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ARTICLE INFO ABSTRACT

Keywords: Ischemic heart disease is the main global cause of death in the world. Abnormal sulfide catabolism, especially
Non-thermal plasma hydrogen sulfide accumulation, impedes mitochondrial respiration and worsens the prognosis after ischemic
Supersulfides

insults, but the substantial therapeutic strategy has not been established. Non-thermal atmospheric pressure

Is\gg);hondnal energy metabolism plasma irradiation therapy is attracted attention as it exerts beneficial effects by producing various reactive
Ischemia,reperfusion molecular species. Growing evidence has suggested that supersulfides, formed by catenation of sulfur atoms,
contribute to various biological processes involving electron transfer in cells. Here, we report that non-thermal
plasma-irradiated cysteine (Cys*) protects mouse hearts against ischemia/reperfusion (I/R) injury by preventing
supersulfide catabolism. Cys* has a weak but long-lasting supersulfide activity, and the treatment of rat car-
diomyocytes with Cys* prevents mitochondrial dysfunction after hypoxic stress. Cys* increases sulfide-quinone
oxidoreductase (SQOR), and silencing SQOR abolishes Cys*-induced supersulfide formation and cytoprotection.
Local administration of mouse hearts with Cys* significantly reduces infarct size with preserving supersulfide
levels after I/R. These results suggest that maintaining supersulfide formation through SQOR underlies car-

dioprotection by Cys* against I/R injury.
1. Introduction reperfusion and salvage heart tissue. Many therapeutic strategies,
especially medical interventions to potentiate the heart’s resistance to
Ischemic heart disease remains the leading cause of cardiovascular- ischemic injury have been intensively investigated, but an efficacious
related mortality and chronic heart failure worldwide, despite signifi- therapy has yet to be successfully implemented in the clinical arena [1].
cant advances in the physician’s ability to initiate myocardial It remains an urgent issue how to preserve the energy content of

Abbreviations: Buf, Carbonate buffer; CARS, cysteinyl-tRNA synthetase; Cys, cysteine; CysSSH, cysteine persulfide; ACM, DMEM without cysteine and methionine;
ACM?*, plasma-irradiated DMEM without cysteine and methionine; ETC, electron transport chain; GSSH, glutathione persulfide; I/R, ischemia/reperfusion; SQOR,
sulfide-quinone oxidoreductase.
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cardiomyocytes during ischemia.

In an anaerobic environment, NO3, NO3, Fe3+, SO%_, and CO, are
used as terminal electron acceptors for microbial respirations [2-6]. In
mammalian cells, fumarate reportedly acts as a terminal electron
acceptor to sustain a circuit of electron flow in the electron transport
chain (ETC) that maintains mitochondrial functions under hypoxia [7].
However, the heart and skeletal muscle have less fumarate reduction
activity and will rapidly suppress mitochondrial functions under oxygen
limitation. Therefore, to find an oxygen-independent electron trans-
porting mechanism in myocardial mitochondria is expected to establish
a new therapeutic strategy for ischemic heart disease. Supersulfides, in
which sulfur atom is catenated, have recently attracted attention as true
biomolecules with high electron transfer (i.e., redox) reactivity to sup-
port energy metabolism and signal transduction [8,9]. Supersulfides
emerge both electrophilic and nucleophilic properties, and form
hydropolysulfides (R-S(S),H; n > 1 and R # H) and polysulfides (R-S
(S)nS-R) in cells. In particular, cysteine persulfide (CysSSH) and gluta-
thione persulfide (GSSH) have been found to exist in the micromolar
range within the organism and act as antioxidants through their potent
nucleophilicity [10]. Increased level of persulfides is implicated in
lifespan extension across species [11,12]. We have previously reported
that protein-SSH is mainly formed by mitochondria-localized cys-
teinyl-tRNA synthetase (CARS) 2 by dual functions: CysSSH synthase
and cysteinyl-tRNA synthetase activities [8]. CysSSH is also produced by
cystathionine-p-synthase (CBS) and Cystathionine-y-lyase (CSE) using
cystine as a substrate [10]. In contrast, supersulfides are catabolized to
form H,S at mitochondrial ETC [8,13,14] and H»S overproduction leads
to mitochondrial dysfunction by inhibiting complex IV [15]. We have
also reported that supersulfide catabolism is enhanced in failing car-
diomyocytes and reduced supersulfides disrupt mitochondrial quality
and function by decreasing protein polysulfidation, suggesting the crit-
ical role of supersulfides in maintaining cardiac homeostasis and
robustness [16-18].

Non-thermal plasma at atmospheric pressure has been successfully
employed for potential therapeutic purposes, such as selective elimi-
nation of cancer cells [19], promotion of wound healing [20], and gene
transfection [21]. Plasma irradiation is accompanied by dis-
sociation/reconstruction of molecular bonds, in a way that is distinct
from ion interactions in liquids or the behavior of shared ions in metals.
Thus, non-thermal plasma irradiation is expected to produce unique
reactive species with unprecedented biochemical properties [20]. Until
recently, since hydrogen peroxide is abundantly produced in
non-thermal plasma-irradiated culture media, the biological effect of
non-thermal plasma irradiation has been widely regarded as the inducer
of oxidative stress [22]. However, it has been demonstrated that
non-thermal plasma-irradiated solution can also stimulate reactive ox-
ygen species (ROS)-independent signaling pathways to eliminate cancer
cells, when starting materials are optimized (i.e. lactate) [23]. Addi-
tionally, when HEPES-containing buffer is treated with non-thermal
plasma irradiation, short-lived reactive species are estimated to be
produced that elicit cytoplasmic Ca®* influx through a ROS-independent
mechanism [24,25].

In this study, we report that non-thermal plasma-irradiated cysteine
(Cys) solution protects mouse hearts against ischemia/reperfusion (I/R)
injury and rat cardiomyocytes against oxygen glucose deprivation/
reoxygenation (OGD/R) injury by preserving supersulfide metabolism.
Although the chemical supersulfide activity in plasma-irradiated Cys is
estimated only ~80 nM of inorganic sulfane sulfur NayS4, the car-
dioprotective effect of plasma-irradiated Cys can be maintained much
longer than that of NayS4. We also show that sulfide-quinone oxidore-
ductase (SQOR) participates in plasma-irradiated Cys-induced car-
dioprotection against I/R injury by preserving supersulfide metabolism,
suggesting a potential therapeutic strategy for ischemic heart disease.
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2. Results

2.1. Plasma-irradiated culture medium containing Cys has a
cardioprotective effect

Using the setup for non-thermal plasma irradiation using helium as
the carrier gas as previously described (Fig. 1A) [26] we first examined
whether plasma-irradiated culture medium has a cardioprotective ef-
fect. To this end, we treated cardiomyocytes with plasma-irradiated
DMEM (DMEM*), and evaluated its effect on the survival rate
following OGD/R stress [27]. After plasma irradiation, a huge variety of
short-lived reactive species have been generated, leading to cytotoxicity
[28,29]. To eliminate these short-lived reactive species, DMEM* was
incubated for 6 h at 37 °C. Because the incubated plasma solution still
has a high amount of hydrogen peroxide (H,O3), DMEM* was then
preincubated with catalase to remove HO» (Fig. 1B). This DMEM*
containing stable plasma products was used for cardioprotection assay.
OGD/R stress increased propidium iodide (PI)-positive cardiomyocyte
death, which was inhibited by DMEM* treatment (Fig. 1C). When irra-
diation time is shorter (1 s, 3 s and 10 s), the increase in cell death rate by
OGD/R was significantly attenuated by the application of DMEM*
(Fig. 1D). On the other hand, there was no significant difference between
the control group when cells were treated with 30 sec-irradiated DMEM
(Fig. 1D). These results suggest that the cardioprotective effect of
DMEM* is dependent on irradiation time.

We next tested the hypothesis that sulfur-containing components of
DMEM acquire cardioprotective effects by plasma irradiation. Because
cysteine is a thiol-containing amino acid involved in numerous biolog-
ical redox reactions [30] and sulfur metabolites have cardioprotective
effects [31], we examined whether the effect of DMEM* was due to
plasma-dependent redox reactions involving Cys. To this end, we used
DMEM without cysteine and methionine (ACM). No cardioprotective
effect was observed in cardiomyocytes treated with plasma irradiated
ACM (ACM*) (Fig. 1E). Next, ACM medium added back Cys or methi-
onine (Met) was plasma-irradiated (ACM(Cys)* or ACM(Met)*, respec-
tively). While treatment of ACM(Cys)* significantly attenuated the
increase in cell death rate by OGD/R (Fig. 1F), no significant difference
was observed in cardiomyocytes treated with non-irradiated ACM(Cys)
(comparison of Fig. 1E and F). In contrast, cells incubated with ACM
(Met)* exhibited a significant increase in cell death rate regardless of
oxygen concentration (Fig. 1G), while no significant difference was
observed by ACM(Met) treatment (comparison of Fig. 1E and G). We
confirmed that the concentration of HoO5 in ACM(Cys)* and ACM(Met)*
was below the detection limit after catalase pretreatment
(Supplementary Fig. 1). Although these results suggest the necessity of
Cys in plasma-irradiated DMEM, DMEM contains various components
and it would be difficult to determine whether Cys is a direct target of
plasma irradiation. Therefore, we next tested the cardioprotective effect
of plasma-irradiated simple Cys buffer. Carbonate buffer without or with
Cys was plasma-irradiated (Buf* or Buf (Cys)*, respectively). After 6 h
incubation, these solutions were diluted into DMEM and mixed with
catalase and HEPES for application to cardiomyocytes. Buf (Cys)* but
not Buf* showed the cardioprotective effect against OGD/R stress
(Fig. 1H and I), supporting the involvement of plasma-irradiated Cys
products. Taken together, it is suggested that the cardioprotective effect
of DMEM* is attributed to plasma irradiated Cys products not HyO,,
while cell toxicity of ACM(Met)* is not due to that of methionine itself.
Additionally, Buf (Cys) treatment showed a little higher cytotoxicity
compared with ACM(Cys) under normoxia (comparison of Fig. 1F and I).
Therefore, we mainly use ACM(Cys) and ACM(Cys)* for biological
assays.

2.2. Supersulfides are formed in plasma-irradiated Cys solution

Supersulfides are endogenously synthesized from sulfide, Cys and
cystine (Cys-SS—Cys) [10,17,32] and have a cardioprotective role [17,
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Fig. 1. Cardioprotective effect of plasma-irradiated Cys medium

(A) Experimental setup for the helium atmospheric-pressure plasma (He-APP) irradiation. Inlet: plasma plume reaching the target solution (250 pL) placed on a glass
bottom dish. (B) Protocol of applying plasma-irradiated solutions to cultured cardiomyocytes. Several types of sample solutions were plasma-irradiated and incu-
bated for 6 h at 37 °C before dilution with methionine and cysteine-free DMEM (ACM). Catalase and HEPES were supplemented in all media right before cellular
application. ACM(Cys), ACM supplemented with cysteine; ACM(Met), ACM supplemented with methionine; Buf, carbonate buffer; Buf (Cys), Buf supplemented with
cysteine. (C) Effect of plasma-irradiated DMEM (DMEM*) on cardiomyocyte injury under normoxia or oxygen glucose deprivation/reoxygenation (OGD/R) con-
dition. Cardiomyocytes were stained by PI (red) and Hoechst (blue). Plasma irradiation time, 3 s. Scale bar, 400 pm. (D) Cell death rate of cardiomyocytes treated
with DMEM* with different irradiation times (1-30 s) (n = 4-5 independent experiments). (E) Cell death rate of cardiomyocytes treated with plasma-irradiated
methionine and cysteine-free DMEM (ACM*) under normoxia (Nor) or OGD/R (n = 5 independent experiments). (F, G) Cell death rate of cardiomyocytes treated
with plasma-irradiated ACM supplemented with cysteine or methionine (ACM(Cys)*or ACM(Met)*, respectively) (n = 5 independent experiments). (H, I) Cell death
rate of cardiomyocytes treated with plasma-irradiated carbonate buffer supplemented without or with cysteine (Buf* or Buf (Cys)*, respectively) (n = 3 independent
experiments). Data are shown as the means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA. “ns” indicates not significant. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

18,33,34]. We therefore hypothesized that plasma irradiation generates
supersulfides from a Cys-containing solution. To test this, we examined
the supersulfide level in Buf (Cys)* by QS10, fluorescent probes that
specifically detect hydropolysulfides (R-(S),SH) [35]. It is important to
note that these probes do not respond to H5S or sulfide donors (e.g. NasS

solution). Only Buf (Cys)* exhibited a significantly increased fluorescent
signal of QS10 (Fig. 2A). To quantify supersulfide titer of Buf (Cys)*, the
QS10 FRET ratio of the indicated concentrations of NayS4 was measured.
Supersulfide titer in Buf (Cys)* was comparable to about 80 nM NaySy
(Supplementary Fig. 2).
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Fig. 2. Acute application of plasma-irradiated Cys products increases intracellular supersulfides in cardiomyocytes

(A) Measurement of QS10 fluorescence ratio (CH1/CH2) in plasma-irradiated cysteine or methionine-containing carbonate buffer (Buf (Cys)* or Buf (Met)*) at 6 h
post-irradiation (n = 3 independent experiments). (B) Quantitative analysis of HPE-IAM-trapped polysulfides by LC-MS/MS method in plasma-irradiated solutions (n
= 3 independent experiments). CysSH, cysteine; CysSSH, cysteine persulfide. (C) Intracellular supersulfide imaging. Cardiomyocytes were preloaded with SSip-1 DA,
and treated with different plasma-irradiated medium for 15 min. At the end of the experiment, 100 pM Na,S4 was applied to measure the maximal response. ACM*,
plasma-irradiated methionine and cysteine-free DMEM; ACM(Cys)*, plasma-irradiated ACM supplemented with cysteine. Scale bar, 50 pm. Bar graph: quantification
of SSip-1 intensity normalized by those treated with 100 pM NayS4 (n > 11 areas from three independent experiments). Data are shown as the means + SEM. **P <

0.01, ****P < 0.0001 by one-way ANOVA. “ns” indicates not significant.

Consistently, LC-tandem mass spectrometry (LC-MS/MS) with
supersulfide-selective trapping method [36] revealed that Buf (Cys)*
resulted in ~2-fold reduction in cysteine (CysSH) and ~4-fold increase
in cysteine persulfide (CysSSH) (Fig. 2B). The levels of oxidized Cys
metabolites, such as sulfite (HSO3) and thiosulfate (HSSO3), were also
increased in Buf (Cys)* compared to Buf (Cys) (Supplementary Fig. 3).
However, no CysSH or its metabolites were detected by LC-MS/MS in
Buf* and Buf (Met)* (Fig. 2B and Supplementary Fig. 3). These results
suggest that plasma irradiation generates supersulfides from Cys, but not
from Met.

2.3. Acute application of plasma-irradiated Cys products increase
intracellular supersulfides in cardiomyocytes

Next, we assessed whether ACM(Cys)* could increase intracellular
supersulfide level. To test this, we visualized intracellular supersulfides
using fluorescent probe SSip1-DA [37]. ACM(Cys)* application induced
~ two-fold increase in intracellular SSip-1 response within 15 min,
compared to ACM(Cys), ACM and ACM* treatment (Fig. 2C). This result
suggests that ACM(Cys)* may exert cardiomyocyte protective effects via
increasing intracellular supersulfide level.

2.4. Plasma-irradiated Cys products restore sulfide metabolism under
hypoxia via SQOR expression

It has been demonstrated that supersulfides such as CysSSH are
catabolized to H,S by receiving electrons from the mitochondrial ETC as
an electron acceptor [8], and supersulfide conversion to H,S is accu-
mulated in hypoxic cardiomyocytes and ischemic heart [17]. We incu-
bated cardiomyocytes in ACM(Cys) or ACM(Cys)* medium under
hypoxic conditions and compared the intracellular level of supersulfides
and H,S under hypoxia for 24 h by fluorescent probe QS10 and SF7-AM,
respectively. Long-term treatment of ACM(Cys)* did not increase the
intracellular supersulfide level in normoxic cardiomyocytes, whereas
significantly recovered the decreased supersulfides under hypoxia

(Fig. 3A). Consistent with this, cardiomyocytes cultured in ACM(Cys)*
exhibited significantly lower signal intensity of SF7-AM compared to
Cys-treated cells under hypoxia (Fig. 3B), suggesting improved sulfide
metabolism under hypoxia by ACM(Cys)* treatment. Additionally, Buf
(Cys)* administration also improved the supersulfide level in hypoxic
cardiomyocytes (Supplementary Fig. 4). Individual sulfur resides of
supersulfides have both nucleophilic and electrophilic activities [38].
Supersulfides are oxidized to hydrogen sulfate (HSOz) by persulfide
dioxygenase (ETHE1) and sulfite oxidase (SUOX), whereas are reduced
to HaS by electrons in ETC [8]. Accumulated H,S is oxidized back to
persulfides by sulfide-quinone oxidoreductase (SQOR) (Fig. 3C) [14].
We checked the effect of ACM(Cys)* treatment on the expression level of
sulfide metabolism-related genes and found that there was a 1.5-fold
increase in Sqor mRNA and 30 % decrease in Suox mRNA in car-
diomyocytes cultured in ACM(Cys)*, compared to ACM(Cys) under
normoxia, suggesting that ACM(Cys)* maintains intracellular super-
sulfides via SQOR. Moreover, cardiomyocytes have generally higher
antioxidant capacity than other cell types, along with higher expression
levels of enzymes involved in sulfide metabolism [14]. Indeed, while
sulfide donor NayS treatment induced a rapid increase in intracellular
HyS levels in Hela cells, there was no apparent change in car-
diomyocytes (Supplementary Fig. 5A). Instead, there was a stark in-
crease in intracellular supersulfides in NayS-treated cardiomyocytes
(Supplementary Fig. 5B). Importantly, supersulfide accumulation by
NaoS was drastically inhibited by the knockdown of SQOR
(Supplementary Fig. 5B). These results suggest that SQOR has a critical
role in maintaining the proper balance of supersulfides and HjS.

2.5. Plasma-irradiated Cys products facilitate mitochondrial energy
metabolism under hypoxia

The prolonged hypoxic condition leads to impaired oxidative phos-
phorylation through the mitochondrial ETC [27], resulting in various
pathologies such as myocardial infarction [39]. Because supersulfides
such as CysSSH act as an electron acceptor from ETC, thereby facilitating
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Fig. 3. Plasma-irradiated Cys medium improves sulfide metabolism under hypoxia through SQOR expression

(A, B) Supersulfides and H,S imaging in cardiomyocytes. Cardiomyocytes treated with Cys or Cys plasma medium were cultured under normoxia or hypoxia. QS10
(ratiometric, pseudocolored) imaging for supersulfides (A), or SF7-AM (green) and Hoechst (blue) imaging for H,S (B). ACM(Cys)*, plasma-irradiated methionine
and cysteine-free DMEM supplemented with cysteine. Scale bars, 50 pm. Bar graph: Quantification of QS10 CH1/CH2 ratio or SF7-AM fluorescence intensity (n = 3
independent experiments). (C) Schematic illustration of supersulfide synthesis/catabolism pathway. Related enzymes are shown in red. (D) Relative mRNA
expression levels of genes involved in supersulfide synthesis in cardiomyocytes (n = 3 independent experiments). Data are shown as the means + SEM. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001 by one-way ANOVA (A, B); unpaired t-test (D). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

mitochondrial energy metabolism [8,14,40], we investigated whether
plasma-irradiated Cys products have a similar effect on mitochondrial
function under hypoxia. To test this, we cultured cardiomyocytes in
ACM(Cys)* medium and evaluated the metabolic status using several
indicators: mitochondrial membrane potential, level of mitochondrial
ATP using FRET-based biosensor mit-ATeam1.03 [27,41], NADH/NAD™"
ratio and oxygen consumption rate (OCR). Cardiomyocytes under hyp-
oxia exhibited depolarized mitochondrial membrane potential
(decreased JC-1 red/green ratio) and decreased ATP production in
mitochondria (Fig. 4A and B). Incubation in ACM(Cys)* medium
significantly attenuated the decrease in mitochondrial membrane po-
tential and ATP production in cardiomyocytes under hypoxia, compared
to ACM(Cys) medium (Fig. 4A and B). Buf (Cys)* but not Buf* treatment
also improved mitochondrial membrane potential under hypoxia
(Supplementary Figs. 6A and B). Hypoxia-induced increase in
NADH/NAD" ratio was significantly attenuated by ACM(Cys)*
(Fig. 4C). Cardiomyocytes cultured in ACM(Cys)* had ~30 % higher
spare and maximal respiration rates than cells maintained in ACM(Cys)
media under normoxia, as analyzed by the Seahorse extracellular flux
analyzer (Fig. 4D and E). In addition, cardiomyocytes cultured in ACM
(Cys) or ACM(Cys)* under hypoxia are returned to normoxia and OCR of
basal respiration was rapidly measured by MitoXpress Xtra assay. ACM
(Cys)* treatment significantly restored the decrease in OCR of basal
respiration under hypoxia (Fig. 4F). Impaired ETC/energy production
triggers mitochondrial ROS production. Hypoxia-induced mitochondrial

ROS production was attenuated by Buf (Cys)* but not Buf* treatment
(Supplementary  Fig. 6C). These results demonstrate that
plasma-irradiated Cys products enhance the capacity of mitochondrial
respiration and alleviate the decline in mitochondrial ATP production
during oxygen shortage.

We also tested whether the glycolysis pathway is affected by ACM
(Cys)*. It has been widely accepted that glycolytic rates are enhanced in
response to hypoxia, with a resulting increase in lactate production. We
incubated cardiomyocytes with ACM(Cys)* and measured the concen-
tration of lactate released into the medium. Incubation in ACM(Cys)*
significantly reduced the production of lactate compared to ACM(Cys),
both in normoxia and hypoxia (Fig. 4G). Taken together, it is suggested
that plasma-irradiated Cys products inhibit metabolic shift towards
glycolysis, where ATP demand is met from mitochondria even in hyp-
oxic conditions.

To examine whether sulfide catabolism by SQOR is involved in ACM
(Cys)*-mediated recovery of energy metabolism, we performed RNAi
knockdown towards SQOR under hypoxia and measured mitochondrial
membrane potential (Fig. 4H). Knockdown of SQOR significantly
blunted the increase in mitochondrial membrane potential by ACM
(Cys)* (Fig. 4H). Furthermore, overexpression of SQOR under hypoxia
significantly increased mitochondrial membrane potential, shown by
TMRE fluorescent signal in cardiomyocytes, partially mimicking the
effect of ACM(Cys)* (Fig. 4I). These results suggest that the effect of
ACM(Cys)* in mitochondrial function under hypoxia is mediated by
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Fig. 4. Plasma-irradiated Cys products restore mitochondrial energy metabolism in cardiomyocytes under hypoxia.

(A) Representative images of cardiomyocytes labeled with JC-1 dye to measure mitochondrial membrane potential. Cardiomyocytes treated with Cys or Cys plasma
medium were cultured under normoxia or hypoxia. ACM(Cys)*, plasma-irradiated methionine and cysteine-free DMEM supplemented with cysteine. Scale bars, 50
pm. Right: quantification of JC-1 red/green fluorescence ratio (n = 4 independent experiments). (B) Representative YFP/CFP ratiometric pseudocolored images of
cardiomyocytes transfected with mit-ATeam 1.03 to monitor mitochondrial ATP. Scale bars, 50 pm. Right: quantification of YFP/CFP FRET ratio (n = 4 independent
experiments). (C) NADH/NAD™ ratio in cardiomyocyte lysates (n = 3 independent experiments). (D) Real-time oxygen consumption rate (OCR) measurements of
cardiomyocytes cultured in plasma-irradiated Cys medium by Seahorse extracellular flux analyzer under normoxia. Cells were treated with oligomycin (Olig.), FCCP,
rotenone (Rot.) and antimycin A (AA). (E) Measurements of OCR for different respiration modes (n = 3 independent experiments). (F) OCR measurements by
MitoXpress Xtra assay. Cardiomyocytes were cultured under Nor or Hyp for 24 h, then basal respiration was measured under Nor (n = 3 independent experiments).
(G) Lactate concentration in media was measured (n = 4 independent experiments). (H) Cardiomyocytes were labeled with JC-1 dye after gene silencing by siRNA
transfection under Hyp, and JC-1 red/green fluorescence ratio was quantified. siNC: siRNA for negative control, siSqor: siRNA for Sqor gene (n = 3 independent
experiments). Scale bars, 100 pm. (I) Cardiomyocytes transfected with EGFP and SQOR or empty vector (pcDNA) were labeled with TMRE to measure mitochondrial
membrane potential. Right: Measurement of TMRE fluorescence intensity normalized by EGFP-positive cell surface area (n > 72 cells from 3 independent experi-
ments). Scale bars, 50 pm. Data are shown as the means &+ SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by one-way ANOVA (A-C, F-H); unpaired t-test
(E, . “ns” indicates not significant. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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SQOR.

2.6. Plasma-irradiated Cys products improve cardiac dysfunction after 1/
R injury

We next examined whether ACM(Cys)* has a cardioprotective role in
vivo. We intracardially injected ACM(Cys)* into the left ventricular
muscle during ischemia before reperfusion (Fig. 5A). Left ventricular
contractile function of the ACM(Cys)*-injected group after 24 h of
reperfusion was significantly improved compared to the ACM(Cys)-
injected group (Fig. 5B-Supplementary Table 1). Furthermore, evalua-
tion of infarct size following reperfusion revealed significant suppres-
sion of myocardial death in ACM(Cys)*-treated hearts compared to ACM
(Cys), as assessed by TTC-Evans Blue staining (Fig. 5C). Myocardial I/R
stress itself downregulated mRNA expression of SQOR (Fig. 5D),
implying disruption of sulfide catabolism. Importantly, ACM(Cys)*
treatment improved mRNA expression of SQOR in the left ventricular
(injected) side (Fig. 5E), suggesting improved sulfide catabolism.
Consistent with this, supersulfide level in ACM(Cys)*-treated heart
lysate measured by SSP4 was increased compared with ACM(Cys)-
treated hearts (Fig. 5F). These results suggest that ACM(Cys)* exerts a

w

Coronary artery ligation
(15 min)

Intracardial injection
into ischemic region

ACM(Cys)
ACM(Cys)*

Ejection Fraction (%)

|

reperfusion

O

m
—
<

5 2.5~ *

S 154 2~ -
® > O 2.0+
gg o
o X0
a< < 154
aggé) 1.0 1 <z(%
>3 s 0
E§_0-5' 0>J§ 0.5 -
3% 5
=l o 0.0-
3 0.0 - <
[} i
bt @@

$)

Redox Biology 79 (2025) 103445

cardioprotective effect in vivo heart failure model improving sulfide
catabolism via SQOR.

2.7. Comparison of plasma-irradiated Cys products with inorganic
supersulfide donor

We checked whether inorganic supersulfide donor can mimic the
effects of ACM(Cys)*. We previously reported that treatment of car-
diomyocytes with freshly prepared Na,S3 attenuated cardiac dysfunc-
tion induced by electrophilic exposure [18]. Freshly prepared NayS4
facilitated mitochondrial energy metabolism (Fig. 6A and B). ACM
(Cys)* that is incubated at 4 °C for 24 h increased mitochondrial energy
metabolism (Fig. 4D). However, when NayS4 was incubated at 4 °C for
24 h, inhibition of oxygen consumption was observed (Fig. 6A and B).
This was likely to be induced by sulfide accumulation because NayS4
rapidly releases HsS (Supplementary Fig. 4). Consistent with this,
supersulfide level in NayS4 solution measured using SSipl acutely
diminished (Fig. 6C). On the other hand, supersulfide level in Buf (Cys)*
was stable during 3-6 h after preparation (Fig. 6D) and little amount of
HyS was detected in Buf (Cys)* (Supplementary Fig. 7). These results
suggest that plasma-irradiated Cys products are more stable, have less
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Fig. 5. Cardioprotective effect of plasma-irradiated Cys products in ischemia/reperfusion mice model.

(A) Diagram of intracardial injection of plasma-irradiated Cys medium in ischemia/reperfusion (I/R) model. Dorsal side of the mouse heart was injected with Evans
Blue solution. ACM(Cys)*, plasma-irradiated methionine and cysteine-free DMEM supplemented with cysteine. (B) Measurement of ejection fraction following I/R (n
= 7 mice for ACM(Cys), n = 6 mice for ACM(Cys)*). (C) Infarcted zone/area at risk (AAR) ratio following I/R (n = 5 mice per treatment). (D) Relative mRNA
expression level of Sqor genes in left ventricular from sham or I/R mouse heart (n = 5 mice per treatment). (E) Relative mRNA expression level of Sqor genes in left
ventricular (LV) or right ventricular (RV) from I/R mouse heart (n = 7 mice for ACM(Cys), n = 6 mice for ACM(Cys)*). (F) Quantification of SSP4 fluorescence
intensity in heart lysate. SSP4 intensity in LV was normalized by that in RV (n = 7 mice per treatment). Data are shown as the means + SEM. *P < 0.05, **P < 0.01 by
unpaired t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Comparison of supersulfide stability between plasma-irradiated Cys products and inorganic Na,Ss.

(A) Real-time OCR measurements of cardiomyocytes cultured in the presence (or absence) of freshly prepared or stored (4 °C, 24 h) Na,S, by Seahorse extracellular
flux analyzer under normoxia. Cells were treated with oligomycin (Olig.), FCCP, rotenone (Rot.) and antimycin A (AA). (B) Measurements of OCR for different
respiration modes (n = 3 independent experiments). (C) Changes in SSip-1 fluorescence intensity in indicated concentrations of NayS4 solution. The fluorescence
intensity in NayS4 was normalized by that in vehicle (n = 3 independent experiments). (D) Changes in SSip-1 fluorescence intensity in plasma-irradiated cysteine-
containing carbonate buffer (Buf (Cys)*). The fluorescence intensity in Buf (Cys)* was normalized by that in Buf (Cys) (n = 3 independent experiments). Data are
shown as the means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA.

HoS generation, and therefore a safer compound than inorganic super-
sulfide donors. That may propose plasma-irradiated Cys as a new ther-
apeutic agent for cardiovascular diseases.

2.8. Cys plasma irradiation in cardiomyocytes is associated with
profound alterations in gene expression

To compare biological effects of ACM(Cys)* and NayS4, the tran-
scriptional changes in cardiomyocytes treated with vehicle (Con),
NayS4, ACM(Cys) and ACM(Cys)* were analyzed by RNA-seq analysis.
Principal component analysis (PCA) demonstrated the separation of
ACM(Cys) and ACM(Cys)*, but not Con and NayS4 (Fig. 7A). Differen-
tially expressed gene (DEG) analysis showed that 606 genes were
upregulated and 370 genes were downregulated with false discovery
rate (FDR) <0.05 and fold change (FC) >1.5 in ACM(Cys)* compared to
ACM(Cys), whereas only one gene was downregulated in NaySy
compared to Con (Fig. 7B and C). Consistent with qPCR experiment
(Fig. 3D), the expression of SQOR mRNA was increased in ACM(Cys)*
but not NasS4 (Fig. 7D). Gene set enrichment analysis (GSEA) between
ACM(Cys)* and ACM(Cys) using two different gene sets (gene ontology:
biological process and KEGG) revealed that sterol biosynthetic and
metabolic pathways are downregulated and extracellular matrix orga-
nization pathways are upregulated in ACM(Cys)* (Fig. 7E and F).
Additionally, ACM(Cys)* treatment altered gene expressions related to
ferroptosis and cytokines (Supplementary Figs. 8 and 9). These results
suggest that ACM(Cys)* has distinctly different biological effects
compared to ACM(Cys) and NaySs.

3. Discussion

Our results inform non-thermal plasma irradiation as a novel method
to activate supersulfide synthesis through SQOR in cardiomyocytes.
Although H,S donors have been proven beneficial for ischemia injury in
animal models [42,43], there are still challenges for clinical applica-
tions: HsS is potentially toxic and has a small therapeutic window, with
a complex reaction network in which the bioactivity of HsS is difficult to
control [44]. Moreover, thanks to recent advances in
supersulfide-specific quantification methods developed by several
groups [10,11,36], it has become increasingly evident that supersulfides
are the bona fide mediators of redox signaling involved in lifespan
extension across species [11,12] and have beneficial effects on the car-
diovascular system [17,18,33,34,45]. Considering the unique feature of
plasma-mediated chemical reactions, we posited that plasma irradiation
might enable to promote endogenous supersulfide synthesis from
non-HyS biomolecules, which potentially circumvents the cytotoxicity
of HyS. In this study, we first found contrasting bioactivity in
plasma-irradiated Cys vs. Met. ACM(Cys)* attenuated cardiomyocyte
death induced by OGD/R stress, whereas ACM(Met)* exacerbated it
(Fig. 1F and G). Also, an increase in hydropersulfides was found in ACM
(Cys)*, but not in ACM(Met)* (Fig. 2A and B). Therefore, our results
suggest that ACM(Met)* contains toxic molecules. For example, methi-
onine metabolite in bacteria during fermentation includes dimethyl
trisulfide (Me-SSS-Me) and dimethyl tetrasulfide (Me-SSSS-Me) [46]. It
has been demonstrated that these metabolites induce apoptosis in
certain cell lines and that the toxicity is completely suppressed by the
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Fig. 7. RNA-seq analysis of cardiomyocytes treated with vehicle, NayS4, ACM(Cys) or ACM(Cys)*

(A) Principal component analysis (PCA) of the transcriptome of four different samples. The different color symbols indicated the four different samples. ACM(Cys)*,
plasma-irradiated methionine and cysteine-free DMEM supplemented with cysteine. (B) Volcano plot of genes differentially expressed in ACM(Cys)* and ACM(Cys)
medium (Left) or NayS4 and Con (Right). The genes differentially expressed in ACM(Cys)* or Na,S4 were plotted in green for downregulated genes and red for
upregulated genes. (C) Heatmap of gene expression between ACM(Cys)* and ACM(Cys). Genes with significant differences of p < 0.05 were shown. (D) The relative
expression level of Sqor genes was shown. Data are shown as the means + SEM. *P < 0.05, **P < 0.01 by one-way ANOVA. (E) The plot of GSEA signatures from
RNA-seq data between ACM(Cys)* and ACM(Cys) ranked by normalized enrichment score (NES). Negative NES was depleted signature in ACM(Cys)*. Positive NES
was enriched signature in ACM(Cys)*. Two different gene sets (gene ontology: biological process and KEGG) were used. (F) Heatmap of top 15 enrichment genes for
Sterol biosynthetic process and Extracellular matrix organization. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

addition of GSH [47]. Therefore, it is possible that the dis-
sociation/reconstruction of molecular bonds in Met by plasma irradia-
tion gives rise to these toxic metabolites. Further studies will be needed
to identify toxic components in ACM(Met)*.

Identifying a bona fide biological component that causes plasma-
irradiated cardioprotection is one of the most interesting aspects.
Intensive research on plasma biology has elucidated various aspects of
chemical reaction networks in plasma-irradiated solutions [48]. We
found that not only plasma-irradiated DMEM but also Cys in carbonate
buffer (containing NaCl, NaHCO3; and glucose) has cardioprotective
activity (Fig. 1 and Supplementary Figs. 4 and 6). Plasma treatment of
solutions containing inorganic salts generates ROS (e.g. OH radicals)

and reactive nitrogen species (RNS) in liquid phase and finally results in
the accumulation of long-lived species such as HyO2, NO3 and NO3 [48,
49]. Glucose is converted into its oxidation products such as gluconic
acid and glucuronic acid [50]. More importantly, product analysis of
plasma-irradiated Cys solutions has been previously reported [51,52].
Plasma treatment of Cys in pure water generates cysteine sulfonic acid,
cystine and cysteine fragments as major products and oxidized cysteine
derivatives and S-nitrosylated cysteines as minor products [51].
Although previous product analysis has not revealed the production of
CysSSH, we found that CysSSH formation is increased in Buf (Cys)*
using quantitative mass spectrometry analysis highly optimized for
supersulfides (Fig. 2B). In the cell, CARS2 is the major enzyme to
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synthesis CysSSH from two Cys. In detail, CARS2 catalyzes the cleavage
sulfur atom from donor Cys and its transfer to acceptor Cys for CysSSH
formation [8]. Plasma irradiation may non-enzymatically catalyze
CysSSH formation by sulfur transfer reaction. Another possibility is that
plasma irradiation catalyzes CysSSH formation from cystine through CS
lyase-like reaction [10]. The half-life of supersulfides themselves is short
[53]. Therefore, CysSSH and other supersulfides would be constantly
synthesized and decomposed by reacting with long-lived species in
plasma-irradiated solutions. Administration of plasma-irradiated Cys
products rapidly increased the intracellular supersulfide levels in car-
diomyocytes (Fig. 2C), suggesting the direct transfer of supersulfides
into the cells through transporters or channels. Mass spectrometry
analysis also identified further oxidation of supersulfides to sulfite and
thiosulfate in Buf (Cys)* (Supplementary Fig. 3). Because the extracel-
lular application of thiosulfate induces supersulfide formation across
species and extends lifespan in an HyS-independent manner [11,54], the
process of cysteine oxidation triggered by plasma irradiation may also
contribute to supersulfide formation in the cell. We have previously
reported that the maintenance of intracellular supersulfide levels at high
level in cardiomyocytes plays a pivotal role in resistance to various
stresses such as hypoxia, mechanical load and electrophiles [16-18,34].
While further studies will be needed to understand the whole reaction
network in plasma-irradiated Cys solutions, our data suggest that the
mixture of cysteine metabolites produced by plasma irradiation works as
a whole against ischemia/reperfusion stress.

It has been reported that plasma irradiation of artificially high con-
centrations (100 mM) of Cys triggers the inhibition of proliferation and
migration of human keratinocytes, whereas plasma-irradiated Cys
products at physiological (2 mM) Cys concentrations have no impact on
phenotypes [52]. We found that treatment of cardiomyocytes with
plasma-irradiated Cys at physiological Cys concentration showed no
cytotoxic effects and improved mitochondrial bioenergetics under
hypoxia (Fig. 4). In most mammalian cells, oxygen is an essential elec-
tron acceptor in mitochondrial ETC. Indeed, prolonged oxygen shortage
results in stalling of electron-coupled reactions and impaired ETC. On
the other hand, recent studies suggest that persulfides may serve as an
alternative electron acceptor [8]. In this additional electron-coupled
reaction, persulfides are reduced to sulfides by accepting electrons
from ETC, and sulfides are oxidized back to persulfides by SQOR [14].
This redox cycle not only supports oxygen-dependent bioenergetics, but
plays an important role in developing resistance to hypoxia [14]. In the
current investigation, we found that ACM(Cys)* treatment altered the
expression levels of SQOR, which can prioritize sulfide consumption to
synthesize supersulfides, leading to maintained mitochondrial mem-
brane potential during oxygen shortage (Figs. 3 and 4). Additionally,
RNA-seq analysis found that ACM(Cys)* treatment altered the expres-
sion levels of various genes including sterol metabolism, ferroptosis and
cytokine (Fig. 7). Ferroptosis-related genes were mainly down-regulated
by ACM(Cys)* treatment, suggesting that plasma-irradiated Cys prod-
ucts mediate attenuation of ferroptosis. A wide variety of studies iden-
tified that ferroptosis has emerging roles in myocardial I/R injury [55,
56]. Moreover, cholesterol is involved in ferroptosis resistance in several
cells [57,58]. Since supersulfides are reported to negatively regulate
ferroptosis, it is plausible that ACM(Cys)* downregulates
ferroptosis-related gene pathways [59]. Ferroptosis may be an alterna-
tive target for plasma-irradiated Cys products. While further studies will
be required to understand the cardioprotective mechanism of ACM
(Cys)*, it is possible that various metabolic intermediates synthesized by
plasma irradiation activate cardioprotective events by affecting the
expression and activity of related genes and proteins.

Finally, the current study demonstrates that plasma irradiation of
thiol-containing amino acid Cys results in the generation of super-
sulfides such as CysSSH, and that its application to cardiomyocytes
prevented mitochondrial dysfunction by maintaining mitochondrial
bioenergetics. Moreover, plasma-irradiated Cys products promoted
sulfide catabolism and this also would contribute to maintaining
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mitochondrial function. Biased synthesis towards supersulfides rather
than H»S and other sulfides by plasma irradiation may minimize sulfide
toxicity and provide a novel therapeutic approach to ischemia-
reperfusion injury.

4. Methods
4.1. Animals

All experiments using animals were approved by an Ethics Com-
mittee of National Institutes of Natural Sciences and carried out in
accordance with their guidelines. Sprague-Dawley (SD) rats were pur-
chased from Japan SLC Inc. C57BL6J mice were from The Jackson
Laboratory Japan Inc. We used 8- to 16- week-old male mice in all
studies.

4.2. Reagents

All methods were performed in accordance with the guidelines and
regulations of chemical substance management and approved by the
committees of chemical substance management at the National In-
stitutes of Natural Sciences. Dulbecco’s modified Eagle medium
(DMEM) without r-methionine and r-cystine (Sigma-Aldrich) was used
to dissolve 0.2 mM of r-cysteine (Wako) or L-methionine (Wako). SSip-1
DA was purchased from Goryo Chemical, Inc.

4.3. Cell culture and hypoxia

Neonatal rat cardiomyocytes (NRCMs) were isolated from 2-day-old
SD rats, and cultured in DMEM (low glucose) containing 10 % (vol/vol)
fetal bovine serum (FBS) as described previously [60]. To expose the
cells to hypoxic condition, cells were transferred into a multigas incu-
bator (Panasonic) containing 1 % Os.

4.4. Indirect plasma irradiation to cells

Culture medium or buffer solution was irradiated with the non-
thermal plasma jet using helium as the carrier gas, and then applied to
cultured cells, as described previously [26,49,61]. Briefly, the flow rate
of helium gas was set to 3 L/min by the mass flow controller (Fujikin).
The applied voltage and frequency were 7-9 kV and 8 kHz, respectively.
Cysteine or methionine (2 mM) in DMEM (-Cys, -Met) or carbonate
buffer (110 mM NaCl, 44 mM NaHCOj3 and 250 mM glucose) was irra-
diated with the non-thermal helium plasma jet, and then incubated for 6
h at 37 °C. As a control, Cys solution was incubated. Plasma irradiated
solution was diluted to 10-fold with DMEM (-Cys, -Met), and then mixed
with 100 pg/mL catalase (Sigma) and 10 mM HEPES for cell treatment.
Measurement of HoO concentration in plasma-irradiated solution was
conducted by the colorimetric staining probe (WAK-H202, Kyoritsu
Chemical-Check Laboratory) in the presence or absence of 100 pg/mL
catalase.

4.5. Cell death assay

Cardiomyocytes were cultured in DMEM (no glucose). For OGD
condition, plasma irradiated solution was diluted to 10-fold with DMEM
(no glucose) instead of DMEM(-Cys, -Met). Cardiomyocytes cultured in
medium with or without plasma irradiation are incubated under hyp-
oxia (1 % Oo) for 24 h, followed by normoxia (21 % O3) for 12 h. Cells
were stained with 2 pg/mL propidium iodide (Dojindo) and 2 pg/mL
Hoechst 33342 (Dojindo). Stained nuclei were visualized by BZ-X710
fluorescent microscope (Keyence) and counted using ImageJ software.
Cell death rate (%) was expressed as a percentage of propidium iodide-
positive nuclei/Hoechst-positive nuclei.
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4.6. Measurement of supersulfides in the liquid phase

FRET-based fluorescent probe QS10 [35] was used for measuring
supersulfides in plasma-irradiated solutions. Cys or Met (2 mM) in car-
bonate buffer was irradiated with the non-thermal helium plasma jet
and incubated for 6 h at 37 °C. We applied 1 pM of QS10 to plasma
irradiated solutions and recorded fluorescence ratio (CH1: Ex 550 nm
and Em 595 nm, CH2: Ex 550 nm and Em 645 nm) by SpectraMax i3
plate reader (Molecular Devices). For quantification, the indicated
concentrations of NasS4 in carbonate buffer were immediately mixed
with QS10, and the fluorescence ratio was recorded. For measurement of
hydrogen sulfide (H2S), 1 pM of HSip1 was applied and then incubated
for 1 h, followed by measurement of green fluorescence (Ex 491 nm, Em
516 nm). Quantification of supersulfides by LC-MS/MS using the
HPE-IAM trapping method was conducted according to a previous study
[36].

4.7. Live cell imaging

For the measurement of intracellular H,S and supersulfides, car-
diomyocytes were preloaded with 2 uM of SF7-AM and 1 pM of QS10
(including 0.1 % DMSO and 0.02 % Pluronic F127), respectively. After
loading for 15 min at 37 °C, cells were washed with HBSS and imaged by
BZ-X710 fluorescent microscope (Keyence) or SP8 confocal microscope
(Leica). For quantification of fluorescence intensity of SF7-AM, Hoechst
staining was used to ensure that cells were focalized. For ratiometric
analysis based on QS10 live cell imaging (CH1 and CH2), LAS X (Leica)
was used. Fluorescence probe SSip-1 was also used to measure super-
sulfides. Cells were preloaded with 1 uM of SSip-1 (including 0.1 %
DMSO, 1 mg/ml BSA and 0.02 % Pluronic F127) for 30 min. Green
fluorescence (Ex 488 nm, Em 525 nm) was imaged by BZ-X710.

For FRET-based measurement of mitochondrial ATP concentration,
mit-ATeam 1.03 plasmid was transfected into cardiomyocytes [27] by
Lipofectamine™ 3000 transfection reagent (Thermo Fisher Scientific).
Cells were observed under a confocal microscope (Leica TCS SP8), using
HC PL APO CS2 63x/1.20 water immersion objective lens. 458 laser was
activated and fluorescence was detected by PMT1 (468 nm-505 nm) and
PMT3 (524 nm-601 nm), respectively. Pixel-by-pixel calculation of
YFP/CFP emission ratio in each cell was done by LAS X software (Leica).

4.8. Mitochondrial energy metabolism

For the analysis of mitochondrial membrane potential, car-
diomyocytes were incubated with JC-1 dye (Invitrogen) for 30 min at
37 °C. After several washes, fluorescent images were acquired by BZ-
X710 fluorescent microscope (Keyence). The mitochondrial membrane
potential was expressed as a fold change of red (Ex 579 nm, Em 599
nm)/green (Ex 485 nm, Em 516 nm) fluorescence intensity recorded by
SpectraMax i3 plate reader (Molecular Devices).

Oxygen consumption rate (OCR) was measured using Seahorse XF
HS Mini Extracellular Flux Analyzer (Agilent). For Flux Analyzer
experiment, ACM(Cys)* medium was incubated at 4 °C for 24 h instead
of 37 °C for 6 h. NRCMs that were plated on microplates at a density of
15,000 cells per well were cultured in ACM(Cys)* medium for 24 h. XF
HS mini assay media supplemented with 25 mM glucose, 1 mM Pyru-
vate, and 2 mM of r-glutamine in DMEM was prepared and used to
prepare cellular stress reagents to provide the following final concen-
trations: 1.5 pM Oligomycin, 2 pM FCCP, 2.5 pM Antimycin A and 2.5
pM Rotenone. OCR for mitochondrial respiration/OXPHOS was
measured for 3 min with 3 min of mixing and 2 min of the waiting
period. A total of 12 measurements were taken. OCR was normalized by
cell number and expressed as pmoles oxygen/min/10* cells. OCR of
cardiomyocytes was also measured by MitoXpress Xtra oxygen con-
sumption assay kit (Agilent), using a time-resolved fluorescence module
installed in SpectraMax i3 (Molecular Devices), according to the man-
ufacturer’s instructions. NRCMs that were plated on 96-well plates were
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cultured in ACM(Cys)* medium under normoxia or hypoxia for 24 h.
The medium was changed to DMEM with the oxygen sensor probe as
soon as cells were exposed to oxygen. Data were represented as fold
change of slope determined by linear regression using GraphPad Prism
8.0 software (GraphPad).

4.9. Measurement of cellular metabolites

Lactate concentration in the culture medium was measured by
Lactate Assay Kit-WST (Dojindo) according to the manufacturer’s in-
structions. Intracellular NAD"/NADH ratio was measured by NAD/
NADH-Glo™ Assay (Promega) according to the manufacturer’s in-
structions, where luminescence intensities derived from NAD" and
NADH were separately recorded from the same sample. Data were
expressed as fold change of NAD*/NADH ratio.

4.10. Murine model of myocardial ischemia-reperfusion injury

Left coronary artery ligation in mice was performed as described
previously [39], with several modifications: we performed 15 min of
ischemia followed by 24 h of reperfusion. Reperfusion was confirmed by
the reversal of color changes of the vessel and cardiac tissue in the left
ventricle. When procedural abnormalities were observed (e.g. incom-
plete ischemia or incomplete reperfusion), animals were excluded from
the analysis. ACM(Cys)* or ACM(Cys) medium was immediately
administered intracardially after ischemia. Cardiac function was then
monitored by echocardiography using Vevo 3100 imaging system
(VisualSonics). Assessment of infarct size was conducted as previously
described [62].

4.11. Detection of supersulfides in cardiac tissue

After the intracardial injection of ACM(Cys)* or ACM(Cys) medium,
the heart was harvested and divided into left ventricle (LV) and right
ventricle (RV). The LV and RV were homogenized in lysis buffer (20 mM
HEPES, 100 mM NaCl, 3 mM MgCl,, 1 % SDS). The tissue lysate was
centrifuged at 16,000 g for 3 min and the supernatant was collected. The
supernatant was mixed with SSP4 (Dojindo, final concentration: 10 pM),
and fluorescence intensity (Ex 482 nm, Em 515 nm) was measured using
SpectraMax i3 plate reader.

4.12. Quantitative reverse transcript polymerase chain reaction (qRT-
PCR)

Total RNA was isolated from isolated cardiomyocytes using ReliaP-
rep™ miRNA Cell and Tissue Miniprep System (Promega) or from mouse
heart tissues using RNeasy® Fibrous Tissue Mini Kit (QIAGEN) following
the manufacture’s instruction. Complementary DNA (cDNA) was syn-
thesized by reverse transcription using ReverTra Ace® qPCR RT Kit
(TOYOBO). gqRT-PCR was performed using KAPA SYBR FAST qPCR Kits
following the manufacture’s instruction. The sequence of the primers we
used: rat Sqor forward 5-AGTTGGAGCGGAGAATGTGG-3/, reverse 5'-
CTGCACACCGGATGGAATCA-3’; mouse Sqor forward 5-CTTCCCAAA-
CACTCCGGTGA-3/, reverse 5-TGGGTCGCTTTCCAGTCTTC-3’; rodent
18S rRNA forward 5-ATTAATCAAGAACGAAAGTCGGAGGT-3, reverse
5-TTTAAGTTTCAGCTTTGCAACCATACT-3".

4.13. Library construction and RNA sequencing

NRCMs were cultured in medium containing ACM(Cys)*, ACM(Cys)
or 100 nM NayS4 for 24 h, and total RNA was isolated as described
above. The isolated RNA’s quality check, library synthesis and NGS
sequencing were performed by BGI genomics. The libraries were
sequenced on the DNBSEQ platform using the PE100 strategy. HISAT
was used to align the filtered data to the reference genome
(GCF_000001895.5_Rnor_6.0).
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4.14. Differential gene expression analysis and pathway enrichment
analysis

RNA-seq count data were analyzed using the iDEP.96 (Integrated
Differential Expression and Pathway analysis) [63]. Basically, the
default setting was used for analysis. DEGs from two group comparisons
(ACM(Cys)* vs ACM(Cys) or NayS4 vs Con) were obtained by the
DESeq2 with fold-change >1.5 or < 0.67 and threshold of false dis-
covery rate (FDR) < 0.05. For pathway enrichment analysis, gene set
enrichment analysis (GSEA) was performed. The analysis used gene
ontology biological process (GO BP) and Kyoto encyclopedia of genes
and genomes (KEGG) gene set databases.

4.15. Statistical analysis

All results were presented as the mean + S.E.M. from at least three
independent experiments. Statistical comparisons were carried out
using unpaired t tests for two-group comparisons or using one-way
ANOVA followed by Tukey’s post hoc test for multiple comparisons.
Values of P < 0.05 were considered to be statistically significant.

CRediT authorship contribution statement

Akiyuki Nishimura: Writing - review & editing, Writing — original
draft, Funding acquisition, Data curation, Conceptualization. Tomohiro
Tanaka: Writing — original draft, Data curation, Conceptualization.
Kakeru Shimoda: Writing — review & editing, Data curation. Tomoaki
Ida: Writing - review & editing, Data curation. Shota Sasaki: Writing —
review & editing, Resources, Methodology. Keitaro Umezawa: Writing
- review & editing, Resources. Hiromi Imamura: Writing — review &
editing, Resources. Yasuteru Urano: Writing — review & editing, Re-
sources. Fumito Ichinose: Writing — review & editing, Methodology.
Toshiro Kaneko: Writing — review & editing, Resources. Takaaki
Akaike: Writing — review & editing, Resources, Funding acquisition,
Data curation. Motohiro Nishida: Writing — review & editing, Writing —
original draft, Funding acquisition, Conceptualization.

Declaration of competing interest
The authors have declared that no conflict of interest exists.

Acknowledgements

This work was supported by Plasma-bio Consortium, JST CREST
Grant Number JPMJCR2024 (20348438 to M.N. T.A. and A.N.), JSPS
KAKENHI (24K02869 to A.N., 22H02772 and 22K19395 to M.N., and
18H05277, 22K19397 and 24H00063 to T.A.), Grant-in-Aid for Scien-
tific Research on Innovative Areas(A) “Sulfur biology” (21H05269 to M.
N., 21H05263 to T.A., 21H05259 to K.U., and 21H05258 to T.A. and M.
N.) and International Leading Research (23K20040 to T.A. and M.N.)
from the Ministry of Education, Culture, Sports, Science and Technology
of Japan, Joint Research of ExCELLS (ExCELLS program No,23EX601),
the Sumitomo foundation grant for basic science research project (to A.
N.), Naito Foundation (to M.N.) and Smoking Research Foundation (to
M.N.).

This work was also supported by the Platform Project for Supporting
Drug Discovery and Life Science Research BINDS from AMED
(JP24amal21031), and by Cooperative Study Program of NIPS and
Optics and Imaging Facility, NIBB Trans-Scale Biology Center.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.redox.2024.103445.

12

Redox Biology 79 (2025) 103445

Data availability
Data will be made available on request.

References

[1] C.J. Taylor, R. Ryan, L. Nichols, N. Gale, F.R. Hobbs, T. Marshall, Survival
following a diagnosis of heart failure in primary care, Fam. Pract. 34 (2) (2017)
161-168, https://doi.org/10.1093/fampra/cmw145.

N. Risgaard-Petersen, A.M. Langezaal, S. Ingvardsen, M.C. Schmid, M.S. Jetten, H.
J. Op den Camp, J.W. Derksen, E. Pina-Ochoa, S.P. Eriksson, L.P. Nielsen, N.

P. Revsbech, T. Cedhagen, G.J. van der Zwaan, Evidence for complete
denitrification in a benthic foraminifer, Nat. 443 (7107) (2006) 93-96, https://doi.
org/10.1038/nature05070.

1. Gushchin, V.A. Aleksenko, P. Orekhov, I.M. Goncharov, V.V. Nazarenko,

O. Semenov, A. Remeeva, V. Gordeliy, Nitrate- and nitrite-sensing histidine
kinases: function, structure, and natural diversity, Int. J. Mol. Sci. 22 (11) (2021),
https://doi.org/10.3390/ijms22115933.

P.S. Dobbin, J.N. Butt, A.K. Powell, G.A. Reid, D.J. Richardson, Characterization of
a flavocytochrome that is induced during the anaerobic respiration of Fe3+ by
Shewanella frigidimarina NCIMB400, Biochem. J. 342 (Pt 2) (1999) 439-448. Pt 2.
P.M. Matias, A.V. Coelho, F.M. Valente, D. Placido, J. LeGall, A.V. Xavier, 1.

A. Pereira, M.A. Carrondo, Sulfate respiration in Desulfovibrio vulgaris
Hildenborough. Structure of the 16-heme cytochrome ¢ HmcA AT 2.5-A resolution
and a view of its role in transmembrane electron transfer, J. Biol. Chem. 277 (49)
(2002) 47907-47916, https://doi.org/10.1074/jbc.M207465200.

Z. Lyu, N. Shao, T. Akinyemi, W.B. Whitman, Methanogenesis, Curr. Biol. 28 (13)
(2018) R727-R732, https://doi.org/10.1016/j.cub.2018.05.021.

J.B. Spinelli, P.C. Rosen, H.G. Sprenger, A.M. Puszynska, J.L. Mann, J.M. Roessler,
A.L. Cangelosi, A. Henne, K.J. Condon, T. Zhang, T. Kunchok, C.A. Lewis, N.

S. Chandel, D.M. Sabatini, Fumarate is a terminal electron acceptor in the
mammalian electron transport chain, Sci. 374 (6572) (2021) 1227-1237, https://
doi.org/10.1126/science.abi7495.

T. Akaike, T. Ida, F.Y. Wei, M. Nishida, Y. Kumagai, M.M. Alam, H. Ihara, T. Sawa,
T. Matsunaga, S. Kasamatsu, A. Nishimura, M. Morita, K. Tomizawa, A. Nishimura,
S. Watanabe, K. Inaba, H. Shima, N. Tanuma, M. Jung, S. Fujii, Y. Watanabe,

M. Ohmuraya, P. Nagy, M. Feelisch, J.M. Fukuto, H. Motohashi, Cysteinyl-tRNA
synthetase governs cysteine polysulfidation and mitochondrial bioenergetics, Nat.
Commun. 8 (1) (2017) 1177, https://doi.org/10.1038/541467-017-01311-y.

A. Nishimura, R. Nasuno, Y. Yoshikawa, M. Jung, T. Ida, T. Matsunaga, M. Morita,
H. Takagi, H. Motohashi, T. Akaike, Mitochondrial cysteinyl-tRNA synthetase is
expressed via alternative transcriptional initiation regulated by energy metabolism
in yeast cells, J. Biol. Chem. 294 (37) (2019) 13781-13788, https://doi.org/
10.1074/jbc.RA119.009203.

T. Ida, T. Sawa, H. Ihara, Y. Tsuchiya, Y. Watanabe, Y. Kumagai, M. Suematsu,
H. Motohashi, S. Fujii, T. Matsunaga, M. Yamamoto, K. Ono, N.O. Devarie-Baez,
M. Xian, J.M. Fukuto, T. Akaike, Reactive cysteine persulfides and S-polythiolation
regulate oxidative stress and redox signaling, Proc. Natl. Acad. Sci. U.S.A. 111 (21)
(2014) 7606-7611, https://doi.org/10.1073/pnas.1321232111.

J. Zivanovic, E. Kouroussis, J.B. Kohl, B. Adhikari, B. Bursac, S. Schott-Roux,

D. Petrovic, J.L. Miljkovic, D. Thomas-Lopez, Y. Jung, M. Miler, S. Mitchell,

V. Milosevic, J.E. Gomes, M. Benhar, B. Gonzalez-Zorn, 1. Ivanovic-Burmazovic,
R. Torregrossa, J.R. Mitchell, M. Whiteman, G. Schwarz, S.H. Snyder, B.D. Paul, K.
S. Carroll, M.R. Filipovic, Selective persulfide detection reveals evolutionarily
conserved antiaging effects of S-sulfhydration, Cell Metab 30 (6) (2019)
1152-1170, https://doi.org/10.1016/j.cmet.2019.10.007, e1113.

A. Nishimura, S. Yoon, T. Matsunaga, T. Ida, M. Jung, S. Ogata, M. Morita,

J. Yoshitake, Y. Unno, U. Barayeu, T. Takata, H. Takagi, H. Motohashi, A. van der
Vliet, T. Akaike, Longevity control by supersulfide-mediated mitochondrial
respiration and regulation of protein quality, Redox Biol. 69 (2024) 103018,
https://doi.org/10.1016/j.redox.2023.103018.

S. Fujii, T. Sawa, H. Motohashi, T. Akaike, Persulfide synthases that are
functionally coupled with translation mediate sulfur respiration in mammalian
cells, Br. J. Pharmacol. 176 (4) (2019) 607-615, https://doi.org/10.1111/
bph.14356.

E. Marutani, M. Morita, S. Hirai, S. Kai, R.M.H. Grange, Y. Miyazaki, F. Nagashima,
L. Traeger, A. Magliocca, T. Ida, T. Matsunaga, D.R. Flicker, B. Corman, N. Mori,
Y. Yamazaki, A. Batten, R. Li, T. Tanaka, T. Ikeda, A. Nakagawa, D.N. Atochin,
H. Ihara, B.A. Olenchock, X. Shen, M. Nishida, K. Hanaoka, C.G. Kevil, M. Xian, D.
B. Bloch, T. Akaike, A.G. Hindle, H. Motohashi, F. Ichinose, Sulfide catabolism
ameliorates hypoxic brain injury, Nat. Commun. 12 (1) (2021) 3108, https://doi.
org/10.1038/541467-021-23363-x.

T. Panagaki, E.B. Randi, F. Augsburger, C. Szabo, Overproduction of H(2)S,
generated by CBS, inhibits mitochondrial Complex IV and suppresses oxidative
phosphorylation in Down syndrome, Proc. Natl. Acad. Sci. U.S.A. 116 (38) (2019)
18769-18771, https://doi.org/10.1073/pnas.1911895116.

A. Nishimura, K. Shimoda, T. Tanaka, T. Toyama, K. Nishiyama, Y. Shinkai,

T. Numaga-Tomita, D. Yamazaki, Y. Kanda, T. Akaike, Y. Kumagai, M. Nishida,
Depolysulfidation of Drpl induced by low-dose methylmercury exposure increases
cardiac vulnerability to hemodynamic overload, Sci. Signal. 12 (587) (2019),
https://doi.org/10.1126/scisignal.aaw1920.

X. Tang, A. Nishimura, K. Ariyoshi, K. Nishiyama, Y. Kato, E.A. Vasileva, N.

P. Mishchenko, S.A. Fedoreyev, V.A. Stonik, H.K. Kim, J. Han, Y. Kanda,

K. Umezawa, Y. Urano, T. Akaike, M. Nishida, Echinochrome prevents sulfide

[2]

[3]

[4]

(5]

[6]

[71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]


https://doi.org/10.1016/j.redox.2024.103445
https://doi.org/10.1016/j.redox.2024.103445
https://doi.org/10.1093/fampra/cmw145
https://doi.org/10.1038/nature05070
https://doi.org/10.1038/nature05070
https://doi.org/10.3390/ijms22115933
http://refhub.elsevier.com/S2213-2317(24)00423-3/sref4
http://refhub.elsevier.com/S2213-2317(24)00423-3/sref4
http://refhub.elsevier.com/S2213-2317(24)00423-3/sref4
https://doi.org/10.1074/jbc.M207465200
https://doi.org/10.1016/j.cub.2018.05.021
https://doi.org/10.1126/science.abi7495
https://doi.org/10.1126/science.abi7495
https://doi.org/10.1038/s41467-017-01311-y
https://doi.org/10.1074/jbc.RA119.009203
https://doi.org/10.1074/jbc.RA119.009203
https://doi.org/10.1073/pnas.1321232111
https://doi.org/10.1016/j.cmet.2019.10.007
https://doi.org/10.1016/j.redox.2023.103018
https://doi.org/10.1111/bph.14356
https://doi.org/10.1111/bph.14356
https://doi.org/10.1038/s41467-021-23363-x
https://doi.org/10.1038/s41467-021-23363-x
https://doi.org/10.1073/pnas.1911895116
https://doi.org/10.1126/scisignal.aaw1920

A. Nishimura et al.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[271

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

catabolism-associated chronic heart failure after myocardial infarction in mice,
Mar. Drugs 21 (1) (2023), https://doi.org/10.3390/md21010052.

A. Nishimura, L. Zhou, Y. Kato, X. Mi, T. Ito, Y. Ibuki, Y. Kanda, M. Nishida,
Supersulfide prevents cigarette smoke extract-induced mitochondria hyperfission
and cardiomyocyte early senescence by inhibiting Drp1-filamin complex
formation, J. Pharmacol. Sci. 154 (2) (2024) 127-135, https://doi.org/10.1016/j.
jphs.2023.12.008.

H. Tanaka, K. Nakamura, M. Mizuno, K. Ishikawa, K. Takeda, H. Kajiyama,

F. Utsumi, F. Kikkawa, M. Hori, Non-thermal atmospheric pressure plasma
activates lactate in Ringer’s solution for anti-tumor effects, Sci. Rep. 6 (2016)
36282, https://doi.org/10.1038/srep36282.

V.O.N.W. T, A. Schmidt, S. Bekeschus, K. Wende, K.D. Weltmann, Plasma
medicine: a field of applied redox biology, In Vivo 33 (4) (2019) 1011-1026,
https://doi.org/10.21873/invivo.11570.

Y. Kido, H. Motomura, Y. Ikeda, S. Satoh, M. Jinno, Clarification of electrical
current importance in plasma gene transfection by equivalent circuit analysis, PLoS
One 16 (1) (2021) e0245654, https://doi.org/10.1371/journal.pone.0245654.

H. Tanaka, M. Mizuno, K. Ishikawa, S. Toyokuni, H. Kajiyama, F. Kikkawa,

M. Hori, Molecular mechanisms of non-thermal plasma-induced effects in cancer
cells, Biol. Chem. 400 (1) (2018) 87-91, https://doi.org/10.1515/hsz-2018-0199.
H. Tanaka, M. Mizuno, Y. Katsumata, K. Ishikawa, H. Kondo, H. Hashizume,

Y. Okazaki, S. Toyokuni, K. Nakamura, N. Yoshikawa, H. Kajiyama, F. Kikkawa,
M. Hori, Oxidative stress-dependent and -independent death of glioblastoma cells
induced by non-thermal plasma-exposed solutions, Sci. Rep. 9 (1) (2019) 13657,
https://doi.org/10.1038/541598-019-50136-w.

M. Kawase, W. Chen, K. Kawaguchi, M.R. Nyasha, S. Sasaki, H. Hatakeyama,

T. Kaneko, M. Kanzaki, TRPA1 and TRPV1 channels participate in atmospheric-
pressure plasma-induced [Ca(2+)](i) response, Sci. Rep. 10 (1) (2020) 9687,
https://doi.org/10.1038/541598-020-66510-y.

S. Sasaki, M. Kanzaki, T. Kaneko, Calcium influx through TRP channels induced by
short-lived reactive species in plasma-irradiated solution, Sci. Rep. 6 (2016) 25728,
https://doi.org/10.1038/srep25728.

S. Sasaki, S. Osana, T. Kubota, M. Yamaya, H. Nishimura, R. Nagatomi, T. Kaneko,
Human coronavirus inactivation by atmospheric pressure helium plasma, J. Phys.
D Appl. Phys. 55 (29) (2022). ARTN29520310.1088/1361-6463/ac6a8c.

H. Kioka, H. Kato, M. Fujikawa, O. Tsukamoto, T. Suzuki, H. Imamura, A. Nakano,
S. Higo, S. Yamazaki, T. Matsuzaki, K. Takafuji, H. Asanuma, M. Asakura,

T. Minamino, Y. Shintani, M. Yoshida, H. Noji, M. Kitakaze, I. Komuro, Y. Asano,
S. Takashima, Evaluation of intramitochondrial ATP levels identifies GO/G1 switch
gene 2 as a positive regulator of oxidative phosphorylation, Proc. Natl. Acad. Sci.
U.S.A. 111 (1) (2014) 273-278, https://doi.org/10.1073/pnas.1318547111.

Y. Gorbanev, A. Privat-Maldonado, A. Bogaerts, Analysis of short-lived reactive
species in plasma-air-water systems: the dos and the do nots, Anal. Chem. 90 (22)
(2018) 13151-13158, https://doi.org/10.1021/acs.analchem.8b03336.

A. Jo, HM. Joh, J.H. Bae, S.J. Kim, T.H. Chung, J.W. Chung, Plasma activated
medium prepared by a bipolar microsecond-pulsed atmospheric pressure plasma
jet array induces mitochondria-mediated apoptosis in human cervical cancer cells,
PLoS One 17 (8) (2022) 0272805, https://doi.org/10.1371/journal.
pone.0272805.

O. Rudyk, P. Eaton, Biochemical methods for monitoring protein thiol redox states
in biological systems, Redox Biol. 2 (2014) 803-813, https://doi.org/10.1016/j.
redox.2014.06.005.

A. Nishimura, X. Tang, L. Zhou, T. Ito, Y. Kato, M. Nishida, Sulfur metabolism as a
new therapeutic target of heart failure, J. Pharmacol. Sci. 155 (3) (2024) 75-83,
https://doi.org/10.1016/j.jphs.2024.04.005.

N. Lau, M.D. Pluth, Reactive sulfur species (RSS): persulfides, polysulfides,
potential, and problems, Curr. Opin. Chem. Biol. 49 (2019) 1-8, https://doi.org/
10.1016/j.cbpa.2018.08.012.

G.K. Kolluru, X. Shen, C.G. Kevil, Reactive sulfur species: a new redox player in
cardiovascular pathophysiology, Arterioscler. Thromb. Vasc. Biol. 40 (4) (2020)
874-884, https://doi.org/10.1161/ATVBAHA.120.314084.

L. Zhou, A. Nishimura, K. Umezawa, Y. Kato, X. Mi, T. Ito, Y. Urano, T. Akaike,
M. Nishida, Supersulfide catabolism participates in maladaptive remodeling of
cardiac cells, J. Pharmacol. Sci. 155 (4) (2024) 121-130, https://doi.org/10.1016/
j.jphs.2024.05.002.

K. Umezawa, M. Kamiya, Y. Urano, A reversible fluorescent probe for real-time
live-cell imaging and quantification of endogenous hydropolysulfides, Angew
Chem. Int. Ed. Engl. 57 (30) (2018) 9346-9350, https://doi.org/10.1002/
anie.201804309.

H.A. Hamid, A. Tanaka, T. Ida, A. Nishimura, T. Matsunaga, S. Fujii, M. Morita,
T. Sawa, J.M. Fukuto, P. Nagy, R. Tsutsumi, H. Motohashi, H. Ihara, T. Akaike,
Polysulfide stabilization by tyrosine and hydroxyphenyl-containing derivatives
that is important for a reactive sulfur metabolomics analysis, Redox Biol. 21 (2019)
101096, https://doi.org/10.1016/j.redox.2019.101096.

Y. Takano, K. Hanaoka, K. Shimamoto, R. Miyamoto, T. Komatsu, T. Ueno, T. Terai,
H. Kimura, T. Nagano, Y. Urano, Development of a reversible fluorescent probe for
reactive sulfur species, sulfane sulfur, and its biological application, Chem.
Commun. 53 (6) (2017) 1064-1067, https://doi.org/10.1039/c6cc08372b.

S. Kasamatsu, A. Nishimura, M. Morita, T. Matsunaga, H. Abdul Hamid, T. Akaike,
Redox signaling regulated by cysteine persulfide and protein polysulfidation,
Molecules 21 (12) (2016), https://doi.org/10.3390/molecules21121721.

A. Nishimura, T. Shimauchi, T. Tanaka, K. Shimoda, T. Toyama, N. Kitajima,

T. Ishikawa, N. Shindo, T. Numaga-Tomita, S. Yasuda, Y. Sato, K. Kuwahara,

Y. Kumagai, T. Akaike, T. Ide, A. Ojida, Y. Mori, M. Nishida, Hypoxia-induced
interaction of filamin with Drpl causes mitochondrial hyperfission-associated

13

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Redox Biology 79 (2025) 103445

myocardial senescence, Sci. Signal. 11 (556) (2018), https://doi.org/10.1126/
scisignal.aat5185.

J.M. Fukuto, L.J. Ignarro, P. Nagy, D.A. Wink, C.G. Kevil, M. Feelisch, M.

M. Cortese-Krott, C.L. Bianco, Y. Kumagai, A.J. Hobbs, J. Lin, T. Ida, T. Akaike,
Biological hydropersulfides and related polysulfides - a new concept and
perspective in redox biology, FEBS Lett. 592 (12) (2018) 2140-2152, https://doi.
org/10.1002/1873-3468.13090.

H. Imamura, K.P. Nhat, H. Togawa, K. Saito, R. lino, Y. Kato-Yamada, T. Nagai,
H. Noji, Visualization of ATP levels inside single living cells with fluorescence
resonance energy transfer-based genetically encoded indicators, Proc. Natl. Acad.
Sci. U.S.A. 106 (37) (2009) 15651-15656, https://doi.org/10.1073/
pnas.0904764106.

Y. Shen, Z. Shen, S. Luo, W. Guo, Y.Z. Zhu, The cardioprotective effects of hydrogen
sulfide in heart diseases: from molecular mechanisms to therapeutic potential,
Oxid. Med. Cell. Longev. 2015 (2015) 925167, https://doi.org/10.1155/2015/
925167.

D. Wu, Y. Gu, D. Zhu, Cardioprotective effects of hydrogen sulfide in attenuating
myocardial ischemia-reperfusion injury (Review), Mol. Med. Rep. 24 (6) (2021)
875, https://doi.org/10.3892/mmr.2021.12515.

A. Aroca, C. Gotor, D.C. Bassham, L.C. Romero, Hydrogen sulfide: from a toxic
molecule to a key molecule of cell life, Antioxid. (Basel) 9 (7) (2020), https://doi.
org/10.3390/antiox9070621.

M.R. Filipovic, J. Zivanovic, B. Alvarez, R. Banerjee, Chemical biology of H(2)S
signaling through persulfidation, Chem. Rev. 118 (3) (2018) 1253-1337, https://
doi.org/10.1021/acs.chemrev.7b00205.

R.S. Liu, H. Zhou, H.M. Li, Z.P. Yuan, T. Chen, Y.J. Tang, Metabolism of L-
methionine linked to the biosynthesis of volatile organic sulfur-containing
compounds during the submerged fermentation of Tuber melanosporum, Appl.
Microbiol. Biotechnol. 97 (23) (2013) 9981-9992, https://doi.org/10.1007/
s00253-013-5224-z.

G. Zhang, H. Wu, B. Zhu, Y. Shimoishi, Y. Nakamura, Y. Murata, Effect of dimethyl
sulfides on the induction of apoptosis in human leukemia Jurkat cells and HL-60
cells, Biosci. Biotechnol. Biochem. 72 (11) (2008) 2966-2972, https://doi.org/
10.1271/bbb.80453.

F. Tampieri, Y. Gorbanev, E. Sardella, Plasma-treated liquids in medicine: let’s get
chemical, Plasma Process. Polym. 20 (9) (2023), https://doi.org/10.1002/
ppap.202300077.

S. Sasaki, Y. Zheng, T. Mokudai, H. Kanetaka, M. Tachikawa, M. Kanzaki,

T. Kaneko, Continuous release of 02-/ONOO- in plasma-exposed HEPES-buffered
saline promotes TRP channel-mediated uptake of a large cation, Plasma Process.
Polym. 17 (10) (2020). ARTNe190025710.1002/ppap.201900257.

M. Ahmadi, Z. Nasri, T. von Woedtke, K. Wende, D-glucose oxidation by cold
atmospheric plasma-induced reactive species, ACS Omega 7 (36) (2022)
31983-31998, https://doi.org/10.1021/acsomega.2c02965.

J.W. Lackmann, K. Wende, C. Verlackt, J. Golda, J. Volzke, F. Kogelheide, J. Held,
S. Bekeschus, A. Bogaerts, V. Schulz-von der Gathen, K. Stapelmann, Chemical
fingerprints of cold physical plasmas - an experimental and computational study
using cysteine as tracer compound, Sci. Rep. 8 (1) (2018) 7736, https://doi.org/
10.1038/541598-018-25937-0.

T. Heusler, G. Bruno, S. Bekeschus, J.-W. Lackmann, T. von Woedtke, K. Wende,
Can the effect of cold physical plasma-derived oxidants be transported via thiol
group oxidation? Clin. Plasma Med. 14 (2019) https://doi.org/10.1016/j.
cpme.2019.100086.

P.K. Yadav, M. Martinov, V. Vitvitsky, J. Seravalli, R. Wedmann, M.R. Filipovic,
R. Banerjee, Biosynthesis and reactivity of cysteine persulfides in signaling, J. Am.
Chem. Soc. 138 (1) (2016) 289-299, https://doi.org/10.1021/jacs.5b10494.
P.M. Snijder, M. Baratashvili, N.A. Grzeschik, H.G.D. Leuvenink, L. Kuijpers,

S. Huitema, O. Schaap, B.N.G. Giepmans, J. Kuipers, J.L. Miljkovic, A. Mitrovic, E.
M. Bos, C. Szabo, H.H. Kampinga, P.F. Dijkers, E.M. Bos, C. Szabo, H.H. Kampinga,
P.F. Dijkers, W. Dunnen, M.R. Filipovic, H.V. Goor, O.C.M. Sibon, Overexpression
of cystathionine gamma-lyase suppresses detrimental effects of spinocerebellar
ataxia type 3, Mol. Med. 21 (1) (2016) 758-768, https://doi.org/10.2119/
molmed.2015.00221.

J. Lillo-Moya, C. Rojas-Sole, D. Munoz-Salamanca, E. Panieri, L. Saso, R. Rodrigo,
Targeting ferroptosis against ischemia/reperfusion cardiac injury, Antioxid. (Basel)
10 (5) (2021), https://doi.org/10.3390/antiox10050667.

K. Wang, X.Z. Chen, Y.H. Wang, X.L. Cheng, Y. Zhao, L.Y. Zhou, K. Wang, Emerging
roles of ferroptosis in cardiovascular diseases, Cell Death Dis. 8 (1) (2022) 394,
https://doi.org/10.1038/5s41420-022-01183-2.

Q. Sun, D. Liu, W. Cui, H. Cheng, L. Huang, R. Zhang, J. Gu, S. Liu, X. Zhuang,
Y. Lu, B. Chu, J. Li, Cholesterol mediated ferroptosis suppression reveals essential
roles of Coenzyme Q and squalene, Commun. Biol. 6 (1) (2023) 1108, https://doi.
org/10.1038/542003-023-05477-8.

C. Liu, W. Liao, J. Chen, K. Yu, Y. Wu, S. Zhang, M. Chen, F. Chen, S. Wang,

T. Cheng, J. Wang, C. Du, Cholesterol confers ferroptosis resistance onto myeloid-
biased hematopoietic stem cells and prevents irradiation-induced
myelosuppression, Redox Biol. 62 (2023) 102661, https://doi.org/10.1016/].
redox.2023.102661.

U. Barayeu, D. Schilling, M. Eid, T.N. Xavier da Silva, L. Schlicker, N. Mitreska,
C. Zapp, F. Grater, A.K. Miller, R. Kappl, A. Schulze, J.P. Friedmann Angeli, T.

P. Dick, Hydropersulfides inhibit lipid peroxidation and ferroptosis by scavenging
radicals, Nat. Chem. Biol. 19 (1) (2023) 28-37, https://doi.org/10.1038/541589-
022-01145-w.

S.B. Sudi, T. Tanaka, S. Oda, K. Nishiyama, A. Nishimura, C. Sunggip,

S. Mangmool, T. Numaga-Tomita, M. Nishida, TRPC3-Nox2 axis mediates


https://doi.org/10.3390/md21010052
https://doi.org/10.1016/j.jphs.2023.12.008
https://doi.org/10.1016/j.jphs.2023.12.008
https://doi.org/10.1038/srep36282
https://doi.org/10.21873/invivo.11570
https://doi.org/10.1371/journal.pone.0245654
https://doi.org/10.1515/hsz-2018-0199
https://doi.org/10.1038/s41598-019-50136-w
https://doi.org/10.1038/s41598-020-66510-y
https://doi.org/10.1038/srep25728
http://refhub.elsevier.com/S2213-2317(24)00423-3/sref26
http://refhub.elsevier.com/S2213-2317(24)00423-3/sref26
http://refhub.elsevier.com/S2213-2317(24)00423-3/sref26
https://doi.org/10.1073/pnas.1318547111
https://doi.org/10.1021/acs.analchem.8b03336
https://doi.org/10.1371/journal.pone.0272805
https://doi.org/10.1371/journal.pone.0272805
https://doi.org/10.1016/j.redox.2014.06.005
https://doi.org/10.1016/j.redox.2014.06.005
https://doi.org/10.1016/j.jphs.2024.04.005
https://doi.org/10.1016/j.cbpa.2018.08.012
https://doi.org/10.1016/j.cbpa.2018.08.012
https://doi.org/10.1161/ATVBAHA.120.314084
https://doi.org/10.1016/j.jphs.2024.05.002
https://doi.org/10.1016/j.jphs.2024.05.002
https://doi.org/10.1002/anie.201804309
https://doi.org/10.1002/anie.201804309
https://doi.org/10.1016/j.redox.2019.101096
https://doi.org/10.1039/c6cc08372b
https://doi.org/10.3390/molecules21121721
https://doi.org/10.1126/scisignal.aat5185
https://doi.org/10.1126/scisignal.aat5185
https://doi.org/10.1002/1873-3468.13090
https://doi.org/10.1002/1873-3468.13090
https://doi.org/10.1073/pnas.0904764106
https://doi.org/10.1073/pnas.0904764106
https://doi.org/10.1155/2015/925167
https://doi.org/10.1155/2015/925167
https://doi.org/10.3892/mmr.2021.12515
https://doi.org/10.3390/antiox9070621
https://doi.org/10.3390/antiox9070621
https://doi.org/10.1021/acs.chemrev.7b00205
https://doi.org/10.1021/acs.chemrev.7b00205
https://doi.org/10.1007/s00253-013-5224-z
https://doi.org/10.1007/s00253-013-5224-z
https://doi.org/10.1271/bbb.80453
https://doi.org/10.1271/bbb.80453
https://doi.org/10.1002/ppap.202300077
https://doi.org/10.1002/ppap.202300077
http://refhub.elsevier.com/S2213-2317(24)00423-3/sref49
http://refhub.elsevier.com/S2213-2317(24)00423-3/sref49
http://refhub.elsevier.com/S2213-2317(24)00423-3/sref49
http://refhub.elsevier.com/S2213-2317(24)00423-3/sref49
https://doi.org/10.1021/acsomega.2c02965
https://doi.org/10.1038/s41598-018-25937-0
https://doi.org/10.1038/s41598-018-25937-0
https://doi.org/10.1016/j.cpme.2019.100086
https://doi.org/10.1016/j.cpme.2019.100086
https://doi.org/10.1021/jacs.5b10494
https://doi.org/10.2119/molmed.2015.00221
https://doi.org/10.2119/molmed.2015.00221
https://doi.org/10.3390/antiox10050667
https://doi.org/10.1038/s41420-022-01183-2
https://doi.org/10.1038/s42003-023-05477-8
https://doi.org/10.1038/s42003-023-05477-8
https://doi.org/10.1016/j.redox.2023.102661
https://doi.org/10.1016/j.redox.2023.102661
https://doi.org/10.1038/s41589-022-01145-w
https://doi.org/10.1038/s41589-022-01145-w

A. Nishimura et al.

[61]

[62]

nutritional deficiency-induced cardiomyocyte atrophy, Sci. Rep. 9 (1) (2019) 9785,
https://doi.org/10.1038/541598-019-46252-2.

M. Yagi-Utsumi, T. Tanaka, Y. Otsubo, A. Yamashita, S. Yoshimura, M. Nishida,
K. Kato, Cold atmospheric plasma modification of amyloid beta, Int. J. Mol. Sci. 22
(6) (2021), https://doi.org/10.3390/ijms22063116.

J.W. Elrod, J.W. Calvert, J. Morrison, J.E. Doeller, D.W. Kraus, L. Tao, X. Jiao,
R. Scalia, L. Kiss, C. Szabo, H. Kimura, C.W. Chow, D.J. Lefer, Hydrogen sulfide

14

[63]

Redox Biology 79 (2025) 103445

attenuates myocardial ischemia-reperfusion injury by preservation of
mitochondrial function, Proc. Natl. Acad. Sci. U.S.A. 104 (39) (2007)
15560-15565, https://doi.org/10.1073/pnas.0705891104.

S.X. Ge, E.W. Son, R. Yao, iDEP: an integrated web application for differential
expression and pathway analysis of RNA-Seq data, BMC Bioinf. 19 (1) (2018) 534,
https://doi.org/10.1186/512859-018-2486-6.


https://doi.org/10.1038/s41598-019-46252-2
https://doi.org/10.3390/ijms22063116
https://doi.org/10.1073/pnas.0705891104
https://doi.org/10.1186/s12859-018-2486-6

	Non-thermal atmospheric pressure plasma-irradiated cysteine protects cardiac ischemia/reperfusion injury by preserving supe ...
	1 Introduction
	2 Results
	2.1 Plasma-irradiated culture medium containing Cys has a cardioprotective effect
	2.2 Supersulfides are formed in plasma-irradiated Cys solution
	2.3 Acute application of plasma-irradiated Cys products increase intracellular supersulfides in cardiomyocytes
	2.4 Plasma-irradiated Cys products restore sulfide metabolism under hypoxia via SQOR expression
	2.5 Plasma-irradiated Cys products facilitate mitochondrial energy metabolism under hypoxia
	2.6 Plasma-irradiated Cys products improve cardiac dysfunction after I/R injury
	2.7 Comparison of plasma-irradiated Cys products with inorganic supersulfide donor
	2.8 Cys plasma irradiation in cardiomyocytes is associated with profound alterations in gene expression

	3 Discussion
	4 Methods
	4.1 Animals
	4.2 Reagents
	4.3 Cell culture and hypoxia
	4.4 Indirect plasma irradiation to cells
	4.5 Cell death assay
	4.6 Measurement of supersulfides in the liquid phase
	4.7 Live cell imaging
	4.8 Mitochondrial energy metabolism
	4.9 Measurement of cellular metabolites
	4.10 Murine model of myocardial ischemia-reperfusion injury
	4.11 Detection of supersulfides in cardiac tissue
	4.12 Quantitative reverse transcript polymerase chain reaction (qRT-PCR)
	4.13 Library construction and RNA sequencing
	4.14 Differential gene expression analysis and pathway enrichment analysis
	4.15 Statistical analysis

	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	datalink4
	References


