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Abstract 

In mammalian cells enzymatic and non-enzymatic pathways produce H2S, a gaseous transmitter which 

recently emerged as promising therapeutic agent and modulator of mitochondrial bioenergetics. To explore 

this topic, the H2S donor NaHS, at micromolar concentrations, was tested on swine heart mitochondria. NaHS 

did not affect the F1FO-ATPase activated by the natural cofactor Mg2, but, when Mg2+ was replaced by Ca2+, a 

slight 15% enzyme inhibition at 100 µM NaHS was shown. Conversely, both the NADH-O2 and succinate-O2 

oxidoreductase activities were totally inhibited by 200 μM NaHS with IC50 values of 61.6±4.1 and 16.5±4.6 

μM NaHS, respectively. Since the mitochondrial respiration was equally inhibited by NaHS at both first or 

second respiratory substrates sites, the H2S generation may prevent the electron transfer from complexes I 

and II to downhill respiratory chain complexes, probably because H2S competes with O2 in complex IV, thus 

reducing membrane potential as a consequence of the cytochrome c oxidase activity inhibition. The Complex 

IV blockage by H2S was consistent with the linear concentration-dependent NADH-O2 oxidoreductase 

inhibition and exponential succinate-O2 oxidoreductase inhibition by NaHS, whereas the coupling between 

substrate oxidation and phosphorylation was unaffected by NaHS. Even if H2S is known to cause sulfhydration 

of cysteine residues, thiol oxidizing (GSSG) or reducing (DTE) agents, did not affect the F1FO-ATPase activities 

and mitochondrial respiration, thus ruling out any involvement of post-translational modifications of thiols. 

The permeability transition pore, the lethal channel which forms when the F1FO-ATPase is stimulated by Ca2+, 

did not open in the presence of NaHS, which shows a similar effect to ruthenium red, thus suggesting a 

putative Ca2+ transport cycle inhibition. 
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1. Introduction 

Mitochondrial bioenergetics relies on substrate oxidation during mitochondrial respiration to generate a 

transmembrane electrochemical gradient of H+ (ΔμH+) that drives ADP phosphorylation to produce ATP [1]. 

The oxidative phosphorylation (OXPHOS) system in the inner mitochondrial membrane (IMM) basically 

consists of respiratory chain complexes that transfer reducing equivalents from NADH or FADH2 ultimately 

to oxygen. According to the chemiosmotic hypothesis, the downhill electron flow through these enzyme 

complexes allows H+ pumping by complex (C) I, III and IV in the intermembrane space, while the CII cannot 

pump H+. Finally, the OXPHOS coupling between the transmembrane H+ gradient formation and ATP 

synthesis is provided by the ATP synthase or F1FO-ATPase, which exploits the ΔμH+ to synthesize ATP [2]. The 

respiratory complexes (RC) transfer electrons from NADH to O2 by CI, CIII and finally CIV. FADH2, which 

receives electrons from succinate, follows a shorter route, namely CII, CIII and CIV [3]. RC can function 

separately or assemble in supercomplexes of defined stoichiometry [4], without involving CII. Recent studies 

on mammalian heart mitochondria showed that the individual complexes form the so-called respirasome 

[5,6] whose stoichiometry varies from the respiratory supercomplex (CI1+CIII2+CIV1) to the megacomplex 

(CI2+CIII2+CIV2) [7]. In addition, the CIII dimer may assemble with CIV (CIII2+CIV1) or CI (CI1+CIII2) [8]. The 

(CI1+CIII2) assembly may decrease the production of reactive oxygen species [9] and favour respirasome 

formation [10]. Moreover, the dimerization of CV (the F1FO-ATPase) intervenes in membrane bending and in 

the formation of the cristae [11,12]. The main role of the F1FO-ATPase in mitochondria is to produce ATP in 

F1 [13], driven by H+ flow through the membrane-embedded FO domain [14]. The two functionally and 

structurally coupled domains allow the ΔμH+ transduction into ATP formation and vice versa [15,16]. The 

ubiquitous F1FO-ATPase occurs in bacteria, chloroplasts and mitochondria [17]. In mitochondria 

supernumerary subunits (SNS) [18], would confer to the F1FO-ATPase dimer the capability of arranging in rows 

and of opening the permeability transition pore (PTP) [19]. Accordingly, the FO domain of the F1FO-ATPase, 

and particularly its core or c-ring, contains a lipid plug whose expulsion forms the hole, namely the main 

conductance channel known as PTP [18]. This molecular event is triggered by conformational changes driven 

by the replacement of the natural cofactor Mg2+ bound to the F1 domain by Ca2+, when Ca2+ concentration 

increases in the matrix under patho(physio)logical conditions [20]. On these bases, most likely the Ca2+-

activated F1FO-ATPase inhibition can counteract the PTP formation and prevent or delay cell death [21]. Since 

the mPTP dysregulation is involved in the pathogenesis of various diseases [22], PTP rulers, which are an 

emerging topic to be investigated, may play the role of drugs. 

Hydrogen sulphide (H2S) is an endogenous gaseous transmitter, which shares some of the signalling pathways 

with other endogenously produced gases [23], to mediate vascular remodelling and angiogenesis. By 

involving cyclic nucleotides as second messengers, the cardiovascular system and inflammation mechanisms 

are modulated by H2S [24]. Due to its lipophilicity and low molecular weight, H2S can easily cross 

biomembranes and chemically modify cell proteins by inducing post-translational modifications which affect 

their structure and function. The sulfhydration by H2S is a post-translational modifications of cysteine 

residues: the cysteine thiol (-SH) binds sulfur to yield hydropersulfide (-SSH). The F1FO-ATPase can undergo 

persulfidation to modulate cell bioenergetics [25,26]. As many exogenous and endogenous compounds, H2S 

is a Janus molecule that can show both beneficial and toxic effects: beneficial effects predominate at micro 

and nanomolar concentrations while at high concentrations, H2S is a known mitochondrial poison [27]. In the 

present work, the effects of the widely used H2S donor NaHS on the whole mitochondrial energy-converting 

enzymes are explored. The results can contribute to highlight the multiple and still partially unknown action 

mechanisms of this inorganic modulator in mammalian mitochondria and help to understand the molecular 

basis of its therapeutic potential. 

 

 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65



2. Experimental Procedures 

2.1. Chemicals 

NaHS, oligomycin (a mixture of oligomycins A, B and C), antimycin A, Ruthenium Red, Fura-FF, and JC-10 were 

purchased from Vinci-Biochem (Vinci, Italy). Cytochrome c, rotenone, NADH, succinate, Na2ATP, 1,4-

dithioerythritol (DTE), dithiotreitol (DTT) and oxidized L-glutathione (GSSG) were obtained from Sigma–

Aldrich (Milan, Italy). Quartz double distilled water was used for all reagent solutions. 

 

2.2. Preparation of mitochondrial fractions 

Swine hearts (Sus scrofa domesticus) were collected at a local abattoir and transported to the lab within 2 h 

in ice buckets at 0–4°C. After removal of fat and blood clots as much as possible, approximately 30–40 g of 

heart tissue were rinsed in ice-cold washing Tris-HCl buffer (medium A) consisting of 0.25 M sucrose, 10 mM 

Tris(hydroxymethyl)-aminomethane (Tris), pH 7.4 and finely chopped into fine pieces with scissors. Each 

preparation was made from one heart. Once rinsed, tissues were gently dried on blotting paper and 

weighted. Then tissues were homogenized in medium B consisting of 0.25 M sucrose, 10 mM Tris, 1 mM 

EDTA (free acid), 0.5 mg/mL BSA fatty acid free, pH 7.4 with HCl at a ratio of 10 mL medium B per 1 g of fresh 

tissue. After a preliminary gentle break up by Ultraturrax T25, the tissue was carefully homogenized by a 

motor-driven teflon pestle homogenizer (Braun Melsungen Type 853202) at 650 rpm with 3 up-and-down 

strokes. The mitochondrial fraction was then obtained by stepwise centrifugation (Sorvall RC2-B, rotor SS34). 

Briefly, the homogenate was centrifuged at 1,000xg for 5 min, thus yielding a supernatant and a pellet. The 

pellet was re-homogenized under the same conditions of the first homogenization and re-centrifuged at 

1,000xg for 5 min. The gathered supernatants from these two centrifugations, filtered through four cotton 

gauze layers, were centrifuged at 10,500xg for 10 min to yield the raw mitochondrial pellet. The raw pellet 

was resuspended in medium A and further centrifuged at 10,500xg for 10 min to obtain the final 

mitochondrial pellet. The latter was resuspended by gentle stirring using a Teflon Potter Elvejehm 

homogenizer in a small volume of medium A, thus obtaining a protein concentration of 30 mg/mL [28]. All 

steps were carried out at 0–4°C. The protein concentration was determined according to the colorimetric 

method of Bradford [29] by Bio-Rad Protein Assay kit II with BSA as standard. The mitochondrial preparations 

were then stored in liquid nitrogen until the evaluation of F-ATPase activities. 

 

2.3. Mitochondrial F-ATPase activity assays 

Thawed mitochondrial preparations were immediately used for F-ATPase activity assays. The capability of 

ATP hydrolysis was assayed in a reaction medium (1 mL) containing 0.15 mg mitochondrial protein and 75 

mM ethanolammine–HCl buffer pH 9.0, 6.0 mM Na2ATP and 2.0 mM MgCl2 for the Mg2+-activated F1FO-

ATPase assay, and 75 mM ethanolammine–HCl buffer pH 8.8, 3.0 mM Na2ATP and 2.0 mM CaCl2 for the Ca2+-

activated F1FO-ATPase assay. These assay conditions were previously proven to elicit the maximal enzyme 

activities either stimulated by Mg2+ or by Ca2+ in swine heart mitochondria [30]. After 5 min preincubation at 

37°C, the reaction, carried out at the same temperature, was started by the addition of the substrate Na2ATP 

and stopped after 5 min by the addition of 1 mL of ice-cold 15% (w/w) trichloroacetic acid aqueous solution. 

Once the reaction was stopped, vials were centrifuged for 15 min at 3,500 rpm (Eppendorf Centrifuge 5202). 

In the supernatant, the concentration of inorganic phosphate (Pi) hydrolyzed by known amounts of 

mitochondrial protein, which is an indirect measure of F-ATPase activity, was spectrophotometrically 

evaluated [31]. To this aim, 1 μL from a mother solution of 3 mg/mL oligomycin in dimethylsulfoxide was 

directly added to the reaction mixture before starting the reaction. The total ATPase activity was calculated 
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by detecting the Pi in control tubes run in parallel and containing 1 μL dimethylsulfoxide per mL reaction 

system. In each experimental set, control tubes were alternated to the condition to be tested. The employed 

concentration of oligomycin, specific inhibitor of F-ATPases which selectively blocks the FO subunit ensured 

maximal enzyme activity inhibition and was currently used in F-ATPase assays [20]. The F1FO-ATPase activity 

was routinely measured by subtracting, from the Pi hydrolyzed by total ATPase activity, the Pi hydrolyzed in 

the presence of oligomycin [28]. In all experiments the F-ATPase activity was expressed as μmol Pi·mg 

protein−1·min−1. The effects of the NaHS were tested by adding 10 μL aliquots of standard NaHS solutions in 

DMSO to the reaction mixture immediately prior to the addition of the mitochondrial suspensions. The 

reaction system containing NaHS and mitochondria were preincubated at 37°C for 5 min before starting the 

ATPase reaction by ATP addition. To this aim, aliquots of DMSO solutions of appropriate NaHS 

concentrations, obtained by dilution from the mother 50 mM NaHS solution in DMSO, were added to the 

reaction mixture to obtain the final NaHS concentrations in the range 0.1–100 μM NaHS in the reaction 

system. Preliminary assays showed that, under the conditions adopted, DMSO had no effect on the ATPase 

activities under study. The effects of 50 μM DTE and 1 mM GSSG were tested by adding 10 μl aliquots of thiol 

reagent solutions in H2O to the reaction mixture at the time of the preincubation before starting the ATPase 

reaction. 

 

2.4. Mitochondrial respiration assays 

Immediately after thawing, the mitochondrial fractions were used to evaluate the mitochondrial respiration. 

The experimental conditions adopted ruled out any potential concomitant effect of changes in the 

transmembrane electrochemical gradient of H+. To detect mitochondrial respiratory activities, the oxygen 

consumption rates were polarographically evaluated by Clark-type electrode using a thermostated Oxytherm 

System (Hansatech Instruments) equipped with a 1 mL polarographic chamber. The reaction mixture (120 

mM KCl, 10 mM Tris-HCl buffer pH 7.2), maintained under Peltier thermostatation at 37°C and continuous 

stirring, contained 0.25 mg mitochondrial protein [32]. 

To evaluate the NADH-O2 oxidoreductase activity, the mitochondrial oxidation was run under saturating 

substrate conditions (75 µM NADH) after 2 min of stabilization of the oxygen signal. Preliminary tests 

assessed that under these conditions O2 consumption was suppressed by 2.5 μM rotenone, known inhibitor 

of CI. [3] The succinate-O2 oxidoreductase activity by CII was evaluated by detecting the succinate oxidation 

in the presence of 2.5 μM rotenone. The reaction was started by the addition of 10 mM succinate after 2 min 

of stabilization of oxygen signal. Also in this case preliminary tests assessed that, under the conditions 

applied, succinate oxidation was suppressed by of 1 µg/mL antimycin A, selective inhibitor of CIII [3]. 

To evaluate the effects of NaHS, the reaction was started by the addition of the mitochondrial suspensions 

to the polarographic chamber at 37°C. Aliquots from mother solutions in DMSO and DTE in H2O, prepared 

immediately before the experiments, were added to the polarographic chamber at the reaction start, 

sequentially or in reverse order when required, to obtain the final NaHS and DTE concentrations to be tested. 

The mitochondrial respiratory rate was automatically evaluated by O2view software and expressed as nmoles 

O2·mg protein-1·min-1. Polarographic assays were run at least in triplicate on mitochondrial preparations 

obtained from different animals. 

 

2.5. Evaluation of oxidative phosphorylation 

Immediately after the preparation of the mitochondrial fraction, the mitochondrial respiratory activity was 

polarographically evaluated by Clark-type electrode using a thermostated Oxytherm System (Hansatech 
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Instruments) in terms of oxygen consumption at 37°C in a 1 mL polarographic chamber. The reaction mixture, 

maintained under thermostatation and continuous stirring, contained 0.25 mg/mL mitochondrial suspension, 

40 mM KCl, 0,2 mg/mL fatty acid-free BSA, 75 mM sucrose, 0,5 mM EDTA, 30 mM Tris–HCl, pH 7.4, 5 mM 

KH2PO4 plus 3 mM MgCl2. In detail, the rate of oxygen consumption was evaluated in the presence of specific 

substrates, namely glutamate/malate (1:1), for CI, succinate for CII, and in the presence of 1 μg/mL rotenone, 

to inhibit CI, and 1 μM antimycin A to inhibit CIII. Glutamate/malate oxidation was taken as a measure of the 

activity of NADH: ubiquinone oxidoreductase; succinate oxidation mirrored the multi-component 

succinoxidase pathway, which accounts for the electron flux in the respiratory chain through CII. To evaluate 

mitochondrial integrity, since intact mitochondrial membranes are not permeable to NADH, during the 

polarographic assay in the presence of glutamate/malate as substrate, 75 μM NADH were added to the 

reaction mixture. Coupling of respiratory activity to phosphorylation was evaluated by adding 150 nmol ADP 

to state 2 respiring mitochondria [33,34]. The NaHS mother solution (50 mM NaHS) was prepared 

immediately before the experiments by dissolving NaHS in DMSO. This solution was used to obtain by further 

dilutions NaHS solutions of adequate concentrations, in order to minimize DMSO input in the reaction 

system. Preliminary experiments showed that addition of small DMSO aliquots (up to 5 μL) to the reaction 

system (1 mL) did not affect the respiratory rates. Micromolar concentrations of NaHS in the reaction system 

were tested. Respiratory activities were evaluated as nmoles O2·mg protein-1·min-1. In routine experimental 

protocol, reagents were injected by a syringe into the polarographic cell containing the mitochondrial protein 

suspensions in the presence and in the absence of NaHS in the following order: inhibitors of the previous 

respiratory chain steps, when required, substrate(s), ADP, inhibitor (rotenone for glutamate/malate 

stimulated respiration and antimycin A for succinate-stimulated respiration). State 3 and 4 respiratory 

activities, the respiratory control ratio (RCR), namely the ratio between State 3 and 4 activities, were 

determined as defined by Chance and Williams [33–35]. The rate of oxygen consumption was assessed in the 

presence of the specific substrates glutamate/malate for CI, succinate for CII. Polarographic assays were run 

at least in triplicate on three mitochondrial preparations from different animals. 

 

2.6. Evaluation of cytochrome c oxidase activity 

The polarographic assay of the cytochrome c-oxidase activity, even if currently employed, may cause 

interference due to the possible concomitant oxidation of the substrate ascorbate+N,N,N',N'-Tetramethyl-p-

phenylenediamine dihydrochloride (TMPD) in the presence of NaHS, known to exhibit reducing properties 

[36,37]. Therefore, the evaluation of the cytochrome c oxidase activity was carried out according to the 

colorimetric method detailed below. 

The colorimetric assay, based on the detection of the decrease in absorbance at 550 nm of ferrocytochrome 

c, caused by its oxidation by the cytochrome c oxidase, was carried out on the basis of Sigma cytochrome c 

oxidase assay kit (Product Code: CYTOC-OX1) and adequately adapted. In order to obtain a reduced 

cytochrome c (cyt c) solution, the reducing agent dithiothreitol (DTT) was added to a 0.22 mM cyt c aqueous 

solution to yield a final concentration of 0.5 mM DTT, gently mixed and let to react for 15 min at room 

temperature. The cyt c reduction state was evaluated by 1:20 diluting the reduced cyt c solution with the 

assay buffer solution (10 mM Tris/HCl, pH 7.0, 120 mM KCl) and by recording the absorbance (A) at 550 and 

565 nm by Perkin–Elmer lambda 45 spectrophotometer (Perkin–Elmer, Massachusetts, USA); a A550/A565 ratio 

in the range 10–20 was taken as indicative of an adequately reduced cyt c. Both solutions of reduced cyt c 

and NaHS were prepared just before the enzyme activity analysis. Preliminary experiments showed that up 

to 10 μL DMSO added to the reaction mixture (2 mL) did not affect the enzyme activity. To evaluate the 

cytochrome c oxidase activity, 0.4 mg mitochondrial protein were added to the assay buffer to a final volume 
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of 2 mL in a 25°C thermostated cuvette under continuous stirring. The reaction was started by adding aliquots 

of the reduced cyt c solution to yield a 10 μM cyt c in the reaction mixture. The initial rate of cyt c oxidation, 

measured by following the A550 nm decrease up to 45’’ from cyt c addition, was evaluated by Perkin–Elmer 

UV KinLab Software [38]. Increasing NaHS concentrations, directly added to the reaction mixture before 

starting the enzymatic reaction, were tested. Control tests, in which the reaction was carried out in a NaHS 

free medium under the same assay conditions were alternated to assays in NaHS containing samples. Each 

experiment was run in triplicate. The cytochrome c oxidase activity was expressed as oxidized cyt c units 

(U)/mL, where 1 U corresponds to 1 μmol cyt c oxidized per min. 

 

2.7. Evaluation of PTP and membrane potential 

Immediately after the preparation of swine heart mitochondrial fractions, fresh mitochondrial suspensions 

(1mg/mL) were energized in the assay buffer (130 mM KCl, 1 mM KH2PO4, 20 mM HEPES, pH 7.2 with TRIS), 

incubated at 25°C with 1 μg/mL rotenone and 5 mM succinate as respiratory substrate. To evaluate NaHS 

effect, selected NaHS concentrations were added to the mitochondrial suspensions before PTP evaluation. 

PTP opening was induced by the addition of low concentrations of Ca2+ (10 μM) as CaCl2 aqueous solution at 

fixed time intervals (1 min). The calcium retention capacity (CRC), whose lowering indicates mPTP opening, 

was spectrofluorophotometrically evaluated in the presence of 0.8 μM Fura-FF. The probe has different 

spectral properties in the absence and in the presence of Ca2+, namely it displays excitation/emission spectra 

of 365/514 nm in the absence of Ca2+ (Fura-FF low Ca2+) and shifts to 339/507 nm in the presence of high Ca2+ 

concentrations (Fura-FF high Ca2+). PTP opening, was evaluated by the increase in the fluorescence intensity 

ratio (Fura-FF high Ca2+)/(Fura-FF low Ca2+), which indicates a decrease in CRC. The membrane potential (Δφ) 

was evaluated in presence of 0.5 μM JC-10. In polarized mitochondrial membranes, this probe selectively 

generates an orange JC-10 aggregate (excitation/emission spectra of 540/590 nm). The JC-10 monomers, 

generated when Δφ decreases, cause a green shift (excitation/emission spectra of 490/525 nm). Accordingly, 

the membrane depolarization (decrease in Δφ) ascribed to PTP formation was detected by the increase in 

the fluorescence intensity ratio which corresponds to an increased JC-10 aggregate/JC-10 monomers ratio. 

[20,39]. All measurements were processed by LabSolutions RF software. 

 

2.8. Calculations and statistics 

The data represent the mean ± SD (shown as vertical bars in the figures) of the number of experiments 

reported in the figure captions. In each experimental set, the analyses were carried out on different pools of 

animals. Statistical analyses were performed by SIGMASTAT software. The analysis of variance followed by 

Students–Newman–Keuls’ test when F values indicated significance (P≤0.05) was applied. Percentage data 

were arcsin-transformed before statistical analyses to ensure normality. 

 

 

3. Results 

3.1. NaHS effects on the F1FO-ATPase and thiol redox state 

In order to evaluate the effect of NaHS on the F1FO-ATPase activated by Mg2+ or by Ca2+, the enzyme activities 

were evaluated in the range of 0.1 – 100 μM NaHS (Fig. 1). The Mg2+-dependent F1FO-ATPase was refractory 

to all NaHS concentrations tested (Fig. 1A). In contrast, the Ca2+-dependent F1FO-ATPase was inhibited about 

15% by 100 μM NaHS (Fig. 1B). The same effect on the Mg2+- and Ca2+-dependent F1FO-ATPases was observed 
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with freshly extracted mitochondria, which were not stored in liquid nitrogen (Fig. S1). Since NaHS was 

reported to form persulfide (–SSH) groups by modifying cysteine thiols, this possibility was verified by testing 

the NaHS effect in presence of thiol reducing/oxidizing agents, i.e. DTE and GSSG, on the F1FO-ATPase activity 

either activated by Ca2+ or by Mg2+ (Fig. 2). In the presence of 50 μM DTE or 1 mM GSSG the Mg2+-dependent 

F1FO-ATPase (Fig. 2A,C) was unaffected. Similarly, the Ca2+-dependent F1FO-ATPase in presence of 50 μM DTE 

and 1 mM GSSG (Fig. 2B,D) showed a similar enzyme activity to the control (without DTE and NaHS). The 

significant Ca2+-dependent F1FO-ATPase inhibition by 100 μM NaHS, even if around 15%, was reduced by DTE 

but remained detectable with respect to the control (Fig. 2B). Conversely, 1 mM GSSG did not significantly 

change the Ca2+-dependent F1FO-ATPase activity either in the presence or in the absence of 100 μM NaHS 

(Fig. 2D). 

 

3.2. NaHS effects on mitochondrial respiratory complexes 

The effects of NaHS on mitochondrial respiration were evaluated in NADH- and succinate-energized 

mitochondria (Fig. 3). The effects of micromolar NaHS concentrations up to 100 μM, were tested by detecting 

the oxygen consumption in uncoupled (freeze-twawed) mitochondria in the presence of either NADH or 

succinate as substrates, which stimulate the activity of CI (NADH) and CII (succinate). The substrate-

depending inhibition potency of NaHS, estimated as IC50 values, was calculated as 15.4±3.7 μM for the NADH-

O2 oxidoreductase activity (Fig. 3A) and 16.3±6.2 μM for the Succinate-O2 oxidoreductase activity (Fig. 3B). 

The Succinate-O2 oxidoreductase activity was also strongly reduced by a sigmoidal concentration-response 

profile. In order to understand whether NaHS inhibition on mitochondrial respiration mirrors a putative –SSH 

post-translational modification of enzyme cysteines, known as susceptive to oxidation, the thiol-reagent DTE, 

which maintains thiols reduced and prevents their oxidation, was tested (Fig. 4). However DTE had no 

significant effect on the NADH-O2 and Succinate-O2 oxidoreductase activities (Fig. 4A,C) and did not remove 

the inhibition by NaHS. To rule out a direct reaction between DTE and NaHS, the NADH-O2 and succinate-O2 

oxidoreductase activities were evaluated by adding DTE before and after NaHS. In all cases the NaHS-driven 

inhibition on mitochondrial respiration was not reverted by DTE (Fig. 4B,D). 

Since the respiration inhibition by NaHS was downstream maintained from CI to CII, the cytochrome c oxidase 

activity, which mirrors the activity of CIV was evaluated. Also in this case, NaHS concentration-dependently 

inhibited cytochrome c oxidation (Fig.5), showing an IC50 value of 65.8±6.6 μM NaHS, namely similar to that 

of the NADH-O2 oxidoreductase. In order to understand the relationship between substrate oxidation by 

mitochondrial complexes and NaHS inhibition on the individual complexes, threshold plots were built. To this 

aim, the residual activity of NADH-O2 (Fig. 6A) and succinate-O2 oxidoreductases (Fig. 6B) detected at fixed 

NaHS concentrations were plotted as a function of the corresponding cytochrome c oxidase inhibition 

percentage (Fig. 6). These plots highlighted that the cytochrome c oxidase inhibition by NaHS was 

exponentially linked to the inhibition of the NADH-O2 oxidoreductase activity (Fig. 6A) or to the succinate-O2 

oxidoreductase inhibition (Fig. 6B). 

The results obtained when 30 µM NaHS was added to state 3 respiring (ADP-stimulated) mitochondria 

showed a prompt decrease in oxygen consumption, both in the presence of NAD-dependent substrates (Fig. 

7A) and in the presence of succinate (Fig. 7B). A significantly lower respiration occurred in state 4 respiratory 

activity, which mirrors the slowdown in oxygen consumption when added ATP is consumed, being 

phosphorylated to ATP. However, the coupling between substrate oxidation (glutamate/malate or succinate) 

and ADP phosphorylation, evaluated as State 3/State 4 ratio, was unaffected by NaHS (Fig. 7). 

 

3.3. PTP opening and membrane potential sensitivity to the NaHS 
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The IMM integrity implies that mitochondria retain calcium and do not form the PTP. Ca2+ concentration 

increase in mitochondria stimulates PTP formation and opening. On these bases, the CRC was evaluated by 

adding 10 μM Ca2+ at subsequent steps of 1 min to succinate-energized freshly-prepared mitochondrial 

suspensions. According to the method applied, a detectable increase in fluorescence intensity, detected as 

Fura-FF ratio [(Fura-FF high Ca2+)/(Fura-FF low Ca2+)], was shown when a threshold matrix Ca2+ concentration 

load was attained as a result of PTP opening. In control mitochondria the CRC decrease was revealed after 

200’’ upon a two-train Ca2+ pulses. In the presence of the polycationic dye ruthenium red (RR), the PTP is 

known to be desensitized, due to the failed Ca2+ accumulation in the matrix caused by the selective RR 

inhibition of the mitochondrial calcium uniporter [40]. The two NaHS concentrations tested (50 and 100 µM), 

selected on the basis of IC50 values obtained on mitochondrial respiration and on the Ca2+-activated F1FO-

ATPase, did not elicit any sudden increase in fluorescence intensity due to Ca2+ release. Indeed, the rate of 

Ca2+ uptake could be altered, as the time required to regain the basal [Ca2+] after each Ca2+ pulse was different 

from that of the control and a gradual baseline increase was shown. Quite unexpectedly, NaHS and RR 

resulted in the similar trend, thus suggesting a common target, namely the inhibition of the mitochondrial 

calcium uniporter (Fig. 8A). 

In order to improve clarity on the NaHS effects on PTP formation, Δφ, namely the transmembrane potential, 

which is abruptly dissipated by PTP opening, was evaluated. As shown in Figure 6A, in control mitochondria, 

the CRC decrease at the second Ca2+ pulse corresponded to the Δφ collapse, shown by the JC-10 ratio increase 

(Fig. 8B). To verify that the PTP formation depolarizes the mitochondria, 0.1 μM FCCP were added after the 

JC-10 ratio increase produced by Ca2+ shots, but no increase in mitochondrial depolarization was recorded 

(data not shown). NaHS both at 50 and 100 µM only caused a gradual Δφ decrease, which most likely could 

be related to the inhibition of mitochondrial respiration and its related H+ pumping activities, rather than to 

PTP opening. 

 

 

4. Discussion 

The effects of H2S on mitochondrial bioenergetics has been extensively investigated and reviewed (see 

reviews and references therein [27,41,42]). The present work may represent an attempt to deepen the 

effects of NaHS concentrations, assumed to generate H2S, on the various components of the bioenergetic 

machinery in mitochondria isolated from swine heart, an excellent model to investigate drug effects in 

translational medicine, especially in the perspective of counteracting cardiovascular diseases. Of the three 

sulfide forms, which coexist in aqueous solution in an interconverting pH dependent-equilibrium, namely HS-

, S2- and H2S, at physiological pH, H2S is the most likely candidate to directly affect mitochondrial proteins, 

since it can easily cross biomembranes due to its lipophilicity and lack of electric charge. The F1FO-ATPase was 

reported to be sulfhydrated or S-sulfurated, by using the correct term [43], by the H2S donor NaHS. The H2S 

target was identified on α subunit at Cys244 and Cys294 in HepG2 and HEK293 cell lysates incubated with 

100 μM NaHS for 30 min at 37°C. Moreover, the F1FO-ATPase activity showed a bell-shaped concentration-

response curve in the range of 0.01 – 100 μM NaHS [25]. Post-translational modifications on the F1FO-ATPase 

are well known to modulate the enzyme function [26]. However, in swine heart mitochondria NaHS, at the 

same concentrations proven to be effective on the F1FO-ATPase in HepG2 and HEK293 cells, has not effect on 

the ATP hydrolytic activity of the Mg2+-activated F1FO-ATPase. Conversely, the Ca2+-activated F1FO-ATPase, 

whose enzymatic function is linked to PTP opening [20,39], is slightly inhibited by 100 µM NaHS (Fig. 1). Most 

likely metabolic and signaling pathways might explain the F1FO-ATPase responsiveness to H2S in intact cells. 

Moreover, in swine heart mitochondria the weak even if significant Ca2+-activated F1FO-ATPase inhibition by 
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100 µM NaHS is not due to any post-translational modification of cysteine thiols. Accordingly, the addition 

of thiol reagents, namely oxidizing (GSSG) and reducing (DTE) low molecular weight thiols maintains the Mg2+-

activated F1FO-ATPase refractoriness to NaHS and the slight inhibition of the Ca2+-activated F1FO-ATPase 

activity (Fig. 2), thus ruling out the possibility of any direct sulfide reaction with F1FO-ATPase thiols. 

On considering the F1FO-ATPase insensitivity to NaHS, sulfide effects were investigated on respiratory 

complexes. Freeze-thawed uncoupled mitochondria, insensitive to the uncoupler FCCP (data not shown) 

were used to evaluate mitochondrial respiration by adding CI (NADH) and CII (succinate) respiratory 

substrates. Even if both CI and CII were inhibited by NaHS, the inhibition extent is about three-fold higher on 

CII, as shown by the decreased succinate-O2 oxidoreductase activity (Fig. 3). Since in both cases the inhibition 

is not reversed by DTE, which can reduce the persulfide groups (Fig. 4), post-translational modifications of 

protein thiols cannot be responsible for the inhibition of the enzyme activities. The electron transfer from 

both substrates (NADH and succinate) to O2 in the respiratory chain is blocked downstream. Accordingly, the 

well known H2S inhibition of CIV [44] is confirmed by present data on the cytochrome c oxidase inhibition(Fig. 

5). Moreover, at low concentrations H2S is known as the first inorganic electron donor to the mitochondrial 

electron transport chain through sulfide:quinone oxidoreductase (SQR) and CII, thereby stimulating 

mitochondrial respiration [45,46]. For this reason, the more pronounced H2S inhibition on the succinate-O2 

oxidoreductase, which shows an exponential enzyme activity decrease at increasing NaHS concentrations, 

than on the NADH-O2 oxidoreductase may be due to a competitive coenzyme Q10 reduction between SQR 

and succinate dehydrogenase activities. As CII do not participate in the respirasome assembly, whose 

supramolecular organization ensures a homogeneous distribution and a functionally relevant interaction 

between complexes in the membrane [10,47], H2S and succinate may mutually exclude as electron donors 

to the respiratory chain. This mechanism may add to CIV inhibition in slowing down the respiratory chain 

(Fig. 6). The insensitivity of the Mg2+-activated F1FO-ATPase to NaHS and the evidentiation of CIV as direct 

target of NaHs among mitochondrial respiration complexes are complemented and integrated by the NaHS 

inhibition of state 3 and state 4 respiration, whose ratio is unaffected by NaHS irrespective of CI or CII 

substrates. To sum up, NaHS reduces the electron flow in the OXPHOS system without affecting ATP synthesis 

(Fig 7). 

Isolated adult cardiac myocytes exposed to 100 μM NaHS for 30 min showed a delayed cardioprotection [48]. 

Ischemia/reperfusion injury is known to be attenuated by blocking the formation and opening of the PTP 

[49]. Present data show that NaHS-treated swine heart mitochondria can avoid an uncontrolled Ca2+ release 

from mitochondria, associated with the collapse of the membrane potential (Fig. 7). Indeed, the CRC has a 

stepped course in the presence of NaHS, as well as RR trend, and does not show the typical profile where 

Ca2+ addition causes a sharp increase in fluorescence followed by a gradual decline as mitochondria take up 

Ca2+ (Fig. 7A). Finally, as repeated Ca2+ pulses trigger PTP opening, a large increase in fluorescence 

corresponds to the complete release of mitochondrial calcium. The PTP desensitization by NaHS seems to be 

related to the concomitant hindrance of mitochondrial Ca2+ uptake. In control mitochondria PTP opening is 

responsible for an abrupt IMM depolarization, as shown by the steep JC-10 fluorescence ratio increase upon 

Ca2+ addition (Fig. 7B). Conversely, in NaHS treated mitochondria the gradual increase of JC-10 ratio is 

probably due to the inhibition of mitochondrial respiration that reduces membrane potential. Moreover, the 

Ca2+ leak prior to Ca2+ pulse would suggest that control and NaHS-treated mitochondria differ in their 

conformation/structure. Most likely, the different structural properties are not necessarily related to mPTP 

opening, but to the inhibition of the mitochondrial Ca2+ uptake or, more generally, of Ca2+ cycle [39,50,51]. 

Consistently, the inhibition of mitochondrial respiration by NaHS may decrease the transmembrane 

protonmotive force, thus impairing the ion cycles which involve the Ca2+ uniport and the Ca2+ efflux by a Na+-
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dependent pathway of Na+/Ca2+ antiport and a Na+/H+ antiport or Na+-independent pathway that has been 

suggested to occur via a Ca2+/H+ exchanger are all linked to the proton and calcium circuits [52]. 

Since H2S can behave as the good, the bad and the ugly depending on the cell environment and the 

concentration, the present findings lead us to think that a negative effect on mitochondrial respiration may 

have at the same time the positive effect of preventing or delaying PTP opening. 

 

 

5. Conclusion 

The present work points out that all shown the sulfide effects on mitochondrial bioenergetics are not 

dependent on post-translational modifications of protein thiols that, even if chemically possible and well 

documented, under the conditions adopted are not operative in swine heart mitochondria. Most likely, the 

multiple H2S action mechanisms are differently exerted according to the cell microenvironment and assay 

conditions. 

The pharmacological interest of sulfide and of sulfide donors is strengthened, since micromolar 

concentrations are proven to delay PTP opening even if at the cost of a decreased mitochondrial respiration, 

which mirrors an inhibited electron transfer to CIV. So, further studies are required to deepen wanted and 

unwanted concentration-dependent effects of H2S, which being gaseous at physiological temperatures 

necessarily requires H2S donors, in the perspective of the use of these compounds in therapy. 
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Figure 

Figure 1. Response of the mitochondrial Mg2+ and Ca2+-dependent F1FO-ATPase activities to increasing NaHS 

concentrations. Data, expressed as percentage of the Mg2+-dependent F1FO-ATPase (A) and Ca2+-dependent 

F1FO-ATPase (B) in absence of NaHS, represent the mean ± SD from three independent experiments carried 

out on different mitochondrial preparations. * indicates significant differences with respect to the control 

(P≤0.05). 

 

Figure 2. Mg2+ and Ca2+-dependent F1FO-ATPase activities of NaHS treated mitochondria in the presence of 

thiol-reagents. The effect of 50 μM DTE (A and B) or 1 mM GSSG were evaluated in the absence (green) (█) 

and in the presence of 100 μM NaHS (red) (█). Data, expressed as percentage of the Mg2+-dependent F1FO-

ATPase and Ca2+-dependent F1FO-ATPase in absence of NaHS, represent the mean ± SD from three 

indipendent experiments carried out on different pools. Different letters indicate significantly different 

values within each treatment (P≤ 0.05). 

 

Figure 3. NaHS effects on mitochondrial respiration. NADH-O2 oxidoreductase activity (A) and Succinate-O2 

oxidoreductase activity (B) in the presence of increasing NaHS concentrations. All points represent the mean 

± SD from three independent experiments carried out on different mitochondrial preparations. 

 

Figure 4. Evaluation of the putative sulfhydration involvement in the inhibition of the mitochondrial 

respiration by NaHS. The NADH-O2 oxidoreductase activity (A,B) and the Succinate-O2 oxidoreductase activity 

(C,D) were assayed in the absence (green) (█) or in presence of 50 μM DTE (red) (█). 100 μM NaHS was added 

to reaction system containing mitochondrial suspensions energized with either 75 µM NADH or 10 mM 

succinate as substrates. The NaHS solution was added sequentially before or after DTE. Data represent the 

mean ± SD of three different experiments. Different letters indicate significantly different values (P≤ 0.05). 

 

Figure 5. Response of the cytochrome c oxidase activity to NaHS. The enzyme activity was 

spectrophotometrically assayed in the presence of 10 μM reduced cytochrome c as substrate at different 

NaHS concentrations. Data represent the mean ± SD (vertical bars) from three independent experiments 

carried out on different mitochondrial preparations. 

 

Figure 6. Threshold plots of mitochondrial respiration. Each point represents the NADH-O2 oxidoreductase 

(A) and the succinate-O2 oxidoreductase (B) percentage of residual activity as a function of percent inhibition 

of cytochrome c oxidase by the NaHS concentrations shown at the right side of the plot. All points represent 

the mean ± SD (horizontal bars) from three independent experiments carried out on different mitochondrial 

preparations. 

 

Figure 7. NaHS effects on selected oxidative phosphorylation parameters: state 3 and 4 respiration and their 

ratio. Glutamate/malate- (A) and Succinate- (B) stimulated mitochondrial respiration in the presence (red) 

(█) and in the absence (green) (█) of 30 μM NaHS. All bars represent the mean ± SD from three independent 

experiments carried out on different mitochondrial preparations. * indicates significantly different values (P≤ 

0.05). 
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Figure 8. Evaluation of PTP opening in intact mitochondrial preparations. Representative curves (A) of the 

calcium retention capacity (CRC) detected as Fura-FF ratio and (B) and the membrane potential (Δφ) detected 

as JC-10 ratio. CRC and Δφ were monitored in response to subsequent 10 μM CaCl2 pulses (shown by the 

triangles), as detailed in the 2.5 section. The NaHS concentrations were selected on the basis of IC50 values 

obtained on mitochondrial respiration and on the Ca2+-activated F1FO-ATPase. RR, Ruthenium Red. Three 

independent experiments were carried out on three different mitochondrial preparations. 
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