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transition pore; R/A risk to all (entire myocardial area); TTC triphenyltetrazolium 

chloride; TV thiovaline; VASP vasodilator-associated phosphoprotein 
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Abstract 

Hydrogen sulfide (H2S) is a signaling molecule with protective effects in the 

cardiovascular system. To harness the therapeutic potential of H2S, a number of 

donors have been developed. The aim of the present study was to compare the 

cardioprotective actions of representative H2S donors from different classes and to 

study their mechanisms of action in myocardial injury in vitro and in vivo. Exposure 

of cardiomyocytes to H2O2 lead to significant cytotoxicity which was inhibited by 

sodium sulfide (Na2S), thiovaline (TV), GYY4137 and AP39. Inhibition of nitric 

oxide (NO) synthesis prevented the cytoprotective effects of Na2S and TV, but not 

GYY4137 and AP39, against H2O2-induced cardiomyocyte injury. Mice subjected to 

left anterior descending coronary ligation were protected from ischemia-reperfusion 

injury by the H2S donors tested. Inhibition of NOS in vivo blocked only the beneficial 

effect of Na2S. Moreover, Na2S, but not AP39, administration enhanced endothelial 

NOS and vasodilator stimulated phosphoprotein  phosphorylation. Both Na2S and 

AP39 reduced infarct size in mice lacking cyclophilin-D (CypD), a modulator of the 

mitochondrial permeability transition pore (PTP). Nevertheless, only AP39 displayed 

a direct effect on mitochondria by increasing mitochondrial Ca2+ retention capacity, 

an evidence of decreased propensity to undergo permeability transition. We conclude 

that although all H2S donors tested limit infarct size, the pathways involved were not 

conserved. Na2S had no direct effects on PTP opening and its action was NO-

dependent. In contrast, the cardioprotection exhibited by AP39, could result from a 

direct inhibitory effect on PTP, acting at a site different than CypD.  
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Introduction 

Hydrogen sulfide (H2S) is a recently identified signaling molecule with important 

functions throughout the body (Szabo, 2007; Li et al., 2011; Paul and Snyder, 2012). 

Cardiovascular homeostasis relies on the production of adequate H2S levels (Wang, 

2012; Polhemus et al., 2014). Although H2S can be generated non-enzymatically, the 

majority of H2S is believed to be produced through the action of cystathionine γ-lyase, 

cystathionine β-synthase and 3 mercaptopyruvate sulfurtransferase (Kabil and 

Banerjee, 2014; Kimura, 2014). In blood vessels, endogenously produced H2S reduces 

blood pressure by promoting vasorelaxation (Yang et al., 2008; Bucci et al., 2012), 

enhances angiogenesis by stimulating endothelial cell proliferation and migration 

(Papapetropoulos et al., 2009; Coletta et al., 2012), prevents atherosclerosis 

development (Mani et al., 2013) and ameliorates diabetic complications (Wang et al., 

2015). In the heart, endogenous H2S limits oxidative stress and reduces myocardial 

injury after ischemia-reperfusion (Kondo et al., 2013; King et al., 2014).   

 

Given the pleiotropic beneficial actions of H2S in the cardiovascular system, 

investigators have utilized pharmacological agents to deliver H2S to prevent organ 

dysfunction or treat disease in animal models (Szabo, 2007; Wang, 2012; Wallace and 

Wang, 2015). In the first era of H2S research, the sodium salts NaHS and Na2S were 

almost exclusively utilized to administer H2S (Papapetropoulos et al., 2015). 

However, these agents suffer a major drawback in that they produce H2S instantly in 

aqueous solutions (Kashfi and Olson, 2013; Zheng et al., 2015). Production of H2S 

from salts (NaHS or Na2S) can’t be controlled and H2S is generated after pH-

dependent dissociation. In open systems, like in cultured cells and ex vivo organ bath 
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studies, H2S levels decline rapidly due to volatilization (DeLeon et al., 2012). The 

typical concentrations of salts used result in transiently toxic levels of H2S. Fewer 

studies have employed naturally occurring H2S donors, mainly garlic-derived allyl 

polysulfides, as an alternative means to deliver H2S (Benavides et al., 2007; Predmore 

et al., 2012; Panza et al., 2015). The first donor to be synthesized that generates H2S 

in slow manner, mimicking the low level endogenous production was GYY4137 (Li 

et al., 2008). Analogues of GYY4137 are now available with considerably different 

rates of Η2S release and pharmacological properties (Whiteman et al., 2015).  

 

Salts and GYY4137 exemplify the two extremes in terms of H2S production rates. 

The need to develop donors with improved properties for use as research tools and 

potential therapeutic agents, lead to the synthesis of thioaminoacids (Zhou et al., 

2012), arylthioamides (Martelli et al., 2013), N-mercapto (N-SH)-based 

derivatives(Zhao et al., 2011; Zhao et al., 2015), 1,2-Dithiole-3-thiones (Caliendo et 

al., 2010),  dithioperoxyanhydrides (Roger et al., 2013), photo-induced (Zheng et al., 

2015) and esterase-sensitive prodrugs (Zheng et al., 2016) as H2S donors. Water 

solubility, oral bioavailability, an intermediate H2S release rate and generation of H2S 

in a controlled fashion (as for example after enzymatic activation), are among the 

desirable properties of an “ideal” donor. Two more classes of donors are worth 

mentioning: mitochondrial-targeted H2S and hybrid, bifunctional donors (Kashfi and 

Olson, 2013; Le Trionnaire et al., 2014; Szczesny et al., 2014). Representatives of the 

first class are AP39 and AP123. In the second class several molecules carrying a H2S 

donating moiety bound to a known pharmacophore structure have been reported. A 

naproxen-based H2S donor (ATB346) is in clinical development as a safer non-

steroidal anti-inflammatory agent to treat arthritis (Wallace and Wang, 2015).  We 
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recently reported on adenine-H2S slow release hybrids that are effective in reducing 

infarct size in vivo (Lougiakis et al., 2016).  

 

Apart from the differences in physicochemical properties and rates of H2S release 

from donor molecules, differences in the signaling pathways utilized by H2S donors 

have been noted.  We observed that when added to smooth muscle cells NaHS and 

thioaminoacids enhance cGMP accumulation by inhibiting phosphodiesterase activity, 

while GYY4137 only did so at very high concentrations (Bucci et al., 2012; Zhou et 

al., 2012). NaHS can additionally enhance cGMP levels by promoting eNOS 

phosphorylation and increasing NO production (Bibli et al., 2015). We and others 

have observed that the infarct-limiting action of sulfide salts is NO-dependent (King 

et al., 2014; Bibli et al., 2015; Sun et al., 2016). 

 

Given the importance of the NO/cGMP pathway in cardioprotection and the lack of 

comparative mechanistic studies on H2S donors in the context of cardioprotection, 

herein we selected representative H2S donors (ultra-fast, intermediate, slow and  

mitochondrial), to assess their ability to rescue the myocardium after ischemia-

reperfusion injury in vivo. Furthermore, we evaluated the contribution of NO to the 

beneficial effects of each donor using in vitro and in vivo systems.    
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Materials and Methods 

Reagents  

DMEM and 10% fetal bovine serum (FBS) were obtained from Gibco-Thermo 

Scientific (Waltham, MA, USA). The LDH cytotoxicity assay kit was purchased from 

Cayman Chemical (Lab Supplies-P. Galanis & Co, Greece). The following primary 

antibodies phospho eNOS (S1176), pVASP, total eNOS and VASP, β-tubulin, and the 

goat anti-rabbit HRP antibody were from Cell Signaling Technology (Beverly, MA, 

USA). The SuperSignal chemiluminescence kit were from Thermo Scientific 

Technologies (Waltham, MA, USA). H2O2 was obtained from AppliChem GmbH 

(Darmstadt, Germany). GYY4137, AP39 and thiovaline were synthesized as 

previously described (Zhou et al., 2012; Le Trionnaire et al., 2014; Alexander et al., 

2015). DT2 was obtained from BIOLOG Life Science Institute (Bremen, Germany).  

Calcium Green-5N, protease and phosphatase inhibitor cocktail were purchased from 

ThermoFisher Scientific (Waltham, MA, USA). All other reagents including Na2S, 

NaCl, NaF, EDTA, EGTA, PMSF, Nargase, cyclosporine A, LNAME, TTC (2,3,5-

triphenyltetrazolium chloride) and MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) were from Sigma-Aldrich Chemie GmbH (Taufkirchen, 

Germany).    

 

Animals 

Male C57BL/6J and CypD KO mice 8 to 12 week old were used. C57BL/6J were 

purchased from Alexander Fleming Institute (Athens, Greece) and CypD KO (same 

genetic background as wild-type mice) were bred in the animal facility of 

Universitätsmedizin der Johannes Gutenberg-Universität Zentrum für Kardiologie I - 
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Labor für Molekulare Kardiologie (Mainz, Germany). Mice were housed in a specific 

pathogen-free facility at 20 – 25°C and received water and food (regular laboratory 

animal diet) ad libitum.  All animal procedures were in compliance with the European 

Community guidelines for the use of experimental animals; experimental protocols 

were approved by the Ethical Committee of the Prefecture of Athens or Johannes 

Gutenberg University (Landesuntersuchungsamt Koblenz).  

 

Cell culture  

The rat embryonic-heart derived H9c2 cell line was obtained from ATCC (CRL-

1446™) (ATCC, LGC Standards, Middlesex, UK). H9c2 cells were cultured in 

Dulbecco’s modified essential medium DMEM containing 25 mM D-glucose, 1 mM 

sodium pyruvate,  and supplemented with 10% fetal bovine serum (FBS), 2 mM L-

glutamine, 1% streptomycin (100 μg/ml), and 1% penicillin (100 U/ml) at pH 7.4 in a 

5% CO2 incubator at 37°C. For differentiation, H9c2 were seeded and allowed to 

grow to confluence. The medium was then replaced to DMEM containing 1% FBS 

with 10 nM all-trans-retinoic acid for 7 days. Culture of H9c2 myoblasts in low 

serum media and stimulation with 10 nM all-trans-retinoic acid for seven days 

resulted in the appearance of elongated cells connecting at irregular angles 

reminiscent of cells with a cardiac phenotype.  

 

In vitro oxidative stress and anoxia/re-oxygenation  

To induce oxidative stress injury H9c2 cells (1.5x104 per well) were differentiated in 

96-well plates. The cells were treated with 500μM H2O2 in serum-free DMEM for 

12h in a 5% CO2 incubator at 37°C. In the anoxia/re-oxygenation (A/R) assay, 
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differentiated H9c2 cells in 96 well plates were placed in an anaerobic chamber 

containing a mixture of 95% N2 and 5% CO2 at 37°C for 48h. Following anoxia, cells 

were incubated under normal growth conditions (95% air and 5% CO2) for an 

additional 24 h. 

 

MTT measurement 

H9c2 cells were seeded in 96-well plates at 10,000-15,000 cells per/ well in growth 

medium. Following oxidative stress injury or A/R; cell survival was assessed in 

differentiated H9c2 cells by using the conversion of MTT (3-(4, 5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide) to formazan. Cells were incubated with MTT at 

a final concentration of 0.5 mg/ml, for 2 h at 37°C. The formazan formed was 

dissolved in solubilization solution (10% Triton-X 100 in acidic 0.1N HCl 

isopropanol); subsequently, absorbance was measured at 595 nm with a background 

correction at 750 nm using a microplate reader. 

 

LDH measurement 

Lactate dehydrogenase (LDH) release was used to detect cytotoxicity/cell death using 

a commercially available kit. In brief, supernatant medium was collected and 

centrifuged at 400xg for 5 minutes. Cell supernatant (100 μl) was transferred to a new 

96-well assay plate and 100 μl of reaction solution- containing 1 mM NAD+, 85 mM 

lactic acid, 0.5mM INT and LDH diaphorase- was added to each well. The plate was 

incubated for 30 minutes at 37oC with gentle shaking.  Absorbance was read at 490 

nm with a plate reader.  
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Western Blot Analysis 

Frozen ischemic samples were pulverized and homogenized with the lysis buffer (1% 

Triton X100, 20 mM Tris pH 7.4-7.6, 150 mM NaCl, 50 mM NaF, 1 mM EDTA, 1 

mM EGTA, 1 mM Glycerolphosphatase, 1% SDS, 100 mM PMSF, supplemented 

with protease and phosphatase inhibitor cocktail). The lysates were centrifuged at 

11,000 g for 15 min at 4 °C. The supernatants were collected and the protein 

concentration was determined based on the Lowry assay. The supernatant was mixed 

with a buffer containing 4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.004% 

bromophenyl blue, 0.125 M Tris/HCl. The samples were then heated at 100oC for 10 

min and stored at -80oC. An equal amount of protein was loaded in each well and then 

separated by sodium dodecylsulfate-polyacrylamide gel (SDS-PAGE) electrophoresis 

and transferred onto a polyvinylidene difluoride membrane. After blocking with 5% 

non-fat dry milk, membranes were incubated overnight at 4 °C with primary antibody. 

The following primary antibodies were used: phospho VASP (S239), phospho eNOS 

(S1176), total eNOS, total VASP, β-tubulin (dilution for all primery Ab was 1:1,000). 

Membranes were then incubated with secondary goat anti-rabbit HRP antibody 

(1:2,000) for 2 h at room temperature and developed using the Supersignal 

chemiluminesence ECL Western Blotting Detection Reagents. Relative densitometry 

was determined using a computerized software package (NIH ImageJ) and the values 

for phosphorylated were normalized to the values for total proteins respectively. 

 

Ischemia-Reperfusion Injury model in vivo 

Male mice were randomly divided into groups and anesthetized by intraperitoneal 

injection with a combination of ketamine and xylazine (0.01 mL/g, final 
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concentrations of ketamine, xylazine 10 mg/mL and 2 mg/mL,  respectively). 

Aaesthetic depth was evaluated by the loss of pedal reflex to toe-pinch stimulus and 

breathing rate. A tracheotomy was performed for artificial respiration at 120-150 

breaths/min. A thoracotomy was then performed between the fourth and fifth ribs and 

the pericardium carefully retracted to visualize the left anterior descending (LAD) 

coronary, which was ligated using a 7-0 prolene monofilament polypropylene suture 

placed 3 mm below the tip of the left auricle. The heart was allowed to stabilize for 15 

minutes prior to ligation to induce ischemia. After the ischemic period, the ligature 

was released allowed reperfusion of the myocardium. Throughout experiments, body 

temperature was maintained at 37oC + 0.5oC by way of a heating pad and monitored 

via a thermocouple inserted rectally. After reperfusion hearts were rapidly excised 

from mice and directly cannulated and washed with 2.5 ml saline-heparin 1% for 

blood removal. 0.2 ml of 1% Evans blue, diluted in distilled water was then infused 

into the heart. Hearts were kept  at -200C for 1 h and then sliced in 1 mm sections 

parallel to the atrio-ventricular groove. The tissues were incubated in 5 mL of 1% 

TTC phosphate buffer 370C for 15 min and then fixed in 4% formaldehyde overnight. 

Slices were  then compressed between glass plates 1 mm apart and photographed 

with a Cannon Powershot A620 Digital Camera through a Zeiss 459300 microscope 

and measured with the NIH ImageJ. Measurements were performed in a blinded 

fashion. The areas of myocardial tissue at risk and infarcted were automatically 

transformed into volumes. Infarct and risk area volumes were expressed in cm3 and 

the percentage of infarct-to-risk area ratio (%I/R) and of area at risk to whole 

myocardial area (% R/A) were calculated. 

 

Experimental protocol 
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Wild-type (WT) C57BL/6 male mice or  CypD KO male mice were subjected to 30 

min regional ischemia of the myocardium followed by 2h of reperfusion with the 

following interventions. Control group (n = 8) with no further intervention; Na2S 

group (n = 8): Na2S was administered as an iv bolus dose of 1μmole/kg at the 20th 

min of ischemia; GYY-4137 group (n=8): GYY-4137 was administered as an iv bolus 

dose of 26.6μmole/kg at the 20th min of ischemia; AP39 group (n=8): AP39 was 

administered as an iv bolus dose of 250nmole/kg at the 20th min of ischemia, 

thiovaline group (n=8): thiovaline was administered as an iv bolus dose of 4μmole/kg 

at the 20th min of ischemia. The doses to be used for each donor were chosen as 

follows. In preliminary experiments, we administered three different doses of each 

donor based on literature reports (Li et al., 2008; Szabó et al., 2011; Tomasova et al., 

2015). The maximal dose that did not affect blood pressure (data not shown) was used 

throughout the present series of experiments.  

 

To inhibit endogenous NO production, mice were given L-NAME was given at 

10mg/kg (Bibli et al., 2015) at the 19th minute of ischemia, followed by a H2S donor 

as described above (n=8 animals per group). In mice receiving the cGMP-dependent 

protein kinase-I (PKG-I) inhibitor, DT2 was given at a dose of 0.37 mg/kg iv bolus 

(Bibli et al., 2015) 10 min before sustained ischemia followed by Na2S or AP39 as 

described above (n=8 per group). CypD KO control group (n=8), CypD KO+Na2S 

(n=11) and CypD KO+AP39 (n=9) group were treated as the wild type mice above.  

In another series of experiments, C57-Bl/6 were used (6 per group for control, Na2S, 

GYY4137, AP39, and thiovaline). The mice were subjected to the same 

interventions  up to the 10th min of reperfusion, when tissue samples from the 
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ischemic area of myocardium were collected, snap-frozen in liquid nitrogen, and 

stored at -80oC for western blot analysis of   eNOS and VASP phosphorylation.  

 

Mitochondrial Isolation 

C57BL/6 mice weighting 25-30 g were euthanized by cervical dislocation and hearts 

were quickly excised, rinsed and cut in the isolation buffer (225 mM mannitol, 75 

mM sucrose, 10 mM Hepes-Tris, 1 mM EGTA-Tris, pH 7.4). Subsequently, the tissue 

was homogenized in the isolation buffer added with 0.1 mg/ml Nagarse by the use of 

a glass-Teflon homogenizer. The homogenate was diluted in isolation buffer added 

with 0.2% w/v BSA, centrifuged at 500 x g at 4˚C and filtered through a 150 μm 

mesh. The supernatant was further centrifuged at 8000 x g to obtain the mitochondrial 

fraction. The pellet was washed with isolation buffer w/o BSA, centrifuged at 8000 x 

g and the final pellet was used for protein determination and further assays.  

 

Calcium Retention Capacity (CRC) Assay  

CRC assay was performed as previously described (Giorgio et al., 2013) to determine 

the susceptibility of mitochondria to undergo permeability transition. Isolated 

mitochondria were diluted in mitochondrial assay buffer (KCl 137 mM, KH2PO4 2 

mM, Hepes 20 mM, EGTA 20 µM, Glutamate/malate 5 mM, pH 7.2) at a 

concentration of 0.25 mg/ml. Extramitochondrial Ca2+ was measured by Calcium 

Green-5N (1 µM) fluorescence using a Fluoroskan Ascent FL (Thermo Electron) 

plate reader. Each minute, pulses of 10 μM Ca2+ were added to the cuvette, up to a 

point the accumulated Ca2+ is released due to the opening of the mitochondrial 

permeability transition pore. The experiments were conducted both in the absence and 
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in the presence of cyclosporin A (CsA) (1 µg/ml), a cyclophilin D (CypD) inhibitor. 

Mitochondria were exposed to different concentrations of Na2S, GYY-4137 or AP-39 

and their calcium retention capacity was determined.    

 

Statistical analysis 

Data were expressed as mean ± s.e.m. Statistical analysis was determined by using 

one or two way ANOVA and Dunnett’s or Bonferroni as a post-test or t-test analysis 

when appropriate. Differences were considered statistically significant when P-value 

was less than 0.05. GraphPad Prism software (version 4.02, GraphPad Software, San 

Diego, CA) was used for all the statistical analysis. 
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Results 

H2S donors protect against H2O2-induced injury in vitro 

Initially we set out to determine the effect of different H2S donors on H2O2-induced 

injury. Differentiated H9c2 cells were exposed to increasing concentrations of sodium 

sulphide (Na2S), thiovaline (TV), GYY4137 and AP39. In the absence of H2O2 cells 

were not affected by treatment with any of the H2S generating compounds (Fig.1A-

D). Na2S at concentrations over 10μΜ protected cells from H2O2 injury (Fig.1A), as 

assessed by MTT conversion to formazan.  We next tested TV, a H2S donor with 

intermediate release rate (Fig.1B).  Thiovaline exhibited a biphasic concentration-

response curve, with 0.01 and 0.1μM being protective, while 1μΜ had no effect. 

GYY4137 on the other hand, was only effective at the highest concentration used 

(Fig.1C), while the concentration-response curve of AP39 (Fig.1D) resembled that of 

TV, with injury-limiting effects actions evident at low concentrations (1 and 100nM) 

and higher concentrations (1µM) being ineffective. To confirm our observations in a 

different model of injury in vitro, we exposed cells to oxygen deprivation/re-

oxygenation. All of the compounds were used at the concentration affording maximal 

protection against H2O2 injury; in this series of experiments, H2S donors were 

cytoprotective as well (Fig.2). To evaluate the effect of different donors on cell 

viability we measured LDH release in supernatants of cells exposed to H2O2 or 

oxygen deprivation/re-oxygenation. LDH was increased in response to the injurious 

stimuli and H2S donors prevented this increase (Fig.3).  

 

Role of NO in cardiomyocyte protection in vitro 

 To determine the contribution of NO to the mechanism of action of H2S donors in 

their protective effect in the H2O2 injury model, we treated cells with a NOS inhibitor 
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prior to H2S donor exposure and evaluated cellular viability using MTT. Incubation 

with L-NAME did not significant increase H2O2-induced cytotoxicity (Fig.4), but 

Na2S-induced cytoprotection was reversed by NOS inhibition (Fig.4). In contrast, L-

NAME did not modulate the effects of GYY4137 and AP39, while the effects of TV 

were partially inhibited.  

 

Effects of H2S donors in vivo: NO-dependent and independent effects 

To evaluate the cardioprotective effects of Na2S, TV, GYY4137 and AP39 in 

ischemia-reperfusion in vivo, mice were subjected to 30min regional myocardial 

ischemia by left anterior descending coronary artery ligation, followed by 2hr of 

reperfusion. All groups had similar risk/all myocardium areas (Fig.5). We observed 

that all of the donors inhibited myocardial injury to a similar extent (Fig.5). Infarct to 

risk area (I/R) in the control group was 37.8+3.3%, while it was reduced to 

17.8+1.8%, 14.4+1.2%, 19.5+1.4%, 16.5+2.3% for Na2S, TV, GYY4137 and AP39, 

respectively. When L-NAME was used prior to H2S donor administration the 

protective effect of Na2S was abolished (Fig.6), while the responses to TV, GYY4137 

and AP39 remained unaffected. In subsequent experiments, we tested the contribution 

of cGMP/PKG in the protective action of Na2S and AP39, as representatives of the 

NO-dependent and the NO-independent H2S donors, respectively. We observed that 

inhibition of cGMP-dependent protein kinase, by DT2, reversed the infarct-limiting 

effect of Na2S, but not that of AP39 (Fig.7). In line with the pharmacological findings 

described above, Na2S promoted eNOS phosphorylation on the activator site S1176 in 

ischemic cardiac tissue (Fig.8). Na2S also increased VASP phosphorylation on 

Ser239, a site phosphorylated by PKG; AP39 altered neither phospho-eNOS nor 

phospho-VASP levels.   
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Evalutation of the effects of H2S donors on isolated heart mitochondria  

Cardioprotective pathways converge on the mitochondrial permeability transition pore 

(PTP), preventing its’ opening. One of the best characterized interacting partners of 

PTP that promotes opening is the mitochondrial protein cyclophilin-D (CypD). Infarct 

size in CypD KO mice was significantly reduced, in line with what has been 

previously reported (Baines et al., 2005). Both Na2S and AP39, further decreased 

infarct size, suggesting that the action of both H2S-generating agents is CypD-

independent (Fig.9).  

 

To determine the direct effects of H2S donors on mitochondria we performed in vitro 

experiments on isolated mouse heart mitochondria. AP39 increased mitochondrial 

CRC both in presence and absence of CsA. In contrast, GYY4137 had no effect on 

mitochondrial CRC, irrespectively of the presence of CsA. Moreover, Na2S did not 

alter the mitochondrial susceptibility to permeability transition (data not 

shown).These observations suggest that AP39 exerts direct mitochondrial effects, 

acting as a PTP desensitizer on a site different than CypD, while GYY4137 and Na2S 

use upstream signaling pathways to regulate the opening/closing status of PTP.    
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Discussion 

H2S has gained a lot of attention as a cytoprotective molecule in diseases associated 

with inflammation, apoptosis or necrosis (Kimura, 2009; Wang, 2012; Kabil et al., 

2014; Wallace and Wang, 2015). Several studies have already established its 

cardioprotective profile (Polhemus and Lefer, 2014; Salloum, 2015; Wang et al., 

2015). In the vast majority of the cases, H2S salts were used to deliver H2S (Szabó et 

al., 2011; Salloum, 2015). Herein, we compared some of the most commonly used 

H2S donors in vitro and in vivo. H2S donors inhibited oxidative stress-induced 

cardiomyocyte toxicity and anoxia/re-oxygenation injury in H9c2 cardiomyocytes. 

H2S donors reversed the H2O2 injury with a rank order of potency 

AP39>TV>Na2S>GYY4137. AP39 preferentially releases H2S in the mitochondria 

due to its triphenylphosphonium group that allows accumulation in this cellular 

compartment (Szczesny et al., 2014). AP39, in line with the literature, was the most 

potent in preventing H2O2-induced toxicity with 1nM sufficing to exert its biological 

effect (Szczesny et al., 2014). However, increasing AP39 concentration to 1μM, lead 

to reversal of the protective effect. A similar bell-shape curve was also noted for 

thiovaline that was the second most potent H2S donor used, exerting beneficial effects 

at 10nM. H2S donors have been shown to behave in an analogous fashion (bell-shaped 

concentration-response curves) in many instances (Szczesny et al., 2014; Hellmich et 

al., 2015; Ahmad et al., 2016).  

 

H2S donors, including DADS and SPRC, have been shown to rescue cultured 

cardiomyocytes from high glycose injury, doxorubicin-induced toxicity or ROS-

triggered injury (Szabó et al., 2011; Guo et al., 2013; Wu et al., 2015; Yang et al., 

2015). The mechanisms through which H2S donors have been proposed to exerts their 
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protective effects in these cultured cell systems include ATP-sensitive potassium 

channel and Akt activation,  inhibition of MAPK pathways (p38, JNK) and inhibition 

of ER stress, as well as antioxidant mechanisms (Szabó et al., 2011; Wang, 2012; Guo 

et al., 2013; Salloum, 2015; Wu et al., 2015; Yang et al., 2015). We and others have 

shown that the cardioprotective effects of H2S rely on eNOS (Kondo et al., 2013; 

King et al., 2014; Bibli et al., 2015). We therefore sought to determine whether 

different H2S donors have different requirements for NO to exert their effects. We 

found that NOS inhibition completely reversed the protective effects of Na2S and 

partially those of thiovaline. In line with this finding, Wu et al. (Wu et al., 2015) 

showed that H2O2 cytotoxicity was associated with decreased expression and 

phosphorylation (S1176) of eNOS and that treatment with another sulfide salt (NaHS) 

increased the ratio of p-eNOS/eNOS. In sharp contrast, to Na2S and thiovaline, the 

protective effect of GYY4137 and AP39 remained unaffected by L-NAME, 

suggesting that these agents exerted NO-independent effects. GYY4137 was shown to 

protect H9c2 cells from high glucose-induced cytotoxicity through a AMPK/mTOR 

pathway (Wei et al., 2013). On the other hand, AP39 was shown to protect endothelial 

cells exposed to glucose oxidase, through antioxidant mechanisms and by preserving 

mitochondrial DNA integrity (Szczesny et al., 2014). 

 

Several in vivo studies have demonstrated that exogenously administered H2S protects 

against myocardial infarction (Lilyanna et al.; Johansen et al., 2006; Calvert et al., 

2009; Calvert et al., 2010; Szabó et al., 2011; King et al., 2014; Zhang et al., 2014. 

Different laboratories have studied NaHS, Na2S, GYY4137, diallyl trisulfide, adenine 

analogues or N-mercapto (N-SH)-based agents and have found them to be 

protective{Bibli, 2015 #374; Zhao et al., 2015; Lougiakis et al., 2016). In all of the 
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studies performed so far a single donor is used. Almost inevitably, the experimental 

protocols differ between studies employing different species, duration of ischemia, 

different time at which the H2S donor was administered, and document their 

observations regarding cardioprotection at different times (as early as 2hr after 

reperfusion or as long days/weeks later). It would, therefore, be hard to compare the 

proposed mechanisms for the H2S donors used in the different studies. A common 

proposed mechanism among many studies demonstrating cardioprotection has been 

the requirement for eNOS for the H2S releasing salt to exert its effects (Predmore et 

al., 2012; Kondo et al., 2013; King et al., 2014; Bibli et al., 2015). To evaluate 

whether NO is required for the reduction in infarct size and cardioprotective effects of 

H2S donors, we systematically compared four H2S-producing agents: Na2S (an H2S 

generating sulfide salt), GYY4137 (a slow H2S releaser), thiovaline (an agent with 

intermediate rate of H2S release compared to Na2S and GYY4137) and AP39 (a 

mitochondrial-targeted H2S donor). Among these thiovaline and AP39 had not been 

tested before in animal models of myocardial ischemia/reperfusion injury. All of the 

compounds studied inhibited infarct size to a similar degree. However, only in the 

case of Na2S was the beneficial effect reversed by NOS inhibition. In agreement to 

this finding, eNOS and VASP phosphorylation, as indexes of enhanced activity of the 

NO/cGMP pathway, were only increased in Na2S-, but not in AP39-treated animals. It 

should also be noted that responses to sulfide salts were demonstrated to be NO-

dependent in angiogenesis, vasorelaxation and cardiac arrest (Minamishima et al., 

2009; Coletta et al., 2012). We have previously reported that NaHS reduced infarct 

size through a PKG/phospholamban pathway (Bibli et al., 2015). In agreement to this 

finding, the infarct size-reducing effect of Na2S was diminished by PKG-I inhibition. 

The results presented above, taken together, reinforce the notion for a differential 
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requirement of the cGMP/PKG pathway in the action of exogenously added H2S 

donor compounds. A similar observation has been made with regards to vasodilation, 

where NaHS but not GYY4137, was found to induce PKG-dependent effects (Bucci 

et al., 2012).  

 

Three main cardioprotective signaling mechanisms have been shown to exist: the NO, 

the reperfusion injury salvage (RISK) pathway and the survivor activating factor 

enhancement (SAFE) pathway (Heusch, 2015). All three pathways converge onto the 

mitochondria which integrate signals after ischemia-reperfusion and orchestrate cell 

survival vs death responses (Cohen and Downey, 2010; Sharma et al., 2012). A key 

event that determines cardiomyocyte fate after ischemia-reperfusion is the opening of 

the mitochondrial permeability transition pore (PTP) (Bernardi and Di Lisa, 2015). 

Cyclophilin D is a mitochondrial matrix isomerase and a key regulator of PTP 

function (Giorgio et al., 2010). Cyclosporin A can bind CypD, prevent PTP opening, 

ameliorating the effects of reperfusion injury (Hausenloy et al., 2012). To determine if 

Na2S and AP39 exert their effects through CypD we employed a genetic mouse model 

lacking CypD. These mice have been shown to exhibit smaller cardiac infarcts after 

ischemia-reperfusion compared to controls, a finding that was reproduced in our study 

(Baines et al., 2005). Both Na2S and AP39 were able to reduce infarct in CypD KO 

mice, suggesting that the action of H2S is independent of CypD.  

 

 

PTP inhibition can be obtained also by targeting proteins other than CypD (Bernardi 

and Di Lisa, 2015; Kwong and Molkentin, 2015). In order to elucidate whether H2S 

donors have direct effects on mitochondria, we evaluated the Ca2+ retention capacity 
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of isolated heart mitochondria following a series of Ca2+ pulses in the absence of 

presence of CsA and increasing H2S donor concentrations. In these experiments we 

observed that Na2S and GYY4137 did not alter Ca2+ uptake by mitochondria, while 

AP39 significantly increased the mitochondrial CRC, both in the absence and in the 

presence of CsA. The effect of AP39 was even potentiated in the presence of CsA, 

further suggesting that AP39 desensitizes pore opening in a CypD-independent 

manner, confirming our in vivo observations with CypD-knockout mice. Thus, AP39 

exerts direct mitochondrial effects, while Na2S and GYY4137 rely on intracellular 

signaling to prevent PTP opening and confer cardioprotection. In a study using 

cultured myocytes, NaHS prevented PTP opening through mitochondrial KATP 

channels and GSK-3β-regulated pathways (Li et al., 2015) lending support to our 

hypothesis that sulfide salts, and H2S generated from them, have indirect 

mitochondrial effects.  

 

We conclude that H2S generated from Na2S, thiovaline, GYY4137 or AP39 is 

cytoprotective for cardiomyocytes and reduces infarct size when administered during 

ischemia. Our findings reinforce the notion that H2S donors protect against 

cardiovascular disease in animal models and could be amenable to translation. In spite 

of containing the same active principle (H2S), the mechanism of action of H2S donors 

varies considerably.  Na2S limits infarct size in a NO/cGMP/PKG-dependent 

pathway, while GYY4137, thiovaline and AP39 use predominantly NO-independent 

pathways. Moreover, unlike GYY4137 and Na2S, AP39 has a direct effect on 

mitochondria that is most likely related to its ability to localize inside this organelle. 

Selecting the ideal donor for each pathophysiological condition would, thus, vary 

depending on the deficit observed. Na2S would be expected to be ineffective if 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 24, 2016 as DOI: 10.1124/jpet.116.235119

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #235119 

24 
 

endothelial dysfunction is present, while it could be used if NO-regulated pathways 

remain intact. AP39, on the other hand, could be used even when upstream 

intracellular signaling is compromised due to disease processes. Future studies should 

be directed at evaluating H2S donors in the context of co-morbidities that alter 

cardioprotective signaling.   
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Figure Legends: 

Figure 1: H2S donors protect H9c2 cardiomyocytes from H2O2-induced injury in 

vitro. Differentiated H9c2 cells were exposed to vehicle or H2O2 (12hr; 500μΜ) in the 

absence (Vehicle) or in the presence of the indicated concentration of sodium sulfide 

(Na2S; A), thiovaline (TV; B), GYY4137 (C) or AP39 (D).  In all cases, cells were 

pretreated for 1hr with the H2S donor prior to H2O2 exposure. Cells were then 

incubated with MTT and formazan production was assessed by measuring optical 

density at 595nm. n=6 (6 independent experiments; for each experiment 

measurements were performed at least in quadruplicate, ie four wells); *p<0.05 vs 

H2O2 vehicle.  

Figure 2: Protective effects of H2S donors in anoxia/re-oxygenation-induced 

cardiomyocyte injury. Differentiated H9c2 cells were cultured either under normal 

conditions or subjected to anoxia in an anaerobic chamber with 95% N2 and 5% CO2 

at 37°C for 48h, followed by 24hr growth in 95% air and 5% CO2. One hour prior to 

the anoxic insult cells, were treated with the indicated concentration of sodium sulfide 

(Na2S), thiovaline (TV), GYY4137 or AP39. n=6 (6 independent experiments; for 

each experiment measurements were performed at least in quadruplicate, ie four 

wells); *p<0.05 vs corresponding vehicle, #p<0.05 vs normoxia vehicle. 

Figure 3: H2S donors abolish LDH release in response to H2O2 and oxygen 

deprivation/re-oxygenation. H9c2 differentiated cells were treated with H2O2 or 

exposed to anoxia/re-oxygenation as described in Fig.1 and Fig2, respectively. Cells 

were incubated with the indicated concentration of the H2S donor compound and 

LDH activity was measured in the supernatant.  n=5-6 (5-6 independent experiments; 

for each experiment measurements were performed in duplicate, ie two wells); 
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#p<0.05 vs control (vehicle/vehicle panel A; vehicle/normoxia panel B), *p<0.05 vs 

H2O2 vehicle (A)or A48h-R24h vehicle (B). 

Figure 4: NO dependence of the protective effects of different H2S donors in  

H9c2 subjected to H2O2 injury in vitro. Differentiated H9c2 cells were exposed to 

vehicle or H2O2 (12hr; 500μΜ) in the absence (vehicle) or in the presence of the 

indicated concentration of sodium sulfide (Na2S), thiovaline (TV), GYY4137 or 

AP39.  In all cases, cells were pretreated for 1hr with the H2S donor prior to H2O2 

exposure; when L-NAME was used this was added 40 min prior to the H2S donor at 

100μΜ. Cells were then incubated with MTT and formazan production was assessed 

by measuring optical density at 595nm. n=4 (4 independent experiments; for each 

experiment measurements were performed at least in quadruplicate, ie four wells); 

*p<0.05 vs corresponding no H2O2/L-NAME , #p<0.05 vs TV/ H2O2.  

Figure 5: H2S donors attenuate myocardial infarct size after I/R in vivo. Animals 

were subjected to 30min of cardiac ischemia by LAD occlusion, followed by 

reperfusion for 2hr. Donors were administered as iv bolus 10min prior to re-

establishing blood flow.  Infarct area to area at risk ratio (% I/R) and area at risk to 

whole myocardial area (R/A) were calculated as described in the methods section. 

n=8 mice/group; *p<0.05 versus control.  

Figure 6: Nitric oxide inhibition only blocks the cardioprotective effect of Na2S, 

without affecting the responses of other donors.    

Animals were subjected to 30min of cardiac ischemia by LAD occlusion, followed by 

reperfusion for 2hr. Animals received L-NAME at the 19th min of ischemia followed 

by donor administration. Infarct area to area at risk ratio (%I/R) and area at risk to 
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whole myocardial area (R/A%) were calculated as described in the methods section. 

n=8 mice/group; *p<0.05 versus control.  

 Figure 7: PKG inhibition reverses the cardioprotective effect of Na2S, but not 

AP39.  Animals were subjected to 30min of cardiac ischemia by LAD occlusion, 

followed by reperfusion for 2hr. Animals received DT2, a PKG-I inhibitor, 10min 

prior to sustained ischemia followed by donor administration at the 20th minute of 

ischemia. Infarct area to area at risk ratio (%I/R) and area at risk to whole myocardial 

area (R/A%) were calculated as described in the methods section. n=8 mice/group; 

*p<0.05 versus control.  

Figure 8: Sodium sulfide (Na2S), but not AP39 activates cGMP-PKG pathways 

in vivo. Mice were subjected to ischemia for 30min and reperfusion for 10min. 

Donors were administered 10min prior to re-establishing blood flow.  Ischemic tissues 

were collected and eNOS phosphorylation (S1176) and VASP phosphorylation 

(S239) were determined. Western blots from representative animals are shown;  

densitometric analysis after normalization to total protein levels is presented for each 

group. n=6 animals; *p<0.05 versus control.  

Figure 9. Cardioprotection by H2S donors is independent of cyclophilin D. Wild-

type or cyclophilin-D knockout animals (CypD KO) were subjected to 30min of 

ischemia, followed by reperfusion for 2hr. Infarct area to area at risk ratio (%I/R) and 

area at risk to whole myocardial area (R/A%) were calculated as described in the 

methods. section. n=8-11  mice; *p<0.05 versus control.  

Figure 10. Direct effects of H2S donors on mitochondria. (A) Calcium retention 

capacity by mouse heart mitochondria was determined in the presence and absence of 
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cyclosporine A (CsA, 1 µg/ml). Panel B shows a representative tracing (AP39 

300nM). n=3; *p<0.05 versus vehicle. 
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