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A B S T R A C T   

Cardiotoxicity is a frequent and often lethal complication of doxorubicin (DOX)-based chemotherapy. Here, we 
report that hydropersulfides (RSSH) are the most effective reactive sulfur species in conferring protection against 
DOX-induced toxicity in H9c2 cardiac cells. Mechanistically, RSSH supplementation alleviates the DOX-evoked 
surge in reactive oxygen species (ROS), activating nuclear factor erythroid 2-related factor 2 (Nrf2)-dependent 
pathways, thus boosting endogenous antioxidant defenses. Simultaneously, RSSH turns on peroxisome 
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), a master regulator of mitochondrial func-
tion, while decreasing caspase-3 activity to inhibit apoptosis. Of note, we find that RSSH potentiate anticancer 
DOX effects in three different cancer cell lines, with evidence that suggests this occurs via induction of reductive 
stress. Indeed, cancer cells already exhibit much higher basal hydrogen sulfide (H2S), sulfane sulfur, and 
reducing equivalents compared to cardiac cells. Thus, RSSH may represent a new promising avenue to fend off 
DOX-induced cardiotoxicity while boosting its anticancer effects.   

1. Introduction 

Mortality rates associated with cancer are decreasing [1], owing to 
advancements in cytotoxic chemotherapy that remains a therapeutic 
pillar for many forms of cancer. Anthracyclines, such as doxorubicin 
(DOX), are well-established and highly effective antineoplastic agents 
used to treat several adult and pediatric cancers, such as breast cancer, 
leukemia, lymphomas, sarcomas, and many others [2]. However, this 
success comes with the unfortunate cost of a heightened risk of devel-
oping cardiotoxicity [3,4], a clinical condition that has thus far evaded 
an effective treatment. 

DOX-induced cardiotoxicity (DIC), in particular, can occur either 
acutely or more chronically [5]. Distinctive DIC pathological features 
include increased reactive oxygen species (ROS) production [6], defects 
in iron handling [7,8], and inhibition of topoisomerase 2β (Top2β) [9], 
which is heavily expressed in cardiomyocytes. Thus, the pathogenesis of 
DIC is multifactorial. As a consequence, therapies targeting just one of 

these stigmata are unlikely to afford sizable, clinically-relevant protec-
tion against DIC. From a pathobiological point of view, cardiomyocytes 
are exquisitely vulnerable to ROS-mediated cellular damage due to their 
lower constitutive levels of antioxidant enzymes [10,11]. Furthermore, 
DOX tends to accumulate in mitochondria, thus perturbing cardiac cell 
bioenergetics and function [12]. Of note, mitochondria retain the 
memory of redox and metabolic challenges beyond the DOX in vivo 
half-life [13]; this phenomenon, in turn, renders cancer patients more 
sensitive to cumulative regimens of drug therapy. Against this back-
ground, an ideal anti-DIC drug should target more than one facet of the 
DIC pathology. 

Antioxidants such as ascorbic acid, N-acetylcysteine (NAC), carve-
dilol, and coenzyme Q10, although promising at the preclinical stage, 
have met with limited success clinically against DIC [14]. This failure 
could be due to their inability to reach the ROS sources in efficacious 
amounts; another explanation is that the enhanced ROS emission could 
be the epiphenomenon of substantial structural/functional alterations in 
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mitochondria, and potentially elsewhere. Currently, the only 
FDA-approved anti-DIC drug is dexrazoxane (DRZ) [15], an iron 
chelator that inhibits lipid peroxidation and cellular damage [16]. Yet, 
despite its effectiveness, DRZ is not devoid of side effects, such as he-
matological toxicity, altered liver function, and pain [17,18]. In essence, 
no current optimal strategy for preventing and/or managing DIC re-
mains a significant unmet clinical milestone. Another unique challenge 
in cardio-oncology is to develop a therapeutic agent that selectively 
protects the heart against anticancer agents such as DOX without jeop-
ardizing its therapeutic effectiveness. However, tackling this issue must 
stem from a deeper understanding of the different response of myocar-
dial cells vs. cancer cells towards diverse potential stressors, such as 
ROS. 

Hydrogen sulfide (H2S) and related reactive sulfur species (RSS) have 
emerged as critical signaling molecules in the cardiovascular system. 
Their systemic administration results in significant protection against 
many cardiovascular disorders, including ischemia-reperfusion injury 
[19–22]. Moreover, H2S can attenuate DOX-mediated toxic effects in 
H9c2 cells [23–26], with mechanisms, however, that remain to be fully 
understood. Post-translational modification of redox-active cysteines 
(Cys-SH) into cysteine hydropersulfides (Cys-SSH) is now recognized as 
a critical step in H2S signaling [27–29]. Sulfane sulfur species like 
hydropersulfides (RSSH) and polysulfides can readily modify protein 
cysteine residues (P-SH), generating protein hydropersulfides (P-SSH) 
[30,31]. Accordingly, H2S biological effects are now ascribed substan-
tially to RSSH [32,33] and not entirely to H2S per se. Cys-SSH and 
glutathione hydropersulfide (GSSH) are prevalent in mammalian tissues 
and fluids [34,35]. Intriguingly, RSSH exhibit potent cytoprotective ef-
fects against oxidative and/or electrophilic stress [36,37]. Indeed, we 
recently demonstrated that exogenous RSSH administration at reperfu-
sion outweighs other H2S-related species or classical post-conditioning 
in limiting post-ischemic cardiac injury, i.e., infarct size and dysfunc-
tion [38]. 

Inspired by these findings, we designed the present study to address 
the following specific questions: 1) Does RSSH effectively protect car-
diomyocytes against DIC? 2) Does it do so without compromising the 
anticancer action of DOX? 3) Do the differing effects in cancer vs. car-
diac cells depend, at least partly, on a substantially different redox 
milieu in each cell type? Answering the latter question, in particular, 
would not only provide a mechanism explaining RSSH beneficial actions 
against DIC, but also fill a gap in our current knowledge of the different 
pathobiology of cardiac vs. cancer cells. 

2. Materials and methods 

2.1. Reagents 

Sodium sulfide (Na2S) was purchased from TCI chemicals. N-acetyl 
cysteine was purchased from Sigma Aldrich. Dexrazoxane was obtained 
from Cayman Chemical. Doxorubicin was purchased from Astatech Inc. 
H2S donor 1 [39], RSSH donor AST [40], and N-acetyl-O-ethyl cysteine 
trisulfide (Cys-S3) [38] were synthesized following reported procedures. 
Na2S (10 mM) and Na2S3 (10 mM) stock solutions were freshly prepared 
in molecular biology-grade water (Corning). The stock solutions of AST 
and Cys-S3 were prepared in DMSO:Water (<0.001%) and diluted fresh 
each day before administration. 

2.2. Cell culture 

H9c2 embryonic rat heart myoblasts were obtained from the Amer-
ican Type Culture Collection and were cultured at 37 ◦C in Dulbecco’s 
modified Eagle’s medium (Gibco) supplemented with 10% fetal bovine 
serum (FBS,ThermoFisher) in an atmosphere with 5% CO2. They were 
propagated in T75-flasks, split before reaching 70–80% confluence 
(usually every day or every second day), and used within 11 passages. 
MDA-MB-468, MCF-7 and HepG2 cells were also obtained from the 

American Type Culture Collection. These cells were cultured in RPMI 
1640 media (Gibco) supplemented with 10% fetal bovine serum (FBS, 
ThermoFisher), penicillin, and streptomycin (50 U/mL) (Life Technol-
ogies, Inc.) at 37 ◦C in an atmosphere with 5% CO2. Cells were trypsi-
nized before seeding with the desired density. 

2.3. Cell viability assays  

(a) Cell viability using CCK-8 assay 

Viability and cytotoxicity were tested using the Cell Counting Kit-8 
(Dojindo, CK-04) [41]. H9c2, MDA-MB-468, MCF-7, and HepG2 cells 
were independenlty seeded with a density of 15,000 cells per well into 
96-well plates. The plates were incubated at 37 ◦C for 24 h before 
treatment. The cells were first treated with AST ranging from 6.3 μM to 
200 μM for 4 h. After 4 h pretreatment, the media was replaced with AST 
and with or without 5 μM of DOX for another 24 h. After the 24 h 
treatment, the media was replaced with SANS media (190 μL/well) and 
CCK-8 solution (10 μL/well), followed by incubation for 1–2.5 h (2.5 h 
for H9c2 cells, 2 h for MDA-MB-468 and MCF-7 cells, and 1 h for HepG2 
cells). Colorimetric measurements were conducted at 450 nm absor-
bance using a SpectraMax microplate reader (Molecular Devices). Each 
treatment group was normalized to the vehicle loaded control group.  

(b) Cell viability using Sytox Green stain 

H9c2 cells were seeded at a density of 1.5 × 104 cells/well. After 24 
h, the media was replaced, and AST added via 20 μL volumes using 
DMSO:H2O (<0.01% DMSO) as the vehicle. Cells were incubated for an 
additional 24 h before the media was removed. Then, 100 μL of media 
containing 3 μM Sytox Green nucleic acid stain (Invitrogen) was added 
and the cells were incubated for 2 h before fluorescence readings were 
obtained at 485Ex/538Em (Step 1). Finally, an additional 100 μL of media 
containing 3 μM Sytox and 0.2% Triton X-100 was added to per-
meabilize all cells and incubated for 1 h before fluorescence values were 
again measured (Step 2). The relative percent of cells surviving was 
calculated as 100% minus the ratio of the fluorescence value of Step 1 
over Step 2 (% cells surviving = 100% - (FL538 (Step 1)/FL538(Step 2)). 

2.4. Measurement of reactive oxygen species (ROS) by electronic 
paramagnetic resonance (EPR) spectroscopy 

H9c2 and MDA-MB-468 cells with a density of 1 × 106 were plated 
into 100 mm × 20 mm tissue culture plates and incubated at 37 ◦C for 
24 h before treatment. The cells were treated with 0 or 25 μM AST for 4 h 
followed by co-treatment with 5 μM DOX or vehicle for another 4 h. 
After the incubation, the cells were washed with phosphate-buffered 
saline (PBS) twice and scraped into 250 μL of pH 7.4 PBS containing 
0.1 mM diethylenetriaminepentaacetic acid (DTPA) and protease in-
hibitor cocktail (Roche Applied Science, Indianapolis, IN). ROS mea-
surements were conducted as previously described [42,43]. Briefly, 
stock solutions of 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethyl-
pyrrolidine hydrochloride (CMH; Enzo Life Sciences, Farmingdale, 
NY) and 1-hydroxy-4-[2-triphenylphosphonio)-acetamido]-2,2,6,6-tet-
ramethylpiperidine (mitoTEMPO-H; Enzo Life Sciences, Farmingdale, 
NY) were prepared daily in nitrogen-purged 0.9% (w/v) NaCl, 25 g/L 
Chelex 100 (Bio-Rad) and 0.1 mM DTPA, and kept on ice [44]. For 
detection of global ROS levels, the samples were treated with 1 mM 
CMH at RT for 10 min, transferred to 0.05 mL glass capillary tubes, and 
analyzed on a Bruker E-Scan (Billerica, MA) electron paramagnetic 
resonance (EPR) spectrometer. To determine mitochondrial ROS levels, 
the samples were incubated with the mitochondria-specific spin probe, 
mitoTEMPO-H (160 μM), at 37 ◦C for 15 min and analyzed as described 
above. Spectrometer settings were as follows: sweep width, 100 G; mi-
crowave frequency, 9.75 GHz; modulation amplitude, 1 G; conversion 
time, 5.12 ms; receiver gain, 2 × 103; the number of scans, 16 (global 
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ROS levels) or 256 (mitochondrial ROS levels). EPR signal intensities 
were normalized to the protein concentrations of the cell lysates deter-
mined by Pierce BCA protein assay kit (Life Technologies). 

2.5. Caspase-3-like activity 

H9c2 cells were seeded at a density of 1 × 106 cells/dish and incu-
bated in a humidified atmosphere containing 5% CO2 at 37 ◦C for 24 h. 
After incubation, cells were treated with 0 or 25 μM AST for 4 h followed 
by the addition of 5 μM DOX for an additional 4 h. After incubation, cells 
were washed 3 times with PBS (pH 7.4) before collection in PBS and 
further processing according to the manufacturer’s instruction 
(ab39401) [45]. 

2.6. Cytosolic and Nuclear Extraction 

MDA-MB-468 cells were plated with a density of 1.0 × 106 into 100 
mm × 20 mm tissue culture plates (Corning) in RPMI (Gibco) with 10% 
FBS (ThermoFisher) and incubated at 37 ◦C in a humidified atmosphere 
containing 5% CO2 for 72 h H9c2 cells with density of 1.0 × 106 cells per 
plate were plated into 150 mm × 20 mm tissue culture plates (Falcon) in 
DMEM (Gibco) with 10% FBS (ThermoFisher) and incubated at 37 ◦C in 
a humidified atmosphere containing 5% CO2 for one week. After incu-
bation, the cells were treated with 0, 25, and 50 μM AST for 24 h fol-
lowed by co-treatment of 0, 25, and 50 μM of AST with or without 0.5 
μM DOX for another 24 h. After incubation, the cells were trypsinized 
and centrifuged at 1000×g for 5 min. The cells were then washed with 
1.5 mL of cold PBS and collected at 2000×g for 5 min. The cell pellets 
were lysed and fractionalized with Nuclear/Cytosol Fractionation Kit 
(Biovision, K266) according to the manufacturer’s protocols (100 μl 
cytosolic extraction buffer and 50 μl Nuclear Extraction buffer). The 
cytosolic and nuclear lysate were stored at − 80 ◦C before 
immunoblotting. 

2.7. Electrophoresis and Western blot 

Cells were lysed in RIPA (Thermo Scientific) with Protease inhibitor 
(1:100) and protein concentrations were determined by Pierce BCA 
protein assay kit (Life Technologies). All gels and Western blots were run 
using a Bio-Rad Mini-Protean II electrophoresis and Western blotting 
system. Samples were prepared in SDS Laemmli buffer and dithiothreitol 
(DTT, 50 mM). SDS-PAGE using 4–20% polyacrylamide was performed 
following standard protocols [46]. Upon separation by gel electropho-
resis, the proteins were transferred via Western blotting onto nitrocel-
lulose membranes. The proteins were detected using rabbit polyclonal 
antibody, anti-PGC-1α (1:1000 dilution, Novus biologicals, 
NBP1-04676), rabbit monoclonal antibodies, anti-GAPDH (1:1000 
dilution, Cell Signaling, 2118), anti-Lamin A/C (1:1000 dilution, Cell 
Signaling, 2032), mouse monoclonal antibodies anti-Nrf2 (1:1000 
dilution, Santa Cruz, sc-365949), anti-NQO1 (1:500 dilution, Cell 
Signaling, 3187), anti-mtTFAM (1:1000 dilution, Santa Cruz, 
sc-166965) and anti-Lamin A/C (1:1000 dilution, Cell Signaling, 4777). 
Primary antibody binding was visualized by using the secondary anti-
bodies IRDye 680LT goat anti-rabbit IgG (1:10000 dilution, Li-Cor 
Biosciences, 926–68021) and IRDye 800CW goat anti-mouse IgG 
(1:10000 dilution, Li-Cor Biosciences, 926–32210). Since the molecular 
weights of the proteins of interest are distinct, we used the same mem-
brane to detect different proteins. The membrane was incubated with 
one primary antibody at a time followed by incubation with the sec-
ondary antibody. The sequence of protein detection was – (1) NQO1, (2) 
Nrf2, (3) TFAM, (4) PGC-1α, (5) loading control Lamin A, and (6) 
loading control GAPDH. Membranes were scanned on an Odyssey 
scanner (Li-Cor Biosciences), and the bands were quantified using 
Empiria Studio software (version 2.1.1.138). 

2.8. Sulfane sulfur and H2S detection assay 

Sulfane sulfur and H2S levels were detected by the respective fluo-
rescence probe of Sulfobiotics SSP4 [47] (Dojindo, SB10) and Sulfo-
biotics Hsip-1 DA [48] (Dojindo, SB22). Cells were seeded at a density of 
500,000 cells/well in a 6-well plate in 2 mL media and incubated at 
37 ◦C for 24 h. After 24 h, 2 mL fresh media with or without 1 μM DOX 
was added and incubated at 37 ◦C for 24 h. After treatment, media was 
changed (1 mL total) conatining SSP4 (20 μM) or Hsip-1 (5 μM) and 
cetyltrimethylammonium bromide (CTAB) (100 μM) and incubated for 
30 min. After treatment with SSP4 and Hsip-1 probes, cells were washed 
3 times with warm PBS and finally resuspended in 1 mL PBS. Fluores-
cence measurement were performed at λex = 491 nm, λem = 516 nm for 
HSip-1 and λex = 482 nm, λem = 515 nm for SSP4 with SpectraMax 
microplate reader (Molecular Devices). After measurement, PBS was 
removed, the cells were trypsinized and collected for counting. 

2.9. NADH/NAD+ assay 

H9c2, MDA-MB-468, MCF-7 and HepG2 cells (1.0 × 106 cells per 
plate) were plated into 100 mm × 20 mm tissue culture plates (Corning) 
in respective media supplemented with 10% FBS (ThermoFisher) and 
incubated at 37 ◦C in a humidified atmosphere containing 5% CO2 for 
48 h. After incubation, the cells were scraped with cold PBS and 
centrifuged at 1000×g for 5 min. The cells were further washed with 1.5 
mL cold PBS and collected after centrifugation at 2000×g for 5 min. The 
cell pellets were lysed using buffer supplied with commercial assay kits 
following the manufacturer’s instructions (Abcam ab65348). Each 
sample were deproteinized with 10 kDa spin column (ThermoFisher, 
PI88513) and centrifuged at 15000×g for 10 min. The supernatant 
containing metabolites were saved and colorimetric measurements were 
made at 450 nm absorbance with SpectraMax microplate reader (Mo-
lecular Devices). NADH and NAD + concentrations were determined 
from standard calibration curve according to the manufacturer’s in-
structions [49]. 

2.10. GSH/GSSG assay 

H9c2, MDA-MB-468, MCF-7, and HepG2 cells with a density of 1.0 ×
106 cells per plate were plated into 100 mm × 20 mm tissue culture 
plates (Corning) in DMEM (Gibco, H9c2) and RPMI (Gibco, MDA-MB- 
468, MCF-7 and HepG2) with 10% FBS (ThermoFisher) and incubated 
at 37 ◦C in a humidified atmosphere containing 5% CO2 for 72 h H9c2, 
MDA-MB-468 were treated with 0, 25, and 50 μM AST for 24 h followed 
by co-treatment of 0, 25, and 50 μM AST with or without 0.5 μM DOX for 
another 24 h. After incubation, the cells were trypsinized and centri-
fuged at 1000×g for 5 min. The cells were then washed with 1.5 mL of 
cold PBS and collected after centrifugation at 2000×g for 5 min. The cell 
pellets were lysed with buffer supplied with commercial assay kits 
following the manufacturer’s instructions (Abcam ab239709). Colori-
metric measurements were made at 405 nm absorbance with Spec-
traMax microplate reader (Molecular Devices). GSH and toal 
glutathione concentrations were determined from respective standard 
calibration curves according to the manufacturer’s instructions. The 
GSSG concentration were calculated by subtracting GSH from total 
glutathione [50]. 

2.11. Data analysis 

Data were analyzed and graphs were created using GraphPad Prism 
software (version 9.3.1). Data are presented as mean ± standard error of 
the mean. Statistical analyses were performed by using one-way or two- 
way ANOVA followed by post-hoc multiple comparison test for data 
involving more than two groups. If testing suggested the data were not 
normally distributed (Shapiro-Wilk test for normality), comparisons 
performed with the non-parametric Kruskal-Wallis test followed by 
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Fig. 1. Cytoprotection by exogenous H2S, other RSS, and dexrazoxane against DOX-induced toxicity. (a) chemical structures of the RSS and dexrazoxane used in this 
study. (b) Cell viability of H9c2 cardiac myoblasts pretreated with 25 μM of each RSS for 4 h followed by DOX (5 μM) exposure for 24 h. (c) Dose-dependent 
protection by RSSH donor AST against DOX (5 μM). (d) Dose-dependent protection by dexrazoxane (DRZ) against DOX (5 μM). Cell viability is assessed using 
CCK-8. Data are shown as the mean ± SEM (n = 4–5 per group). ***P < 0.005 and ****P < 0.001 vs. DOX group. 

Fig. 2. RSSH donor AST reduces DOX-induced ROS levels in H9c2 cardiac myoblasts via activation of Nrf2 and downstream NQO1. Representative EPR spectra 
showing RSSH-mediated scavenging of (a) whole cell and (b) mitochondrial ROS emission. H9c2 cells were pretreated with AST (25 μM) for 4 h followed by 
treatment with or without DOX (5 μM) for 4 h for whole cell ROS measurement and for 24 h for mitochondrial ROS measurement. (c) Whole-cell, and (d) mito-
chondrial ROS emission measured by EPR spectroscopy. The relative expression level of (e) nuclear Nrf2; (f) cytosolic Nrf2; and (g) whole cell NQO1 in H9c2 cells. 
Cells were pretreated with 0, 25, and 50 μM AST for 24 h, followed by treatment with either vehicle or 0.5 μM DOX for 24 h. Expression levels of these proteins were 
measured by immunoblotting. Data are shown as the mean ± SEM (n = 3 per group (e–g) and n = 4 per group (a–d)). *P < 0.05, **P < 0.01 and ****P < 0.001 
between respective groups. 
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Dunn’s multiple comparisons test. P values < 0.05 were considered to be 
statistically significant. 

3. Results 

3.1. Hydropersulfides outweigh other reactive sulfur species and 
dexrazoxane in limiting doxorubicin-induced toxicity in H9c2 cells 

First, we set out to compare the efficacy of various RSS (Fig. 1a) with 
H2S in attenuating/preventing DOX-induced stress in H9c2 car-
diomyoblasts. In keeping with previous reports [51,52], H9c2 cells 
exposed to DOX at 5 μM for 24 h induced significant cytotoxicity 
(Fig. 1b), analyzed by a CCK-8 assay [39]. The CCK-8 assay utilizes a 
water-soluble tetrazolium dye WST-8 and measures the reductive ca-
pacity of the cell based on the levels and/or availability of intracellular 
reduced nicotinamides (NADH or NADPH). In this assay, the extracel-
lular WST-8 is reduced by viable cells to a water-soluble formazan 
compound, which is directly proportional to the number of living cells 
and is measured spectrophotometrically by absorbance at 450 nm [41]. 
Also consistent with previous studies [53,54], pretreatment of H9c2 
cells with sodium sulfide (Na2S) at 25 μM for 4 h shows minor protection 
against DOX. Na2S is not an ideal H2S donor because it rapidly releases 
H2S in aqueous solution [55], differing from the likely slow enzymatic 
generation of H2S in biological systems. Hence, we tested a previously 
reported H2S donor 1 that slowly releases H2S in the presence of thiols 
with a half-life of approximately 10 min under our experimental con-
ditions (Fig. 1a) [39]. The cell viability assay shows a slightly improved 
cytoprotection by H2S donor 1 over Na2S, consistent with a more sig-
nificant benefit from slower H2S donation. Polysulfide species, including 
inorganic polysulfides and dialkyl polysulfides, have been reported to 
exert protective effects against oxidative damage [56,57]. Hence, we 
also measured the cytoprotective potential of polysulfides. Sodium 
trisulfide (Na2S3) and N-acetyl-O-ethyl cysteine trisulfide (Cys-S3) are 
found to be ineffective against DOX toxicity. We then tested RSSH donor 
AST that slowly (t1/2 = 129 min) releases N-acetylpenicillamine 
hydropersulfide (NAP-SSH) and phenol as a byproduct [40]. Interest-
ingly, AST significantly ameliorates DOX-induced cytotoxicity. Under 
similar conditions, the phenol byproduct shows only mild protection. 
Similarly, N-acetyl penicillamine (NAP), a thiol control that lacks the 
sulfane sulfur of NAP-SSH also shows mild protection, indicating that 
AST cytoprotective assets stem from RSSH generation. Although both 
CysS3 and AST produce RSSH, the better cytoprotection observed with 
AST is presumably attributed to its ability to generate a t-alkyl 

hydropersulfide, which is more persistent than the primary alkyl 
hydropersulfide generated from CysS3 [58]. For comparison with a more 
traditional antioxidant and cytoprotectant, N-acetyl cysteine (NAC) [59, 
60], shows only mild protection against DOX under our experimental 
conditions. The cytoprotective effect of AST was independently evalu-
ated using the Sytox Green assay, due to the possibility of background 
reduction of WST-8 by reactive sulfur species leading to artifactual 
viability measurements [61]. This assay measures the cell membrane 
integrity as Sytox Green does not cross intact membranes, but quickly 
penetrates compromised membranes characteristic of dead cells [62]. 
Consistent with the observed CCK-8 assay results, AST also shows pro-
tective effects against DOX-mediated toxicity in H9c2 cells (Supple-
mentary Information, Fig. S8) by the Sytox Green assay. 

We next assessed AST-derived RSSH beneficial effects at different 
concentrations. We observed a dose-dependent impact (Fig. 1c). 
Notably, AST shows protection with doses as little as 3.1 μM and 
maximum protection at 25 μM. Beyond this concentration, cytopro-
tection marginally declined. We also measured the cytoprotection abil-
ity of DRZ, the only FDA-approved drug available to treat DIC [15,63]. 
H9c2 cells pretreated with DRZ (6.3–200 μM) show only a modest 
improvement in cell viability (Fig. 1d). From these studies, RSSH donor 
AST is found to be most efficacious against DOX toxicity in H9c2 car-
diomyoblasts, and was therefore examined in further studies. 

3.2. Hydropersulfides efficiently mitigate DOX-induced ROS emission via 
Nrf2 activation 

We next interrogated the mechanism(s) of RSSH-mediated cytopro-
tection. Initially, we examined whether pretreatment with RSSH coun-
ters the DOX-induced increase in ROS emission. ROS levels in H9c2 cells 
were measured by electron paramagnetic resonance (EPR) spectroscopy 
in a real-time and quantitative manner, employing the spin probe 1-hy-
droxy-3-methoxycarbonyl-2,2,5,5-tetramethyl-pyrrolidine (CMH) [64]. 
Mitochondrial ROS was measured using 1-hydroxy-4-[2-(triphenylphos-
phonio)-acetamido]-2,2,6,6-tetramethylpiperidine (mitoTEMPO-H) 
[44]. The spin probes CMH and Mito-TEMPO-H used in this study are 
specific for both superoxide and hydroxyl radicals [65]. These 
oxygen-based radicals oxidize the spin probes to form the corresponding 
nitroxide radical, which is detected using EPR spectroscopy [66]. As 
expected, DOX exposure in H9c2 cells results in a major surge of ROS in 
both whole cells and mitochondria compared with vehicle control 
(Fig. 2a and b). On the contrary, AST-pretreated cells displayed a 
marked reduction of DOX-induced ROS levels in whole cells and 

Fig. 3. RSSH donor AST restores DOX-mediated decreases in expression of nuclear PGC-1α and its downstream product, cytosolic TFAM. (a) Relative expression level 
of nuclear PGC-1α, and (b) cytosolic TFAM of H9c2 cells. H9c2 cells were pretreated with 0, 25, and 50 μM AST for 24 h followed by treatment with vehicle or 0.5 μM 
DOX 24 h. Protein expression levels were determined by immunoblotting. (c) Caspase 3-like activity of H9c2 measured using a colorimetric assay. Data are shown as 
the mean ± SEM (n = 3–4 per group). *P < 0.05, **P < 0.01 and ****P < 0.001 vs. control groups and between respective groups. 
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mitochondria (Fig. 2c and d). Of note, even without DOX exposure, AST 
treatment significantly decreased ROS levels in whole cells and 
marginally in mitochondria. Thus, RSSH supplementation effectively 
mitigates DOX-induced ROS generation in H9c2 cells. 

RSS, including RSSH, can activate the Kelch-like ECH-associated 
protein 1 (Keap1)/transcription nuclear factor erythroid 2-related factor 
2 (Nrf2) system [67–69]. The multifunctional regulator Nrf2 is a cyto-
protective factor regulating the expression of genes coding for antioxi-
dant, anti-inflammatory, and detoxifying proteins. On these grounds, we 
tested whether RSSH counter DOX-mediated oxidative stress via 
Nrf2-dependent antioxidant pathways. Immunoblotting analysis indeed 
revealed that treatment of H9c2 cells with RSSH donor AST at both 25 
μM and 50 μM for 24 h modestly increases nuclear Nrf2 levels compared 
with untreated control (Fig. 2e). Nuclear accumulation of Nrf2 is also 
demonstrated in cells treated with DOX. Importantly, nuclear Nrf2 levels 
are found to be markedly elevated when cells are treated with both AST 
and DOX (Fig. 2f). Moreover, the nuclear to the cytosolic ratio of Nrf2 is 
found to be significantly increased compared to control, confirming the 
translocation of Nrf2 to the nucleus from the cytosol. 

Nrf2 is a critical regulator of intracellular antioxidants and phase II 
detoxification enzymes by transcriptionally upregulating many antiox-
idant response element (ARE)-dependent genes [70]. One of the genes 
regulated through Nrf2 is NAD(P)H quinone oxidoreductase (NQO1), an 
antioxidant/detoxifying enzyme that scavenges superoxide and protects 
cells against oxidative stress [71]. AST treatment heightens the levels of 
NQO1 in healthy and DOX-stressed H9c2 cells (Fig. 2g). Hence, these 
results show that RSSH administration activates Nrf2-dependent path-
ways, boosting endogenous antioxidant defenses in cardiac cells. 

3.3. Hydropersulfides activate PGC-1α and inhibit DOX-induced 
apoptosis in H9c2 cells 

Peroxisome proliferator-activated receptor γ coactivator 1α (PGC- 
1α) signaling is implicated in mitochondrial biogenesis and is potently 
activated when cells are exposed to mild oxidative stress to prevent cell 
damage [72,73]. Hence, we reasoned that PGC-1α could be a good 
candidate to explain RSSH-imparted benefits. First, using a Western 
blotting approach, we observed RSSH alone increases PGC-1α protein 
levels in H9c2 cells (Fig. 3a). Although we anticipated a DOX-mediated 
increase in PGC-1α expression, a decline was observed instead, pre-
sumably due to a large increase in DOX-induced ROS levels beyond the 
antioxidant capacity of these cells. Interestingly, RSSH pretreatment of 
H9c2 cells prevented a DOX-induced decrease in PGC-1α levels. PGC-1α 
interacts with nuclear receptors and transcription factors to further 
activate the transcription of genes including mitochondrial transcription 
factor A (TFAM), which is crucial for the transcription and maintenance 
of mtDNA as well as mtDNA nucleoid formation [74]. Consistent with 

the reduction of PGC-1α expression, DOX treatment of H9c2 cells shows 
a decrease in TFAM expression (Fig. 3b). However, AST pretreatment 
moderately rescues the DOX-induced reduction in TFAM expression. 

Cardiomyocyte apoptosis is the major feature of DOX cardiotoxicity 
[75], and inhibiting or attenuating cardiomyocyte apoptosis is an 
effective strategy to counter DOX-mediated cardiotoxicity [76]. More-
over, PGC-1α-dependent signaling can attenuate ROS-induced apoptotic 
cell death, for instance, by upregulating Nrf2 [77]. On the heels of this 
evidence, we then investigated if RSSH could inhibit DOX-induced 
apoptosis. Several apoptosis markers are known to be upregulated 
after DOX treatment, for example, caspase 3. We measured caspase-3 
activity as a marker of apoptosis in H9c2 cells using a colorimetric 
assay [45]. Consistent with previous results [78,79], we noted a sig-
nificant rise in caspase-3 activity in DOX-treated cells (Fig. 3c). Of 
relevance, AST pretreatment protected H9c2 cells from DOX-induced 
increase of caspase-3 activity, thus suggesting RSSH’s ability to miti-
gate DOX-induced apoptosis. In aggregate, these data sets indicate that 
RSSH-mediated activation of PGC-1α helps protect against DOX-induced 
mitochondrial stress, improving biogenesis, and these effects, in turn, 
better shield cardiomyocytes against DOX-induced apoptosis. 

3.4. RSSH potentiate DOX-induced toxicity in cancer cells 

A unique challenge in cardio-oncology is minimizing anticancer 
drugs’ cardiac adverse effects without affecting their therapeutic effi-
cacy. Hence, from a translational perspective, we felt it mandatory to 
determine whether RSSH obliterates or reduces the ability of DOX to 
inhibit cancer cell proliferative capacity. Intriguingly, pretreating MDA- 
MB-468 triple-negative breast cancer cells with RSSH donor AST exac-
erbates DOX-induced toxicity at all concentrations examined (6.3–100 
μM) (Fig. 4a). Of relevance, AST also did not reduce DOX efficacy in two 
other cancer cell lines, triple-positive breast cancer cells MCF-7 and 
hepatocellular carcinoma cells HepG2 (Fig. 4b and c). Taken together, 
this evidence suggests that a) RSSH’s effects on DOX efficacy are not 
limited to one particular cancer cell line and b) at least in the cancer 
lines examined here, RSSH potentiate DOX antiproliferative properties 
rather than attenuate them. 

3.5. Cancer cells have higher levels of reactive sulfur species and reducing 
equivalents than cardiac cells 

Sulfane sulfur species are enzymatically produced as an adaptive 
cellular response toward oxidative stress [80,81]. Given this and the 
above-reported data, we speculate that the RSSH opposing effects 
observed in cardiac vs. cancer cells could be due to differences in basal 
(native) RSS levels in cardiac vs. cancer cells. To test this novel possi-
bility, we first measured H2S levels using HSip-1, a fluorescence probe 

Fig. 4. RSSH donor AST increases the efficacy of DOX in cancer cells. Cell viability of (a) MDA-MB-468, (b) MCF-7, and (c) HepG2 cells that were pretreated with 
AST (6.3–100 μM) for 4 h followed by DOX (5 μM) for 24 h. Cell viability is assessed using CCK-8 assay. Data are shown as the mean ± SEM (n = 3 per group). *P <
0.05, and **P < 0.01 vs. DOX group. 
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that has been extensively used for H2S detection [48]. Based on the 
widespread use of HSip-1 for intracellular H2S detection, we assume that 
permeability and retention of HSip1 are the same in different cell types. 
Fluorescence analysis reveals a dramatic difference in levels, with orders 
of magnitude higher H2S in cancer cells compared with cardiac cells 
(Fig. 5a). We then measured sulfane sulfur levels using fluorescence 
probes SSP4 [47]. Similar to the elevated H2S levels, we observed 

significantly higher sulfane sulfur levels in cancer cells compared with 
H9c2 cells (Fig. 5b). Following established protocols [47,82], we used 
cetyltrimethylammonium bromide (CTAB) as a surfactant in H2S and 
sulfane sulfur detection assays, assuming that at the concentration 
employed in our study, it does not denature proteins or impact RSS 
speciation. Importantly, our observation of higher RSS levels in cancer 
cells is supported by the upregulation of H2S-producing enzymes in 

Fig. 5. Cancer cells have higher basal level of H2S, sulfane sulfur and reducing equivalents. RSSH donor AST restores the reduction of GSH in H9c2 cells while 
depleting GSSG in cancer cells, leading to increased ROS emission in the mitochondria of cancer cells. Basal level of (a) H2S; (b) sulfane sulfur; and reducing 
equivalents (c) NADH/NAD+ of H9c2 and cancer cells. Absolute GSH, absolute GSSG and the GSH/GSSG ratio change of (d) H9c2 and (e) MDA-MB-468 cells. (f) 
whole cell, and (g) mitochondrial ROS emissions are measured by EPR spectroscopy. (h) Schematic illustration of ROS generation following reductive stress due to 
lowered mitochondrial GSSG, which normally acts as a primary electron acceptor. Cells were pretreated with 0 or 25 μM AST for 4 h followed by co-treatment with 5 
μM DOX for 24 h H2S and sulfane sulfur species levels were measured using fluorescent probes. NADH/NAD+ and GSH/GSSG ratio were measured using colorimetric 
assays. Absolute GSH, absolute GSSG, and the GSH/GSSG ratio were measured using colorimetric assays. Data are shown as the mean ± SEM (n = 3 per group (a–e), 
n = 6–8 per group (f), and n = 6–7 per group (g)). *P < 0.05, **P < 0.01 and ****P < 0.001 vs. control group. #<0.05 and ###<0.005 between respective groups. 
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different cancers, including colon, ovarian, breast, thyroid, prostate, 
bladder, gastric, hepatoma cancers, etc. [83]. Next, we tested if cells 
increase H2S and sulfane sulfur species in response to DOX-induced 
stress. A rise in H2S and sulfane sulfur levels were observed in both 
cardiac and cancer cells after exposure to the DOX (Fig. 5a and b). Thus, 
both cell types, i.e., cancer and cardiac, enhance the biosynthesis of 
sulfane sulfur as an adaptive response to protect against DOX-mediated 
oxidative stress. Elevated RSS levels in cancer cells can be rationalized 
based on previous findings that stimulation of RSS biosynthesis has been 
associated with increased cellular proliferation [84]. 

3.6. RSSH induces reductive stress in DOX-treated cancer cells 

Cancer cells possess higher reducing equivalents to counter oxidative 
stress than normal cells [85]. As a result, we hypothesize that 
DOX-treated cancer cells may enter a reductive stress state upon sup-
plementation with RSSH. We initially measured basal NADH/NAD+

ratios to test this hypothesis directly using a colorimetric assay [49]. A 
significantly higher basal NADH/NAD+ ratio is observed in 
MDA-MB-468 cells compared to H9c2 cells (Fig. 5c). Similarly, higher 
NADH/NAD+ ratios are observed in MCF-7 and HepG2 cells. Impor-
tantly, a higher ratio of GSH/GSSG is also observed in cancer cells 
compared with the H9c2 cells (Supplementary Information, Fig. S1). 
These results suggest that cancer cells have higher levels of reducing 
equivalents such as GSH and NADH compared with cardiac cells, which 
following DOX treatment presumably makes them susceptible to 
RSSH-mediated reductive stress. These results also indicate that exoge-
nous augmentation of RSS is likely more deleterious in DOX-treated 
cancer cells because basal H2S/sulfane sulfur levels are already very 
high leading to reductive stress, but protective in DOX-treated cardiac 
cells where these levels are much lower. 

To probe the reductive stress hypothesis further, we measured the 
change of reducing equivalents following treatment with RSSH donor 
AST and DOX. Treatment of H9c2 cells with DOX decreases both abso-
lute GSH and GSH/GSSG ratios. Still, no significant change in absolute 
GSSG was observed (Fig. 5d). Interestingly, we found that H9c2 cells 
pretreated with RSSH are immune to DOX-mediated reduction in GSH 
levels. Instead, a higher level of GSH and GSSG in the H9c2 cells was 
detected when treated with both AST and DOX (Fig. 5d). These results 
suggest that RSSH increases GSH levels, and primes cardiac cells to 
counter DOX-mediated lethal effects. The latter evidence is consistent 
with our finding that RSSH activates the Nrf2 pathway, which is known 
to activate GSH biosynthesis [86]. Similarly, for MDA-MB-468 cells, 
DOX treatment lowers both absolute GSH and GSH/GSGG ratio signifi-
cantly (Fig. 5e). However, co-treatment of DOX with AST results in 
significantly higher GSH and GSH/GSSG levels, but lower GSSG, than 
DOX control. 

GSSG can serve as an electron acceptor for redox-balancing enzymes 
in mitochondria [87]. The depletion of GSSG as a result of reductive 
stress directs electrons to oxygen, resulting in a counter-intuitive burst of 
mitochondrial ROS species under these conditions(Fig. 5h) [86]. To 
determine if RSSH treatment indeed results in a surge of mitochondrial 
ROS levels in cancer cells, we directly measured whole-cell and mito-
chondrial ROS levels using EPR studies. As expected, treatment of 
MDA-MB-468 cells with DOX increased ROS levels in both whole cells 
and mitochondria (Fig. 5f and g and Supplementary Information, 
Fig. S2). RSSH donor AST attenuates DOX-mediated whole-cell ROS 
levels, but notably exacerbates mitochondrial ROS levels (Fig. 5g). 
Conversely, RSSH curtails both whole-cell and mitochondrial ROS levels 
in cardiac cells (Fig. 2a–d). Thus, RSSH instills a reductive stress status in 
DOX-treated cancer cells, reducing their survival, an effect stemming 
from their already elevated basal levels of sulfane sulfur and other 
reducing equivalents. 

4. Discussion 

Cardio-oncology currently faces at least two primary unmet or 
partially met clinical milestones: reducing the cardiotoxicity of anti-
cancer drugs, such as anthracyclines including DOX, and not de- 
potentiating their therapeutic efficacy when anthracyclines are com-
bined with cardioprotective agents. Here, we report the following new 
evidence: 1) RSSH effectively protect H9c2 cardiac cells against DOX- 
induced toxicity; 2) RSSH supplementation alleviates the DOX-evoked 
ROS increase in these cells via Nrf2 signaling, boosting antioxidant de-
fenses; 3) RSSH activates PGC-1α, and decrease cardiac cell apoptosis by 
countering caspase-3 activity; 4) RSSH potentiates anticancer DOX ef-
fects in three different cancer cell lines, prompting reductive stress in 
these cells. 

4.1. RSSH are better cardioprotectants than other H2S-related species due 
to their distinct chemical properties, i.e., stronger nucleophilic and reducing 
ability 

RSS play a critical role in maintaining redox homeostasis and cell 
survival via scavenging deleterious ROS and electrophiles [36,80]. 
However, it is not fully clear if there are any pharmacological advan-
tages in the use of one specific RSS over others. The instability of RSSH 
species and the rapid interconversion among different RSS further 
complicates a comparison of their therapeutic effects [33,88]. Building 
on our previous studies [38–40,89] and searching for novel anti-AIC 
strategies, we explored RSS such as H2S, RSSH, inorganic polysulfides, 
and dialkyl trisulfides as cytoprotective agents against DOX toxicity. To 
do so, we leveraged small molecule donors that efficiently produce each 
of the RSS cleanly and examined their individual protective effects 
against DOX toxicity. Consistent with previous reports [23,24,51,53, 
54], we observe that Na2S protects cardiac cells against DOX toxicity. 
Slower H2S donor 1 shows slightly improved protection over Na2S, but 
polysulfides did not afford protection, at least under our experimental 
conditions. Similarly, NAC shows mild protection. Interestingly, RSSH 
donor AST exhibits potent cytoprotection superior to FDA-approved 
DRZ at all concentrations tested. These results are consistent with our 
recent report demonstrating that RSSH effectively limits irreversible 
myocardial ischemia-reperfusion injury compared with H2S and dia-
lkylpolysulfides in the ex vivo Langendorff model [38]. 

Possible explanations for RSSH being a better cytoprotectant than 
other RSS include their distinct chemical properties, i.e., stronger 
nucleophilic and reducing ability [36,90,91]. RSSH are among the best 
H-atom donors identified, reacting with various radicals with rate con-
stants several orders of magnitude greater than those measured for the 
corresponding RSH [92]. Accordingly, RSSH can potently inhibit 
ROS-mediated lipid peroxidation and cell membrane damage, potently 
inhibiting ferroptosis induced in mouse embryonic fibroblasts [80,93]. 
In addition to the direct scavenging of free radicals, the potency of RSSH 
may stem from their ability to activate endogenous antioxidant path-
ways, for example, via Nrf2. Our results clearly demonstrate the 
RSSH-mediated activation of Nrf2 levels and subsequent activation of 
antioxidant response element (ARE)-dependent genes as confirmed by 
elevated levels of NQO1, both in healthy and DOX-stressed H9c2 cells. In 
addition, our experiments show that AST treatment increases PGC-1α 
levels in H9c2 cells. Thus, RSSH may be uniquely effective as it elicits 
multifaceted protection modes against DOX toxicity. 

4.2. RSSH potentiate rather than diminish DOX anticancer effects 

Another intriguing observation is that RSSH pretreatment potenti-
ates, rather than diminishes, DOX’s anticancer effects. We attribute this 
favorable effect to differences in basal and DOX-stressed RSS levels in 
cardiac vs. cancer cells. The observed rise in H2S/sulfane sulfur levels 
after DOX suggests an adaptive response by both cell types. Our finding 
is consistent with a recent study by Dick and co-workers, who found 
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increased RSSH levels in cells after treatment with ferroptosis inducers 
[80]. In cancer cells, increased ROS production and oxidative stress are 
instigated by metabolic reprogramming of the rapidly proliferating cells 
[94]. Our finding supports the idea that cancer cells produce higher 
levels of RSS to counter the damaging effects of ROS and maintain redox 
homeostasis. DOX disturbs the redox homeostasis in both cancer and 
cardiac cells by increasing ROS levels beyond the cellular antioxidant 
capacity, ultimately leading to cell death. Because cardiac cells have 
much lower levels of antioxidant enzymes [10] and RSS, exogenous 
augmentation of RSS via RSSH administration protects cardiac cells 
against DOX-mediated oxidative stress. On the other hand, since cancer 
cells have higher basal levels of RSS, administration of RSSH may push 
cancer cells away from redox balance towards reductive stress, ulti-
mately leading to cell death. However, AST treatment alone does not 
show cytotoxicity against three different cancer cell lines, at least up to 
200 μM (Supplementary Information, Fig. S3). These results suggest that 
DOX-treated cancer cells are sensitive to RSSH-mediated reductive stress 
(Fig. 6). In aggregate, RSSH precursor AST is effective against 
DOX-induced cardiotoxicity in cardiac cells while maintaining or even 
enhancing DOX efficacy in killing cancer cells via reductive stress. 

In general, the persulfidation of cysteine residues has been proposed 
as protective by preventing irreversible thiol oxidative and electrophilic 
damage [30,32,37]. However, it is possible that RSSH can induce 
oxidative stress via the conversion of protein thiols (PSH) to PSSH or 
PSSR [81]. Conversion to PSSH and/or PSSR may result in protein 
inactivation if a particular cysteine residue is crucial to protein activity. 
Thus, an alternate explanation is that RSSH-mediated oxidative stress 
results in cancer cells being more vulnerable to DOX toxic effects. 
Although further work will be necessary to fully understand the 
opposing action of RSSH in cancer vs. cardiac cells, the data presented 
here support the use of RSSH donors as a potential treatment for DIC. 
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[84] K. Erdélyi, T. Ditrói, H.J. Johansson, Á. Czikora, N. Balog, L. Silwal-Pandit, T. Ida, 
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