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ABSTRACT

Exposure to toxic levels of hydrogen sulfide (H,S) produces an acute cardiac depression that can be rapidly fatal. We sought
to characterize the time course of the cardiac effects produced by the toxicity of H,S in sheep, a human sized mammal, and
to describe the in vivo and in vitro antidotal properties of methylene blue (MB), which has shown efficacy in sulfide
intoxicated rats. Infusing NaHS (720 mg) in anesthetized adult sheep produced a rapid dilation of the left ventricular with a
decrease in contractility, which was lethal within about 10 min by pulseless electrical activity. MB (7 mg/kg), administered
during sulfide exposure, maintained cardiac contractility and allowed all of the treated animals to recover. At a dose of 350
mg NaHS, we were able to produce an intoxication, which led to a persistent decrease in ventricular function for at least 1
hin nontreated animals. Administration of MB, 3 or 30 min after the end of exposure, whereas all free H,S had already
vanished, restored cardiac contractility and the pyruvate/lactate (P/L) ratio. We found that MB exerts its antidotal effects
through at least 4 different mechanisms: (1) a direct oxidation of free sulfide; (2) an increase in the pool of “trapped” H,S in
red cells; (3) a restoration of the mitochondrial substrate-level phosphorylation; and (4) a rescue of the mitochondrial
electron chain. In conclusion, H,S intoxication produces acute and long persisting alteration in cardiac function in large
mammals even after all free H,S has vanished. MB exerts its antidotal effects against life-threatening sulfide intoxication
via multifarious properties, some of them unrelated to any direct interaction with free H,S.
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Hydrogen sulfide (H,S), which has been in the spotlight (Olson,
2013) as a potential physiological gaseous signaling molecule,
remains a persistent public health risk (Guidotti, 1994) in farming
(Chenard et al., 2003), wastewater (Austigard et al., 2018), gas (oil)
(Hendrickson et al., 2004), and fishing industry (Dalgaard et al.,
1972). H,S has also been used as a “method” of suicide (Kamijo
etal., 2013; Reedy et al., 2011; Sams et al., 2013; Truscott, 2008).

In contrast to “light” sulfide intoxications during which clini-
cal symptoms rapidly and spontaneously resolve, due to the

extremely fast disappearance of free H,S from the body
(Haggard, 1921; Haouzi et al., 2014; Klingerman et al., 2013;
Toombs et al., 2010), the most severe cases of sulfide intoxica-
tion result in a persistent coma, with a life-threatening shock
and breathing depression (Almeida et al.,, 2008; Almeida and
Guidotti, 1999; Guidotti, 2010; Judenherc-Haouzi et al.,, 2016;
Struve et al., 2001). Of note, the profound and rapid cardiac de-
pression produced during H,S intoxication is also certainly a
major contributor to the development of long-term neurological
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deficit in victims surviving the most severe forms of intoxica-
tion (Baldelli et al., 1993). There is no current standard of care
(Haouzi et al., 2016) available to first responders (Judenherc-
Haouzi et al., 2016; Sonobe and Haouzi, 2016a).

The mechanisms of H,S toxicity are quite complex
(Beauchamp et al., 1984; Bouillaud and Blachier, 2011; Cheung
et al., 2007; Guidotti, 2010; Haouzi et al., 2016). Although sulfide
inhibits the activity of the cytochrome C oxidase (Cooper and
Brown, 2008; Dorman et al., 2002), akin to the effects of CN, HS/
H,S can also directly alter the activity of critical ion channels
(Tang et al., 2010) on neurons (Greer et al., 1995) or cardiac cells
(Cheung et al., 2018; Judenherc-Haouzi et al., 2016). Despite the
extremely fast disappearance of the pool of soluble/free sulfide
in the blood and tissues (Haggard, 1921; Haouzi et al., 2014,
Klingerman et al., 2013), ie, within a few minutes after the end of
an acute exposure (Sonobe and Haouzi, 2016b), in severe intoxi-
cations, the deleterious effects of H,S persist well beyond the
period of exposure potentially leading to a delayed death or
long-term neurological sequelae (Tvedt et al., 1991). These per-
sisting effects of a sulfide intoxication could be accounted for by
the presence of a pool of sulfide combined with metalloproteins
(Smith and Gosselin, 1966; Van de Louw and Haouzi, 2013) or
cysteine residues of various proteins (Mustafa et al., 2009; Paul
and Snyder, 2012) and/or could result from the production of re-
active oxygen species (Eghbal et al., 2004).

The very rapid disappearance of free H,S represents the ma-
jor challenge to treat severe forms of sulfide intoxication
(Haouzi et al., 2016), because antidotes able to combine free HS”/
H,S and catalyze its oxidation in blood or tissues (Beck et al.,
1981; Brenner et al., 2014; Hall and Rumack, 1997; Haouzi, 2011;
Haouzi et al., 2014, 2015, 2016; Mihajlovic, 1999; Smith, 1967,
1981; Smith and Gosselin, 1966; Van de Louw and Haouzi, 2013)
become rapidly ineffective when used after removing victims
from a toxic exposure, ie, when left with a pool of sulfide not ac-
cessible to trapping. We have recently found that methylene
blue (MB), an old redox dye, counteracts the acute effects of le-
thal forms of H,S intoxication in sedated and unsedated rats as
well as in isolated contracting cardiomyocytes (Cheung et al.,
2018; Judenherc-Haouzi et al., 2016; Sonobe and Haouzi, 2015).
This effect is still present after sulfide exposure, when all free
H,S has vanished (Judenherc-Haouzi et al., 2016), restoring car-
diac and metabolic function acutely depressed by H,S (Cheung
et al., 2018; Judenherc-Haouzi et al., 2016; Sonobe and Haouzi,
2015). As a result, these antidotal effects of MB increased the im-
mediate survival of rats severely intoxicated with sulfide
(Judenherc-Haouzi et al., 2016; Sonobe et al., 2015). A clear bene-
ficial effect was also observed in intoxicated cardiac myocytes,
wherein MB, added 3 min after H,S exposure, restored contrac-
tility, intracellular Ca?" homeostasis and potassium exchange
profoundly altered by toxic levels of H,S (Cheung et al., 2018;
Judenherc-Haouzi et al., 2016). One of the main interests of MB is
therefore that it seems to possess antidotal properties against
H,S toxicity regardless of the presence of a pool of free H,S.
Also, MB has been shown to exert a protection against the toxic
effects of cyanide (CN) (Brooks, 1933; Cheung et al., 2018; Eddy,
1930; Haouzi et al.,, 2018; Sahlin, 1926), and could therefore be
used against other mitochondrial poisons. Finally, MB is already
used for the emergency treatment of methemoglobinemia (Ash-
Bernal et al., 2004; Clifton and Leikin, 2003; Ginimuge and Jyothi,
2010; Wendel, 1939; Wright et al., 1999).

The first issue that needs to be resolved pertains to the
translation to human intoxication of observations obtained
either in rats or in vitro. Indeed, rodents have long been
shown to be able to reduce their metabolism in response to

hypoxia (Frappell et al.,, 1992; Mortola, 1993), a protective
mechanism that is also triggered by H,S (Haouzi et al., 2009),
which includes a decrease in cardiac function (Blackstone
et al., 2005; Rincon, 2005) and in breathing (Haouzi et al.,
2009). Such a mechanism of defense is absent in larger mam-
mals (Haouzi et al., 2008), challenging the relevance to
humans of the cardiac and metabolic effects of H,S and MB
reported in rodents. The size-dependent physiological re-
sponse to sulfide requires therefore studies to be performed
in large species, to test both the cardiac toxicity of H,S and
its potential reversal by MB.

The second fundamental question that must be clarified
relates to the mechanisms accounting for the counteracting
effects of MB on H,S toxicity. We have postulated that this effect
is related to MB potent redox properties (Cheung et al., 2018;
Judenherc-Haouzi et al.,, 2016; Sonobe et al., 2015; Sonobe and
Haouzi, 2015). Indeed MB is readily reduced into leuco-MB (LMB)
by molecules such as NADH or NAPDH as soon as it is adminis-
tered (Kelner and Alexander, 1985; Sevcik and Dunford, 1991).
LMB is therefore a reducing agent capable of transferring the
electron(s) gained from NA(P)DH to molecules with higher redox
potentials such as oxidized metals—or O,. As LMB is oxidized
back into MB in the process, a new hemi-cycle of reduction of
MB can take place. A very simple mechanism to explain the
antidotal effects of MB would be to assume that there is a di-
rect redox interaction between MB and the pool of free H,S,
that could act as a reducing agent (Li and Lancaster, 2013), this
interaction remains, however, relevant as long as free H,S is
present in the blood or tissue. Second, as recently proposed for
CN (Haouzi et al., 2018), the couple MB/LMB, although produc-
ing a reduction of the atoms of iron in red cells, was hypothe-
sized to lead to the cyclic and transient formation of oxidized
forms of iron, increasing in turn the capacity of hemoglobin to
trap CN and possibly H,S. Third, in contrast to NADH, the cou-
ple MB/LMB can diffuse in all cells including neurons and car-
diomyocytes, we have previously proposed that MB/LMB could
restore the redox environment of the mitochondria altered by
the presence of sulfide (Cheung et al., 2018; Judenherc-Haouzi
et al., 2016). For instance, the couple LMB/MB has been shown
to provide electrons to oxidized complexes, when complex I is
impeded (Riha et al., 2011; Rojas et al., 2009; 2012; Wen et al.,
2011; Zhang et al., 2006). The blockade of complex IV by H,S
(Cooper and Brown, 2008; Nicholls et al., 2013) makes however
this explanation unlikely as the electron chain is already re-
duced (Kim et al.,, 2012), so complexes need to be first re-
oxidized before allowing electrons to flow. Finally a mecha-
nism has recently be offered suggesting that MB could allow
the Krebs cycle to resume, by restoring the NADH/NAD, ratio
due to the cyclic oxidation of NADH (Komlodi and Tretter,
2017), which accumulation during H,S intoxication inhibits
the mitochondrial substrate-level phosphorylation (TCA cycle)
(LaNoue et al., 1972; Liu et al., 2018).

Our first objective was to address the question of efficacy in
a large mammal by describing in adult sheep the effects of MB
during or following a lethal or sublethal exposure to H,S. In ad-
dition, we sought to determine the potential mechanisms of the
antidotal properties of MB in vivo and in vitro. We focused our
studies on the 4 potential mechanisms of action described in
the above paragraph: (1) is there a direct redox interaction be-
tween MB and free H,S? (2) Does MB increase the capacity of he-
moglobin to “trap” H,S? (3) Can MB restore the ratio NAD/NADH
of animals intoxicated with sulfide? (4) Is the couple MB/LMB
able to rescue the mitochondrial membrane potential during a
sulfide intoxication, and if so how?



MATERIALS AND METHODS

In Vivo Experiments

The Sheep Model

Twenty-five adult female Dorset sheep (Ovis aries, ewes, 1-2
years old) weighing 44.9 + 11.5 kg were used for these experi-
ments. Out of these 25 sheep, 4 animals were studied for the de-
termination of the doses required to get a model of sublethal
intoxication. The data obtained in these 4 sheep are not in-
cluded in the overall comparison, but are still presented in the
Results section. This study was approved by the Pennsylvania
State University College of Medicine Institutional Animal Care
and Use Committee; all experiments were conducted in accor-
dance with the Guideline for the Care and Use of Laboratory
Animals published by the United States National Institutes of
Health. The choice of using female sheep was not dictated by
any specific scientific concerns but by practical considerations
(cost, easiness to handle in the animal facility, weight, and age).

The animals were pre-medicated with Ketamine (20 mg/kg)
IM, then a catheter (Medtronic 3F) was placed in the right exter-
nal jugular vein for anesthesia induction (Propofol). Anesthesia
was subsequently maintained by urethane (80 mg/kg) and
alphachloralose (15 mg/kg) as described previously (Haouzi
et al., 2015; Haouzi and Chenuel, 2005). The animals were tra-
cheostomized and an inflatable-cuff cannula (Shiley no. 7) was
inserted. A catheter was placed in the right femoral artery for
sampling arterial blood and for monitoring arterial blood
pressure.

Additional venous catheters (Medtronic 3F) were placed in
the left jugular vein and right femoral vein for injection of NaHS
and antidotes, respectively. To prevent H,S-induced apnea, the
animals were mechanically ventilated throughout the experi-
ments, in SIMV mode (servo Siemens 900C) with a mandatory
ventilation of 7-8 I/min to keep PaCO, around 38 Torr. The ani-
mals were therefore able to trigger the ventilator increasing
their ventilation as needed.

Measurements

Inspiratory and expiratory flows were recorded through the tra-
cheostomy using a Hans-Rudolph pneumotachograph (Hans-
Rudolph, Kansas City, Missouri) connected to a differential pres-
sure transducer. The expiratory circuit of the ventilator was
connected to a home-made mixing chamber, where mixed ex-
pired O,, CO,, and H,S fractions were continuously measured
using an O, (Oxystar-100), CWE, and CO, (model 17630,
VacuMed, Ventura, California) analyzers and 2 sulfide analyzers
(Interscan RM series, Simi Valley, California; 1-200 ppm and
0.001-1 ppm). Each gas analyzer was calibrated with different
gas mixtures containing a known concentration of CO, and O,
in air, and H,S in N,. The time constant of the response of the
circuit, including the sulfide analyzers, was determined as the
time needed to drop H,S concentration by 64% and was found to
average 123 s. The femoral arterial catheter was connected to a
pressure transducer (TA-100, CWE Inc., Ardmore, Pennsylvania).

The analog output signals from the sensors were digitized at
200 Hz (Power Lab 16/35, ADInstruments, Inc., Colorado Springs,
Colorado) and were visualized online. Data were stored for fur-
ther analysis by LabChart 7 (ADInstruments, Inc., Colorado
Springs, Colorado).

Mean blood pressure was computed from the instantaneous
blood pressure signal. The respiratory flow signal was inte-
grated for breath-by-breath calculation of tidal volume and
minute ventilation (Haouzi et al., 2014; Klingerman et al., 2013).
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Oxygen consumption (VO,) and CO, production were computed
under STPD conditions using VE, the inspiratory and mixed ex-
piratory fraction of O, and CO, (Haouzi and Chenuel, 2005).

Echocardiographic Evaluation of Cardiac Function

The left hemithorax was shaved once the animal was sedated
and 3 subcutaneous electrodes were placed on the chest for
continuous acquisition of the ECG signal. Two-dimensional (2D)
and M-mode studies were realized with a Philips ATL HDI 5000
ultrasound system, using a P4-2 (ie, 4.0-2.0 MHz broadband)
phased array transducer. 2D left longitudinal parasternal views
were obtained, then M-mode was used, due to its superior time
resolution, to monitor the acute changes in left ventricular (LV)
size and contractility with the cursor placed at the tip of the mi-
tral leaflets (approximately mid-ventricle). Images were opti-
mized to allow clear visualization of the LV antero-septal and
posterior wall endocardial borders, avoiding papillary muscles
and mitral chordae as much as possible. Simultaneous 2D and
M-mode LV imaging was continuously monitored throughout
the experimentation. Ten-second clips were recorded every 30—
60 s and stored on magnetic optical disks for subsequent
analysis.

Protocol

NaHS (sodium hydrosulphide hydrate, Sigma Aldrich, St. Louis,
Missouri) was dissolved in sterile saline at a concentration of 20
mg/ml assuming an equimolar conversion of NaHS into H,S, af-
ter taking into account 25% hydration of NaHS, as reported pre-
viously (Haouzi et al., 2014; Klingerman et al,, 2013). NaHS
solutions were prepared a few minutes before the infusion and
kept in airtight syringes. The solution was infused intrave-
nously using an infusion pump (Fusion 100; Chemyx Ing;
Stafford, Texas) at a rate that is described below. As a first ap-
proach, we relied on the study of Burrows (1984) to determine
the dose of MB to be used. This study showed that MB could be
safely used up to at least 15 mg/kg to treat methemoglobinemia
(DL 50 ranged from 30 to 40 mg/kg). The dose of 7 mg/kg MB was
previously tested in 3 sheep and was found to provoke no side
effects on blood pressure or cardiac function, whereas increas-
ing VO, by 2-3-fold, akin to the effects produced in the rats
(Haouzi et al., 2018). This dose of MB was infused over 10 min.
Two different protocols were used:

Protocol 1: lethal H,S exposure. Eight sheep received a total dose of
720 mg H,S (16 mg/kg) over a period of 10 min, which we had
previously determined to be lethal. This protocol was developed
to allow enough time (10 min) to study the effects of sulfide on
circulation and cardiac function, the exposure consisting in a
stepwise increment of the dose of H,S from 60 to 96 mg/min.
Half of the animals received saline and half of the animals re-
ceived MB at a dose of 7 mg/kg for 10 min during H,S exposure.

Protocol 2: sublethal intoxication. Protocol 1 was modified to be
able to produce a significant reduction in cardiac function,
blood pressure, and VO, during H,S exposure, whereas allowing
the animals to survive. We first used a dose of H,S reduced by
~25% (590 mg) in 4 sheep, allowing all the animals to survive
the period of infusion, but they all deceased between 3.23 and 5
min after the end of the infusion. The protocol was therefore
modified and at a total dose of ~350 mg over 4.5 min: 75 mg/
min for 3 min then 85 mg/min for 1.5 min, the animals
remained alive for at least the entire duration of the experi-
ments, although displaying a severe depression in cardiac
function during sulfide exposure. MB was infused at the dose of
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7 mg/kg for 10 min as in protocol 1, but infusion was started 3
min after the end of H,S infusion, at a time when expired H,S
was back to zero.

Arterial blood was sampled before the intoxication, then at
1, 5, 15, and 30 min into recovery from sulfide exposure in each
surviving animal. Arterial blood gases partial pressure of O,
(Pa0,), CO, (PaCO,), and lactate concentration were measured
using i-STAT1 blood gas analyzer (ABAXIS, Union City,
California). In addition, a spectrophotometry analysis of the
blood (Eppendorf BioSpectrometer basic, Eppendorf AG,
Hamburg, Germany) was performed for determination of the
presence of hemoglobin, methemoglobin, and MB. Aliquots of
blood were also centrifuged and the supernatant (plasma) was
used for determination of pyruvate concentrations.

As we found out that cardiac function continued to decline
in the group that received saline (see Result section), MB was
administered 30 min after the end of sulfide exposure in 4 of the
control animals, but over 5 instead of 10 min, following the pro-
tocol described above.

At the end of the experiments, animals were euthanatized
using a bolus injection of barbiturate (Euthasol, 12 ml, 400 mg/
ml) in the jugular catheter.

In Vitro Studies

Interactions Between H,S and MB in PBS, in Blood and With
Hemoglobin

Aliquots of the arterial blood sampled from each animal were
heparinized and immediately combined with deionized water
(dH,0) and phosphate-buffered saline (PBS) for determination
of the level of hemoglobin and methemoglobin as well as the
concentration of MB in the blood. Fifty microliters of blood were
added to a tube containing 4.65 ml of dH,0 and 300 pl of PBS, be-
fore transferring this solution into a cuvette for spectrophotom-
etry analysis. A calibration curve was established by adding
known concentration of methemoglobin (human vvhemoglo-
bin, Sigma no. 7379) as described previously (Haouzi et al., 2018).
The concentration of MB in the blood was determined by mixing
200 ul of whole blood to 4.65 ml of distilled H,O and 150 pl of
PBS. Tubes were gently mixed and 2 ml of the sample was added
to a 10 x 10 mm cuvette for analysis (Eppendorf Macro Vis). The
spectrum of absorbance in each solution was analyzed between
300 and 800 nm (Eppendorf Basic Biospectrophotometer).

In addition, a solution of 100 pM of H,S (final concentration)
was mixed with a solution containing 100 uM MB (final concen-
tration) and blood. Blood was obtained from sheep and the pro-
tocol was intended to mimic the in vivo conditions of MB
exposure in protocol 1. After incubation for 10 min, blood was
analyzed by spectrophotometry (Eppendorf BioSpectrometer ba-
sic, Eppendorf AG, Hamburg, Germany), following the protocol
described above for the determination of MB and hemoglobin/
methemoglobin.

Finally, NaHS, at different concentrations, was mixed with a
solution containing MB in PBS then transferred to a 2-ml cu-
vette, entirely filed with the solution, that was hermetically
closed preventing any O, from air to diffuse into the solution.
The samples were analyzed over time by spectrophotometry to
determine the potential accumulation of LMB in solution, a
marker of sulfide oxidation.

The interaction between hemoglobin, MB (100 uM), and
NADH (B-nicotinamide adenine dinucleotide, Sigma no. N8129,
200 pM) was investigated with known concentrations of methe-
moglobin (100%, 50%, or 0%).

Determination of lactate and pyruvate concentrations. A pyruvate
Assay Kit (Abcan, Cambridge, Massachusetts) was used accord-
ing to manufacturer’s instruction. As this assay is based on the
determination of a redox reaction, involving NADH, we deter-
mined any potential direct reaction between MB and the assay.
The effects of MB were determined by reacting different concen-
trations with the assay and a calibration curve was established
with and without MB using known concentration of pyruvate.
We found no direct effect of the presence of MB on the determi-
nation of pyruvate. MB did not produce any artifact in the deter-
mination of pyruvate that could interfere with its
determination. When known concentrations of pyruvate rang-
ing from 20 to 100 pM were added to a solution of MB before de-
termination of pyruvate concentrations, no artifact was created
by MB besides the upward shift of the absorbance produced by
the presence of MB itself, which was corrected in all our
measurements.

In addition, the presence of MB did not affect the determina-
tion of lactate by the i-STAT1 blood gas analyzer (ABAXIS,
Union City, California). The ratio pyruvate/lactate (P/L) was used
as a marker of cytoplasmic NADH/NAD ratio.

Interactions Between MB, NADH, and Cytochrome C (CC),
Effects of H,0,
As the spectra of absorbance of MB, NADH, and CC do not have
significant overlap, we studied the interactions, at neutral pH
and ambient temperature of MB (100 uM) and NADH (200 uM)
alone or mixed with cytochrome C (50 uM). Absorbance was de-
termined every 5 min over time up to 90 min. The interactions
between MB and NADH were studied in the cuvette either open
to the air or capped.

Finally, we tested the effects of H,0, (5, 50, or 500 uM) on re-
duced cytochrome C (50 uM) in PBS at ambient temperature.

Criteria Used for Determination of Reduced and Oxidized
Hemoglobin and Cytochrome C

In keeping with previous spectra published in the literature, the
following criteria were used to identify the reduced and oxi-
dized form of hemoglobin (Horecker, 1943; von Kompen, 1983;
Zijlstra and Buursma, 1997), cytochrome C (Appaix et al., 2000;
Koch and Schneider, 2007; Stotz et al., 1938), MB (Bergmann and
O’Konski, 1963), and NADH (Albani, 2007): reduced oxyhemoglo-
bin was defined by the presence of 2 peaks of absorbance at 545
and 575 nm (Horecker, 1943; von Kompen, 1983; Zijlstra and
Buursma, 1997) with positive ratio of these 2 peaks A575/A545;
based on this ratio, it is possible to identify the concentrations
of methemoglobinemia in solution above 4% (Haouzi et al,
2018). For cytochrome C (Appaix et al, 2000; Koch and
Schneider, 2007; Stotz et al., 1938), the change from the oxidized
to the reduced form can be characterized by a shift of the Soral
band from 410 to 415 nm with a decrease in the peak magnitude
along with the apparition of 2 peaks at 520 and 550 instead of
one at 530 nm (Appaix et al., 2000; Koch and Schneider, 2007;
Stotz et al., 1938). The change in concentrations in NAD were
evaluated by the peak of absorption at 340 nm, whereas the oxi-
dized form has virtually no absorption at this wavelength
(Albani, 2007); the concentrations of oxidized (blue) form of MB
were determined by the maximal peak at 660 nm (with a
smaller peak at 615 nm) and 290 nm in the ultraviolet
(Bergmann and O’Konski, 1963) (see Result section for represen-
tative spectra of absorbance).



Mitochondrial Redox Potential in Isolated Cardiomyocytes

Cardiac myocytes were isolated from the LV free wall and sep-
tum from adult C57BL6 mice (10-12 weeks old), as reported pre-
viously (Cheung et al., 2018, 2018). In all experiments, myocytes
were used within 2-6 h of isolation. All protocols applied to the
mice in this study were approved and supervised by the
Institutional Animal Care and Use Committee at Temple
University.

Myocytes were seeded on laminin-coated coverslips. They
were loaded with mitochondrial membrane potential indicator
rhodamine 123 (13 pM; Invitrogen) and mitochondrial
superoxide-sensitive fluorophore MitoSOX Red (22 uM;
Invitrogen) in the extracellular media containing 2% BSA, 0.06%
pluronic acid, and 20 pM sulfinpyrazone at 37°C for 30 min. Cells
were washed, and exposed to PBS, NaHS (100 uM), MB (20 pg/
ml), and NaHS + MB (MB added 3 min after NaHS) for 10 min.

Data Analysis

All data were expressed as mean =+ SD. The variables of interest
were compared within each group, before NaHS infusion, then
at 1, 5, 15, and 30 min after the end of NaHS infusion or up to
the moment when the animal died, using repeated ANOVA, fol-
lowed by a post hoc multiple comparison procedure (Turkey’s
multiple comparison).

An experienced echocardiography reader analyzed the TTE
images and videos in a blinded manner using Synapse
Cardiovascular software (Fujifilm). LV end-diastolic (Dd) and
end-systolic (Sd) diameters were measured from M-mode views,
guided by 2D images to position the sampling line at mid ventri-
cle, through the largest diameter, just above the posterior papil-
lary muscle tip. Clips failing to show a clear delineation of the
endocardial borders were discarded. For each evaluation, 3-5
consecutive cycles were measured and averaged. Fractional
shortening (FS) was computed as (Dd — Sd)/Dd, the ejection frac-
tion (EF) was calculated using the Teichholz formula (Teichholz
et al., 1976) based on the determination of the end-diastolic
volume (Dv), end-systolic volume (Sv), and systolic ejection
volume (SEV). Cardiac output was calculated as SEV x HR.

For the cardiomyocyte studies, cells were washed and then
imaged using a Carl Zeiss Meta 510 Meta confocal microscope
with a 40x oil objective with 1.7x digital zoom at 488 and 561
nm for rhodamine 123 and MitoSOX Red, respectively. Results
were expressed as means = SE and data were compared using
2-way ANOVA.

RESULTS
In Vivo Studies

Effects of Lethal Infusion of NAHS on Cardiac Function, Interaction
With MB (Protocol 1)
This study was performed in 8 sheep. Four received H,S alone,
whereas 4 received MB at the same time (7 mg/kg over 10 min).
All the nontreated animals displayed a very similar pattern of
response to H,S exposure. After an initial phase, wherein blood
pressure increased for about 2 min, ABP, VO,, and VCO, de-
creased very rapidly leading to a complete circulatory arrest
within 10 min. The decline of the circulatory parameters and
gas exchange rate was very fast as displayed in Figure 1.
Echocardiography studies (Figure 2) showed that after a brief
period of increased contractility, LV dilation and decreased con-
tractility occurred starting 2-3 min into H,S infusion, together
with a sinus bradycardia. Cardiac output also decreased rapidly
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(Figure 3). In 3 out of the 4 untreated intoxicated animals, PEA
was the cause of asystole at 10 min, as the ECG still showed a si-
nus rhythm with a frequency of ~45 beats/min, whereas no
ventricular contraction or pulse pressure could be identified. In
the remaining animal, a cardiac arrest occurred secondary to an
episode of ventricular tachycardia (VT) at 9 min, associated
with the disappearance of the pulse pressure, VO,, and cardiac
output.

In the MB-treated animals, blood pressure followed an initial
pattern similar to that of the untreated animals associated with
a progressive dilation of the heart, but by the 5-6th minute, the
changes in circulation and cardiac function departed from the
nontreated animals, as contractility remained steady while the
levels of cardiac output and blood pressure were maintained
until the end of sulfide infusion. VO, and VCO, increased during
MB infusion opposing the depression produced by H,S, for in-
stance VO, was still almost half of its baseline value (0.112 *
0.08 I/min) at the end of exposure in MB-treated animals (p < .01
vs. nontreated animals), whereas cardiac output averaged 3.2 =
0.9 /min (p < .001) (Figures 1 and 2). All variables—including
VO,, blood pressure, or LV EF—returned to baseline during the
recovery period from sulfide exposure (Figure 2), whereas lac-
tate reached 6.1 mM at 1 min (p < .01), subsiding over time
reaching 2.8 mM at 30 min. The concentration of MB was found
to average 121 uM, 1 min into recovery decreasing progressively
over time but was still present in the blood 30 min after the end
of MB administration (Figure 2). The study of the hemoglobin
absorbance did not reveal the presence of any methemoglobine-
mia (Figure 3); however, in contrast to nontreated intoxicated
animals in which blood could be sampled in animals in asystole
within 1 min after exposure, a new peak of absorbance, differ-
ent from the peak of absorbance of MB, was observed at 620 nm
in the MB-treated group (Figure 3).

Finally, the level of mixed expired H,S fraction (Figure 4) was
found to be significantly lower in the MB-treated group than in
the nontreated animals, reaching half of its expected value dur-
ing MB infusion (p < .01). As cardiac output was higher in the
treated group, the product of cardiac output and the mean alve-
olar fraction of H,S (a surrogate for the arterial concentration of
gaseous H,S [Haouzi et al.,, 2014; Klingerman et al., 2013] was
computed as a marker of the flow of H,S circulation). This prod-
uct was not different between the 2 groups of animals (Figure 4),
reflecting the fact that the lower level of alveolar H,S, and thus
in the blood, was in large part the result of a “dilution” by a
higher cardiac output in the MB-treated animals.

Sublethal Exposure (Protocol 2)

The protocol consisted in infusing 350 mg over 4.5 min: 75 mg/min
for 3 min then 85 mg/min for 1.5 min, and allowed all the ani-
mals to remain alive after the exposure for the entire duration
of the protocol (Figure 5). This protocol was applied in 13 ani-
mals. The changes in cardiac function and hemodynamics pro-
duced during the infusion of sulfide were not very different
from those produced by the protocol 1. LV dilation developed,
starting as early as the 1st minute of exposure. Although global
LV hypokinesis was observed in all animals, 2 of them also
showed evidence of regional wall motion abnormality with ei-
ther posterior wall or septal akinesis. When NAHS infusion was
stopped, all animals displayed a transient phase of “recovery”
with a hyperdynamic left ventricle for 3-7 min before worsening
again. One animal died at 3 min during this phase and was ex-
cluded from the study. All of the other 12 sheep survived and
were therefore included in the protocol. Six sheep received sa-
line 3 min into recovery and remained alive until the end of the
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Figure 1. Mean + SD values of oxygen uptake (VO,), CO, output (VCO,), and mean arterial blood pressure (ABP) in 8 sheep exposed to a lethal level of H,S (protocol 1).
Left panels (closed symbols) display the time course of the effects of H,S alone, whereas the right panels (open symbols) show the effects of H,S along with MB. The
red-doted lines in the right panels correspond to the average data of the untreated animals shown here for comparison. MB increased VO, and VCO,, which remained
above the levels in nontreated animals during the entire period of exposure to sulfide. Note that (1) VO, and VCO, were still above 100 ml/min at a time when all of the
nontreated animals were dead, (2) blood pressure was maintained around baseline levels even when the cardiac function was very much depressed suggesting that a

significant peripheral vasoconstriction occurred.

protocol (up to 1 h). They all displayed a significant depression
in cardiac contractility that persisted until the end of the study.
Significant cardiac conduction abnormalities and arrhythmia
were also present, consisting in changes in ventricular repolari-
zation, ie, short QT and wide and ample T waves. These abnor-
malities of ventricular repolarization occurred very early
following the end of H,S infusion. More significant arrhythmias
such as supra-VT lasting several minutes were noticed in 2
sheep, whereas a self-terminating 3-min VT was observed just
at the cessation of H,S infusion in 1 sheep. Wide QRS, suggest-
ing bundle branch block, developed at 6 min in 1 animal
Transient ectopies were observed (premature atrial and/or ven-
tricular contractions) followed by a brief and reversible episode
of VT in 1 sheep.

Blood lactate concentrations increased from 0.9 to 5.3 mM
(p < .01) at 1 min after the end of H,S infusion (Figure 5). Lactate
remained elevated throughout the 30-min period of recovery
averaging 3.2 mM at 30 min (p < .01). This increase in lactate
was associated with a marked decrease in PL ratio by more than
10-fold at 1 min, remaining below baseline even at 30 min
(Figure 5).

MB infusion had 3 major impacts on the recovery outcome.
First, the persistent decrease in cardiac contractility was sup-
pressed following MB infusion; LVEF or cardiac output returned

to or even above baseline reaching 98 + 7% of baseline versus 54
+ 8% for the nontreated animals (p < .05) and 6.4 = 0.9 I/min
versus 3.8 1 £ 0.5/min for the nontreated animals (p < .01) re-
spectively. Second, VCO, and VO, increased following MB infu-
sion (Figure 5); as a result, the O, deficit was “paid” much more
rapidly in the MB-treated group (615 s) than in the saline group
(885 s, p < .05). Third, the P/L ratio doubled as soon as MB was
administered (p < .01, Figure 5) and returned to baseline level
for the rest of the experiment.

In 4 out of the 6 control animals (saline), MB was adminis-
tered 30 min after the end of sulfide exposure. In all instances, a
severe reduction in EF, ie, less than 60% of baseline was pre-
sent at the time of MB administration. MB produced a rapid
rise in EF and in P/L ratio in every treated animal
(Supplementary Figure 1).

In Vitro Studies

Interaction Between H,S and MB: Is Free H,S Spontaneously
Oxidized by MB?

A reduction of MB (oxidation of H,S) was observed when MB
and H,S were mixed in PBS, while preventing O, to diffuse into
the cuvette. However, this rapid drop in MB absorbance was
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Figure 2. A, Example in 1 sheep of a 2D echocardiography study during a lethal sulfide infusion. Note the very rapid distension of the heart and increase in left ventricu-
lar volume after few minutes of H,S exposure, leading to a suppression of the cardiac systole (PEA) in less than 10 min. B, Effects of lethal levels of H,S (protocol 1) on
cardiac function determined by echocardiography in 4 untreated animals (saline, left panels), and in 4 animals treated with MB (right panels). From top to bottom,
mean * SD values of end-diastolic and end-systolic diameter, cardiac output (CO), left ventricular ejection fraction (LVEF), and heart rate (determined from the ECG sig-
nal) are displayed. In the nontreated intoxicated group, note that a rapid depression in cardiac contractility led to a cardiogenic shock followed by a cardiac asystole.
Note that when cardiac contractions ceased, heart rate (ECG signal) is maintained at an average of 50 QRS/min, defining a PEA. MB administered during H,S infusion
maintained the cardiac function within a range compatible with survival; for instance, cardiac output still averaged 3 I/min at a time when all the control sheep where
in cardiac asystole. C, Temporal profile of the changes (mean = SD) in LVEF), VO,, and blood pressure following sulfide exposure (protocol 1, lethal administration) in
the MB-treated sheep (open symbols), whereas the red-doted lines correspond to the average data obtained in the untreated animals. Time zero is the time of exposure
to sulfide. Note that in the MB-treated group, all the parameters retuned to baseline within a few minutes after the cessation of the exposure to sulfide and remained
stable, at a time when all the nontreated animals had already died. Lactate also returned progressively to normal reaching 2.8 mM at 30 min into recovery.
Concentrations of MB remained present in the blood, but decreased form 121 uM at 1 min to 20 uM at 30 min.

only observed when high concentrations of H,S were used Figures 3 and 6. Neither MB nor H,S alone (100 uM) produced

(from 200 pM to 5 mM) (Figure 4).

Interaction Between MB, H,S, and Hemoglobin: Does MB Increase the
Trapping of Free H,S by Hemoglobin?

In order to clarify the nature of the peak of absorbance of hemo-
globin at 620 nm present in the blood of the animals intoxicated
by H,S but that received MB, we first tried to reproduce this
peak by mixing MB (100 uM) or H,S (100 uM) alone or in combi-
nation with a hemoglobin solution as well as with a methemo-
globin solution (100% or 50%). We were only able to create this
new peak of absorbance when MB was mixed in the blood with
H,S, akin to the peak found in vivo, as demonstrated in

such a change.

Interactions Between MB, NADH, and Cytochrome C

Mixing MB and NADH (neutral pH at ambient temperature) pro-
duced a rapid disappearance of the peak at 335-340 nm specific
of NADH (Figure 7), the reaction started immediately as soon as
the 2 molecules were in contact. In our experimental condi-
tions, almost all the 200 pM NADH in 2 ml (400 nmol of NADH)
were consumed by 100 pM of MB (200 nmol) in about 40 min.
Conversely, when NADH was present in excess (2 mM) and O,
was prevented to diffuse into the solution (by capping the cu-
vette filled with the solution), there was a rapid decrease in
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Figure 3. A and B, Absorbance of the solution of hemoglobin obtained from the blood sampled 1 min after the end of exposure in a sheep that received H,S only (red
lines, before cardiac asystole occurred) and in a sheep that received H,S plus MB (blue line). Note that a peak of absorbance at 620 nm was present when both MB and
H,S were administered, for comparison the spectrum of absorbance of MB in blood in also shown (black line). C, effects of mixing blood to NaHS (100 uM), MB (60 pM),
and NaHS (60 uM) plus MB (60 uM). Note that only in the latter was a peak of absorbance produced at 620 nm.

absorbance of MB, reduced into LMB, but unable to be re-
oxidized after having consumed the volume of O, present in the
PBS solution (Figure 7). The re-oxygenation of the solution led to
the immediate restoration of the blue color.

As shown in Figure 8, oxidized cytochrome C in solution (50
uM) could only be reduced when both NADH (200 uM) and MB
(100 M) were present at the same time suggesting that the re-
duction of MB by NADH represents the first step of re-oxydation
of ferric iron, therefore primarily produced by LMB and not by
NADH.

Effects of H,0, of Oxidized Cytochrome C

Concentration of H,0, in the high millimolar range produced a
modification of the absorbance of cytochrome C with a progres-
sive disappearance of the Soral band reflecting H,0, toxicity.
However, lower concentrations of H,O, (500 pM) led to a re-
oxidation of the cytochrome C previously reduced by NADH and
MB (Figure 8), this effect was maximal at 5 min (Figure 8).

Effects of MB on NAHS Toxicity on Mitochondrial Superoxide (O,~)
Levels and Mitochondrial Membrane Potential (AWm) in Isolated
Cardiomyocytes: Can MB Restore A¥Ym?

Fluorescence signal of MitoSOX Red which detects mitochon-
drial superoxide anion, colocalized with the mitochondrial

membrane potential marker rhodamine 123, confirming
MitoSOX Red fluorescence was mitochondrial in origin
(Figure 9). NAHS (100 uM) decreased Ay, and increased O, ,
whereas MB (20 pg/ml added 3 min NAHS) reversed the deleteri-
ous changes brought on by NAHS (Figure 9). MB by itself had no
effects on Ay, or O, (Figure 9). Of note, we have previously
reported that in this preparation, there was no difference in the
concentration of H,S in the dish within the time frame of these
experiments with or without MB (Judenherc-Haouzi et al., 2016)
and confirmed this observation by measuring the amount of
H,S present in solution which was similar in both conditions
(with or without MB).

DISCUSSION

In adult sheep, a lethal sulfide exposure caused a very rapid dis-
tension of the left ventricle and a profound depression in car-
diac contractility, which led to a pulseless electrical activity
within 10 min. In less severe exposure, ie, conditions during
which animals were alive at the end of exposure to H,S, a per-
sistent cardiac failure potentially lethal was present after the
cessation of exposure. This long-lasting depression in cardiac
contractility consisted, after a brief period of improvement, in a
linear decrease in cardiac output with time along with
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Figure 4. A, Temporal profile of the changes (mean + SD) in mixed expired fraction of H,S (expressed in ppm during lethal sulfide administration (protocol 1) in the
non-MB-treated group (closed symbols) and in the MB-treated sheep (open symbols). Note that the level of sulfide in the expired gas was lower in the MB treated group.
On note, (B) is illustrating the actual flow of H,S reaching the central circulation, ie, cardiac output times the concentration of gaseous H,S extrapolated from the esti-
mation of alveolar fraction of H,S. Indeed, as H,S was infused at a constant rate, the concentration of H,S in the blood reaching the central circulation was dictated by
the level of venous return/cardiac output (see text for further comments). C, Shows the in vitro effects of mixing MB and H,S in the absence of O,, clearly MB is reduced

by the presence of H,S, which is being oxidized in the process.

persistent hyperlactacidemia and decrease in P/L ratio. MB op-
posed the effects of H,S when administered at the same time as
a lethal sulfide exposure allowing all animals to survive. In a
more clinically relevant scenario, ie, when MB was adminis-
tered following a sublethal exposure, MB was able to signifi-
cantly improve cardiac contractility and to restore the P/L ratio.
Interestingly, when MB was administered 30 min after the end
of sulfide infusion, MB could still significantly improve the per-
sistent depressed cardiac contractility. Of note, whether admin-
istered at 3 or 30 min, these responses were observed while free
sulfide had disappeared from the blood (based on determina-
tion of sulfide concentrations in the expired gas).

Depression in Cardiac Contractility During H,S Intoxication in a
Large Mammal

We have previously established that as soon as H,S diffuses
into the blood and cells, the vast majority of free H,S almost in-
stantly disappears due to its immediate “combination” with
various proteins and its rapid oxidation into polysulfide, sulfite,
sulfate, and thiosulfate—a reaction catalyzed in cells by a qui-
none oxido-reductase (Bouillaud and Blachier, 2011; Lagoutte
et al., 2010; Leschelle et al., 2005; Modis et al., 2013). A small por-
tion of free sulfide is still present in the blood, as long as the ex-
posure is maintained, comprising of gaseous H,S (Barrett et al.,
1988; Carroll and Mather, 1989; De Bruyn et al., 1995; Douabul
and Riley, 1979) and the sulfhydryl anion HS™ (Almgren et al.,
1976; Millero, 1986). However, as soon as exposure ceases, the
rate of oxidation of H,S is so rapid that this remaining pool of
“free/soluble” H,S almost immediately vanishes from the blood
and tissues (Haggard, 1921; Haouzi et al., 2014; Klingerman et al.,
2013; Toombs et al., 2010). The present study confirms this find-
ing, as H,S disappears from the expired gas of the animals al-
most immediately after the cessation of infusion (Figure 5). In

contrast to “free” H,S, the pool of combined sulfide can persist
at low concentrations for relatively long periods of time (Haouzi
et al., 2014) and has been put forward to explain the persistent
symptoms of toxicity.

We have also previously found that as soon as the concen-
trations of H,S reached about 10 pM in the blood during sulfide
exposure, toxic symptoms develop in the form of a rapid de-
crease in cardiac contractility in the rat (Judenherc-Haouzi et al.,
2016; Sonobe and Haouzi, 2015; Sonobe et al., 2015; Haouzi and
Sonobe, 2015). This circulatory failure constitutes one of the
main life-threatening manifestations of sulfide toxicity. These
cardiac alterations are therefore similar in large and small
mammals and can be accounted by various alteration in cardiac
ion channels that we have previously characterized, including a
profound inhibition of L-type Ca®" channels (Judenherc-Haouzi
et al., 2016). Of note, the risk of PEA (or much more rarely ven-
tricular fibrillation) still persisted after the exposure. On a practi-
cal standpoint, sheep alive 5 min after exposure remained alive
for at least an hour without any treatment. In most of these ani-
mals, the cardiac function remained however seriously de-
pressed, deteriorating even more over time.

Effects of MB on the Pool of Free Sulfide

Two situations must be clearly distinguished, as they do not ac-
count for the same effect of MB. During H,S exposure, because
there is a pool of free/gaseous H,S present in the blood and tis-
sues, the effects of MB could therefore be mediated by a direct
interaction with H,S (Resch et al., 1989). H,S could, as a reducing
agent, be reacting with the oxidized form of MB (Li and
Lancaster, 2013) as demonstrated in the present study at high
concentration of H,S (millimolar range). However, at concentra-
tions consistent with those observed in H,S intoxication, ie, mi-
cromolar range, we have previously found that mixing MB and
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Figure 5. Temporal profile of the changes (mean = SD) in left ventricle ejection fraction (EF) and cardiac output (A), expired H,S, blood pressure, VO, and VCO, (B) fol-
lowing sulfide exposure in protocol 2 (sublethal intoxication). The closed symbols represent the untreated animals while the open symbols represent the animals
treated by MB (3 min after the end of sulfide exposure) whereas the red-dotted line corresponds to the average data of the untreated animals. Note the drop in EF dur-
ing H,S exposure in both groups and that in the nontreated animals, a continuous decrease in EF developed over time reaching —50% of the baseline value at 30 min
along with a significant reduction in cardiac output. MB in all instance restored the cardiac function. Also note that (1) H,S in expired gas was undetectable, when MB
was administered, (2) blood pressure was not different between the 2 groups of animals, reflecting a rise in peripheral vascular resistance in the non-treated sheep,
and (3) O, consumption and CO, production increased in response to MB (see text for discussion). C, PL ratio also increased after MB and returned to baseline values.

Concentrations of MB decreased form 121 uM at 1 min to 20 pM at 30 min.

H,S did not affect in a measurable manner the concentrations
of gaseous H,S at least in the time frame used for our measure-
ments (Judenherc-Haouzi et al., 2016).

We also observed that a new peak of absorbance of hemo-
globin, at 620 nm, developed but only in the animals that re-
ceived MB and H,S at the same time, in contrast to those that
received H,S only. A very similar effect was produced in vitro
(Figures 3 and 6): a peak of absorbance at 620 nm was produced
when both MB and H,S (100 uM) were mixed with blood. This
peak is traditionally considered as a marker of the presence of
“sulfhemoglobin” (Bagarinao and Vetter, 1992), but then what
is the role of MB in “potentiating” this reaction? As previously
suggested (Stossel and Jennings, 1966), methemoglobinemia is
not typically present following MB administration (Burrows,
1984; Stossel and Jennings, 1966), at least not at the doses that
were used in the present study and within the resolution of
methemoglobinemia determination. After all, MB is a treat-
ment of methemoglobinemia. However, although MB by itself
is not able to oxidize Fe?" to Fe®*, a cyclic conversion of hemo-
globin into methemoglobin, due to the decrease in NADPH (and

possibly reduced glutathione in the red cells) could be pro-
duced. This reaction will be opposed by the reduction by LMB
of ferric iron (Fe*") and its cyclic transformation into a ferrous
form (Wendel, 1934). Such enhanced cyclic reaction could in-
crease the chance for molecules of free sulfide to be trapped
without any significant increase in mean concentration of
methemoglobin.

The role of H,0, produced during the re-oxidation of LMB
by O, should be considered, as the formation of ferryl iron
(Fe*"), produced by H,0,, has been already shown to lead to a
peak of absorbance at 620 nm, when H,S is present (Michel,
1938). Incidentally, adding H,S to a solution of hemoglobin
and looking for a peak of absorbance at 620 nm is a method
used to identify the presence of ferryl iron (HBFe*")
(Chintagari et al., 2016). In other words, the presence of a
peak at 620 nm in our studies may well reflect the presence
of ferryl iron reacting with sulfide. One could propose that
molecules of hydrogen peroxide produced during the re-
oxidation of LMB by O, (Schirmer et al., 2011; Tretter et al.,
2014; Wainwright and Amaral, 2005), before being
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Figure 6. Absorbance of solution of containing 100% methemoglobin mixed with PBS (black lines) or mixed with a solution containing 100 uM NaHS in PBS (red lines)
(A). The same reactions were studied with a solution containing 50% hemoglobin-50% methemoglobin (B). 100% hemoglobin (C), and 100% hemoglobin with MB alone
(D, green line) or with H,S (100 uM) plus MB (60 uM) (D, blue line). Note that the addition of MB allowed the formation of a new peak of absorbance, reflecting the crea-
tion of a combined pool of H,S on hemoglobin.
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Figure 7. A, Absorbance of a solution of MB (100 uM), NADH (200 uM), and of a solution where MB was mixed with NADH (neutral pH, ambient temperature). When
mixed in the presence O,, there was a drop in NADH concentrations. In the absence of O,, ie, as soon as the O, present in solution is consumed, the re-oxidation of
LMB into MB is rendered impossible, LMB replaces MB in the solution, demonstrating the restoration of MB from LMB via an increase in O, utilization outside the elec-
tron chain. B, schematic representation of the potential effects of NADH oxidation by MB in condition wherein NADH is not used anymore by the complex I, ie, when
the electron chain remains in reduced state during H,S inhibition of the cytochrome C oxidase. Any inhibition of the TCA cycle, resulting from the increase in NADH/
NAD ratio, will be alleviated by MB allowing the TCA cycle to resume, also note the effects of MB on P/L ratio.
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oxidation of cytochrome C. These observations are the basis for our proposed hypothesis, displayed in (C), of a potential cyclic re-oxidation of complexes I to III of the
electron chain (via H,O, production during LMB re-oxidation by O,) and their direct reduction by LMB (see Discussion section for further details).

“transformed” into H,O by the catalase presents in red cells,
could change the redox state of iron into a ferryl state (Patel
et al., 1996), “fossilizing” H,S and in turn impeding sulfide dif-
fusion to the tissues. This could certainly account for the
lessening of H,S toxicity without creating a permanent
methemoglobinemia.

Finally, it should be pointed out that the artificial situation
consisting in administering MB and H,S (intravenously) at the
same time can create a virtuous circle as well as a vicious circle
wherein any improvement in cardiac function and thus cardiac
output by MB will decrease the concentration of free H,S in the
blood by a simple phenomenon of dilution (Figure 4), whereas
for the same rate of NaHS infusion, as cardiac output decreases,
sulfide concentrations will rise with an inverse relation to sys-
temic blood flow.

Effects of MB on H,S Inhibition of TCA Cycle: Interactions Between
MB and NADH

The fixation of H,S on CCO (Cooper and Brown, 2008) prevents
its re-oxidation by O,. As a consequence, (1) the mitochondrial
complexes upstream to CCO are maintained in a reduced state
and become unable to transfer protons across the inner mito-
chondrial membrane leading to an inhibition of mitochondrial
ATP synthesis (Kim et al., 2012); (2) NADH is not oxidized any-
more by an already reduced complex I. The increase in NADH/
NAD ratio impedes the TCA cycle (LaNoue et al., 1972; Liu et al.,
2018), which in turn suppresses the formation of ATP via the mi-
tochondrial substrate-level phosphorylation (TCA cycle) and cata-
lyzes the transformation of pyruvate into lactate in the
cytoplasm (Burgner and Ray, 1984). Based on our previous data
obtained on cell cultures and showing that in the high
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Figure 9. Isolated LV myocytes from adult C57BL6 mice loaded with mitochondrial indicator rhodamine 123 (123 uM, Invitrogen) and mitochondrial superoxide-sensi-
tive fluorophore MitoSOX red (22 uM; Invitrogen). Cells were exposed for 10 min to PBS, NaSH (100 uM), MB (20 pg/ml), and NaHS + MB (MB added 3 min after NaHS).
Cells were imaged using a Carl Zeiss Meta 510 Meta confocal microscope was used with 1.7x digital zoom at 488 and 561 nm for rhodamine 123 and MitoSOX Red, re-
spectively. H,S decreased the mitochondrial proton gradient, a marker of an impaired electron transport chain activity, in intoxicated cells and increased the produc-
tion of reactive O, species levels. MB rescued both responses. *p < .01; **p < .001. Note that MB alone had no effect on the either signal.

micromolar range, MB increased VO, even when the electron
chain was blocked, we proposed (Haouzi et al., 2018) that the in-
crease of O, consumption produced by MB is mainly the result
of the re-oxidation of LMB by O, and thus does not necessarily
reflect a recovery of the electron chain (Atamna et al., 2008;
Daudt et al., 2012; Poteet et al., 2012; Wen et al., 2011; Zhang et al.,
2006). In this context the increase in VCO, that we observed is
extremely relevant and could be used as a marker of the TCA cy-
cle activity. The antidotal effect of MB after exposure could
therefore be explained by the consequences of the oxidation of
NADH allowing the Krebs cycle to resume its activity at a rate
corresponding to the rate of MB reduction (or NADH oxidation).
The restoration by MB of the P/L ratio (Albrecht et al., 1971;
Levine, 1977), a marker of NAD/NADH ratio, supports this
hypothesis.

MB Does Rescue the Mitochondrial Membrane Potential

The results illustrated in Figure 9 suggest that MB could rescue
the mitochondrial membrane potential altered by H,S. Series
of studies have suggested that MB (in the form LMB) could
support the transfer of protons through the mitochondrial
membrane against a concentration gradient, essential for the
production of adenosine triphosphate (ATP), by allowing elec-
trons to “flow” between complexes (Lindahl and Oberg, 1961,
Scott and Hunter, 1966; Zhang et al., 2006). These effects, al-
though not very well understood, have been put forward to ac-
count for MB-LMB beneficial effects in various conditions

associated with altered mitochondrial functions (Atamna et al.,
2008; Atamna and Kumar, 2010; Daudt et al., 2012; Lin et al,,
2012; Poteet et al., 2012). In all these studies, the rationale was
that LMB provides electrons to the complex III or IV, restoring
in turn part of the electron chain activity and allowing ATPase
activity to resume (Riha et al,, 2011; Rojas et al., 2009, 2012;
Wen et al, 2011; Zhang et al., 2006). As mentioned in the
Introduction, the blockade of complex IV by H,S (Cooper and
Brown, 2008; Nicholls et al., 2013) makes such a hypothetical
mechanism immaterial, as the electron chain is already in a
reduced state. To try to reconcile the effects of MB during sul-
fide intoxication with the data obtained in Figure 9, we are
speculating that, akin to the effects of H,S in red cells, the
presence of hydrogen peroxide produced during the re-
oxidation of LMB could first re-oxidize the reduced complex III
(Jancura et al., 2014; Jinemann et al., 2000), as illustrated in
Figure 8. The question is whether such a re-oxidation will be
able to restore the capacity of the electron chain to be reduced
again by LMB or NADH in a cyclic manner, transferring elec-
trons between the complexes I and III, whereas complex IV
remains “blocked.” As summarized in Figure 8, a local produc-
tion of small concentrations of H,O, during LMB re-oxidation
may represent an interesting rescue mechanism to be ex-
plored. Finally, the meaning of a decrease in the production of
reactive O, species by MB in cells intoxicated by H,S (Figure 9)
should be understood in the light on recent data published by
Olson et al. (2018). Indeed, because the methodology used to
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identify ROS in vitro may not be able to differentiate between
oxygen or sulfur reactive species (DeLeon et al, 2016), the
effects of MB on the production and oxidation of polysulfide
and reactive sulfur species (rather than or in addition to ROS)
remains to be characterized.

In conclusion, MB exerts its antidotal properties during and
following H,S intoxication in a large mammal through mecha-
nisms that are not only dependent on the pool of free H,S.
Indeed, MB also appears to counteract the deleterious metabolic
consequences produced by H,S at the mitochondrial level.
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Supplementary data are available at Toxicological Sciences
online.
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