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A B S T R A C T   

Sulfur-based redox signaling has long attracted attention as critical mechanisms underlying the development of 
cardiac diseases and resultant heart failure. Especially, post-translational modifications of cysteine (Cys) thiols in 
proteins mediate oxidative stress-dependent cardiac remodeling including myocardial hypertrophy, senescence, 
and interstitial fibrosis. However, we recently revealed the existence of Cys persulfides and Cys polysulfides in 
cells and tissues, which show higher redox activities than Cys and substantially contribute to redox signaling and 
energy metabolism. We have established simple evaluation methods that can detect polysulfides in proteins and 
inorganic polysulfides in cells and revealed that polysulfides abundantly expressed in normal hearts are 
dramatically catabolized by exposure to ischemic/hypoxic and environmental electrophilic stress, which causes 
vulnerability of the heart to mechanical load. Accumulation of hydrogen sulfide, a nucleophilic catabolite of 
persulfides/polysulfides, may lead to reductive stress in ischemic hearts, and perturbation of polysulfide 
catabolism can improve chronic heart failure after myocardial infarction in mice. This review focuses on the 
(patho)physiological role of sulfur metabolism in hearts, and proposes that sulfur catabolism during ischemic/ 
hypoxic stress has great potential as a new therapeutic strategy for the treatment of ischemic heart failure.   

1. Introduction 

The myocardium is an extremely robust cells and tissue that 
continuously repeat contraction and relaxation during our lifetime 
without cell proliferation and replacement. The myocardium has unique 
stress adaptation mechanisms that differ from those of other cell types. 
In particular, cardiomyocytes have well-developed cysteine (Cys)-based 
antioxidant systems such as thioredoxin and glutathione (GSH).1 Cys, a 
nucleophilic sulfur-containing amino acid, is thought to generate the 
reducing power of cardiomyocytes. The human genome encodes about 
214,000 Cys, of which 10–20% are redox-active thiol groups with a 
dissociated proton at physiological pH conditions.2,3 These deproto-
nated Cys thiols mainly react with various reactive oxygen species 
(ROS), reactive nitrogen species (RNS), and electrophilic secondary 
metabolites (electrophiles) that are generated from the reaction of ROS 
and RNS with lipids and nucleic acids. Oxidative posttranslational 

modification with Cys thiols alters the structure and function of sensor 
proteins, which serve as signal mediators in redox signaling. Oxidative 
modification of various proteins including ATP synthase,4 histone 
deacetylase 4 (HDAC4)5,6 and GTP-binding proteins (G proteins) such as 
the α subunit of heterotrimeric Gi/o family proteins (Gαi/o)7 and H-Ras8 

has been discovered to mediate the progression of cardiac remodeling 
and heart failure.9 Oxidative modification has been widely investigated 
as a general concept of redox signaling in cardiovascular pathophysi-
ology. However, the recent discovery of highly reactive sulfur metabo-
lites containing catenated sulfur atoms (supersulfides) such as Cys 
persulfide (Cys-SSH) and Cys polysulfide has led to a review of the 
concepts of redox biology and its therapeutic applications. In fact, we 
have recently revealed that Cys persulfide/polysulfide catabolism in 
proteins by exposure to environmental electrophiles decreases the 
contractility of cardiomyocytes and increases the mortality and 
morbidity of heart failure in mice after pressure overload.10,11 In addi-
tion, ischemic/hypoxic stress causes catabolism of endogenous 
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supersulfides in hearts, leading to a worse prognosis of chronic heart 
failure after myocardial infarction.12 

In this review, we first provide an overview of recent progress in 
sulfur biology including the definition and properties of supersulfides 
and the detection of supersulfides and protein polysulfidation. Next, we 
provide an overview of sulfur biology in cardiac remodeling and heart 
failure, and then highlight the roles of supersulfide catabolism by 
exposure to ischemic/hypoxic or electrophilic stresses in cardiac ho-
meostasis and diseases together with our latest findings. 

2. Recent progress in sulfur biology 

2.1. Discovery of biological activity of pharmacological administration of 
H2S 

Hydrogen sulfide (H2S) is a colorless gas with a distinctive odor 
known as rotten egg smell and acutely toxic to humans at high con-
centrations (100 ppm and higher).13 However, H2S is detected in various 
cells, and its biological activity has been widely investigated over the 
last few decades of the past century.14 Abe and Kimura first identified 
that H2S is detected in the brain and acts as a neurotransmitter.15 Then, 
numerous numbers of papers reported the involvement of H2S in many 
physiological and pathological processes in animals including inflam-
mation,16 autophagy,17 neuromodulation, cardioprotection,18 and can-
cer.19,20 In addition, H2S has also been linked with a wide variety of 
plant physiology including development,21,22 photosynthesis23 and 
stress tolerance.24 More recently, the anti-aging effects of H2S have been 
attracting a great deal of attention since it was reported to extend the 
average life span of yeast, nematodes, flies and mice.25–27 

2.2. Definition and biochemical feature of supersulfides 

Although the physiological and pathological roles of H2S have been 
widely reported,28,29 it is unclear whether H2S is acting directly in all 
cases. The biological effects of H2S are mainly considered due to 
nucleophilicity like cysteine thiol.8,30–35 However, reactive kinetics of 
nucleophilicity by H2S suggests that it is insufficient to directly react 
with oxidants and electrophiles.8,35 These results raise our speculation 
that intermediates from H2S are bona fide nucleophilic substances. 
Nucleophilic HS− can produce persulfide (RSSH) by reacting with 
oxidized forms of thiols such as disulfide (RSSR) or sulfenic acid (RSOH) 
(Equations (1) and (2)).36,37 Recent innovations in mass spectrometry 
analysis identified that diverse and abundant reactive persulfide and 
polysulfide species including cysteine per/polysulfides and glutathione 
per/polysulfides are observed in tissues and cells, which are shown to 

play pivotal roles in the regulation of redox signaling.38–42 Supersulfides 
are currently defined as persulfides and polysulfides with catenated 
sulfane sulfur (RSSnR, n > 1, R = hydrogen or alkyl). Supersulfides 
include not only small molecules such as cysteine and glutathione but 
also the thiol group of proteins. Supersulfides in proteins (protein pol-
ysulfidation) can modulate protein structure and function as a post-
translational modification.41,43 Catenated sulfane sulfur atoms in 
supersulfides have unique redox properties. Due to the α-effect, the 
increased reactivity of α-nucleophiles due to adjacent unpaired elec-
trons, supersulfides have more nucleophilic power than the corre-
sponding thiol.44 Most supersulfides are deprotonated under 
physiological pH conditions and can easily react with oxidants and 
electrophiles. Supersulfides have both nucleophilic and electrophilic 
sulfur in a single molecule and behave as either nucleophile or elec-
trophile depending on the situation.  

HS− + RSSR ⇌ RSSH + RS− (1)  

HS− + RSOH ⇌ RSSH + OH− (2) 

Supersulfides highly exist in various living organisms. Quantitative 
mass spectrometry analysis revealed that glutathione persulfide (GSSH) 
is present at about 150 μM in the brain and 50 μM in the heart and liver 
in mice, which corresponds to 2–5% of GSH.38 In vegetables, onion, 
broccoli, Chinese chive and garlic contain large amounts of poly-
sulfides.45 Some gut bacteria such as Lachnospiraceae and Rumino-
coccaceae families highly produce Cys-SSH.46 Supersulfides would have 
fundamental roles in sulfur-related biological processes in all living 
organisms.1,47,48 

2.3. Biosynthesis and metabolism of supersulfides and H2S 

Three enzymes were initially reported to catalyze H2S formation in 
mammals. Cystathionine β-synthase (CBS) and cystathionine γ-lyase 
(CSE) are enzymes for the transsulfuration pathway (de novo biosyn-
thetic pathway of cysteine in mammals). CBS catalyzes the formation of 
cystathionine from homocysteine and serine, and the resulting cys-
tathionine is converted into cysteine by CSE. Both CBS and CSE are 
pyridoxal-5′-phosphate (PLP)-dependent enzymes that generate H2S 
from cysteine and homocysteine.18,28 3-Mercaptopyruvate sulfur-
transferase (3-MST) generates H2S from 3-mercaptopyruvate, which is 
produced from cysteine and α-ketoglutarate by cysteine aminotrans-
ferase.49 Expression of CBS is mainly found in the brain, kidney and 
liver, whereas CSE is predominantly present in vascular systems.50 

Although CBS and CSE have been identified as H2S-generating en-
zymes as described above, recent innovations in mass spectrometry 

Abbreviations 

3-MST 3-Mercaptopyruvate sulfurtransferase 
CARSs cysteinyl-tRNA synthetases 
CBS Cystathionine β-synthase 
CSE cystathionine γ-lyase 
Cys cysteine 
Cys-SSH cysteine persulfide 
Drp1 dynamin-related protein 1 
Ech-A echinochrome A 
ETHE1 ethylmalonic encephalopathy 1 
FRET Förster resonance energy transfer 
GSH reduced glutathione 
GSSG glutathione disulfide 
GSSH glutathione persulfide 
GSSSG glutathione trisulfide 
H2S/HS hydrogen sulfide/hydrosulfide anion 

HPE-IAM β-(4-hydroxyphenyl)ethyl iodoacetamide 
IAA-biotin Iodoacetyl-biotin 
IR ischemia/reperfusion 
LC-ESI-MS/MS Liquid chromatography-electrospray 

ionization–tandem mass spectrometry 
MeHg methylmercury 
MI myocardial infarction 
Na2S4 sodium tetrasulfide 
RNS reactive nitrogen species 
ROS reactive oxygen species 
RSOH sulfenic acid 
RSSH persulfide 
RSSR disulfide 
PLP pyridoxal-5′-phosphate 
SQOR sulfide quinone oxidoreductase 
TAC transverse aortic constriction 
TME-IAM N-iodoacetyl l-tyrosine methyl ester  
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analysis identified that these enzymes are able to produce Cys-SSH from 
cystine as a substrate (Fig. 1).38 Product analysis indicated that CSE and 
CBS undergo a CS lyase-like reaction to directly form Cys-SSH from 
cystine. Cysteinyl-tRNA synthetases (CARSs) are enzymes that catalyze 
the covalent attachment of cysteine to cysteinyl-tRNA for protein 
translation. There are two CARS genes in mammals: a cytosolic CARS1 
and a mitochondrial CARS2. The Cys–SSH–producing activity of CARSs 
has been identified as a moonlighting function.42 Two cysteines would 
be involved in Cys-SSH formation by CARSs. In this reaction, sulfur is 
cleaved from the donor cysteine and transferred to the acceptor cysteine 
thiol. The amount of Cys-SSH and GSSH in the liver and lung of CARS2 
heterozygous mice is decreased by about 50%, whereas CBS/CSE/3-MST 
triple KO mice show no changes in the formation of these supersulfides, 
indicating that CARS2 has a critical role in supersulfide formation.42,51 

CARSs can generate persulfidated cysteinyl-tRNA and Cys-SSH is 
directly incorporated into nascent polypeptides during translation.42 In 
addition to this co-translational process, protein polysulfidation can be 
also posttranslationally regulated by the reaction with other super-
sulfides or electrophiles as described below. 

H2S is oxidized back to glutathione persulfide (GSSH) from GSH by 
sulfide quinone oxidoreductase (SQOR) in mitochondria.52,53 GSSH is 
further oxidized by sulfur dioxygenase such as ethylmalonic encepha-
lopathy 1 (ETHE1) to sulfite. Subsequently, sulfite is oxidized to sulfate 
or thiosulfate by sulfide-detoxifying enzymes such as rhodanese.54,55 

The supersulfide transport system in multiple cells and organs is still 
largely unknown. When intracellular supersulfides are increased in 
cardiomyocytes and hepatocytes, these are released to the extracellular 
side in a time-dependent manner.56 It is speculated that cells have 
transporters for supersulfide influx and efflux. ATP-binding cassette 
transporter Atm1 from Saccharomyces cerevisiae transports glutathione 
trisulfide (GSSSG) and glutathione disulfide (GSSG) but not GSH.57 We 
recently identified that the cystine/glutamate transporter SLC7A11 in-
volves the extracellular efflux of Cys-SSH.56 

3. Methods for detecting supersulfides and protein 
polysulfidation 

3.1. Quantitative mass spectrometry analysis 

Liquid chromatography–electrospray ionization–tandem mass spec-
trometry (LC-ESI-MS/MS) is one of the most powerful methods to 
directly detect and quantify each supersulfides from biological samples. 
In this assay, the terminal SH group of supersulfides has to be alkylated 
by alkylating reagents. Proper alkylating reagents and labeling condi-
tions are required for the stabilization of the catenated sulfur chain. The 
hydroxyl anion attacks the catenated sulfur chain in supersulfides, 
cleaving it into thiolates and sulfenic acids, and this alkaline hydrolysis 
reaction is enhanced by several alkylating reagents such as N-ethyl-
maleimide, monobromobimane and iodoacetamide.58–61 β-(4-hydrox-
yphenyl)ethyl iodoacetamide (HPE-IAM) which is commercially 
available is widely used as an alkylating reagent because the hydrox-
yphenyl moiety of HPE-IAM has potent stabilizing effects for diverse 
supersulfides.58 More recently, N-iodoacetyl l-tyrosine methyl ester 
(TME-IAM), which is developed from HPE-IAM, and N-t-butyl-iodoace-
tamide have been reported as more potent alkylating reagents.60,62 

Apart from the quantitative method of target products using stable 
isotope-labeled standards, the method to quantify total supersulfide and 
reactive supersulfide contents using LC-ESI-MS/MS has also been 
developed.45 

3.2. Fluorescence probes 

Fluorescence imaging is a useful technique to analyze the spatio-
temporal dynamics of supersulfides in cells and tissues. Several 
chemical-based fluorescence probes that respond to sulfane sulfur have 
been developed. The detailed mechanism of action of these fluorescence 
probes is reviewed in Ref. 63. In this review, we introduce three fluo-
rescence probes for supersulfide detection. First, SSP4 is a commercially 
available fluorescence probe. The original SSP fluorescence probes for 
sulfane sulfur were developed by Xian’s group.64 SSP4 is non-fluorescent 
in the basal state. SSP4 contains two thiol groups at which sulfane sulfur 

Fig. 1. Pathways of supersulfide synthesis and metabolism in mammals. Cysteine (Cys-SH) that is synthesized through the transsulfuration pathway serves as 
substrates to yield cysteine per/polysulfide (Cys-S(S)nH) by cysteinyl-tRNA synthetases (CARSs). Cys-SSH is also synthesized from cystine by cystathionine-β-synthase 
(CBS) and cystathionine-γ-lyase (CSE). Cys-SSH is co-translationally incorporated into nascent polypeptides for protein per/polysulfidation (Protein-S(S)nH). The 
sulfane sulfur is transferred and elongated during multiple supersulfides in a non-enzymatic trans-sulfidation. Leaked electrons from the mitochondrial electron 
transport chain (ETC) lead to the catabolism of Cys-S(S)nH, generating hydrogen sulfide/hydrosulfide anion (H2S/HS−). Sulfide quinone oxidoreductase (SQOR) 
mediates the oxidation of H2S using glutathione (GSH), yielding glutathione per/polysulfide (GS(S)nH). GS(S)nH is oxidized by ethylmalonic encephalopathy 1 
(ETHE1) to sulfite (SO3

2−). SO3
2− is further oxidized to sulfate (SO4

2−) or thiosulfate (S2O3
2−) by sulfide-detoxifying enzymes such as rhodanese. 
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reacts to cleave and release fluorescein. This cleavage reaction is highly 
selective to sulfane sulfur and does not occur with ROS and H2S. Because 
SSP4 irreversibly reacts with sulfane sulfur, SSP4 should not be used to 
analyze the dynamical changes of supersulfides in the cells. Second, 
Hanaoka’s group developed SSip-1 which is a reversible fluorescence 
probe to analyze intracellular supersulfide dynamics.65 SSip-1 is also 
commercially available. SSip-1 has weak fluorescence before the reac-
tion with sulfane sulfur because of Förster resonance energy transfer 
(FRET)-based fluorescence quenching. Sulfane sulfur reversibly alters 
SSip-1 conformation to decrease FRET, generating bright fluorescence. 
Using the SSip-1 probe, we recently analyzed supersulfide in mouse 
heart slices.12 Third, QS10 which is developed by Umezawa et al. is also 
a FRET-based reversible fluorescence probe for supersulfide dynamics.66 

QS10 fluorescence is not quenched in the basal state. So, QS10 FRET 
analysis by measuring donor and acceptor fluorescence enables more 
quantitative and real-time monitoring of supersulfide dynamics in living 
cells. SSP4 and SSip-1 emit green fluorescence, whereas QS10 was 
developed as a FRET pair at wavelengths similar to Cy3 and Cy5. 
Therefore, QS10 enables to perform simultaneous imaging with 
different probes with green fluorescence. SSip-1 and QS10 preferentially 
associate with mitochondrial membrane. These probes show good 
retention in the cell, but imaging is limited to supersulfide change in 
mitochondria. SSP4 shows more diffused distribution in the cell 
reflecting the global distribution of supersulfides. However, SSP4 is 
easily leaked in several types of cells such as neonatal rat car-
diomyocytes. It would be necessary to select an appropriate probe for 
the experiment’s purpose. 

3.3. Biotin switch assay for protein polysulfidation 

The thiol group of cysteine has various posttranslational 

modifications including polysulfidation, oxidation, S-nitrosylation, S- 
glutathionylation and palmitoylation.9,67 Biotin switch assay is widely 
used to identify proteins having a posttranslational modification of your 
interest. This assay was first developed to detect S-nitrosylated pro-
teins.68,69 Free thiol groups are first blocked with an alkylating reagent, 
and then S-nitrosothiol groups are cleaved by ascorbate. Newly gener-
ated thiol groups are labeled with a biotin-containing alkylating reagent. 
According to the biochemical feature of posttranslational modification 
of your interest, a proper biotin switch strategy is required. Because the 
biochemical features of cysteine thiol and polysulfidated cysteine thiol 
are similar, the specific isolation of polysulfidated proteins is difficult 
and a wide variety of methods have been reported. The detail of the 
biotin switch assay reported is reviewed in Refs. 63,70. As described 
above, some alkylating reagents and labeling conditions accelerate the 
cleavage of the catenated sulfane sulfur.42,58,61 We tested various biotin 
switch methods and alkylating reagents and developed a modified 
iodoacetyl-biotin (IAA-biotin) method that was originally reported by 
Doka et al.71 in our recent work (Fig. 2).11,56 Alkylating labeling using 
IAA-biotin with tyrosine most effectively detected the changes in protein 
polysulfidation in Na2S4-treated cells (Fig. 2). 

4. Sulfur biology in cardiac remodeling and heart failure 

4.1. Cardiac remodeling and heart failure 

Heart disease including heart failure is one of the leading causes of 
death worldwide. Heart failure refers to the cardiac inability to pump 
enough blood to the body. Heart failure prevalence was estimated at 
more than 37.7 million in the world in 2016, and this number is pre-
dicted to continuously grow in the coming decades.72,73 The morbidity 
and mortality associated with heart failure are still high with a 5-year 

Fig. 2. Detection of polysulfidated proteins by IAA-biotin switch assay. (A) A schematic diagram of IAA-biotin switch assay. The SH groups of cysteine and poly-
sulfidated cysteine are biotinylated using iodoacetyl-biotin (IAA-biotin) in the presence of tyrosine. The hydroxyphenyl residue of tyrosine protects polysulfides from 
the degradation triggered by the hydroxyl anion (HO−). Biotinylated proteins are captured by streptavidin-agarose, then the polysulfur chain is cleaved by the 
reducing reagent such as dithiothreitol (DTT), and polysulfidated proteins are finally released from the resin. (B) Detection of polysulfidated proteins. Neonatal rat 
cardiomyocytes were treated without or with Na2S4. Polysulfidated proteins were collected using IAA-biotin assay. Polysulfidated proteins were separated by SDS- 
PAGE and detected. Na2S4 treatment drastically increased polysulfidated proteins. 
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survival rate after hospitalization of around 50%,74 which has improved 
only slightly in the 21st century compared with other serious diseases 
such as cancer.75 Therefore, a novel concept and potential target for 
heart failure therapy would be required. 

Cardiac remodeling refers to alterations in the size, shape, or struc-
ture of either atria or ventricles, which can result in the disruption of 
cardiac architecture.76,77 This will lead to increased stiffness, deterio-
ration of systolic or diastolic function, and a higher likelihood of 
arrhythmia. Cardiac remodeling is generally an adverse sign and is 
closely related to the progression of heart failure. 

4.2. The role of supersulfides and H2S on cardiac remodeling and heart 
failure 

Starting with the report about the identification of H2S as an 
endogenous neuromodulator and vasorelaxant,15,78,79 the car-
dioprotective effects of H2S in animal models have been intensively 
studied over the past few decades.18 However, most evidence is from the 
pharmacological effects of the exogenous administration of H2S or its 
donor reagent, and it is mostly unclear how H2S mediates car-
dioprotective effects and whether H2S or its metabolite directly cata-
lyzes the biological process. The discovery and biochemical 
characterization of supersulfides raises the probability that supersulfides 
act as molecular entities for cardioprotective effects. Recently, several 
studies including ours have focused on the involvement of supersulfides 
in cardiac homeostasis and disease progression. 

Myocardial ischemia/reperfusion (IR) injury contributes to adverse 
cardiac events after ischemia and cardiac surgery and is one critical 
cause of heart failure in the clinical field.80,81 Myocardial IR injury oc-
curs when the blood supply to the heart is blocked for a short time 
(ischemia) and then restored (reperfusion). Rapid reentry of oxygen 
induces ROS burst in mitochondria, leading to myocardial cell death and 
tissue damage. Growing evidence shows that the pharmacological 
administration of H2S or its donating agents improves cardiac function 
after IR injury.48,82–86 At high concentrations, H2S is toxic by inhibiting 
cytochrome C oxidase of the electron transport chain 87,88. Car-
dioprotective effect of NaHS is biphasic, and high dose of NaHS loses 
cardioprotective effects.83 The mitochondrial ATP-sensitive potassium 
(mitoKATP) channel has a pivotal role in cardioprotective action.89,90 

H2S treatment increases KATP channel currents.91,92 Additionally, H2S 
treatment induces polysulfidation of KATP channel subunit, Sulphony-
lurea 2B at Cys24 and Cys1455.93 Polysulfidation of mitoKATP would be 
involved in the cardioprotective effect against IR injury. Recently, it has 
been reported that cardiac function is maintained after an ex-vivo IR 
injury model by exogenous donation of RSSH rather than H2S.94 

Aberrantly increased afterload and hormone stimulation result in 
pathological cardiac hypertrophy and fibrosis. Administration of H2S 
and its donating agents ameliorates cardiac function and remodeling 
induced by the transverse aortic constriction (TAC) model95,96 and the 
chronic infusion of Ang II97,98 and isoprenaline.99,100 H2S improves 
cardiac hypertrophy by decreasing oxidative stress, and the antioxidant 
effect of H2S depends on the PI3K-Akt signaling pathway.95,96 

4.3. Changes in supersulfide catabolism under the ischemic heart 

O2 as a terminal electron acceptor plays a fundamental role in the 
regulation of a circuit of electron flow and ATP production in the elec-
tron transport chain (ETC) in mammalian mitochondria. Bacteria that 
live in anaerobic conditions use a wide variety of substrates for energy 
production including sulfate (SO4

2−), nitrate (NO3
−), ferric iron (Fe3+) 

and carbon dioxide (CO2).101 Mammalian can use fumarate as an elec-
tron acceptor in an alternative pathway of electron flow in mitochondria 
under limited oxygen conditions.102 Cys-SSH is highly accumulated in 
mitochondria and acts as a terminal electron acceptor in ETC like O2.42 

After receiving electrons in ETC, Cys-SSH is converted (catabolized) into 
Cys-SH and HS−. Depletion of Cys-SSH in CARS KO cells decreases the 

oxygen consumption rate under normoxia, indicating the critical role of 
supersulfide-mediated respiration in mitochondrial homeostasis.42 

Under limited oxygen availability, supersulfides would be more 
pivotal in energy metabolism and biological processes. Supersulfide and 
H2S imaging analysis show a decrease of supersulfide and an increase of 
H2S in cardiomyocytes under hypoxia. This change in supersulfide dy-
namics is also observed in the ischemic heart slice of the mouse MI 
model.12 Supersulfides preferentially receive electrons and are catabo-
lized to H2S in ETC under hypoxia. Echinochrome A (Ech-A), a natural 
pigment isolated from sea urchins, has been proven in multiple clinical 
trials including cardiac ischemia diseases.103 Consistent with the re-
covery of cardiac function, supersulfide catabolism is improved by the 
administration of Ech-A in the MI model mouse.12 Supersulfide-H2S 
metabolic cycle is also involved in the ischemic tolerance of the brain 
104. Accumulation of H2S under hypoxia induces brain injury by 
inhibiting the activity of the ETC complex, and the expression level of 
SQOR that catalyzes the resynthesis of supersulfides from H2S de-
termines the ischemic tolerance.104 On the other hand, Cys-SSH and its 
substrate Cys-SH are increased in the heart immediately after ischemia 
(30 min after ischemia).105 This would be a compensatory mechanism 
for energy production using supersulfides instead of O2 under hypoxia. 
Actually, the administration of supersulfides such as Cys–SSS–Cys and 
diallyl trisulfide improves cardiac function and remodeling of the mouse 
heart disease model.105,106 

4.4. Mitochondrial quality control and cardiac protection by supersulfides 

The proper balance of mitochondrial fission and fusion cycle has a 
pivotal role in maintaining mitochondrial quality and functions. Aber-
rant fission/fusion balance of mitochondria leads to the progression of 
heart failure. In particular, mitochondrial hyperfission is observed in 
various heart failure models and triggers pathological cardiac remod-
eling such as myocardial senescence. Mitochondrial fission is regulated 
by dynamin-related protein 1 (Drp1), a large GTPase. Mitochondrial 
hyperfission due to abnormal activation of Drp1 has attracted attention 
as a cause of cardiomyocyte dysfunction and heart failure.1,107 Drp1 
inhibition ameliorates cardiac dysfunction in diabetic cardiomyopathy 
and chronic heart failure models.108 Genetic Drp1 Cys452F mutation 
causes cardiomyopathy in the python mouse.109 In addition to phos-
phorylation, Drp1 activity is regulated by posttranslational modification 
of redox-active cysteine (Cys644) at the C-terminus. S-nitrosylation and 
sulfenylation enhance Drp1 activation,110,111 whereas covalent modifi-
cation of 15-deoxy-Δ12,14-prostaglandin J2 leads to Drp1 inactiva-
tion.112 This redox-active Cys644 is polysulfidated in a basal state and its 
polysulfidation is dynamically changed in response to intracellular 
supersulfide levels.42 Polysulfidation negatively regulates Drp1 activa-
tion by inhibiting the interaction with its guanine nucleotide exchange 
factor, filamin A (Fig. 3).10,107 MeHg which is an environmental elec-
trophilic neurotoxicant is reported as a potent risk factor for cardiac 
events.113–115 Exposure to low-dose of MeHg leads to mitochondrial 
hyperfission of cardiomyocytes through Drp1 depolysulfidation, which 
exacerbates cardiac dysfunction induced by pressure overload. NaHS 
administration recovers Drp1 polysulfidation and mitochondrial qual-
ity, improving cardiac function after pressure overload. Exposure to 
cigarette smoke extract also induced Drp1 depolysulfidation, leading to 
mitochondrial hyperfission and impairment of cardiac contractility.11 

Moreover, Drp1 polysulfidation by CSE also improves 
isoprenaline-induced mitochondrial dysfunction and cardiomyocyte 
death.100 This evidence indicates the relationship between supersulfide 
metabolism and mitochondrial quality followed by cardiac homeostasis 
through protein polysulfidation such as Drp1 (Fig. 3). 

5. Conclusion and future direction 

The relationship between the disturbance of redox homeostasis and 
heart failure progression has been mainly focused on oxidative stress. 
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Aberrant oxidative stress over the buffering capacity by antioxidant 
defense systems has a critical role in the development and progression of 
clinical and experimental heart failure.116–119 Although various studies 
targeting anti-oxidative stress therapy in experimental heart failure 
models show promising results, clinical trials of anti-oxidative stress 
therapy have almost failed.120–122 These facts may reflect the impor-
tance of therapeutic and drug pharmaceutical strategies that focus not 
only on oxidative stress but also on supersulfides and sulfur metabolism. 
Since the innovation to quantitively analyze supersulfides and sulfur 
metabolites, the role of supersulfides in various biological processes 
including the cardiovascular system is becoming clear. On the other 
hand, the reactivity of supersulfides is very complex and intractable. 
Failure to select an appropriate analytical method may lead to incorrect 
interpretations. For further development of supersulfide research, it is 
desirable to develop more accurate and tractable techniques in the 
future. Future studies focusing on supersulfide-related redox biology 
would contribute to our understanding of a novel therapeutic strategy 
for heart failure. 
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