 

The mice were anesthetized and maintained with 1–2% isoflurane 
and 95% oxygen. Echocardiograph was conducted using Vevo770 
(VisualSonics) and a 30 MHz transducer. A parasternal short axis view 
was used to receive M-mode images for the analysis of ejection fraction, 
fraction shortening, left ventricular internal diameter-diastole and left 
ventricular end-diastolic volume. 

2.4. Transmission electron microscopy 

Hearts were excised immediately and washed in ice-cold saline. 
Tissues from left ventricle were collected, sectioned (80–100 nm thick) 
and fixed in 2.5% glutaraldehyde at 4 ◦C for 1 day. Mitochondrial 
morphologic images were done at Shanghai Institute of Precision Med-
icine and mitochondrion size were analyzed by blind counting. Three 
sections from each heart were calculated. 

2.5. Organ weight and histological analysis 

Heart weight and tibia length were detected at 12 weeks. Hearts 
were excised quickly, rinsed in PBS buffer, blotted dry and weighted. 
The heart hypertrophy was determined by heart weight to tibia length 
ratio. Heart tissues were rinsed with PBS and fixed in 10% formalin 
overnight. Fixed hearts were dehydrated, embedded in paraffin wax and 
sectioned for masson trichrome and hematoxylin-eosin staining. Each 
staining images was photographed by the Zeiss microscope and collagen 
content was quantified with ImageJ software by blinding. 

Non-standard abbreviations and acronyms 

ATP Adenosine triphosphate 
BNP Brain natriuretic peptide 
CSE Cystathionine γ lyase 
Drp1 Dynamin related protein 1 
DTT Dithiothreitol 
EDTA Ethylenediaminetetraacetic acid 
EM Electron microscopy 
GED GTPase effector domain 
GTPase Guanosine triphosphatase 
H2O2 Hydrogen peroxide 

H2S Hydrogen sulfide 
iNOS Inducible nitric oxide synthase 
ISO Isoprenaline 
KHB Krebs-Henseleit Buffer 
MBB Monobromobimane 
mPTP Mitochondrial permeability transition pore 
NAD+ Nicotinamide adenine dinucleotide (oxidized) 
NADH Nicotinamide adenine dinucleotide (reduced) 
NO Nitric oxide 
TMRM Tetramethylrhodamine, methyl ester 
VDAC1 Voltage-dependent anion channel 1 
WT Wild type  
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2.6. H2S level measurements 

The H2S level in the heart tissue were measured using the modified 
monobromobimane (MBB) method as described previously [23]. In 
brief, the heart tissues were lysed in the lysis buffer (Pierce, Cat. No. 
89900). 30 μl sample was mixed with 10 μl Tris-HCl (100 mmol/L, pH =
8.5), 70 μl MBB solution (20 mmol/L) and 10 μl EDTA solution (2.0 
mg/mL) at room temperature for 1 h. The derivatization reaction was 
stopped by adding 10 μl 20% formic acid. Then, a 10 μl 36S-labeled 
sulfidedibimane solution was added. After the mixture was subjected to 
centrifugate at 12,000 rpm for 10 min, 1 μl of the supernatant was 
injected into the LC–MS/MS system for analysis. 

2.7. Adult rat cardiomyocyte isolation and treatments 

Adult cardiomyocytes were isolated from Sprague Dawley rats 
(200–250 g, male, Shanghai Jiesijie) according to the standard enzy-
matic technique as described previously [24]. In brief, the heart was 
excised quickly from anesthetized rat, cannulated through the ascending 
aorta, mounted on a Langendorff equipment, and perfused with 
oxygenated Krebs-Henseleit Buffer (KHB) with collagenase II (Wor-
thington, Cat No. LS004177) and hyaluronidase (Sigma, Cat No. H3506) 
at 37 ◦C. After 20 min, the perfused heart was cut into small pieces and 
gently swirl in 37 ◦C water bath. Rod shaped cardiomyocytes were 
collected and plated on the coverslip with pre-coated laminin (Thermo 
Fisher, Cat No. 23017-015). Cardiomyocytes cultured in M199 medium 
(Sigma, Cat. No. M2520) with 5.5 mmol/L glucose as fuel, and supple-
mented with 10 mmol/L glutathione, 26.2 mmol/L sodium bicarbonate, 
0.02% bovine serum albumin and 50 U/ml penicillin–streptomycin for 
72 h to allow adequate gene expression. Attached cardiomyocytes were 
infected with Ad-Drp1, Ad-Drp1 C607A, Ad-GFP-Drp1, Ad-GFP-Drp1 
C607A, Ad-mt-SoNar and Ad-mt-cpYFP at a multiplicity of infection of 
50–100. ISO (Sigma, Cat. No. I0599990, 10 μmol/L) incubated for 48 h. 
VBIT-4 (Selleck, Cat. No. S3544, 10 μmol/L) incubated for 48 h. 

2.8. Plasmids and recombinant adenoviral vectors 

The cDNA of GFP-Drp1 contains Drp1 variant from human (NCBI 
number NP_005681.2) fused with a N-terminal GFP tag. The cysteine 
607 position is according to the human Drp1 variant. The primer se-
quences for the site-directed mutagenesis of Drp1 are as follows: 

C300A, forward: GCTTTACCAGAGTTGAAAACAAGAA. 
C300A, reverse: ATCTCTGATGTGATGCATCAGTAA. 
C345A, forward: GCTAACACTATTGAAGGAACTGCAA. 
C345A, reverse: ATATTCTGTGGCAAATTTGGTAATA. 
C361A, forward: GCCGGTGGTGCTAGAATTTG. 
C361A, reverse: TAGCTCCGAAGTTTCAATATATTTT. 
C367A, forward: GCTTATATTTTCCATGAGACTTTTGG. 
C367A, reverse: AATTCTAGCACCACCGCATAGC. 
C431A, forward: GCTGTGGAACTGGTTCATGAGGAAAT. 
C431A, reverse: GCGGAGGCTGGGCTCTTCCA. 
C446A, forward: GCTAGCAATTACAGTACACAGGAATT. 
C446A, reverse: GTGCTGAATGATCCTTTGCATT. 
C470A, forward: GCTCTTCTTCGTAAAAGGTTGC. 
C470A, reverse: AGTCACCACTTCAACTATGGCA. 
C505A, forward: GCTGGGCTAATGAACAATAATATAGA. 
C505A, reverse: AGCATCAGCAAAGTCTGGATGT. 
C607A, forward: CTATCTGCTCGGGAACAGCGAGATGCTGAGGTTA 

TTG. 
C607A, reverse: GATTTAATGAGTCGTTCAATAACCTCAGCATCTC 

GCTGTTC. 
The protocol of recombinant adenoviral vectors is previously 

described [12]. In brief, pBHGloxΔE1, 3Cre (Microbix) including ΔE1 
adenoviral genome was co-transfected with pDCshuttle vector contain-
ing the target gene into HEK 293T cells by Lipofectamine 2000 (Invi-
trogen, Cat. No. 11668019). After homologous recombination, the 

target genes were integrated into the E1-deleted adenoviral genome. 
The viruses were propagated in HEK293T cells and purified using CsCl2 
banding followed by dialysis against 20 mmol/L Tris buffered saline 
with 2% glycerol. The virus concentrations were estimated to be ~1 ×
10 [11] viral particles per ml, aliquoted and stored at − 80 ◦C. 

2.9. Biotin-switch analysis 

The assay was performed to measure S-sulfhydration and S-nitro-
sylation status of Drp1 as described previously [25]. Briefly, tissues or 
cardiomyocytes were homogenized in HEN buffer including 250 
mmol/L HEPES-NaOH (pH = 7.7), 0.1 mmol/L neocuproine and 1 
mmol/L EDTA. For S-sulfhydration assay, but not S-nitrosylation assay, 
100 μmol/L deferoxamine was added to HEN buffer and centrifuged at 
13,000 r/min for 30 min at 4 ◦C. The lysates were added to blocking 
buffer including HEN buffer with 2.5% SDS and 20 mmol/L MMTS at 
50 ◦C for 20 min with frequent vortex. The MMTS was then removed by 
acetone and proteins were precipitated at − 20 ◦C for 20 min. After 
acetone removal, samples were resuspended in HENS buffer including 
HEN buffer with 1% SDS. Biotin-HPDP (APExBio, Catalog No. A8008, 4 
mmol/L) was added into the suspension without ascorbic acid. For 
S-nitrosylation assay, 1 mmol/L ascorbic acid was also added to HEN 
buffer in this step. After incubation for 3 h at room temperature, bio-
tinylated proteins were precipitated by streptavidin-agarose beads and 
washed with HENS buffer. The beads were washed 5 times with PBS 
buffer and spun down at 8000 rpm for 30 s. The biotinylated proteins 
were eluted by the loading buffer. Finally, the S-sulfhydrated Drp1 was 
analyzed by Westernblot with anti-Drp1 antibody. 

2.10. Immunoblot analysis 

Homogenized heart tissue and adult cardiomyocytes were lysed in 
the cell lysis buffer with a cocktail of proteinase/phosphate inhibitors 
(Cell Signaling Technology, Cat. No. 5872). Cytosolic and mitochondrial 
fractions were separated from heart tissue according to a previous pro-
tocol described [26]. Equal amount of proteins were subjected to 
SDS-PAGE followed by transferring to nitrocellulose membranes. The 
membranes were blocked with 5% non-fat milk including 0.1% 
tween-20 for 1 h at room temperature and then incubated with primary 
antibodies at 4 ◦C overnight. After washing with tris buffered saline with 
0.1% tween-20 for three times, the membranes were incubated with an 
HRP-conjugated indicated secondary antibody. Immunoblot signal was 
measured by chemiluminescence method and protein abundance was 
analyzed densitometrically and normalized by the level of GAPDH or 
VDAC1. We used the following primary antibodies for Western blotting: 
anti-CSE (1:1000, Santa Cruz Biotechnology, Cat. No. sc-374249), anti- 
Drp1 (1:2000, BD Biosciences, Cat. No. 611113), anti-Phospho-Drp1 
(S616) and anti-Phospho-Drp1 (S637) (1:1000, Cell Signaling Technol-
ogy, Cat. No. 3455S and 6319S), anti-VDAC1 (1:1000, Proteintech, Cat. 
No. 55259-1-AP), anti-Bcl-2 (1:1000, Cell Signaling Technology, Cat. 
No. 3498S), anti-Bax (1:1000, Cell Signaling Technology, Cat. No. 
2772S) anti-cleaved caspase-9 (1:1000, Cell Signaling Technology, Cat. 
No. 9508S), anti-iNOS (1:1000, Beyotime, Cat. No. AF7281), 
anti-GAPDH (1:5000, Cell Signaling Technology, Cat. No. 2118S). The 
appropriate secondary antibodies: goat anti-Rabbit IgG (H + L) Sec-
ondary Antibody (1:10000, Invitrogen, Cat. No. 31460) and Goat 
anti-Mouse IgG (H + L) Secondary Antibody (1:10000, Invitrogen, Cat. 
No. 31430). 

2.11. Immunoprecipitation 

The heart tissue and adult cardiomyocytes were collected in PBS with 
0.1% Triton X-100 and then homogenized by ultrasonics. The lysates 
were centrifuged at 12,000 g for 10 min. The protein levels in the su-
pernatants were detected by protein assay kit and then incubated with 
IgG or Drp1 antibody at 4 ◦C for overnight. The Protein A/G Magnetic 
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Beads (Biolinkedin, Cat. No. IK-1004) were added and incubated at 
room temperature for 2 h. The beads were washed by PBS with 0.1% 
Triton X-100 for three times. Proteins were eluted by 0.1 mol/L glycine 
and then subjected to SDS-PAGE for Westernblot. 

2.12. Confocal imaging 

Adult cardiomyocytes were mounted on the confocal microscope 

(Leica SP8) stage in a custom-made chamber. Cells were immersed in the 
Tyrode’s solution containing KCl (3.1 mmol/L), NaCl (138 mmol/L), 
KH2PO4 (1.2 mmol/L), MgSO4 (1.2 mmol/L), CaCl2 (1 mmol/L), HEPES 
(20 mmol/L) and glucose (5 mmol/L) (pH = 7.4). Cells expressed GFP- 
Drp1 and GFP-Drp1 C607A for 72 h and co-stained with mitoTracker 
Red (Invitrogen, Cat No. T668) at room temperature for 20 min. Images 
were obtained by Leica confocal microscope, tandem excitation at 488 
nm and 552 nm, and collecting emissions at 490–530 nm and ＞560 nm 

Fig. 1. CSE/H2S pathway mediated ISO-induced heart dysfunction. A, Western blots and summarized data showing CSE protein levels in the indicated hearts of 
mice injected by vehicle or ISO for 4 weeks. n = 6. B, H2S concentrations in the indicated hearts of mice injected by vehicle or ISO for 4 weeks. n = 8. C-D, Left 
ventricular ejection fraction (EF) (C) and left ventricular fraction shortening (FS) were measured by echocardiography (D). n = 8–9. E-F, Left Ventricular internal 
dimension diastole (E) and left ventricular end-diastolic volume (F) were measured by echocardiography. n = 8. G, Plasma BNP levels in mice after 4 weeks’ vehicle 
or ISO administration. n = 8. H, Quantification of heart weight (HW) over tibia length (TL) ratio in mice injected by vehicle or ISO for 4 weeks. n = 8. I-J, 
Representative images of HE images (I) and masson trichrome staining images (J) in indicated hearts of mice after 4 weeks’ vehicle or ISO administration. Scale bar 
= 200 μm. K–N, Western blotting images (K) and quantification of Bcl-2 (L), Bax (M) and cleaved caspase 9 (N) protein levels in the indicated hearts of mice after 4 
weeks’ vehicle or ISO administration. n = 6. *: p < 0.05, **: p < 0.01. 
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respectively. The number and size of GFP dots and mitochondrial size 
were analyzed by ImageJ software. 

The mt-SoNar and mt-cpYFP were monitored in cardiomyocytes on 
coverslips. Dual-excitation images of mt-SoNar or mt-cpYFP were taken 
by excitation at 405 nm and 488 nm, and collecting emission at ＞505 
nm. The NADH/NAD+ ratio was calculated by the fluorescence emission 
at 405 nm excitation over that of 488 nm excitation for mt-SoNar. The 
control ratio was analyzed at the same way for mt-cpYFP. 

2.13. mPTP opening analysis in cardiomyocytes 

The mPTP opening was determined by the abrupt loss of membrane 
potential as previously described [27]. In brief, cardiomyocytes were 
stained with tetramethylrhodamine, methyl ester (TMRM) (Invitrogen, 
Cat No. T668, 20 nmol/L) in KHB at 37 ◦C for 20 min. Confocal linescan 
was set-up along the long axis of the cardiomyocytes. 10–15 mito-
chondria showed the clear pattern and were encompassed. TMRM was 
excited at 552 nm and the emission collected at ＞560 nm. The scan 
speed was at 35 ms per line and the loss of membrane potential was 
determined by the abrupt decrease in TMRM signal from individual 
mitochondrion. A shorter mPTP time reports that the pore is more 
sensitive to the laser-induced opening. 

2.14. Cell viability assay 

Adult cardiomyocytes were incubated with 0.04% trypan blue for 3 
min at room temperature. ＞80 cardiomyocytes were calculated in 5 
randomly images from each sample. 

2.15. In vitro Drp1 protein expression and purification 

For bacterial expression, Drp1 was synthesized and cloned into 
BamHI between HindIII sites of the pRSETA vector (Thermo Fisher), 
which includes 6 x His-tag sequence. Escherichia coli BL21 (DE3) plysS 
(Transgene, Cat No. CD701-02) cells were used for the prokaryotic 
expression of Drp1 protein. Cells were grown in Luria-Bertani (LB) 
media containing 100 μg/ml ampicillin at 37 ◦C until the OD600 of cell 
density was 0.5. 0.1 mmol/L isopropyl 1-thio-β-D-galactopyranoside was 
added to induce protein expression and the temperature was shifted to 
4 ◦C for 7 days. Bacteria were harvested, suspended in 50 mmol/L po-
tassium phosphate buffer (pH = 7.4) and lysed via ultrasonication. After 
centrifuged at 12,000 rpm for 30 min at 4 ◦C, the His-tagged Drp1 was 
purified by Nickle resin (Ni Sepharose 6 Fast Flow, GE Healthcare) fol-
lowed by 300 mmol/L imidazole elution, desalted and exchanged into 
100 mmol/L HEPES buffer with Sephadex column. Drp1 protein was 
diluted to the required concentration before assay. 

2.16. RNA extraction and quantitative real-time PCR 

Total RNA was extracted from left ventricle tissue using the RNAeasy 
Extraction Kit (Beyotime, Cat No. R0026) according to the manufac-
turer’s instructions. Total RNA was reversed transcribed to cDNA using 
the Evo M-MLV Reverse Transcription Kit (Accurate Biology, Cat No. 
AG11706). cDNA transcripts were quantified by QuantStudio 3 Real- 
Time PCR System (Thermo Fisher) using SYBR Green (Accurate 
Biology, Cat No. AG11718). The BNP mRNA level was normalized to the 
18S rRNA level and showed as fold-change over control. The primer 
sequence information is as follows: 

BNP, forward: AGCTGCTGGAGCTGATAAGAGAA. 
BNP, reverse: GTGAGGCCTTGGTCCTTCAA. 
18S, forward: GTAACCCGTTGAACCCCATT. 
18S, reverse: CCATCCAATCGGTAGTAGCG. 

2.17. Biochemical analysis 

The GTPase activity in hearts and adult cardiomyocytes was 

measured after anti-Drp1 antibody pulldown by a GTPase assay kit 
(Innova Biosciences, Cat. No. 602-0120). The GTP hydrolysis activity 
was determined at the absorbance at 635 nm by a microplate reader. 
Plasma brain natriuretic peptide (BNP) levels, NO and ATP concentra-
tions in the heart were measured by using commercial kits (MyBio-
Source, Cat. No. MBS2510603 for BNP, Beyotime, Cat. No. S0021S for 
NO, and MilliporeSigma, Cat. No. FLAA for ATP). 

2.18. Statistical analysis 

Statistical analysis was done using analysis of variance (ANOVA or 
Student’s test). Post hoc pairwise comparisons were performed using 
GraphPad Prism 8.3.0 software. All the data were presented as means ±
SEM. A p value < 0.05 was considered statistically significant. 

3. Results 

3.1. The critical role of CSE/H2S pathway in heart failure 

To precisely evaluate the regulatory role of endogenous H2S in heart 
failure, we used CSE knockout (CSE KO) mice and cardiac CSE over-
expression (CSE OE) mice. Compared with wild type (WT) mice, no band 
was observation in the CSE KO mice indicating a complete deletion of 
CSE protein in the heart. By contrast, the CSE level was significantly 
elevated (~3 fold) in the CSE OE heart (Fig. S1A). After 4-week 
isoprenaline (ISO) subcutaneous injection, compared with wild type 
mice with vehicle treatment (WT-Con), CSE protein levels and H2S 
concentrations were obviously decreased in wild type mice with ISO 
treatment (WT-ISO). In line with CSE protein levels, the H2S concen-
tration was lowest in the CSE KO–ISO mice and substantially increased 
in CSE OE-ISO mice (Fig. 1A–B). Our previous data reported that 
compared with WT mice, ejection fraction, fraction shortening, left 
ventricular anterior wall systole and left ventricular posterior wall sys-
tole were moderate declined in CSE KO mice [21], which was due to CSE 
depletion-induced hypertension [28]. ISO rendered more severe heart 
failure in CSE KO when compared with ISO-induced heart dysfunction in 
WT mice [21]. However, an exogenous H2S donor could rescue the heart 
function in CSE KO mice that indicating H2S played a critical role in the 
regulation of cardiac function [21]. Here, echocardiography revealed 
that CSE deficiency exacerbated ISO-induced decline in ejection fraction 
and fraction shortening, increase in left ventricular internal dimension 
diastole and left ventricular end-diastolic volume, which were attenu-
ated in CSE OE-ISO mice (Fig. 1C–F). In addition, compared with 
WT-ISO mice, CSE KO–ISO mice developed much more severe cardiac 
hypertrophy, evidenced by brain natriuretic peptide (BNP) levels and 
heart weight-to-tibia length ratio. Nevertheless, these hypertrophy 
biomarker levels were significantly abrogated in CSE OE-ISO mice 
(Fig. 1G–H). Moreover, histological analysis showed the loss of 
myocardium and increase in fibrosis in CSE KO–ISO hearts. Conversely, 
no significant changes in these measures were observed in CSE OE-ISO 
hearts (Fig. 1I–J and Fig. S1B). These results were also consistent with 
immunoblot showing apoptosis biomarkers (Bcl-2, Bax and cleaved 
caspapse-9) increased in CSE KO–ISO hearts and decreased in CSE 
OE-ISO hearts (Fig. 1K-N). Taken together, these findings suggested 
CSE/H2S pathway mediated the development of cardiac dysfunction and 
pathological remodeling of the heart in mice during chronic β adrenergic 
receptor activation. 

3.2. H2S regulated Drp1 activity in heart failure 

Mitochondrial morphology, associated with cardiac function, is a 
pathogenic hallmark of cardiomyopathy [9,10,29]. We performed 
electron microscopy (EM) analysis to examine cardiac ultrastructure in 
WT, CSE KO and CSE OE mice with vehicle or ISO treatment. EM images 
showed that mitochondrion size was decreased in WT-ISO heart, 
consistent with previous reports that demonstrated an association 
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Fig. 2. CSE/H2S pathway regulated Drp1 activity in ISO-induced heart failure. A-B, Electron microscopic images (A) and quantification of mitochondrion size 
(B) in the indicated hearts of mice after 4 weeks’ vehicle or ISO administration. Scale bar = 2 μm n = 210–350 mitochondria from 6 mice for each group. C, The 
GTPase activity of Drp1 in the indicated hearts of mice after 4 weeks’ vehicle or ISO administration. n = 4. D, Western blotting images and quantification of Drp1 
phosphorylation at S616 (p-Drp1616) and S637 (p-Drp1637) levels in the indicated hearts of mice after 4 weeks’ vehicle or ISO administration. n = 6. E, Western 
blotting images and quantification of Drp1 phosphorylation at S616 (p-Drp1616) and S637 (p-Drp1637) levels in the cytosolic or mitochondrial fraction from the 
indicated hearts of mice after 4 weeks’ vehicle or ISO administration. n = 6. F-G, Western blotting images and summarized data showing Drp1 oligomerization in 
whole heart (F), cytosolic or mitochondrial fraction (G) from mice after 4 weeks’ vehicle or ISO administration. *: p < 0.05, **: p < 0.01. 
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between heart failure and mitochondrial morphology [10]. Further-
more, CSE KO–ISO heart showed much smaller mitochondrion size 
compared with that in WT-ISO heart. However, the mitochondrion size 
was preserved in CSE OE-ISO heart (Fig. 2A–B). These results indicated 
that H2S have a critical role in regulation of mitochondria fission. To 
investigate the mitochondrial morphological changes, we determined 
the Drp1 activity and protein level. The basal GTP-hydrolyzing activity 
of Drp1 was modestly increased or decreased in CSE KO or OE hearts 
respectively when compares with WT hearts (Fig. S2A). Furthermore, 
GTP-hydrolyzing activity of Drp1 was enhanced in CSE KO–ISO hearts 
and reduced in CSE OE-ISO hearts compared with WT-ISO hearts 
(Fig. 2C). Immunoblot analysis showed that ISO did not lead to increase 
the total Drp1 protein level in all hearts (Fig. S2B), but increased Drp1 
protein levels were mainly found in the mitochondrial fraction from 
WT-ISO heart. Interestingly, compared with WT-ISO hearts, mitochon-
drial Drp1 levels were much more in CSE KO–ISO hearts, which were 
normalized in CSE OE-ISO hearts (Fig. 2D–E, and S2C-D). Drp1 trans-
location from cytosol to mitochondria is regulated by various signals and 
post-translational modifications. Phosphorylation of Drp1 at serine 616 
(S616) promotes its translocation, while Drp1 phosphorylation at serine 
637 (S637) is inhibitory [30]. We observed that ISO increased the 
phosphorylation of Drp1 at S616, but decreased Drp1 phosphorylation 
at S637 in WT-ISO heart, cytosolic and mitochondrial fractions. More-
over, higher Drp1 phosphorylation at S616 and lower Drp1 phosphor-
ylation at S637 were obtained in CSE KO–ISO hearts. Conversely, these 
changes were attenuated in CSE OE-ISO hearts (Fig. 2D–E). Next, we 
used native PAGE gel to investigate Drp1 oligomers indicating Drp1 
activity. Drp1 oligomers were increased in WT-ISO and CSE KO–ISO 
hearts and mitochondrial fraction. By contrast, CSE OE-ISO hearts and 
mitochondrial fraction showed that abnormal Drp1 oligomers were 

alleviated (Fig. 2F–G). In summary, H2S modulated the phosphoryla-
tion, translocation, oligomerization and GTPase activity of Drp1 in heart 
failure. 

3.3. H2S S-sulfhydrated Drp1 via directly competing with S-nitrosylation 
in the heart 

Increasing evidence highlights that S-sulfhydration as a post- 
translational modification is a major mechanism by which H2S exerts 
physiological influence [31,32]. Firstly, we assessed the total S-sulfhy-
dration in the heart. The whole-heart homogenates were subjected to the 
biotin-switch assay, the captured proteins were resolved by SDS-PAGE 
and gels were Coomassie blue stained. Compared with the WT heart, 
the total S-sulfhydration level was decreased in the CSE KO heart, but 
increased in the CSE OE heart. It suggested that CSE is a critical regulator 
of S-sulfhydration level in the heart (Fig. S3A). Furthermore, the 
biotin-switch analysis revealed that Drp1 S-sulfhydration level was 
notably decreased in WT-ISO hearts and mitochondria fraction. In 
addition, CSE deficiency further downregulated Drp1 S-sulfhydration 
level, whereas CSE overexpressing potentiated Drp1 S-sulfhydration 
level either in whole heart or mitochondria fraction (Fig. 3A–B and 
Figs. S3B–D). To further determine whether H2S could directly S-sulf-
hydrate Drp1, we added dithiothreitol (DTT, 1 mmol/L for 1 h) in adult 
cardiomyocytes to produce the reduced environment. It was noticed that 
although H2S prevented the decline of ISO-induced Drp1 S-sulfhydra-
tion, S-sulfhydration of Drp1 was substantial abrogated by DTT treat-
ment, which indicating the liberation of –SH group from the key cysteine 
residue (Fig. 3C and Fig. S3E). 

Previous studies have shown that nitric oxide (NO) also post- 
modified Drp1 as S-nitrosylation which promoted mitochondrial 

Fig. 3. H2S S-sulfhydrated Drp1 and modulated 
Drp1 S-nitrosylation in heart failure. A-B, Western 
blotting images showing Drp1 S-sulfhydration levels 
in whole heart (A), cytosolic or mitochondrial frac-
tion (B) from mice after 4 weeks’ vehicle or ISO 
administration. n = 6. C, Western blotting images 
showing Drp1 S-sulfhydration levels in adult car-
diomyocytes incubated with or without ISO (1 μmol/ 
L, 48 h), NaHS (30 μmol/L, 48 h) and DTT (1 mmol/ 
L, 1 h). n = 6. D, Western blotting images showing 
iNOS protein levels in the indicated hearts of mice 
after 4 weeks’ vehicle or ISO administration. n = 6. E- 
F, Western blotting images showing Drp1 S-nitro-
sylation levels in whole heart (E), cytosolic or mito-
chondrial fraction (F) from mice after 4 weeks’ 
vehicle or ISO administration. n = 6. G, Western 
blotting images showing Drp1 S-sulfhydration and S- 
nitrosylation in vitro incubated with SNP (10 μmol/L) 
or/and NaHS (10 μmol/Lor 30 μmol/L). n = 6. H, 
Western blotting images showing Drp1 S-sulfhydra-
tion and S-nitrosylation in adult cardiomyocytes with 
1400W (200 μmol/L) or/and NaHS (10 μmol/Lor 30 
μmol/L) after ISO treatment. n = 6. *: p < 0.05, **: p 
< 0.01.   
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fission [33], but the regulatory relationship between S-nitrosylation and 
S-sulfhydration of Drp1 remains unknown. Firstly, we examined the 
inducible nitric oxide synthase (iNOS) protein levels and NO concen-
trations in the heart. We found that both iNOS protein levels and NO 
concentrations were significantly augmented in WT-ISO and CSE 
KO–ISO hearts, whereas they were alleviated in CSE OE-ISO hearts 
(Fig. 3D, Figs. S3F–G). These data suggested that H2S mediated 
iNOS/NO pathway. Consistently, the WT-ISO hearts and mitochondria 
fraction showed S-nitrosylation of Drp1 was potentiated. When 
compared with the WT-ISO heart, the level of Drp1 S-nitrosylation was 
increased more in CSE KO–ISO hearts and mitochondria fraction. 
However, the altered Drp1 S-nitrosylation was abrogated in CSE OE-ISO 
hearts and mitochondria fraction (Fig. 3E–F and Figs. S3H–J). These 
findings revealed that H2S directly S-sulfhydrated Drp1 and affected 
Drp1 S-nitrosylation. To identify whether H2S directly competed with 
NO or via iNOS pathway to modify Drp1, purified Drp1 protein was 
incubated with sodium nitroprusside (10 μmol/L SNP, a NO donor) 
or/and NaHS for 1 h. SNP significantly increased SNO-Drp1 level, 
however NaHS (10 or 30 μmol/L) does-dependently decreased 
SNO-Drp1 level and potentiated Drp1 S-sulfhydration level (Fig. 3G and 

Fig. S3K-L). These data indicated that H2S still S-sulfhydrated Drp1 in 
the absence of iNOS. To further confirm H2S directly competed with 
SNO-Drp1 in cardiomyocytes, an iNOS specific inhibitor, 1400W (200 
μmol/L), was pretreated cardiomyocytes to inhibit iNOS activity. H2S 
still does-dependently decreased SNO-Drp1 level and potentiated Drp1 
S-sulfhydration level, although iNOS activity was prevented by 1400W 
(Fig. 3H and Figs. S3M–N). Taken together, these results suggested that 
H2S directly competed with NO to modify Drp1 (Fig. S3O). 

3.4. Identification of the cysteine residue in Drp1 that was S-sulfhydrated 

We next sought to further examine the target cysteine residue for S- 
sulfhydration on Drp1. Sequence alignment revealed that Drp1 has four 
distinct domains including an N-terminal guanosine triphosphatase 
(GTPase) domain, a dynamin-like middle domain, a B domain and a 
GTPase effector domain (GED). In search of S-sulfhydrated cysteine 
residue, we mutated each of nine Drp1 cysteines (cysteine (C) to alanine 
(A), which mimics a non-sulfhydrated state without altering the amino 
acid structure) (Fig. 4A). After transfection in HEK293 cells, WT and 
mutations of Drp1 had the similar protein expression levels and 

Fig. 4. S-sulfhydration of Drp1 was determined at 
cysteine 607. A, Scheme showing the locations of 9 
cystine residues in Drp1 that can be S-sulfhydrated. 
The domains are GTPase domain (GTP), middle 
domain (M), B domain (B), and GTPase effector 
domain (GED). B, Western blotting images showing 
expression levels of wild-type (WT) and mutations of 
Drp1 48 h after gene transfer in HEK293 cells. C, 
Western blotting images and summarized data 
showing the phosphorylation at S616 (p-Drp1616) of 
WT and mutations of Drp1 48 h after gene transfer in 
HEK293 cells in the absence of ISO or NaHS. n = 4. D, 
Western blotting images and summarized data 
showing the S-Sulfhydration of Drp1 and its mutants 
in HEK293 cells incubation with NaHS (30 μmol/L, 
48 h). n = 4. E, Homology modeling of human Drp1 
(PDB:4BEJ) shows cysteine 607 (red) is exposure out 
of Drp1 protein and cysteine 607 is in the soft loca-
tion of α helix terminal. F, Comparison of Drp1 se-
quences in the GED domains among different Drp1 
homologous. H. sapiens Drp1 600–615, M. musculus 
Drp1 624–639, R. norvegicus Drp1 617–632, H. sapiens 
Dynamin1 597–612, S. cerevisiae Dnm1p 663–678. 
The cysteine 607 in Drp1 sequences (red) is highly 
conserved among different species. G, Western blot-
ting images and summarized data showing the effects 
of WT or mutants on ISO-induced Drp1 phosphory-
lation at S616. n = 4. **: p < 0.01. (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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phosphorylation levels, suggesting that C-to-A mutations did not change 
Drp1 activity (Fig. 4B–C and S4A). Biotin-switch assay suggested that 
NaHS (30 μmol/L for 48 h) potentiated S-sulfhydration of WT Drp1 and 
most of the point mutations, except C607A, indicating C607 was the S- 
sulfhydrated residue (Fig. 4D). In the 3D structure of Drp1, C607 is a 
surface residue and accessible for S-sulfhydration (Fig. 4E). Further-
more, the C607 locates at the terminal of α helix that connects the soft 
linker. In addition, C607 is highly conserved among GED domain cross 
different species, indicating it is a key residue for Drp1 activation 
through regulating its structure conformation (Fig. 4F). To test this 
hypothesis, we determined changes in Drp1 phosphorylation. Upon ISO 
incubation, Drp1 phosphorylation levels were potentiated in Drp1 WT 
and most of Drp1 mutations transduced cells. However, Drp1 C607A 
abrogated the increase in Drp1 phosphorylation levels (Fig. 4G). Taken 
together, these experiments demonstrate that C607 is specifically S- 
sulfhydrated and is a critical residue for Drp1 activation. 

3.5. C607A mutation blocked Drp1 S-sulfhydration and activity in 
cardiomyocytes 

To further demonstrate Drp1 S-sulfhydration at cysteine 607 plays a 
critical role in modulating its activity and function, we constructed ad-
enoviruses containing Drp1 WT (Ad-Drp1 WT) and Drp1 C607A (Ad- 
Drp1 C607A), and infected adult cardiomyocytes. Drp1 expression and 

phosphorylation at S616 were comparable between WT and C607A 
mutation, suggesting that C-to-A mutation did not alter Drp1 basic 
features (Fig. 5A). Next, we tested whether H2S S-sulfhydrated Drp1 at 
the specific residue C607 during ISO-induced mitochondrial fission in 
cardiomyocytes. NaHS (30 μmol/L for 48 h) was added into Ad-Drp1 WT 
or Ad-Drp1 C607A overexpressing cardiomyocytes, which were incu-
bated with or without ISO (1 μmol/L) for 48 h. We noticed that ISO 
incubation decreased S-sulfhydration of Drp1. Although cardiomyocytes 
were incubation with NaHS, the S-sulfhydration level was hardly 
observation in Ad-Drp1 C607A-overexpressing cardiomyocytes 
(Fig. 5B). Furthermore, both phosphorylation at S616 and GTPase ac-
tivity of Drp1 were augmented by ISO treatment in Ad-Drp1 WT over-
expression cardiomyocytes (Fig. 5C–D). NaHS incubation abrogated 
ISO-induced abnormal Drp1 activity. However, the restored activity was 
not observed in Ad-Drp1 C607A-overexpressing cardiomyocytes with 
NaHS treatment (Fig. 5C–D). To further investigate mitochondrial 
morphology, we constructed adenovirus containing GFP-Drp1 WT (Ad- 
GFP-Drp1 WT) and GFP-Drp1 C607A (Ad-GFP-Drp1 C607A). In addi-
tion, confocal images showed that ISO incubation accelerated mito-
chondria fission in adult cardiomyocytes, which was alleviated by NaHS 
treatment. However, NaHS incubation did not abrogate ISO-induced 
mitochondria fission in Ad-GFP-Drp1 C607A-overexpressing adult car-
diomyocytes (Fig. 5E–G). Taken together, these results suggested that 
H2S S-sulfhydrated Drp1 at the specific cysteine 607 that regulated its 

Fig. 5. Drp1 S-sulfhydration at cysteine 607 
regulated its activity and mitochondrial fission. 
A, Western blotting images and summarized data 
showing the Drp1 protein levels and phosphorylation 
at S616 (p-Drp1616) of Drp1 WT and C607A 72 h 
after adenovirus-mediated gene transfer in adult 
cardiomyocytes in the absence of ISO or NaHS. n = 4. 
B-G, Ad-Drp1 WT and Ad-Drp1 C607A respectively 
infected adult cardiomyocytes for 24 h. ISO (1 μmol/ 
L) with or without NaHS (30 μmol/L) was added to 
cardiomyocytes and incubated for 48 h. Western 
blotting images and summarized data showing the S- 
sulfhydration level (B) and phosphorylation (C) of 
Ad-Drp1 WT and Ad-Drp1 C607A mutation in adult 
cardiomyocytes after ISO and NaHS treatments. The 
GTPase activity of Drp1 in adult cardiomyocytes 
overexpressing Ad-Drp1 WT or C607A after ISO and 
NaHS treatments (D). N = 4. Representative confocal 
images and summarized data showing mitochondrial 
size in adult cardiomyocytes overexpressing Ad-GFP- 
Drp1 WT or C607A after ISO and NaHS treatments 
(E–G). n = 262–409 mitochondria or 4255–7390 GFP 
puncta in 20–27 cells from 3 to 4 rats in each group. 
Scale bar = 20 or 5 μm for the whole cell or enlarged 
images, respectively.   
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activity and function in adult cardiomyocytes. 

3.6. Drp1 C607A mutation abrogated the protective effect of H2S against 
heart failure 

To further determine the regulatory effect of H2S on Drp1 S-sulfhy-
dration in vivo, mouse heart failure model was constructed by transverse 
aortic constriction (TAC) and Drp1 WT and Drp1 C607A proteins were 
overexpressed in the heart by adenovirus injection in situ. The efficacy of 
adenovirus injection was confirmed by immunoblot (Fig. S6A). After 
TAC for 4 weeks, Drp1 S-sulfhydration and S-nitrosylation levels were 
significantly decreased and increased respectively. NaHS (60 μmol/kg/ 
day for 4 weeks) intraperitoneal administration potentiated the Drp1 S- 
sulfhydration level and abrogated Drp1 S-nitrosylation. By contrast, 
neither S-sulfhydration nor S-nitrosylation of Drp1 was observed in Drp1 
C607A-overexpressing hearts (Fig. 6A). NaHS prevented TAC rendered 
mitochondrial hyperfission in WT-TAC-NaHS hearts, not in Drp1 C607A- 
TAC-NaHS hearts (Fig. 6B). In line with Drp1 S-sulfhydration and 
mitochondria size, TAC injured mitochondrial energy metabolism, but 
ATP production was also elevated by NaHS in WT-overexpresing hearts, 
but not in Drp1 C607A-expressing hearts (Fig. 6C). Compared with WT- 

Con hearts, TAC caused significant cardiac dysfunction, heart hyper-
trophy, increased BNP level and apoptosis biomarkers in WT-TAC hearts 
(Fig. 6D–I and Figs. S6B–D). NaHS alleviated TAC-induced heart hy-
pertrophy and the increase of BNP level, which were not observed in 
Drp1 C607A-TAC-NaHS hearts (Fig. 6D–I). Furthermore, NaHS amelio-
rated TAC caused decline in ejection fraction, fraction shortening and 
increase in left ventricular end-diastolic volume. Conversely, Drp1 
C607A overexpression suppressed the protective role of H2S in Drp1 
C607A-TAC-NaHS hearts (Fig. 6D–I). In summary, the data strongly 
supported the Drp1 at cysteine 607 was a critical residue for S-sulfhy-
dration by H2S, which alleviated abnormal mitochondrial fission and the 
development of heart failure in mice. 

3.7. S-sulfhydration of Drp1 reduced interaction with VDAC1 to maintain 
cardiomyocyte function 

To study how Drp1 S-sulfhydration protects against heart dysfunc-
tion, we performed co-immunoprecipitation and found that Drp1 
interacted with Voltage-dependent anion channel 1 (VDAC1), which 
regulates mitochondria function and cell apoptosis [34,35]. ISO poten-
tiated the interaction between Drp1 and VDAC1 in the heart. Moreover, 

Fig. 6. Drp1 S-sulfhydration protected against TAC- 
induced heart failure 
A-I, Purified Drp1 WT and Drp1 C607A adenovirus (1 
× 109 opu) were respectively administered by direct 
injection to the LV free wall (three sites, 25 μl/site) of 
mice. TAC surgery and NaHS (60 μmol/kg/day) 
intraperitoneal injection were performed 5 days after 
injection. Western blotting images and summarized 
data showing Drp1 S-sulfhydration and S-nitro-
sylation levels after pressure overload generated by 
TAC for 4 weeks (A). n = 6. Electron microscopic 
images and quantification of mitochondrion size in 
the indicated hearts of mice after pressure overload 
generated by TAC for 4 weeks (B). Scale bar = 2 μm n 
= 687–907 mitochondria from 5 mice for each group. 
The ATP level measurements in the heart after pres-
sure overload generated by TAC for 4 weeks (C). n =
6. Left ventricular ejection fraction (D), fraction 
shortening (E) and left ventricular end-diastolic vol-
ume (F) were measured by echocardiography after 
pressure overload generated by TAC for 4 weeks. n =
6. Quantification of heart weight (HW) over tibia 
length (TL) ratio in mice after pressure overload 
generated by TAC for 4 weeks (G). n = 6. qRT-PCR 
analyses of BNP genes in the heart after pressure 
overload generated by TAC for 4 weeks. The expres-
sion was normalized to 18S rRNA and reported as fold 
change over WT (H). Western blotting images of Bcl- 
2, Bax and cleaved caspase 9 protein levels in the 
indicated hearts of mice after pressure overload 
generated by TAC for 4 weeks (I). *: p < 0.05, **: p <
0.01.   
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this interaction was further augmented in CSE KO–ISO hearts, which 
was prevented in CSE OE-ISO hearts (Fig. 7A and S7A). In cultured adult 
cardiomyocytes, ISO also enhanced the interaction between Drp1 WT 
and VDAC1, but not between Drp1 C607A and VDAC1 (Fig. 7AB and 
S7B). These results indicated that Drp1 binding with VDAC1 was 
modulated by S-sulfhydration modification. Either H2S or a specific 
VDAC1 inhibitor (VBIT-4,10 μmol/L for 48 h) [36], blocked ISO-induced 
mPTP opening and decline in ATP levels in Drp1 WT-expressing adult 
cardiomyocytes, but these effects were attenuated by overexpression of 
Drp1 C607A (Fig. 7C–D). Recently we developed a genetic fluorescent 
indicator, mt-SoNar, to evaluate mitochondrial NADH/NAD+ ratio that 
is closely linked to mitochondria function [24]. Confocal images showed 
that ISO decreased mt-SoNar fluorescence, which was prevented by H2S 
or VBIT-4 incubation in Drp1 WT, not in C607A, overexpression adult 
cardiomyocytes. As the control, mt-cpYFP fluorescence did not signifi-
cantly change upon ISO, H2S, or VBIT-4 treatment in either Drp1 WT or 
C607A-expressing adult cardiomyocytes (Fig. 7F). Moreover, H2S or 
VBIT-4 incubation dramatically prevented ISO-induced cardiomyocyte 
death with Drp1 WT overexpression, not Drp1 C607A overexpression 
(Fig. 7E). Immunoblot analysis showed that ISO increased Bcl-2, Bax and 
caspase 9 cleavage in adult cardiomyocytes, which were abolished by 

H2S or VBIT-4 incubation in Drp1 WT, not in C607A, overexpression 
adult cardiomyocytes (Fig. 7G). In summary, these findings revealed 
H2S mediated the interaction between Drp1 and VDAC1, which was an 
indispensable pathway in ISO-induced mitochondrial dysfunction and 
cardiomyocyte death. 

4. Discussion 

In this study, we reported a novel post-modification of Drp1 that 
protects against abnormal mitochondrial fission and heart dysfunction 
in vitro and in vivo (Fig. 8). We found that H2S facilitated S-sulfhydration 
of the fission protein Drp1, which directly competed with NO-induced 
Drp1 S-nitrosylation. The S-sulfhydration of Drp1 at cysteine 607 
modulated Drp1 phosphorylation, GTPase activity and interaction with 
VDAC1 to ameliorate mitochondrial dysfunction and cardiomyocyte 
death. These results are the first to identify that Drp1 S-sulfhydration 
mediated mitochondrial function in the heart. Based on the findings, 
interventions leading to restoration of mitochondria morphology by 
targeting Drp1 S-sulfhydration may offer a potential therapeutic 
approach for heart failure. 

Our study identifies that genetically manipulating CSE/H2S pathway 

Fig. 7. S-sulfhydration at cysteine 607 prevented 
Drp1 and VDAC1 interaction and regulated ISO- 
induced mitochondrial dysfunction. A, Western 
blots showing Drp1 and VDAC1 interactions in the 
indicated hearts of mice after 4 weeks’ vehicle or ISO 
administration. B, Western blots showing the in-
teractions between Drp1 WT and VDAC1 or Drp1 
C607A and VDAC1 in the adult cardiomyocytes 
incubated with or without ISO (1 μmol/L, 48 h) and 
NaHS (30 μmol/L, 48 h). C, Representative linescan 
confocal images and summarized data showing the 
laser-induced permanent loss of Δψm in individual 
mitochondrion. n = 547–900 mitochondria in 31–37 
cells from 4 to 5 rats in each group. D-E, Effects of ISO 
(1 μmol/L, 48 h) on ATP levels (D), and cell death (E) 
in adult cardiomyocytes with or without over-
expression of Drp1 WT or C607A, or pretreatment of 
VBIT-4 (10 μmol/L, 48 h). n = 3–4. F, Representative 
fluorescence images and quantification of mt-SoNar 
or mt-cpYFP in adult cardiomyocytes expressed 
Drp1 WT or C607A with or without ISO (1 μmol/L, 
48 h), NaHS (30 μmol/L, 48 h) or VBIT-4 (10 μmol/L, 
48 h). n = 29–34 cells from 3 rats in each group. Scale 
bar = 20 μm. G, Western blots images and summa-
rized data showing effects of ISO on Bcl-2, Bax and 
cleaved caspase 9 in adult cardiomyocytes and with 
overexpression of Drp1 WT or C607A or pretreatment 
of VBIT-4. n = 4. *: p < 0.05, **: p < 0.01.   
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modulated ISO-induced heart function. Activation of β-adrenergic re-
ceptor (β-AR) has a critical role in stimulating cardiac output during 
fight or flight response and chronic β-AR activation contributes to 
myocardial hypertrophy and heart failure. It is demonstrated that H2S, 
as an endogenous gasotransmitter, protected against ISO-heart failure. 
However, previous experiments used H2S-releasing agents or inhibitors 
to investigate the role of H2S in heart function [19,21,37]. Increasing 
evidence reports that H2S donors released a rapid and largely uncon-
trollable H2S and generated various byproducts [16]. L-prop-
argylglycine, as an inhibitor for CSE, has a low potency and cell 
permeability and is used at very high concentrations [38]. Therefore, we 
constructed CSE KO or CSE OE mice to precisely evaluate the role of 
endogenous H2S in the heart. Our results showed CSE KO mice were 
more susceptible to chronic ISO stress, whereas heart dysfunction and 
pathological remodeling were prevented in CSE OE hearts, indicating 
the essential regulatory of H2S in the heart function. 

Our results also revealed that an important role of Drp1 in the link 
between H2S signals and mitochondrial morphology. Mitochondrial 
morphology is associated to mitochondrial quality control and affects 
cardiomyocyte function and heart disease development [5]. Ablation of 
fission proteins in the heart led to mitochondrial dysfunction and heart 
failure [9,10]. Prior studies by us and other group also found that lipid 
overload increased Drp1 activity and mitochondrial fission in diabetic 
cardiomyopathy [11,12]. Although it is known that H2S plays a central 
role in mitochondrial homeostasis, the direct evidence for the regulatory 
effect of H2S on mitochondrial morphology remains unclear [39]. Drp1 
activity potentiated in CSE KO–ISO hears, but it was restored in CSE 
OE-ISO hearts, which suggesting Drp1 activity was prevented by H2S to 
modulate mitochondrial fission. In addition, aberrant mitochondrial 
fission underlies mitochondrial dysfunction during heart failure. H2S 
prevented TAC-induced mitochondrial hyperfission, decline in ATP level 
and cardiac dysfunction. However, the protective effects of H2S were 
abrogated in Drp1 mutant-overexpressing heart. It suggested that the 
regulation of Drp1 activity would be an important therapy to ameliorate 
heart failure. 

Drp1 activity could be regulated by various post-translational mod-
ifications including phosphorylation, acetylation, S-nitrosylation, O- 
GlucNAcylation, SUMOylation and ubiquitination [7]. The S-sulfhy-
dration of Drp1 at cysteine 607 is a novel post-translational modifica-
tion. S-sulfhydration is an important signaling pathway of H2S, which 
exerting its regulatory effects. Nishimura et al. found that Drp1 in 

neonatal rat cardiomyocytes was polysulfidated at cysteine 624 
(cysteine 607 of human Drp1), and depolysulfidation of Cys624-S(n)H in 
rat Drp1, which led to filamin-dependent activation of Drp1 and mito-
chondrial hyperfission [40]. Here, we firstly reported that Drp1 S-sulf-
hydration is required for modulating phosphorylation at S616, and 
GTPase activity of Drp1. These results indicate that S-sulfhydration at 
cysteine 607 may initiate sequential steps in Drp1 activation. Blockade 
of Drp1 S-sulfhydration by site-directed mutagenesis, the protective ef-
fect of H2S was abrogated on heart failure and mitochondrial fission. 
Therefore, targeting Drp1 S-sulfhydration could prevent Drp1 over-
activation and cardiac dysfunction. 

It has been shown that Drp1 activity was also regulated by the S- 
nitrosylation of Drp1, which promoted mitochondrial fission [33]. 
However, H2S-induced Drp1 S-sulfhydration inhibited mitochondrial 
fission. These results suggest that Drp1 functions are intricately regu-
lated by redox conditions. Interestingly, Drp1 activity is competitively 
regulated 

by S-sulfhydration and S-nitrosylation at cysteine 607. Our data 
showed that in vitro increased H2S levels significantly alleviated S- 
nitrosylaion of Drp1 protein. After blockade of iNOS activity, H2S still 
could augmented Drp1 S-sulfhydration by suppressing its S-nitro-
sylation. ISO decreased both H2S and Drp1 S-sulfhydration levels in the 
heart, whereas the NO and Drp1 S-nitrosylation levels were increased. 
However, the results were adverse in CSE OE hearts. Thus, the compe-
tition of –NO and –SH for cysteine residues may be dependent on the 
relative concentrations. 

Either H2S or NO covalently attaches to the thiol side chain of 
cysteine residues to form S-sulfhydration or S-nitrosylation respectively. 
The covalent bond is affected by several factors, such as cell redox 
environment, metal ions, local pH and so on, which alters thiol reactivity 
to S-sulfhydration and S-nitrosylation. On one hand, the S-nitrosylated 
bond is weaker than S-sulfhydrated bond, therefore S-sulfhydrated 
cysteine is more stable than S-nitrosylated cysteine [25]. H2S dissociates 
to hydrosulfide (HS− ) at pH 7.4 and reacts with S-nitrosylated cysteine, 
and then releases NO to produce S-sulfhydrated cysteine. On the other 
hand, we and other group [40] found Drp1 depolysulfurization in heart 
failure. The underlying mechanisms are complex. For example, cell 
redox environment, metal ions or local pH changes may cause Drp1 
depolysulfurization. It would be needed to determine which effector 
plays a critical role in Drp1 depolysulfurization in the future. Moreover, 
H2S and NO also competitively regulate non-modified Drp1 protein to 
govern Drp1 S-sulfhydration or S-nitrosylation levels by their relative 
concentrations. Therefore, Drp1 post translational modification is a 
dynamic process. In addition, increasing study reported that CSE used 
cysteine to generate CysSSH, which could be directly incorporated 
target protein during translation in cells [41,42]. Although we detected 
H2S level associated with CSE expression level, there is a potential 
molecular pathway that CSE-derived CysSSH may be directly incorpo-
rated into Drp1. It is also worthy to investigate the regulatory role of 
CSE-derived CysSSH on Drp1 activity in the future. 

Our study identifies that the non-canonical role of Drp1 interacts 
with VDAC1 to cause mitochondria dysfunction and cell death. 
Compelling evidence reports that Drp1 has non-canonical functions, 
including mitochondrial energetics and mPTP opening [13]. VDAC1 
plays an important role in mitochondrial hormesis and cell apoptosis 
[34,35]. The current study showed that Drp1 S-sulfhydration affects 
mitochondria function and cardiomyocyte viability through interacting 
with VDAC1. The inhibition of VDAC1 activity restored ISO-induced 
mitochondria dysfunction, but the mechanism for this Drp1-VDAC1 
interaction remains to be further determined. In addition, how Drp1 
S-sulfhydration at cysteine 607 regulates its phosphorylation and ac-
tivity is also needed to be deeply investigated. 

In summary, we demonstrate that CSE/H2S pathway mediates TAC 
or ISO-induced cardiac dysfunction and pathological remodeling 
through regulating Drp1 activity. Furthermore, the findings from the 
present study indicate that Drp1 S-sulfhydration at cysteine 607 

Fig. 8. Schematic model showing the mechanism of CSE/H2S regulated Drp1 
activity in heart failure. During heart failure, CSE/H2S pathway was inhibited, 
whereas iNOS/NO pathways was potentiated. Although Drp1 S-sulfhydration 
and S-nitrosylation were competitively modified at the same cysteine, the effect 
of these two modifications on Drp1 activity was reverse. Aberrant activation of 
Drp1 translocated to mitochondria outer membrane and interacted with VDAC1 
to cause mitochondria hyperfission and dysfunction. 
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prevents its activity, translocation and interaction with VDAC1 to 
induce mitochondrial dysfunction and cardiomyocyte death. Targeting 
Drp1 S-sulfhydration may offer a promising approach to ameliorate the 
heart failure. 
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