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Abstract

The purpose of the current study was to investigate the effect of the recently synthesized 

mitochondrially-targeted H2S donor, AP39 [10-oxo-10-(4-(3-thioxo-3H-1,2-

dithiol-5yl)phenoxy)decyl) triphenylphosphonium bromide], on bioenergetics, viability, and 

mitochondrial DNA integrity in bEnd.3 murine microvascular endothelial cells in vitro, under 

normal conditions, and during oxidative stress. Intracellular H2S was assessed by the fluorescent 

dye 7-azido-4-methylcoumarin. For the measurement of bioenergetic function, the XF24 

Extracellular Flux Analyzer was used. Cell viability was estimated by the combination of the MTT 

and LDH methods. Oxidative protein modifications were measured by the Oxyblot method. 

Reactive oxygen species production was monitored by the MitoSOX method. Mitochondrial and 

nuclear DNA integrity were assayed by the Long Amplicon PCR method. Oxidative stress was 

induced by addition of glucose oxidase. AP39 (30 – 300 nM) to bEnd.3 cells increased 

intracellular H2S levels, with a preferential response in the mitochondrial regions. AP39 exerted a 

concentration-dependent effect on mitochondrial activity, which consisted of a stimulation of 

mitochondrial electron transport and cellular bioenergetic function at lower concentrations (30–

100 nM) and an inhibitory effect at the higher concentration of 300 nM. Under oxidative stress 

conditions induced by glucose oxidase, an increase in oxidative protein modification and an 

enhancement in MitoSOX oxidation was noted, coupled with an inhibition of cellular bioenergetic 
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function and a reduction in cell viability. AP39 pretreatment attenuated these responses. Glucose 

oxidase induced a preferential damage to the mitochondrial DNA; AP39 (100 nM) pretreatment 

protected against it. In conclusion, the current paper documents antioxidant and cytoprotective 

effects of AP39 under oxidative stress conditions, including a protection against oxidative 

mitochondrial DNA damage.
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Introduction

Emerging mitochondrial roles of hydrogen sulfide (H2S) include antioxidant effects, 

modulation of mitochondrial cell death pathways and the regulation of cellular bioenergetics 

reviewed in [1–4]. With respect to antioxidant/cell death modulating responses, multiple 

studies have demonstrated that H2S donors can maintain mitochondrial integrity, reduce the 

release of mitochondrial death signals and attenuate mitochondrially-regulated cell death 

responses of various types [5–13]. With respect to the regulatory role of H2S on cellular 

bioenergetic responses, recent data show that H2S, in lower concentrations, serves as a 

physiological electron donor and as an inorganic source of energy in mammalian cells; via 

these pathways, H2S acts as an alternative supporter of mitochondrial electron transport and 

ATP generation [4,14–17]. However, the mitochondrial effects of H2S typically follow bell-

shaped curves, whereby elevation of H2S concentrations beyond a certain concentration 

range becomes cytotoxic, genotoxic, pro-oxidant, and suppresses mitochondrial electron 

transport (reviewed in [17]). Closely related to the concentration-dependency of biological 

H2S responses, the rate of H2S generation is also critical: fast-releasing and slow-releasing 

H2S donors can affect different biochemical pathways and can exert different, even 

opposing, cellular responses [18,19].

The goal of the current study was to characterize the H2S donor AP39. AP39 consists of a 

mitochondria-targeting motif, triphenylphosphonium (TPP+), coupled to a H2S-donating 

moiety (dithiolethione) by an aliphatic linker (Fig. 1). The purpose of the synthesis of this 

structure is to target the H2S to the mitochondria, by exploiting the well-known tendency of 

TPP+ to accumulate in mitochondria [20]. We have also compared the effects of AP39 with 

those of AP219, a structurally related molecule, which does not have the H2S donating 

moiety, as well as with ADT-OH (5-phydroxyphenyl-1,2-dithione-3-thione), the H2S donor 

moiety that is incorporated into the AP39 structure (Fig. 1). The effect of AP39 in 

endothelial cells was studied both under basal conditions and under conditions of oxidative 

stress. In addition to detecting overall cell viability, we have also assessed changes in 

mitochondrial electron transport/cellular bioenergetics and in mitochondrial DNA damage.
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Material and Methods

Materials

AP39, ADT-OH and AP219 were synthesized in-house as described [21–23]. Antimycin A, 

7-azido-4-methylcoumarin (AzMC), carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone (FCCP), 2-deoxyglucose, oligomycin and rotenone were obtained from 

Sigma-Aldrich (St. Louis, MO, USA).

Cell culture

The murine brain microvascular endothelial cell line, bEnd.3 (ATTC #CRL-2299, 

Manassas, VA) was maintained in DMEM containing 1g/l glucose supplemented with 10% 

fetal bovine serum, 1% non-essential amino acids, 100 IU/ml penicillin, and 100 µg/ml 

streptomycin at 37 °C in 10% CO2.

Detection and cellular localization of H2S

40,000 of bEnd.3 cells were seeded in Lab-Tek II chamber coverglass system (Nalgen Nunc 

International) and incubated at 37°C and 10% CO2 humidified incubator overnight. The 

H2S-sensitive fluorescent dye 7-azido-4-methylcoumarin (AzMC) [24] was incorporated in 

a cell-based assay [25] to detect H2S production. The cells were loaded with AzMC and 

MitoTracker Red CMXRos (Invitrogen M7512) fluorogenic dyes at 10 µM and 50 nM final 

concentrations, respectively, for 30 min. Various concentrations of AP39, or the control 

compounds AP219 or ADT-OH, were added with fresh media and cells were further 

incubated for 1h. In another set of the experiments, cells were pretreated with the 

mitochondrial uncoupling agent FCCP (0.5 µM) for 1h; then AP39 was added and H2S 

imaging was performed. Cells were washed three times with PBS and the specific 

fluorescence of the various dyes was visualized using a Nikon eclipse 80i inverted 

microscope with a Photometric CoolSNAP HQ2 camera and the NIS-Elements BR 3.10 

software.

Bioenergetic analysis in cultured cells

The XF24 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA) was used to 

measure bioenergetic function, as originally described [26,27], and as employed by us in 

prior studies [13,16]. The measurement of oxygen consumption rate (OCR) after oligomycin 

(1.5 µg/ml) was used to assess ATP production rate and the measurement of OCR after 

FCCP (0.5 µM) was used to assess maximal mitochondrial respiratory capacity. 2-

deoxyglucose (100 mM) was used to estimate cellular glycolytic dependency and antimycin 

A (2 µg/ml) and rotenone (2 µM) were used to inhibit the flux of electrons through complex 

III and I, to detect residual non-mitochondrial oxygen consumption rate, which is considered 

to be due to cytosolic oxidase enzymes. Simultaneously with the OCR measurements, 

extracellular acidification rate (ECAR), an index of glycolytic function, was also measured.

MTT assay

The MTT method was performed as described [28]. Briefly, 3-(4,5-dimethyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was added to the cells at a final 
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concentration of 0.5 mg/ml and cells were cultured at 37 °C for 1 hour. The cells were 

washed with PBS and the formazan dye was dissolved in DMSO. The amount of converted 

formazan dye was measured at 570 nm with a background measurement at 690 nm on a 

Powerwave reader (Biotek). The method detects Complex II-dependent mitochondrial 

activity, and is often used to estimate mitochondrial function and/or cell viability.

LDH assay

Lactate dehydrogenase (LDH) release was determined as a cytotoxicity assay, a secondary 

measurement for determination of cell death, as described [28]. Briefly, 30 µl of supernatant 

was saved before addition of MTT and mixed with 100 µl freshly prepared LDH assay 

reagent containing 85 mM lactic acid, 1 mM nicotinamide adenine dinucleotide (NAD+), 

0.27 mM N-methylphenazonium methyl sulfate (PMS), 0.528 mM 2-(4-Iodophenyl)-3-(4-

nitrophenyl)-5-phenyl-2H-tetrazolium chloride (INT), and 200 mM Tris (pH 8.2). The 

changes in absorbance were read kinetically at 492 nm for 15 min (kinetic LDH assay) on a 

monochromator-based reader (Powerwave HT, Biotek) at 37 °C. LDH activity values are 

shown as Vmax for kinetic assays in mOD/min.

Measurement of mitochondrial and nuclear DNA integrity

To measure DNA integrity (damage) we used gene-specific semi-quantitative PCR assays 

using LongAmp Taq DNA Polymerase (New England BioLabs, Ipswich, MA) as described 

[29]. Briefly, total DNA was isolated using DNase Blood and Tissue Kit (QIAGEN, Hilden, 

Germany). Damage to nuclear DNA was estimated by quantification of the PCR 

amplification of the 9kb nuclear-specific DNA fragment using PicoGreen fluorescent dye to 

detect double-stranded DNA (Quant-iT™ PicoGreen, Molecular Probe). Damage to the 

mitochondrial DNA was estimated by quantification of the PCR amplification of the 10kb 

mitochondrial-specific DNA fragment using PicoGreen staining. Obtained data was 

normalized by the PCR amplification of 117bp mitochondrial genome-specific fragment for 

correction of the multiple copies of the mitochondrial genome. Preliminary assays were 

carried out to ensure the linearity of PCR amplification with respect to the number of cycles 

and DNA concentration.

Measurement of protein oxidation

Protein oxidation was measured in whole extracts and mitochondrial preparations as 

described [28]. Cells were lysed using buffer containing 150 mM NaCl, 50mM Tris-HCl, 

pH 8.0 and 1% NP-40 supplemented with protease inhibitors (Complete mini, Roche 

Applied Science, Indianapolis, IN). Cells were lysed on ice for 30 min followed by 

centrifugation 20,000 × g, 15 min at 4 °C. Protein concentration in supernatant was 

measured by DC protein assay (Bio-Rad, Hercules, CA). Carbonyl groups of the proteins, as 

a result of their reaction with oxygen free radicals reaction, is considered a hallmark of 

protein oxidation status. Therefore, the level of carbonyl groups was quantified using the 

Oxyblot Protein Oxidation detection kit according to the manufacturer's instructions 

(Millipore, Billerica, MA). Briefly, 2.5 µg of the total or mitochondrial proteins were 

denatured with 6% SDS (final concentration), followed by derivatization of exposed 

carbonyl groups with 2,4-dinitrophenylhydrazine (DNPH) to form 2,4-

dinitrophenylhydrazone (DNP-hydrazones) by adding 10 µl of 1 × DNPH solution. After 

Szczesny et al. Page 4

Nitric Oxide. Author manuscript; available in PMC 2014 November 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



incubation at 37°C for 15 min the reaction was stopped by addition of 7.5 µl of the 

Neutralization solution. The DNP-derivatized samples were transferred to a nitrocellulose 

membrane using MINIFOL Slot Blot System (Whatman) followed by Western blot analysis 

using primary antibody specific to DNP-moiety of the oxidatively modified proteins. 

Preliminary assays were carried out to ensure the linearity of obtained signal with respect to 

the protein concentration. Pierce enhanced chemiluminescent substrate (Pierce ECL, 

Thermo Fisher Scientific Inc., USA) was used to detect the chemiluminescent signal in a 

CCD-camera based detection system (GBox, Syngene USA, Frederick, MD).

Measurement of cellular oxidant production

Cellular oxidant production was measured as described [28]. 40,000 of bEnd.3 cells were 

seeded in the Lab-Tek II chamber coverglass system (Nalgen Nunc International) and 

incubated at 37°C and 10% CO2 humidified incubator overnight. The cells were loaded with 

5 µM of MitoSOX Red dye (Invitrogen M36008) for 10 min. Various concentrations of 

AP39 were added with fresh media and cells were further incubated for 1h. Cells were then 

washed three times with PBS and the specific fluorescence of the dye was visualized using 

Nikon eclipse 80i inverted microscope with the Photometric CoolSNAP HQ2 camera and 

the NIS-Elements BR 3.10 software.

Generation of oxidative stress and selective mitochondrial DNA damage with glucose 
oxidase

To generate oxidative stress, we used glucose oxidase (GOx) (Sigma-Aldrich, St. Louis, 

MO), which, in the presence of glucose in the cell culture medium, generates hydrogen 

peroxide (H2O2) [30]. The production of reactive oxygen species (ROS) from GOx was 

measured by CM-H2DCF DA (Invitrogen) Various concentrations of GOx were added to 

tissue culture medium containing 5 µM CM-H2DCF DA and fluorescence (Ex494/Em520) 

was measured using SpectraMax M2 (Molecular Devices) microplate reader after 1h. A 

ROS standard curve was constructed with H2O2. Glucose oxidase (GOx) was added to the 

cells at various concentrations, in the presence or absence of various concentrations of AP39 

(or control compounds AP219 or ADT-OH), followed by a washout and further incubation 

in the presence of tissue culture medium for up to 24 hours.

Statistics

Data are shown as means ± standard error of the mean (SEM). Student’s t-test, one-way and 

two-way ANOVA with Tukey’s post hoc test were used to detect differences between 

groups; p<0.05 was considered statistically significantly different. All statistical calculations 

were performed using Graphpad Prism 6 analysis software.

Results

AP39 increases the abundance of mitochondrial H2S in bEnd.3 endothelial cells

Exposure of the cells to AP39 (30–300 nM) for 1 hour resulted in a slight increase in the 

fluorescence of the H2S-detecting dye, 7-azido-4-methylcoumarin, with significant co-

localization of the signal to mitochondria (Figure 2). Please also note that there was already 

a detectable baseline fluorescent signal in the cells. Consistently with the fact that CBS and 
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CSE under physiological conditions are cytosolic, while 3-MST has both mitochondrial and 

cytosolic localization [10,13], the low levels of basal H2S detected did not show a 

mitochondrial preference (Figure 2). In the presence of the mitochondrial uncoupler FCCP, 

AP39 no longer showed induced a preferentially mitochondrial increase H2S fluorescence 

(Figure 2B), consistent with the fact [20] that the mitochondrial uptake of TPP+ is dependent 

on mitochondrial membrane potential. The compound AP219 (which contains the AP39 

scaffold without the H2S releasing moiety) did not induce an increase in H2S fluorescence in 

the cells, while the H2S donor moiety ADT-OH, on its own, showed a diffuse, slight 

increase in the H2S fluorescence signal (Figure 2C).

Effect of AP39 on mitochondrial function/cellular bioenergetics under resting conditions

Similar to the responses previously noted with authentic H2S [4,14–17], incubation of bEnd.

3 cells with AP39 initially caused an increase in basal OCR at 100 nM, while an inhibition 

at 300 nM (Figure 3A,B). AP39 also induced a concentration-dependent increase in FCCP-

stimulated OCR at 30 and 100 nM, while at 300 nM, the response switched into an 

inhibitory effect (Figure 3B). The FCCP-induced increase in OCR represents the 'respiratory 

reserve capacity', a key bioenergetic parameter, which corresponds to a spare respiratory that 

is available to the cells in response to increases in energy demand. The pattern of the 

response to AP39 is consistent with the previously known bell-shaped pharmacological 

character [31] of H2S. Although the effects are fairly small, it may be noted that the increase 

in basal OCR due to 100 nM AP39 is higher than the sum of an increase in ATP-linked 

OCR and proton leak (Figure 3B), perhaps due to an additional, AP39-induced increase in 

non-mitochondrial oxygen consumption. AP39 failed to affect glycolytic activity, as 

assessed by the quantification of extracellular acidification rate (ECAR) (Figure 3C).

AP39 exerts cytoprotective effects in cells subjected to oxidative stress

As expected, the exposure of the cells to glucose oxidase resulted in a concentration-

dependent generation of ROS. As shown in Figure 4, ROS production in response to 0.03, 

0.01 and 0.03 U/ml resulted in ROS fluorescence values comparable to the fluorescence 

induced by H2O2 concentrations of 30, 100 and 300 µM, respectively. Exposure of the cells 

to glucose oxidase for 1h, followed by a washout, resulted in a time-dependent decrease in 

mitochondrial activity/cellular viability, evidenced by suppressed MTT conversion (Figure 

5A,E). At the highest glucose oxidase concentrations used there was also a statistically 

significant increase in the amount of LDH in the culture medium, indicating a loss of cell 

membrane integrity and cell necrosis (Figure 5F). Co-treatment with AP39, particularly at 

100 nM, partially attenuated the cytotoxic effect of glucose oxidase treatment (Figure 5E,F). 

AP39 caused a slight reduction in basal LDH release in cells not exposed to glucose oxidase, 

perhaps due to inhibition of a low degree of on-going cell injury under baseline conditions in 

the cell cultures (Figure 5F). AP219 or ADT-OH, at 300 nM, failed to affect mitochondrial 

activity/cell viability under basal conditions or in the presence of oxidative stress (Figure 

5B–D).

AP39 attenuates the loss of cellular bioenergetics during oxidative stress

We have selected 0.3 U/ml of glucose oxidase for the next set of experiments. This 

concentration of glucose oxidase was found to attenuate MTT conversion, but did not yet 
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induce significant increase in LDH release (Figure 5). Incubation of the endothelial cells 

with this concentration of glucose oxidase suppressed most of the cellular bioenergetic 

parameters. Some of these alterations (such as the decrease in basal respiratory rate and the 

decrease in maximal oxygen consumption), were smaller in the presence of 100nM of AP39 

(Figure 6). However, it should also be noted that the recovery of OCR by AP39 treatment 

might be independent of the oxidative insult used, as the absolute value of an increase in 

OCR is comparable in the non-treated and the glucose-oxidase-treated cells.

AP39 protects against oxidative mitochondrial DNA damage

The intermediate concentrations (0.03 and 0.06 U/ml) of glucose oxidase were used for 

studies of mitochondrial and nuclear DNA integrity. In line with prior studies in various cell 

types ([32,33], the intermediate concentration of glucose oxidase preferentially caused a loss 

of DNA mitochondrial integrity, while no significant changes in nuclear DNA integrity were 

noted (Figure 7). AP39 (100 nM) exerted a protective effect against mitochondrial DNA 

damage by partially restoring its integrity (Figure 7).

AP39 reduces the degree of intracellular oxidative stress

AP39 treatment of the cells resulted in a reduction in cellular and mitochondrial 

fluorescence in cells treated with glucose oxidase (0.03 – 0.06 U/ml), as evidenced by the 

measurement of oxidatively modified proteins (Oxyblot assay) of whole cell homogenates 

and mitochondrial extracts (Figure 8A) and by reduction of the fluorescence of the 

MitoSOX dye (Figure 8B).

Discussion

The current results show that the recently synthesized mitochondrially-targeted H2S donor, 

AP39, exerts characteristic effects on mitochondrial electron transport and cellular 

bioenergetics. These effects tend to be stimulatory at lower concentrations (30 and 100 nM), 

but tend to diminish or convert into inhibitory effects at a higher concentration (300 nM). 

An appropriately selected, intermediate concentration of AP39 (100 nM) reduced 

intracellular oxidative stress and in the meantime it consequently sustained the cell viability, 

mitochondrial respiration and mitochondrial DNA integrity.

The effects of AP39 on mitochondrial electron transport are consistent with previous studies 

demonstrating that low concentrations of H2S can act as electron donors and stimulators of 

mitochondrial electron transport and ATP production in various cell types including 

colonocytes, hepatocytes, and colon cancer cells [4,13–17]. This effect has been initially 

attributed to a direct electron donation, whereby H2S donates electrons to the mitochondrial 

enzyme SQR, which, in turn, "feeds them" into the mitochondrial electron transport chain 

[14,17]. However, additional work has identified a secondary site of regulation, which 

relates to inhibition of mitochondrial phosphodiesterases and a consequent elevation of 

intramitochondrial cAMP levels [25]. The stimulatory effects of H2S at higher 

concentrations are diminished, as a secondary effect of H2S becomes more and more 

prominent. In many cell types, this effect has been attributed to a direct inhibition of 

cytochrome c oxidase (Complex IV) [13,14,31]. However, given the fact that in endothelial 
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cells Complex IV does not exert a significant control over cellular respiration [34], 

additional mechanisms may also be conceivable, perhaps on other mitochondrial complexes, 

such as the ATP synthase. We hypothesize that, similar to authentic H2S or other H2S 

donors, the net balance of activating and inhibitory mitochondrial effect determines the 

ultimate effect of various concentrations of AP39 in the experimental conditions used in the 

current study.

It is interesting to note that the concentrations of AP39 (nanomolar concentration range, 

most significantly 100 nM) that resulted in either mitochondrial stimulation or in 

mitochondrial inhibition were lower than what was previously reported with H2S (low 

micromolar concentrations; typically 1–10 µM). We interpret this to be the result of the fact 

that AP39 is accumulating in the mitochondria, and, therefore, its local concentrations are 

likely to be substantially higher than the 'nominal' concentrations that were applied to the 

culture medium. We have, indeed, confirmed the selective increase of H2S after AP39 

administration in our fluorescent microscopy studies (Figure 2). The selective accumulation 

of AP39 is likely due to the presence of its triphenylphosphonium (TPP+) group, which has 

been previously used to selectively target various molecules (e.g. antioxidants, 

mitochondrial channel modulators, cytotoxic agents, molecular probes, etc.) [35–41]. A 

similar approach has also been previously used to generate mitochondrially targeted nitric 

oxide [42,43], but, to our knowledge, AP39 is the first successful attempt for the selective 

mitochondrial delivery of H2S. Based on prior examples in the literature, the lipophilic 

triphenylphosphonium cation (as well as the biologically active 'payload' that is covalently 

attached to it) is accumulated 5- to 10-fold into the cytoplasm from the extracellular space 

by the plasma membrane potential and then further accumulated 100- to 500-fold into the 

mitochondrial matrix by the mitochondrial membrane potential [20]. These lipophilic 

cations pass directly through the lipid bilayer and do not utilize specific uptake systems [20]. 

The current findings are consistent with the hypothesis that the triphenylphosphonium can 

be useful for the mitochondrial delivery of H2S. The control experiments with the "H2S-

donor-less" parent compound AP219 and with the H2S donor ADT-OH show that the parent 

molecule does not affect cell viability or cellular H2S fluorescence, while the "TPP-less" 

H2S donor ADT-OH does not accumulate in the mitochondria (Figure 2). The findings also 

indicate, however, that the amount of H2S to be delivered must meet a specific concentration 

range, in order to exert positive bioenergetic effects; exceeding this range will start to exert 

inhibitory effects, consistently with the bell-shaped mitochondrial concentration-response 

curve of H2S itself.

To induce oxidative stress, we have used glucose oxidase, which generates low, but steady-

state levels of H2O2, in the culture medium. We have used this approach because we believe 

that such delivery of H2O2 is more relevant from a pathophysiological standpoint, than 

sudden 'bursts' of authentic extracellular H2O2 [44,45]. According to prior studies, low 

concentrations of glucose oxidase induce secondary alterations in intracellular pathways, 

including depletion of intracellular antioxidants, deterioration of mitochondrial membrane 

potential, and the impairment of mitochondrial electron transport, culminating in a 

secondary production of ROS from endogenous sources [46–49]. We hypothesize that in the 

current study H2S, released from AP39, protected against mitochondrial dysfunction and cell 

injury, in part by attenuating the primary attack of the H2O2 generated by extracellular 
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glucose oxidase, and in part by 'stabilizing' the mitochondria, and protecting against the 

secondary, mitochondrion-dependent phase of cell injury. The reduction of mitochondrial 

protein oxidation (Oxyblot assay) and the reduced signal detected with the mitoSOX assay 

in AP39-treated cells is consistent with this hypothesis. (With respect to the MitoSOX assay, 

we would also like to point out that this assay, although frequently used in the literature to 

estimate mitochondrial oxidative stress, is not fully specific to mitochondrial ROS species. 

Additional measurements, for example the quantification of the superoxide-specific product, 

2-hydroxy-mitoethidium would need to be conducted to strengthen the mitochondrial 

specificity of our conclusions.)

While AP39 (but not the inactive scaffold AP219) exerted the above-listed antioxidant and 

cytoprotective effects in oxidatively stressed endothelial cells, the non-targeted H2S donor 

ADT-OH was functionally inactive. We hypothesize that, when ADT-OH is added to the 

cell culture media at 300 nM, the amount of H2S that reaches the mitochondrial 

compartment is too low to counteract oxidative stress.

It must be noted that in the Extracellular Flux Analysis studies, AP39 already enhanced 

baseline bioenergetic parameters, and some of the protection in oxidant-treated cells may be 

simply due to the fact that the cells started out from a higher 'baseline' rate of oxygen 

consumption, electron transport and/or cellular bioenergetic status. Thus, some of the 

protection seen here may not be specific to the particular mode of oxidant stress or cellular 

energetic dysfunction employed in our experimental conditions.

The exact molecular mode of the protective effect of AP39 remains to be investigated in 

further studies. It is nevertheless interesting to note that the deleterious effects of glucose 

oxidase on cell viability/mitochondrial function progressed for 24 hours, although the 

glucose oxidase was subjected to a washout after 1h of exposure. (This may also explain 

why the glucose oxidase concentrations used in the Seahorse Extracellular Flux analysis, 

that was conducted at 1h after glucose oxidase exposure, needed to be higher than the 

glucose oxidase concentrations used to generate mitochondrial dysfunction/cell death, as 

measured by the MTT/LDH assays at 24h.) Based on prior studies, we hypothesize that the 

progressive onset of cell dysfunction after glucose oxidase may be, at least in part, related to 

an initial mitochondrial DNA injury, which is an independent actor in the development of 

the subsequent cell death [29,32]. We further hypothesize that the antioxidant effect of H2S 

donation, by protecting against this early mitochondrial DNA injury (as shown in Figure 7) 

is part of the reason why the cell viability is maintained at 24 hours in the cells that received 

AP39 co-treatment together with glucose oxidase during the initial 1h period.

Another issue that remains to be resolved is the cell-based antioxidant effect of H2S 

(reported here, as well as in multiple prior studies, as reviewed in [1,3,50–57]), when 

compared to the very slow in vitro biochemical reaction constant of H2S with all reactive 

oxygen species studied so far (superoxide, hydroxyl radical, peroxynitrite, etc.) [58,59]. 

Although these explicitly detailed reaction kinetics are useful in determining the mode of 

action of H2S, it must be emphasized, however, that in living cells the situation is infinitely 

more complex than in the studies where two species are reacted in a stopped flow chamber; 

in the presence of various antioxidants (enzymatic and non-enzymatic) and multiple 
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additional reactive species (e.g. nitric oxide), several additional reactions may take place. 

For example, the reaction of H2S with peroxynitrite may yield NO donors [60,61], which 

may then exert cytoprotective effects on their own. Likewise, it is conceivable that H2S may 

affect (e.g. activate or upregulate) various endogenous antioxidant systems in the cell.

The protection by H2S against oxidant-mediated cytotoxicity noted in the current report is 

consistent with many previous reports, but not with all of them. For example, Eghbal and 

colleagues have previously reported in hepatocytes that low (non-toxic) concentrations of 

H2S enhanced the cytotoxic effect of H2O2, generated by glucose/glucose oxidase [62]. 

However, in the Eghbal study, a general H2S donor (as opposed to a mitochondrial-specific 

one) was used, which may account for the difference.

It is interesting to note that intermediate concentrations of glucose oxidase induced a marked 

damage to mitochondrial DNA, but not to nuclear DNA. This is in line with prior studies in 

various cell types [29,32], and it is also in line with the generally accepted view [63–66] that 

mitochondrial DNA (which does not contain histones or introns and is situated close to the 

mitochondrial electron transport chain, a source of ROS) is more susceptible to oxidative 

damage than nuclear DNA. As discussed elsewhere [63–68], the damage of mitochondrial 

DNA, which encodes crucial components of each of the four mitochondrial electron 

transport chain complexes, may lead to a loss of the local regulation of the electron transport 

chain, culminating in mitochondrial oxidant generation, deterioration of cellular 

bioenergetics, and initiation of mitochondrial cell death pathways (such as the release of 

cytochrome c and apoptosis-inducing factor from the mitochondria). In this context, 

protection by H2S against oxidative mitochondrial DNA injury may constitute a novel mode 

of cellular protection. The mechanism of this effect may involve direct and indirect 

antioxidative effects (as discussed above), but we cannot exclude that H2S may also affect 

the integrity or activity of various mitochondrial DNA repair proteins. This possibility 

remains to be explored in further experiments.

In summary, the current report demonstrates various mitochondrial effects of the 

mitochondrial H2S donor AP39 that are consistent with the role of H2S in the regulation of 

mitochondrial function under normal conditions and during oxidative stress. It is interesting 

to note that recent studies observed the mitochondrial translocation of H2S-producing 

enzymes, as a form of endogenous protective response to various insults including hypoxia 

[69]. In this context, AP39 may be conceptually viewed as a pharmacological tool or 

potential therapeutic agent that 'mimics' this type of endogenous protective mechanism.

Given the importance of oxidant-mediated endothelial mitochondrial dysfunction in 

cardiovascular diseases, diabetic complications, inflammatory diseases, and various forms of 

critical illness [29, 70–76], which are often also associated with impairments in H2S 

homeostasis [8, 77–85], we hypothesize that appropriately chosen, mitochondrially selective 

H2S donors may exert potential therapeutic effects in some pathophysiological conditions. 

The most appropriate conditions and the exact mode of the donor's application (especially in 

light of the bell-shaped pharmacological character of H2S) remain to be defined in future in 

vitro and in vivo studies.
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Highlights

- Addition of AP39 targets H2S release to the mitochondria of endothelial 

cells.

- AP39 exerts a bell-shaped effect on mitochondrial activity.

- AP39 does not affect mitochondrial or nuclear DNA integrity under basal 

conditions.

- Under oxidative stress conditions, AP39 exerts cytoprotective effects.

- Under oxidative stress conditions, AP39 maintains mitochondrial DNA 

integrity.
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Fig. 1. Chemical structures of AP39 and the two control molecules AP219 and ADT-OH
AP219 is an AP39-like scaffold that does not have the H2S donor group and is the predicted 

product of AP39, if the compound undergoes hydrolysis by intracellular esterases. ADT-OH 

is the H2S donor moiety used in AP39, without the mitochondrially targeted TPP+ group.

Szczesny et al. Page 17

Nitric Oxide. Author manuscript; available in PMC 2014 November 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 2. AP39 generates H2S mainly in mitochondria
(A) Endothelial cells (bEnd.3) were treated with various concentration of AP39 (as 

indicated) for 1 hour and intracellular H2S was detected using AzMC fluorescent probe as 

described in Materials and Methods. Mitochondrial localization was monitored by 

MitoTracker Red. Note the concentration-dependent increase in H2S signal in response to 

AP39 treatment, which, at least in part, co-localized within the mitochondrial regions. (B) 
Lack of increase in mitochondrial H2S signal in response to AP39, when cells were 

pretreated with the mitochondrial uncoupling agent FCCP. (C) Lack of increase in H2S 
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fluorescence with AP219 and lack of increase in mitochondrial H2S fluorescence with ADT-

OH. The figures are representative of three independent experiments that were run in 

duplicates for each end-point.
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Fig. 3. Effect of AP39 on cellular bioenergetics in resting cells
Endothelial cells (bEnd.3) were incubated with various concentration of AP39 for 1 hour 

and bioenergetics parameters were determined using Extracellular Flux Analyzer as 

described in the Materials and Methods. Part (A) shows representative tracings; part (B) 
shows calculated bioenergetic parameters. * and ** show significant enhancement of a 

bioenergetic parameter, compared to control (no AP39) (p<0.05 and p<0.01, respectively); # 

shows significant inhibition of a bioenergetic parameter, compared to control (p<0.05). The 
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results shown in part (B) show mean±SEM values from three independent experiments with 

5 replicates for each end-point.
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Fig. 4. Generation of H2O2 by glucose oxidase in culture medium
Comparison of the increase in DCF fluorescence in response to glucose oxidase and H2O2 at 

1 hour after incubation in tissue culture medium. The figure shows mean±SEM values from 

three independent experiments that were run in duplicates.
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Fig. 5. Cytoprotective effects of AP39 in oxidatively stressed cells
(A) Time-course of the change in MTT reduction at various time points after glucose 

oxidase exposure in bEnd.3 endothelial cells. Cells were exposed to glucose oxidase (0.01 or 

0.03 U/ml) for 1h, followed by a washout and replacement of the medium with fresh tissue 

culture medium. Cells were incubated for a subsequent 23h period, followed by the 

measurement of MTT conversion. (B) Lack of effect of AP219 or ADT-OH (100 nM) on 

MTT reduction in bEnd.3 endothelial cells, as measured at 24 hours. (C) Lack of protective 

effect of AP219 or ADT-OH (100 nM) on the glucose oxidase-induced decrease in MTT 
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reduction, as measured in bEnd.3 endothelial cells at 24 hours. (D) Lack of effect of AP39 

(30–300 nM) on the mitochondrial conversion of MTT to formazan, an index of 

mitochondrial function/cell viability in bEnd.3 endothelial cells at 24 hours. Note that AP39 

alone does not affect MTT conversion. (E) Effect of various concentrations of AP39 on 

MTT conversion in cells exposed to various concentration of oxidative stress induced by 

increasing concentration of glucose oxidase (GOx). Note that there is a decrease in MTT 

conversion in GOx treated cells; these effects are attenuated by AP39. Please also note that 

AP39-mediated protection was only observed at intermediate concentrations of GOx; the 

protective effects were no longer observed at the highest concentrations (0.1 – 0.3 U/ml) of 

GOx used. (F) Effect of AP39 on the breakdown of the integrity of the plasma membrane, as 

measured by LDH release into the extracellular medium. Please note that an intermediate 

concentration of AP39 attenuates basal LDH release in cells not treated with oxidants, 

perhaps indicative of improved viability or protection against a small degree of baseline cell 

dysfunction/cell death. (G) Effect of AP39 on LDH release in cells exposed to various 

concentration of GOx. Please note that AP39 decreased the release of LDH at intermediate 

concentrations of GOx; the protective effects were no longer observed at the highest 

concentration (0.3 U/ml) of GOx used. * p<0.05 shows a significant decrease in MTT or a 

significant increase in LDH in response to GOx treatment, when compared to baseline 

control (in the absence of GOx or AP39). # p<0.05 shows a significant enhancement of 

MTT or a significant reduction of LDH by AP39, when compared to its corresponding 

control at the same concentration of GOx, or in the absence of GOx. Results shown in parts 

A–G show mean±SEM values from three independent experiments with 4–8 replicates for 

each end-point.
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Fig. 6. Protection by AP39 against the oxidative stress-induced loss of cellular bioenergetics
(A) Endothelial cells (bEnd.3) were incubated with 100 nM AP39, 0.3 U/ml GOx or their 

combination for 1 hour and bioenergetics parameters were determined using Extracellular 

Flux Analysis. Various calculated bioenergetics parameters are shown in panel (B). Please 

note, that similarly to the results shown in Figure 3, 100 nM AP39 increased basal 

respiration, maximal respiration and spare respiratory capacity. The bioenergetic parameters 

were markedly reduced by oxidative stress. Treatment of oxidatively stressed endothelial 

cells with AP39 attenuated partially maintained basal and maximal respiration, but did not 

affect the adverse effect of GOx on the other bioenergetic parameters evaluated. * and ** 

shows significant enhancement of a bioenergetic parameter, compared to control (no AP39) 

(p<0.05 and p<0.01, respectively); # shows significant inhibition of a bioenergetic 

parameter, compared to control (p<0.05). The results show mean±SEM values from three 

independent experiments with 5 replicates for each end-point.
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Fig. 7. AP39 protects mitochondrial DNA from oxidatively induced damage
The bEnd.3 cells were exposed to two different concentrations of glucose oxidase (as 

indicated) in the presence or absence of 100 nM AP39 for 1 hour. DNA integrity (A) 
mitochondrial and (B) nuclear genome was estimated using PCR of long DNA fragments. 

Note, that 100nM of AP39 does not decrease integrity of the mitochondrial or nuclear DNA. 

The concentration of GOx used in this study induces only reduction of mitochondrial DNA 

integrity, in dose-dependent manner. AP39 significantly protects mitochondrial DNA from 

GOx challenged. * and ** shows significant enhancement of a mitochondrial DNA integrity, 

compared to GOx treated samples (p<0.05 and p<0.01, respectively). The results show mean

±SEM values from two independent experiments that were run in triplicates for each end-

point.
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Fig. 8. Reduction of oxidative stress by AP39 in endothelial cells exposed to glucose oxidase
(A) The effect of AP39 on the level of oxidized carbonyl groups induced by 0.03 U/ml GOx 

was measured in total cell extracts or mitochondrial preparations of bEnd.3 cells (oxyblot 

assay). Note that there was increase in oxidative carbonylation in response to GOx, and this 

was attenuated in the AP39 treated samples. *shows a significant increase in protein 

oxidation compared to the baseline control; p<0.05. (B) The effect of AP39 is shown on the 

level of MitoSOX fluorescence. Note the concentration-dependent reduction of superoxide 

generation in AP39 treated cells. The results show mean±SEM values from two independent 

experiments that were run in triplicates for each end-point.
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