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Until recently, hydrogen sulfide (H,S) was exclusively viewed a toxic gas and an environmental hazard, with its toxicity
primarily attributed to the inhibition of mitochondrial Complex 1V, resulting in a shutdown of mitochondrial electron transport
and cellular ATP generation. Work over the last decade established multiple biological regulatory roles of H,S, as an
endogenous gaseous transmitter. H,S is produced by cystathionine y-lyase (CSE), cystathionine B-synthase (CBS) and
3-mercaptopyruvate sulfurtransferase (3-MST). In striking contrast to its inhibitory effect on Complex IV, recent studies
showed that at lower concentrations, H,S serves as a stimulator of electron transport in mammalian cells, by acting as a
mitochondrial electron donor. Endogenous H.S, produced by mitochondrially localized 3-MST, supports basal, physiological
cellular bioenergetic functions; the activity of this metabolic support declines with physiological aging. In specialized
conditions (calcium overload in vascular smooth muscle, colon cancer cells), CSE and CBS can also associate with the
mitochondria; H,S produced by these enzymes, serves as an endogenous stimulator of cellular bioenergetics. The current
article overviews the biochemical mechanisms underlying the stimulatory and inhibitory effects of H,S on mitochondrial
function and cellular bioenergetics and discusses the implication of these processes for normal cellular physiology. The
relevance of H,S biology is also discussed in the context of colonic epithelial cell physiology: colonocytes are exposed to high
levels of sulfide produced by enteric bacteria, and serve as a metabolic barrier to limit their entry into the mammalian host,

while, at the same time, utilizing it as a metabolic ‘fuel’.
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Introduction: biphasic biological
responses elicited by hydrogen
sulfide (H.S)

H,S is a colourless, flammable, water-soluble gas with the
characteristic smell of rotten eggs. Until recently, H,S was

viewed exclusively as a toxic gas and environmental hazard.
However, a growing body of data shows that H,S is also
synthesized by mammalian tissues via two pyridoxal-5'-
phosphate-dependent enzymes responsible for metabolism of
L-cysteine: cystathionine B-synthase (CBS) and cystathionine
v-lyase (CSE), and a third pathway that involves the com-
bined action of 3-mercaptopyruvate sulfurtransferase (3-MST)
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and cysteine aminotransferase (CAT) (overviewed in Wang,
2012; Kimura, 2013).

H.S in aqueous solution equilibrates quickly forming two
different ionized forms: HS™ (hydrosulfide anion) and S$*
(sulfide ion). At physiological pH, H,S and HS represent
20-30% and 70-80%, respectively; S* is only present in neg-
ligible quantity. The terms ‘sulfide’ and H,S are used inter-
changeably throughout the current article and, unless stated
otherwise, refer to the situation in biological fluids to collec-
tively designate H,S and the ionized forms. These various
forms remain in permanent acid-base equilibrium so that if
one form of sulfide is siphoned off, the two other dissociate/
protonate to restore the ratio between the different forms
determined by the pH of the medium (Kabil and Banerjee,
2010; Whiteman et al., 2011; Nagy et al., 2013). It must be
kept in mind that the above chemistry is the basis for the
instability of sulfide solutions at physiological pH, since H,S
tends to equilibrate between the liquid phase — such as cell
culture or animal tissue — and the nearly infinite external
atmosphere in which sulfide concentrations are very low.
This phenomenon results in outgassing (complicating the
experimental conditions where H,S is added to the tissue
culture solution) (Whiteman et al., 2011; Olson, 2012). A
related phenomenon in vivo is H,S exhalation, which repre-
sents one of the modes of the elimination of biologically
produced H,S (Insko et al., 2009; Toombs et al. 2010).

The distribution and regulation of H,S producing
enzymes and the wide range of biological effects of H,S are
discussed in separate reviews (Fiorucci et al., 2006; Szabo,
2007; Calvert etal., 2010; Elsey etal., 2010; Gadalla and
Snyder, 2010; Kimura, 2010; 2013; Predmore and Lefer, 2010;
Whiteman and Winyard, 2011; Whiteman etfal., 2011;
Kimura et al., 2012; Wang, 2012). The biological roles of H,S
span the central and peripheral nervous system, the regula-
tion of immunological/inflammatory responses and the
various aspects of cardiovascular biology. For the purposes of
the current article, we will restrict our focus on the regulation
of cellular bioenergetics. It is hoped that the complex bio-

Table 1

chemical mechanisms regulated by sulfide (overviewed in the
current article) will help with the future design and imple-
mentation of diagnostic and therapeutic approaches based on
pharmacological sulfide administration and/or therapeutic
modulation of endogenous sulfide homeostasis. While the
current article focused on the biochemical and physiological
aspects of sulfide, the pathophysiological and therapeutic
aspects of sulfide donation and sulfide biosynthesis inhibi-
tion are discussed in a separate review (Mdédis et al., 2013a).

Before discussing the biochemical effects of H,S on mito-
chondrial function, we must first familiarize the reader with
a key biological feature of H,S, and this is its bell-shaped or
biphasic biological dose-response curve. Strikingly, the effects
of H,S are highly divergent, depending on its local concen-
trations. This is determined, at least in part, by its rate of
production/delivery: approaches, which generate H,S at fast
rates, tend to result in high local concentrations. Table 1
compares and contrasts some of the biological effects of H,S
at low rates versus at high rates. An example of the context-
dependent effects of H,S on cellular viability is shown in
Figure 1. While the concentrations of both NaHS (to generate
H,S) and of H,O, (to induce oxidative stress) were rather high,
the findings obtained in this model system illustrate that the
same concentration of H,S can be either cytotoxic/inhibitory
on mitochondrial respiration (in the absence of oxidative
stress) or cytoprotective (in the presence of oxidative stress).
Many of the effects seen at low H,S concentrations/release
rates are beneficial, while many of the effects seen at high
concentrations/high production rates are pathophysiological
or toxicological (Table 1).

Inhibitory effects of H,S on
mitochondrial respiration

Prior to the last decade, essentially all biological literature on
H,S focused on its environmental toxicology (Beauchamp

Representative examples illustrating the Janus-faced biological effects of H,S. At lower concentrations (or lower release rates), beneficial effects
predominate, while at higher concentrations (or high release rates) H,S can exert a variety of deleterious/adverse effects. Please note that the
responses shown here only serve as illustrations and generalizations and are dependent on the experimental system/species used. For detailed
mechanisms and biological implications of these opposing effects of H.S, we refer to specialized review articles (e.g. Fiorucci et al., 2006; Szabo,
2007; Wagner et al., 2009; Calvert et al., 2010; Elsey et al., 2010; Gadalla and Snyder, 2010; Kimura, 2010; Predmore and Lefer, 2010; Whiteman
and Winyard, 2011; Whiteman et al., 2011; Kimura et al., 2012; Wang, 2012; Kimura, 2013) and references contained therein

Lower concentrations of H,S

Bioenergetic effects

cellular ATP levels
Oxidant/antioxidant effects

Vascular effects
angiogenesis
Modulation of inflammation
anti-inflammatory effects

Effects on cell viability
cell viability

Stimulation of mitochondrial electron transport,
support of cellular bioenergetics, increased

Antioxidant effects, reducing agent
Physiological vasodilatation, stimulation of

Suppression of proinflammatory gene expression,

Protection from oxidative stress, improvement of

Higher concentrations of H,S

Inhibition of mitochondrial respiration, inhibition
of cellular bioenergetics, decreased cellular ATP
levels

Pro-oxidant effects, DNA damage, genotoxicity

Toxic vasodilatation or vasoconstriction (vascular
bed-dependent)

Proinflammatory effects, nociceptive effects

Suppression of cell viability, promotion of cell
necrosis and/or apoptosis
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Figure 1

Suppression or enhancement of cellular viability by H.S, depending
on the degree of oxidative stress. Murine ]774.2 macrophages were
grown in culture as described (Szoleczky et al., 2012) and exposed to
various concentrations (0.3-3 mM) of hydrogen peroxide (H,O,) in
the presence or absence of a 15-min pretreatment with various
concentrations of the H,S donor NaHS (1-50 mM). At 5 h, cellular
viability was measured by the lactate dehydrogenase (LDH) release
method and mitochondrial activity was measured by the MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium) method, as
described (Szabo et al., 2011; Szoleczky et al., 2012). (This method
largely measures the activity of mitochondrial succinate dehydroge-
nase, but it is also used as a general index of cell viability.) Note the
concentration-dependent suppression of mitochondrial respiration
and loss of cell viability by high concentrations of sulfide, and the
protective effect of the same concentrations of sulfide in the presence
of severe oxidative stress elicited by H,O,. Data are mean + SEM of
n = 6. *P < 0.05 represent significant protection by 3-30 mM H,S
against 3 mM H,O, exposure (anova, followed by Tukey’s post hoc
test).

et al., 1984; Reiffenstein et al., 1992). Indeed, H.S exposure, at
high concentrations/rates is highly toxic to all mammalian
species (including humans), as evidenced by multiple indus-
trial accidents, toxic exposure to H,S in swamps, sinkholes,
volcanic emissions, and, most recently, the use of H,S (pro-
duced by mixing common household reagents) as an agent of
suicide in Japan (Beauchamp ef al., 1984; Reiffenstein et al.,
1992; Milby and Baselt, 1999; Kamijo et al., 2013). The envi-
ronmental toxicity of H,S gas is both dose-dependent and
dependent on the duration of exposure. The dose-response
starts with local effects such as conjunctival irritation (at

Biochemistry of H,S and mitochondrial function

50 p.p.m.) and upper airway irritation (at 100-200 p.p.m.). At
higher inhalational exposures, pulmonary oedema (at 250-
500 p.p.m.), and, at even higher rates of exposure (500-
1000 p.p.m.) respiratory paralysis, CNS suppression and
cardiovascular depression occur, which can culminate in
death (Reiffenstein et al., 1992).

On the molecular level, most of the acute toxicity of H,S
has been mainly attributed to the inhibition of mitochon-
drial Complex IV (cytochrome C oxidase) (Petersen, 1977;
Hill etal., 1984). Complex IV is the final member of the
mitochondrial electron transport chain in the mitochondrial
inner membrane, and an essential component of aerobic cell
respiration and ATP generation. It is a large integral mem-
brane protein composed of several metal prosthetic sites and
14 protein subunits. The complex contains two hemes, a
cytochrome a and cytochrome a3, and two copper centres
(CuA and CuB). As the last enzyme in the respiratory electron
transport chain of mitochondria, it receives an electron from
each of four cytochrome ¢ molecules, and transfers them to
one oxygen molecule, converting molecular oxygen to two
molecules of water. In the process, it binds four protons from
the inner aqueous phase to make water, and contributes to
the generation of transmembrane proton gradient (subse-
quently harvested by ATP synthase to synthesize ATP).
Complex IV/cytochrome c oxidase catalyzes the transfer of
electrons from reduced cytochrome c to molecular oxygen. It
has been established that H,S, at high concentrations, revers-
ibly and competitively binds to Complex IV, thereby
inhibiting the binding of oxygen. In addition, at lower H,S
concentrations a non-competitive type inhibition has also
been proposed (Petersen, 1977; Cooper and Brown, 2008).
Once the binding of oxygen to Complex IV is inhibited, there
is a backing up of electrons in the mitochondrial electron
transport chain, and, consequently, the potential of the mito-
chondrial inner membrane dissipates and aerobic ATP gen-
eration stops. Toxicology studies focusing on inhalational
H.S exposure have established the doses (>600 p.p.m.) that
induce an inhibitory effect on Complex IV in the lung and
heart that is detectable ex vivo (Figure 2) and is associated
with pathological alterations (Khan et al., 1990; 1991; Struve
et al., 2001; Dorman et al., 2002; 2004; Wu et al., 2011). In
rats, 1 h of H,S inhalation at 300 p.p.m. results in over 80%
inhibition of cytochrome ¢ oxidase activity in the heart ex
vivo (Wu et al., 2011). The inhibitory effect of high concen-
trations (typically, 10-100 uM, but highly dependent on the
experimental method used) of H,S on cytochrome ¢ oxidase
(Figure 3), and, hence, on mitochondrial respiration is well
documented in isolated cytochrome c oxidase, as well as in
various cell lines in vitro (e.g. Khan et al., 1991; Thompson
et al., 2003; Leschelle et al., 2005; Truong et al., 2006; Buckler,
2012; Groeger et al., 2012; Sun et al., 2012). The inhibition is
reversible; enzyme activity returns to near-original levels
within 10-30 min after exposure of tissue homogenates to a
single bolus administration of NaHS, in parallel with the
decomposition of sulfide (Di Meo et al., 2011). It is interesting
to note that in the studies reported earlier by Khan et al.
(1990) (Figure 2), the inhibition of Complex IV persisted
despite the time period between the in vivo H,S exposure and
the isolation of the mitochondria and the conduction of the
cytochrome c oxidase assay. It is likely that the degree of
inhibition by H,S of Complex IV in vivo is substantially higher

British Journal of Pharmacology (2014) 171 2099-2122 2101




C Szabo et al.

HoS H2S (ppm) H2S (ppm)
150- 25 (ppm) T 10 50 200 400
H2S (ppm) 10 50 200 400

10 50 200 400

100+

50+

Enzyme activity (% of control)

Cytochrome ¢ Succinate Succinate - NADH-
oxidase oxidase cytochrome c cytochrome c
reductase reductase

Figure 2

Inhalation toxicity with H.S results in a preferential inhibition of Complex IV activity in the lung ex vivo. Data show the activities of various lung
mitochondrial respiratory chain enzymes following a 4-h inhalational exposure of Fischer-344 rats to various concentrations of H,S. Lungs were
prepared freshly, mitochondria were prepared via differential centrifugation and mitochondrial enzyme activities were determined at saturating
substrate concentrations (Khan et al., 1990). Briefly, cytochrome c oxidase activity was assayed according to the procedure of Wharton and
Tzagoloff (1967) with the following modifications. The assay contained potassium phosphate buffer, pH 7.0 (10 mM), ferrocytochrome c (50 uM),
distilled water and mitochondrial suspension. Except for the mitochondrial fraction, all other assay components were pre-incubated for 1 min in
a spectrophotometric cuvette. Enzyme activity was measured by rapidly mixing in the mitochondrial suspension and monitoring the decrease in
optical density at 550 nm. The rate of decrease during the initial 30 set was used in the calculation of enzyme activity. NADH-cytochrome c
reductase and succinate-cytochrome c reductase activities and succinate oxidase activity were measured by the methods described by Mustafa
et al. (1977). All assays were conducted at 25°C, except, because of low activity of succinate oxidase in lung mitochondria, this enzyme was
assayed at 37°C. Data are shown as mean + SD of n = 4-6 animals in each group. *P < 0.05 and **P < 0.01 represent significant inhibition of
enzyme activity at the indicated concentration of H,S. The figure represents a recalculation and replotting of previously published data by Khan
et al. (1990); the guidelines of the Canadian Council for Animal Care were followed in all animal experimentations.
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Figure 3

Inhibition of cytochrome c oxidase by HS in vitro. (A) The effect on the oxygen kinetics of various concentrations of sulfide: 0.32, 0.22 and
0.12 uM is shown on bovine heart cytochrome c oxidase activity. The medium contained 23 mM ascorbate, 68 uM cytochrome ¢, 34 nM
cytochrome aa3, 67 mM potassium phosphate, 1T mM EDTA, 0.5% Tween-80, pH 7.4, 25°C. Sulfide binding was allowed under turnover
conditions as described (Petersen, 1977). The respiration rate as a function at the oxygen concentration was calculated and plotted as
Lineweaver—Burk plots. The figure represents a replotting of previously published experiments by Petersen (1977). (B) Inhibition of cytochrome
c oxidase by H,S is enhanced by mild acidosis in vitro. The activity of cytochrome c oxidase (Sigma, St. Louis, MO, USA) was measured in rat liver
mitochondrial homogenates using the CYTOCOXT cytochrome c oxidase kit (Sigma) according to the manufacturer’s instructions in the presence
of H,S generated by NaHS (1 and 20 pM) at two different pH levels, 7.4 (neutral) and 6.8 (moderate acidosis). While the basal activity of the
enzyme was unaffected by pH, the inhibitory effect of sulfide was potentiated by acidosis. Mean + SEM of n = 3 is shown; *P < 0.05 shows
significant enhancement of the inhibitory effect of sulfide in acidosis (Student’s t-test). The animal experimentation component of the studies was
conducted with the approval of the Animal Care and Use Committee (IACUC) of the University of Texas Medical Branch and according to the
applicable guidelines of the National Institute of Health.
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than the amount of inhibition reported in this study. It is also
conceivable that H,S exerts an additional, non-reversible
inhibitory effect on this enzyme, and/or in vivo exposure of
whole animals may build up tissue ‘pools’ of labile sulfur in
the mitochondria, which may subsequently release H,S to
contribute to a more prolonged type inhibition. These possi-
bilities must be further investigated with today’s biochemical
tools, as many of these earlier reports are several decades old
and were conducted prior to the refinements in mitochon-
drial biochemistry and prior to today’s understanding of the
biological properties of sulfide.

Several series of biochemical studies, utilizing recombi-
nant Complex IV, have characterized, in remarkable detail,
the characteristics of H,S binding and the mode of the inhibi-
tory effect. Initial work characterized the main features of the
inhibition as (i) non-competitive; (ii) reversible; (iii) has a K;
(binding constant) of 0.2 uM at pH 7.4 (for comparison: K;
values for CO, azide and cyanide are 0.32, 33 and 0.2 pM
respectively) (Nicholls, 1975; Petersen, 1977; Nicholls and
Kim, 1981; 1982; Hill efal.,, 1984). In subsequent studies,
certain anomalies (both kinetic and in equilibrium) were
noticed in the inhibition patterns and sulfide was found to be
both an inhibitor and an electron donor of Complex IV, due
to complex interactions between sulfide and cytochrome aa;.
According to these studies, inhibition of cytochrome aa;
requires three molecules of sulfide, with the first two mol-
ecules being “‘used up’ to form a reactive centre adapted to the
binding of the third molecule. Moreover, it was suggested
that the inhibition of Complex IV by sulfide involves not
only the inhibition of cytochrome aa; but also a ‘pseudosub-
strate’ pathway in which a cysteine radical or copper-cysteine
complex reacts directly with molecular oxygen (Nicholls and
Kim, 1981; 1982). Thus, a combination of three effects has
been invoked to explain the complex mode of inhibition: (i)
reduction of the cytochrome a3 centre, followed by a reaction
with molecular O (ii) reduction of other centres, for
example, cytochrome a in the cytochrome aa3 complex and
(iii) ligating the ferrocytochrome a; hem group. Using a
recently created functional model of cytochrome c oxidase,
the mode of sulfide-mediated inhibition of the enzyme was
characterized, with special attention to the biochemical
mechanisms that occur at lower concentrations of sulfide
(Collman et al., 2009). The model uses a synthetic model of
cytochrome c oxidase that has all relevant components of the
active site of the enzyme (such as heme a;, Cug and tyrosine
244) (Figure 4A). The conclusion of the study (Figure 4B) is

Figure 4

Mechanisms of inhibition of cytochrome c oxidase by H,S. (A) Active
site structures of cytochrome C oxidase (CcO, top) and its synthetic
model (Fe Cu and phenol analogue) used to study the mechanism of
its inhibition by sulfide (Collman et al., 2009). (B) Schematic repre-
sentation of the possible roles of H,S affecting CcO activity, as
derived from the synthetic model shown in part A. The box indicates
that H,S binds to the reduced CcO active site, but can be subse-
quently replaced by O,. This inhibition is hypothesized to occur at
moderate H,S concentrations. At lower concentrations, H,S does not
compete with the substrate O, but can still reduce CcO’s active site
and/or cytochrome c¢ (Cytc) during catalytic O, reduction. From
Collman et al. (2009), reproduced by permission.

Biochemistry of H,S and mitochondrial function
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that sulfide, at higher concentrations, binds to Fe" in the
reduced active site, and acts as a competitive inhibitor of the
enzyme as it competes with its substrate (O,) for binding to
the reduced Fe''Cu' active site. This inhibition is reversible: O,
easily replaces bound H,S to a reduced Fe" site. At lower
sulfide concentrations, however, the affinity of H,S is too low
to the Fe' site to produce detectable inhibition of the enzyme.
However, at these concentrations, H,S quantitatively reduces
the oxidized cytochrome c oxidase site. In addition, sulfide
can also reduce cytochrome c, thereby providing electrons to
cytochrome c and substituting for NADH during physiologi-
cal O, reduction (Figure 4B). It has been suggested (Collman
et al., 2009) (but remains to be directly tested) that the latter
mechanism (i.e. the one that occurs at low H,S concentra-
tions) is the more relevant one in vivo. It must be noted,
nevertheless, that if this proposed mechanism, indeed,
occurs, sulfide would drive oxygen consumption by Complex
IV and, unless a determination of the activity of Complexes
I-III as well as the reduction state of NADH would be studied,
the inhibitory effect of sulfide (on NADH re-oxidation) would
not be detected during this reaction. Moreover, this model
would predict that the sulfide-induced increase in oxygen
consumption would not be susceptible to antimycin inhibi-
tion, but would be inhibited by cyanide. To our knowledge,
this has not been demonstrated experimentally. Therefore,
the relevance of this proposed reaction remains to be further
investigated.

Interestingly, the inhibition of Complex IV is pH depend-
ent (Ki values amount to 2.6 uM, 0.55 uM and 0.07 uM at pH
of 8.05, 7.48 and 6.28 respectively) (Nicholls and Kim, 1982).
The enhancement of the sulfide-induced inhibition is already
significant at relatively small (biologically relevant) decreases
in pH (Figure 3B) (Groeger et al., 2010). While the mecha-
nism of this enhancement has not been characterized, it is
conceivable that acidosis shifts the balance of the various
forms of sulfide in solution, and these various forms of sulfide
may have different affinity to its enzymatic targets. However,
this hypothesis remains to be tested in the future. This char-
acteristic of the inhibitory effect may well be important in the
context of conditions/sites associated with systemic acidosis
(such as circulatory shock; see Mdédis et al., 2013a) or local
acidosis (such as in physiological hypoxia sensing; see
below).

Although most of the metabolic inhibitory effects of
sulfide are attributed to inhibition of Complex 1V, it must be
mentioned that sulfide, at concentrations comparable to the
ones at which it inhibits cytochrome c oxidase, also exerts an
inhibitory effect on carbonic anhydrase (Nicholson et al.,
1998). Although the biological consequences of this action
have not been investigated in detail, it is conceivable that this
effect, alone, or in concert with the inhibition of Complex IV,
may contribute to the metabolic inhibitory effects of sulfide.
For instance, in the CNS, sulfide may impair a number of
important functions ascribed to carbonic anhydrase, includ-
ing the interconversion of carbon dioxide and carbonic acid
(a key element of acid/base regulation and removal of carbon
dioxide from metabolically active tissues). Additional cyto-
toxic mechanisms described with exposure of cells to high
concentrations of sulfide may include calcium mobilization,
iron mobilization, mitochondrial uncoupling, mitochondrial
pore opening, DNA damage, release of excitatory amino acids

2104 British Journal of Pharmacology (2014) 171 2099-2122

and intracellular acidification (Thompson etal., 2003;
Roberts et al., 2006; Truong et al., 2006; Attene-Ramos et al.,
2010). It is possible (but it remains to be directly tested) that
many of these responses are downstream consequences of
sulfide-induced metabolic inhibition and cellular energetic
distress.

Studies in conscious mice demonstrated that exposure to
H,S gas results in a reversible inhibition of cellular metabo-
lism (‘on-demand’ suspended animation) (Blackstone et al.,
2005; Volpato et al., 2008). These observations, as well as
additional follow-up studies that have generated a diverse,
and often contradictory body of studies, are discussed in a
complementary review article (Mdédis et al., 2013a).

Stimulatory effects of H.S on
mitochondrial respiration

Although sulfide is most widely recognized by its toxic bio-
logical actions (see above), sulfide is also known as the ‘sun-
light of the deep ocean’, as in this dark environment the
sulfide released from the deep-sea volcanic vents is a vital
source of metabolic energy for the primary producers of
living matter (Gaill, 1993). There are many sulfo-oxidant
bacteria in this environment that derive their metabolic
energy from driving electrons from sulfide to oxygen (Kato
et al., 2010; Shi et al., 2012; Sylvan et al., 2012; Perner et al.,
2013). Moreover, multicellular organisms (e.g. tubeworms)
living in the specialized environment of these deep-sea vents
are also known to utilize H,S as a primary source of energy,
using a complex system where the worm takes up HS™ from its
environment, and, in turn, delivers sulfide to its internal
bacterial symbionts that utilize it (Gaill, 1993; Goffredi et al.,
1997) (Figure 5). According to one evolutionary theory, life,
in fact, evolved near the deep-sea vents billions of years ago,
prior the existence of oxygen on the planet. Therefore, pri-
mordial versions of sulfide-based metabolism may have pre-
ceded the current, oxygen-based life on the planet by several
billions of years (MacLeod et al., 1994; Heinen and Lauwers,
1996; Kundell, 2011; Mielke et al., 2011; Mulkidjanian et al.,
2012).

At the opposite end of the metabolic spectrum, sulfo-
reductant bacteria exist, as well. These bacteria move elec-
trons from reduced molecules towards oxidized form of sulfur
(sulfate) to release H,S. It was proposed that the constitution
of the eukaryotic cell stems from the association of a H,S-
releasing archaeon with a sulfide-oxidizing bacterium bound
for a mitochondrial fate (Searcy, 2003). While the former
would be feeding the latter with sulfide, the latter would
protect its archaeon mate from oxygen toxicity, opening a
promising future for the ‘combined organism’ in the oxidant
environment on the surface of present-day Earth. Based
on these considerations, it is, in fact, predictable that the
redox sulfur metabolism remains a basic metabolic feature
of present-day aerobic organisms. An interesting place to
observe the sulfo-oxidant/sulfo-reductant contrast is the sea-
shore, where the surface of the sediment exposed to the
oxygen is occupied by sulfide-oxidizing bacteria, while few
mm or cm in depth the sediment is anoxic and releases the
characteristic odour of H,S (Grieshaber and Volkel, 1998).
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H,S is a source of energy for the tubeworm living in the oxygen-poor but sulfide-rich environment of deep-sea hydrothermal vents. Schematic
illustration of the anatomical and physiological organization of the vestimentiferan tubeworm Rijiia pachypeila. The animal is anchored inside its
protective tube by the vestimentum. At its anterior end is a respiratory plume. Behind the vestimentum is a region that makes up the bulk of the
worm, the trunk. Inside the trunk is the trophosome, which consists primarily of symbiont containing bacteriocytes, associated cells and blood
vessels. At the posterior end of the worm is a short region (opisthosome), which anchors the base of the worm to its tube. Oxygen, sulfide (most
likely in the form of HS"), nitrate and carbon dioxide are absorbed through the plume and transported in the blood to the cells of the trophosome.
Sulfide, such as oxygen, is bound to the sulfide-binding protein, the worm’s haemoglobin, and carried to the symbionts. These tubeworm
haemoglobins are capable of carrying oxygen in the presence of sulfide, without being ‘poisoned’ by it. The symbionts oxidize the sulfide and
use some of the energy released to drive the Calvin-Benson cycle of net CO; fixation. Some fraction of the reduced carbon compounds synthesized
by the symbionts is translocated to the animal host. Furthermore, the chemosynthetic bacteria within the trophosome are able to convert nitrate
to ammonium ions, which then become available for the production of amino acids by the bacteria. Later these organic nitrogen-containing

compounds are also released to the tubeworm. Modified after Gaill (1993).

Studies focusing on the adaptation of invertebrates to this
environment demonstrate that low concentrations of sulfide
stimulate oxygen consumption of animal tissues, while high
concentrations of sulfide inhibit it (Powell and Somero,
1986).

Despite the above considerations, the direct demonstra-
tion that chicken mitochondria (Searcy, 2003) and mitochon-
dria prepared from mammalian cells and tissues (Goubern
et al., 2007; Lagoutte et al., 2010; M&dis et al., 2013b) utilize
H,S to maintain mitochondrial electron transport and to
produce ATP (Figures 6-11), came as somewhat of a surprise
to the biological community. We speculate that the cause of
this surprise may lay in the combination of the facts that the
toxicity of sulfide is contained in standard biochemistry cur-
riculum, while the evolutionary and deep-sea vent aspects of
sulfur chemistry are not contained in the standard biology
curriculum.

The sections below focus on the recent studies made with
H.S oxidation/utilization of H,S, in support of mitochondrial
function in mammalian cells. Before discussing the mecha-
nisms, we must point out that, in addition to the concentra-
tion of sulfide used, another important parameter is the mode
of its administration. In a typical pharmacological study
aimed to establish a concentration-response curve, single
additions of the pharmacological agent would be sufficient.
However, with H,S, due to its short half-life and its opposing
effects on mitochondrial electron transport components (see
below), it is crucial to carefully select the infusion rates of
sulfide such that the chosen rate matches the sulfide con-
sumption of the biological material under study. With this
experimental approach, it was demonstrated in 2007 that
sulfide stimulated oxygen consumption and led to energiza-
tion of mitochondria in permeabilized mammalian colono-
cytes (Goubern ef al.,, 2007). These studies established that
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Mammalian cells consume HS, leading to mitochondrial energiza-
tion in HT-29 cells. To simultaneously study the mitochondrial bio-
energetics (respiration) and membrane potential in colonocytes,
permeabilized HT29 cells were used. Approximately 5 x 10 HT29
cells were resuspended in 1.5 mL of the permeabilization medium for
this experiment. Top tracing: oxygen concentration; bottom tracing:
TPP* uptake (proportional to membrane potential) are plotted versus
time. Sulfide infusions are indicated by horizontal bars above the
oxygen tracing, with the rate of infusion shown. Respiration rates
(nanomoles of O,/minute/million cells) are shown under the O,
tracing. Infusion of sulfide causes O, consumption by the permeabi-
lized cells. This is accompanied by an immediate increase in mem-
brane potential as judged from the TPP* uptake. Both responses can
be blocked by antimycin and myxothiazol, which are known inhibi-
tors of the Complex Il (coenzyme Q — cytochrome c reductase) of
the mitochondrial respiratory chain (not shown). Reproduced with
permission from Goubern et al. (2007).

sulfide serves as a physiological mitochondrial substrate. Its
functional effect, therefore, is comparable to Krebs cycle-
derived electron donors — such as NADH or FADH,, which can
be produced, experimentally, in typical mitochondrial prepa-
rations by the addition of succinate (FADH,) or glutamate/
malate (NADH). The cessation of sulfide infusion leads to a
drop in oxygen consumption indicating that the totality of
the sulfide infused is immediately consumed (Figures 6, 7,
10). Increases above the optimal rate of sulfide infusion result
in an accumulation of sulfide, which can, relatively quickly,
rise to toxic levels to induce a decline in oxygen consumption
(Figures 6, 7). The optimal steady state of sulfide administra-
tion (delivery rate = consumption rate) directly provides an
experimental value for the stoichiometry of the oxidation
process (Goubern et al., 2007). This value, in colonic epithe-
lial cells, was found to be 0.79; a value that is different from
the normal stoichiometry used for other mitochondrial sub-
strates (0.5). This suggested that sulfide oxidation involves a
supplementary oxygen consumption, which is explained by
additional reactions to that of the normal mitochondrial
respiratory chain (Goubern et al., 2007). Importantly, in the
same series of studies it was demonstrated that sulfide oxida-
tion was not accompanied by uncoupling of mitochondrial
respiration (Goubern et al., 2007).
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Comparison of CHO cells and colonocytes reveals reverse bioenerget-
ics in presence of high sulfide. The experiments shown were made
with a O2k apparatus equipped with the TiP injection pumps. A stock
solution of T M Na,S was prepared each day and diluted at 5 mM to
load in the glass syringes of the injection pump. CHO cells (top) or
HT29 cells (immortalized human colonocytes derived from colon
cancer) were subject to addition of sulfide during normal respiration
(black trace) or in presence of the Complex | inhibitor rotenone (red
trace) that inhibits almost completely the cellular respiration. (A) CHO
cell line resuspended at 2 x 10° cells-mL™", the additions 1, 2 and 3
were infusions of sulfide for the time indicated by the black horizontal
bars at different increasing rates (same Y ordinate as oxygen consump-
tion). During additions 2, 3 and 4, the same quantity of sulfide was
administered at a rate matching with (2) or significantly higher than
(3) the cellular capacity for sulfide oxidation, or in a single fast addition
(4)final concentration 26 uM (thick black arrow downward). (B) HT29
cells (4-6 x 10° cells-mL™") additions 1, 2 and 3 were repeated, leading
to 25 uM final sulfide concentration. The injection 4 (thick black arrow
downward) increased sulfide concentration to 50 uM. This sequence
of four injections was repeated twice firstly in absence and secondly
after rotenone addition indicated as ‘R’. In order to permit direct
comparison, these two successive sequences of additions are shown
superposed. In the absence of rotenone, the last sulfide addition (4)
produced in both cell types a significant inhibition of cellular oxygen
consumption (a reversible effect). In the presence of rotenone, the
same addition produced a submaximal increase of oxygen consump-
tion when compared to previous additions. This rate increased in a
non-linear way, with time reaching its maximum short time before
sulfide exhaustion, revealing a progressive loss of inhibition as oxida-
tion proceeds. With the CHO cells, the time necessary to reverse the
inhibition of cellular respiration (horizontal double headed black
arrow) was significantly longer than the time to consume all sulfide
when mitochondrial Complex | was inhibited by rotenone (horizontal
double headed grey arrow). The explanation of this observation is that
under conditions of inhibition the reduction state of the NADH/NAD
redox couple increases dramatically and renders the Complex | a
strong competitor for SOU. In contrast, with colonocytes the opposite
is observed (compare horizontal arrows), as if inhibition of Complex |,
in fact, lowered the rate of sulfide oxidation. This observation can be
explained by a model where Complex | operates in a reverse mode
(accepts electrons from quinone to reduce NAD into NADH), which,
in turn, helps sulfide oxidation, rather than to antagonize it.
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The Sulfide Oxidation Unit (SOU), and limiting steps for sulfide oxidation. Complexes of the mitochondrial respiratory chain are numbered with
roman numerals. Three essential blocks of reactions important for the control of sulfide oxidation ‘a, b, ¢’ are boxed: ‘a’ is the SOU, which oxidizes
two molecules of sulfide, uses one dioxygen molecule, releases thiosulfate (H,S,05) and reduces quinone ‘Q’. ‘b’ accepts electrons from quinone
and drives them through Complexes Il and IV to oxygen. The sequential intervention of ‘a’ and ‘b’ is necessary for sulfide oxidation to proceed.
1.5 molecules of dioxygen and two molecules of H,S are used: the stoichiometry is thus 1.5/2 = 0.75. Complex IV is the target of sulfide inhibition,
which becomes significant at 10 uM and above, while the SOU could operate well below this 10 uM concentration. Block ‘c’ is constituted by the
other enzymatic reactions, reducing quinone and is a competitor of SOU. Mitochondrial Complex V (not shown in the scheme) imposes
collectively to a, b, ¢, the constraint of respiratory control matching the flux through the redox reactions (a, b, c) to values imposed by the ATP

turnover rate.

Inhibition of Complex III by antimycin or of Complex IV
with cyanide impedes sulfide oxidation, while inhibition of
Complex I with rotenone does not (Volkel and Grieshaber,
1997; Yong and Searcy, 2001; Goubern et al., 2007). This
indicates that electrons from sulfide enter the mitochondrial
respiratory chain at the level of coenzyme Q. Thus, a sulfide
quinone reductase (SQR) activity is involved. Afterwards,
electrons from sulfide follow the normal oxidative route to
Complex III, cytochrome ¢ and Complex IV to finally reduce
an atom of oxygen to form water (Goubern et al., 2007). In
addition to SQR, two other enzymes are involved: a dioxyge-
nase and a sulfur transferase. This enzymatic system consti-
tutes a sulfide oxidation unit (SOU) that, on one side, injects
two electrons (and protons) to reduce the coenzyme Q in the
mitochondrial respiratory chain and, on the other side,
releases an oxidized form of sulfur (thiosulfate H,S,03;)
(Figure 8). For this latter step, an additional molecule of
dioxygen is needed (Hildebrandt and Grieshaber, 2008). The
stoichiometry predicted by this reaction scheme is 0.75 (1.5
0,,2 HS), thus, very close to the observed experimental value
(Goubern et al., 2007). The human gene for a putative sulfide
quinone reductase was overexpressed in CHO cells and
increased their sulfide oxidation rate (Lagoutte ef al., 2010).
The identity of the two other members of the SOU: the
dioxygenase (ETHE1 gene) and sulfur transferase (thodanese),
and the tightness of their association with SQR remain to be
clarified. Large variations in the range of activity of SOU were
detected among cells/tissues (see below).

When compared to other substrates of the mitochondrial
respiratory chain (NADH, FADH,, succinate, L-alpha-
glycerophosphate), the yield of sulfide in terms of electrons
to be used by the respiratory chain is relatively low: two

molecules of sulfide are necessary to provide two electrons.
Moreover, it is costly in terms of oxygen: for the same elec-
tron transfer in the respiratory Complexes III and IV, sulfide
oxidation needs three times more oxygen. Thus, when sulfide
oxidation takes place, the yield in energy per oxygen atom
consumed is low in comparison with NADH or FADH2 gen-
erated by oxidation of carbon containing substrates and
sulfide may appear as a poor energy substrate. For example as
part of the oxidative metabolism of cysteine seen as source for
one pyruvate and one sulfide, the latter would provide one
electron to the respiratory chain and the former 10 through
pyruvate dehydrogenase and Krebs cycle. However, this low
energy yield is balanced by several unique properties of
sulfide: First, H,S diffuses freely across membranes and extra-
cellular sulfide could reach and feed mitochondria inside cells
without the need of transporters. Second, sulfide does not
need any ‘biochemical preparation’ which contrasts with
other circulating/extracellular carbon containing substrates
that needs to be activated (energy cost) and broken down by
metabolic processes to generate the reduced coenzymes
NADH or FADH2. Third, affinity of SOU for sulfide is high
(Figures 9, 11) so that 100% of any amount released in the
high nM or low uM range is oxidized. Therefore, although the
exact physiological/pathophysiological role of this process
remains to be clarified, sulfide may serve as an ‘emergency’
substrate, or as a substrate that balances and complements
the electron-donating effect of Krebs cycle-derived electron
donors, and/or play cellular roles in specialized situations (see
below). Free sulfide is in equilibrium with bound forms that
show no toxicity and might be seen as a reserve of this
‘emergency substrate’ although the cost of the constitution
and maintenance of this sulfide reserve has to be taken into
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Fast cellular oxidation of sulfide in the nanomolar range. The human
monocyte cell line THP1 (top) and a CHO cell line (2 x 10° cells-mL™")
expressing human SQR (bottom) were used in these experiments
aiming to demonstrate that sulfide oxidation could take place when
external sulfide concentration is in the nanomolar range. The experi-
ments were made with an ‘Oroboros O2k’ apparatus equipped with
the TiP injection pumps a stock solution of 1 M Na,S was prepared
each day and diluted at 5 mM to load in the glass syringes of the
injection pump. Single injections (indicated by the vertical line at
60 s) leading to 125, 250, 500 or 1000 nM final concentrations were
made and the respiratory rate (oxygen consumption of cells) was
recorded before and after the injection. To increase accuracy, the
data points are calculated from the difference between two parallel
experiments: one in presence of rotenone (inhibitor of Complex |
allowing sulfide oxidation to proceed), and another one in presence
of antimycin (inhibitor of Complex lll blocking sulfide oxidation). The
data points are the mean values of up to 40-50 measurements (10
successive injections of Na,S 125 nM during four to five independent
experiments). The dotted line prolongs the slope before sulfide injec-
tion for the 125 nM injections. The drop in oxygen concentration
caused by sulfide oxidation was determined 1 min after the injection,
and was used for the linear regression analysis (insets). The slope
relates the stoichiometry (O,/sulfide) for the oxidation process
(>95% of the theoretical value of 0.75). There was no correction for
Na,S purity/content. While experimental error/difficulties could
explain the ordinate at the origin different from zero, this may also
suggest that a small part of the sulfide injected escaped to SOU.

account. Finally, in the gut an abundant sulfide production
occurs with no energy cost for the eukaryotic cells as sulfide
is a metabolic waste of the anaerobic microbiota of the lumen
(this mechanism is discussed in additional detail in a subse-
quent section).
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Cells can sustain intense sulfide oxidation for minutes. This experi-
ment demonstrates that cells neutralize a continuous sulfide release
over extended period of time: Cultured CHO cells (2 x 10° cells-mL™"
in the 2 mL ‘Oroboros O2k’ chamber for other experimental details,
see the legend of Figure 9. The curve shows the cellular oxygen
consumption rate expressed in pmol/(s-mL) (black dots). In absence
of sulfide, this value declines slowly from 90 to 70 with time/decrease
in oxygen concentration before the final fast drop when oxygen is
exhausted. The 20-min period of sulfide infusion rate at 50 pmol/
(s-mL) is indicated with the thick blue line, the dotted lines aim to
emphasize on the coincidence between sulfide infusion and increase
in cellular oxygen consumption. This increase is calculated and
shown (thin blue line), a linear regression was used to estimate the
reference value in absence of sulfide. This increase led to the calcu-
lation of a value for the stoichiometry close to 0.5, consistent with
that of the dioxygenase reaction alone. Accordingly, it is concluded
that the respiration based on the use of carbon containing substrates
is decreased (thin black line). This experiment illustrates: (i) the
importance of respiratory control: the flux of electrons through res-
piratory chain remains constant because the general controlling
factor is ATP turnover. (ii) The fact that SOU oxidation takes prec-
edence over carbon metabolism since the flux of electrons coming
from carbon metabolism is diminished from the amount of electrons
coming from sulfide oxidation the latter replacing the former. Thus
these cells could accommodate for a prolonged time an incoming
sulfide flux of a value representing more than 50% of their basal
oxygen consumption rate preventing thus sulfide toxicity. In absence
of oxidation this infusion would have raised the sulfide oxidation to
60 uM.

The net mitochondrial functional effects of sulfide are
complex, because its two radically opposing effects (electron
donation at SQR, inducing a stimulation of electron flow and
inhibition of mitochondrial oxygen binding at Complex
IV, thereby stopping electron flow) counteract each other
(Figure 8). At nanomolar to low micromolar concentrations,
sulfide is a substrate for most mitochondria (Lagoutte et al.,
2010). At higher concentration, sulfide is a poison that blocks
mitochondrial respiration in all cell types (Lagoutte et al.,
2010). This latter situation results in positive feedback effects;
on the one hand, if sulfide delivery rate exceeds the oxidation
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rate, sulfide accumulates and depresses oxidation rate, which
accelerates accumulation, leading to further suppression of
the mitochondrial function. On the other hand, when the
rate of sulfide oxidation outperforms the rate of sulfide
supply, the elimination proceeds faster and faster. This latter
situation is particularly relevant to experiments in which a
single bolus of sulfide is administered to a biological system
(animals or cells). The stimulating and inhibiting concentra-
tions of H,S overlap (Yong and Searcy, 2001 Lagoutte et al.,
2010) at the low micromolar range, while a significant inhi-
bition takes place above 10 uM sulfide.

The cell’s free sulfide concentration is likely to be perma-
nently in dynamic equilibrium with a much larger pool of
‘bound forms of sulfur’, including thiol groups of proteins
(e.g. Wintner et al., 2010). In this respect, sulfide can be
viewed as a ‘redox shuttle’ linking mitochondrial bioenerget-
ics with a sulfur-based redox world remnant of an archaic
metabolism. Although, in terms of quantitative bioenerget-
ics, it is clearly inferior to carbon metabolism (Krebs cycle;
re-oxidation of glycolytic NADH; FADH2-NADH derived from
beta oxidation etc.), the data demonstrating that under
physiological conditions or under stress conditions, H,S pro-

Biochemistry of H,S and mitochondrial function

Figure 11

Kinetic parameters of sulfide and succinate oxidation in rat liver
mitochondria. The experiments shown were made with a O2k appa-
ratus equipped with the TiP injection pumps. A stock solution of 1 M
Na,S was prepared each day and diluted at 5 mM to load in the glass
syringes of the injection pump. (A) rat liver mitochondria were resus-
pended (1 mg-mL™") in a KCl/sucrose medium in presence of rote-
none (1 uM), ADP 1.5mM and Rhodamine123 400 nM. This
suspension was loaded in the two chambers of the O2k Oroboros
apparatus equipped with the fluorescence detection module. In one
chamber was injected the 5 mM solution of Na,S (black traces) and
in the other the same volumes of a 50 mM solution of sodium
succinate (green traces). The vertical lines indicate the injections with
the resulting final concentration shown for sulfide (10 times more for
succinate). The bottom traces represent the oxygen consumption
rates (left Y axis). The upper trace shows the (Fmax-F)/Fmax value where
Fmax is the fluorescent signal of Rhodamine123 in initial non-
energized conditions, this value is proportional to the mitochondrial
membrane potential. Injection of sulfide results in sharp increase in
oxygen consumption that lasts the time to exhaust sulfide. A calcu-
lation based on the amount of oxygen consumed and stoichiometry
confirms this (not shown). This oxygen consumption is accompanied
by transient energization of mitochondria. In contrast, succinate
injections caused stepwise increase in oxygen consumption
and potential. The gap in the green curves corresponds to a
re-oxygenation step necessary to pursue the experiment. After the
end of the injections sequence a saturating concentration of succi-
nate (+7.5 mM final) was added to evaluate the maximal rate, which
led to anoxia (drop to zero value). (B) values of kinetic constants were
calculated by use of the Lineweaver—Burke double reciprocal plot
(1/)O; vs. 1/[Na,S]) to represent the experimental data and the linear
fitting of excel to extrapolate the ordinate at the origin (1/Vmax) and
interception with the X axis (-1/Km). A logarithmic scale is used
individual values (circles) are shown on the left (n = 8 with succinate
and 9 with sulfide). The mean values are shown as bars on the right
with their values £ SEM. The V. for sulfide oxidation could be used
to evaluate the flux of incoming sulfide that could be neutralized by
the use of the stoichiometric ratio (25/0.75 = 33). Therefore, this
experiment suggests that rat liver mitochondria could neutralize a
flux of incoming sulfide close to 10% of their maximal phosphor-
ylating respiratory rate. These experiments used optimal conditions:
no competition between sulfide and other substrates and high
oxygen concentration. Therefore, the in vivo the efficiency of liver to
remove sulfide is likely to be lower; indeed, a sulfide turnover that
would represent 10% of the metabolic rate of an organ appears
unrealistically high. Nevertheless, the capacity of liver mitochondria
to neutralize sulfide appears to be significant. The animal experimen-
tation component of the studies was conducted with the approval of
the local Animal Care and Use Committee and according to the
applicable guidelines of the European Union.

Pl
<«

duction by endogenous H,S-producing enzymes can contrib-
ute to cellular bioenergetics (Fu etal., 2012; Modis et al.,
2013b; Szabo etal., 2013) suggest that this mechanism is
active even in mammals living in present-day, oxygen-rich
environment. In addition, we speculate that its conservation
through the ages may be explained by several additional (and
not mutually exclusive) biological necessities. For instance, in
some cases an active neutralization of excessive fluxes of
endogenous sulfide may be necessary, because passive diffu-
sion of this gas would not be sufficient to decrease its con-
centration to nontoxic values. In addition, the sulfide redox
shuttle may serve the purposes of redox control and signal
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transduction, with mitochondrial bioenergetics as one of its
targets. This latter hypothesis makes even the disappearance
of SOU in certain biological sites (see below) a relevant event,
possibly serving to increase the range of sulfide signalling
and/or to withdraw mitochondria from its control (Bouillaud
and Blachier, 2011).

In a recent set of experiments (Figure 9), the determina-
tion of the cellular affinity for sulfide showed that a short
time (seconds to minutes) is sufficient to reduce uM concen-
trations of sulfide to near-zero levels in a large volume of
external medium. Extrapolation to tissues in animals (where
cells are much more concentrated) is not straightforward
because SOU activity depends on its relative expression level
and on multiple interactions with other respiratory enzymes
with which SOU is in competition to reduce quinone. Thus,
to be consistent with sulfide physiology in mammals, sulfide
oxidation was considered in mitochondria isolated from
animal tissues in presence of substrates plus ADP to simulate
normal mitochondrial activity or with suspension of cultured
cells in presence of their endogenous respiratory rate. The
dioxygenase activity of SOU has the consequence that sulfide
oxidation results in a significant increase in the oxygen con-
sumption rate of respiring cells/mitochondria (Figure 10).
This increase is linearly proportional to the sulfide infusion
rate, as defined by a stoichiometric relationship.

Although sulfide oxidation and sulfide-related bioener-
getic effects have now been demonstrated in a wide variety of
cell types (including colonocytes, macrophages, hepatocytes,
neurons etc.) in vitro (Goubern et al., 2007; Lagoutte et al.,
2010; Groeger et al., 2012; Mimoun et al., 2012; Modis et al.,
2013b), there are significant variations between various cell
types with respect to their ability to oxidize sulfide as well as
with respect to their ability to utilize it for the generation of
energy. The first conclusion that can be drawn from this
observation is that the importance of the SOU ranges from
conditions in which all the electrons travelling to Complex
IV and oxygen come from sulfide (e.g. in colonocytes) to
conditions in which no sulfide oxidation is detectable (e.g.
neuroblastoma derived cell lines and mouse brain mitochon-
dria). Most of the cells in culture show intermediate charac-
teristics in which the oxidation rate of sulfide could account
for a significant percentage of the maximal respiratory rate
(Lagoutte et al., 2010) (Figure 7) and thus appears dispropor-
tionately higher than the expected endogenous sulfide releas-
ing rates. However, with mitochondria isolated from animal
organs, the relative activity of the SOU is, when present, of
much lower amplitude. The current examples in rodents con-
verge towards values between zero and no more than 10-20%
of the maximal respiratory rate (Lagoutte et al., 2010). This is
shown here with rat liver mitochondria (Figure 11): the high
affinity of the SOU contrasts with the low affinity of succinate
dehydrogenase since there is a more than two orders of mag-
nitude gap between their respective affinity constants. At the
opposite, the maximal velocity of the succinate dehydroge-
nase is more than 10 times that of the SOU. However, less
than a few percent of the basal metabolic rate would be
sufficient to annihilate endogenous sulfide release rates. The
explanation of the difference in the SOU activity between
cultured cells and isolated mitochondria is still unclear: one
possibility could be that culture conditions stimulate the
expression of the components of the SOU. It should be also
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noted that the activity and the role of SOU may be dependent
on species, gender, age and other factors. While we have now
data in CHO cells and in several rodent species, additional
data (especially additional data involving human mitochon-
dria) would be necessary to test the overall validity and appli-
cations of this concept. One should also remember that
cultured cells are lacking in respiratory enzymes and rely
heavily on the glycolytic metabolism in comparison to the
differentiated cells present in the organs used to prepare
mitochondria. If a constant expression of SQR is maintained,
the decreased expression of respiratory enzymes in cultured
cells would raise the ratio between the SOU and other com-
plexes of respiratory chain.

A further conclusion from cell-based studies focusing on
the function of the SOU is that the SOU has a strong ten-
dency to take over other electrons donors so that there is
priority for electrons coming from sulfide (Lagoutte et al.,
2010). This, in addition to the high affinity of SQR (Figures 9,
11), guarantees that sulfide oxidation takes place and main-
tains low (i.e. non-toxic) concentrations of free sulfide
(Figure 10), while other mitochondrial substrates would be
present at concentrations several orders of magnitude higher
(Figure 11 estimates the succinate concentrations for a sig-
nificant Krebs cycle activity). However, when the carbon
metabolism is driven to a more ‘reduced state’ it could
severely slow down the activity of the SOU. This more
reduced state could be obtained by inhibition of the respira-
tory chain, including by sulfide (Figure 7). The specific adap-
tation of colonocytes aims to reduce this competition process
(see below), and thus indicates its relevance when exposure to
sulfide is high.

The biphasic mitochondrial effects of sulfide have now
been demonstrated in various cell types (Goubern et al., 2007;
Lagoutte etal., 2010; Groeger etal., 2012; Mimoun et al.,
2012; Mdodis et al., 2013b) using a variety of methods - pri-
marily, the Oroboros system, as in Figures 6-11; as well as the
Seahorse system (extracellular flux analysis) (Figures 12, 13).
The bell-shaped concentration responses have also been con-
firmed, with low (nanomolar/low micromolar) concentra-
tions of sulfide being stimulatory, while higher (mid- to high
micromolar) concentrations of sulfide being inhibitory.
Because of the short half-life of sulfide, direct sulfide exposure
studies using the Oroboros system provides a more direct
method of analysis than the Seahorse system, which meas-
ures with time delay (‘Seahorse reading cycles’). On the other
hand, the same method is highly useful when investigating
endogenous sulfide producing systems, when sulfide is pro-
duced by endogenous, biological enzyme systems at relatively
constant rates; see below. The same Seahorse method, fur-
thermore, does not permit differential ‘rates of infusion’,
which is highly instructive in experiments involving sulfide
(see above and in Figure 7). The stoichiometry of sulfide
oxidation predicts that the consumption of 1 uM sulfide via
the SOU would consume 0.75 uM of oxygen while its
concentration in the medium is around 200 uM at 30°C so
that the drop in oxygen concentration would be of less than
0.5%. Therefore, the sulfide-mediated alterations in oxygen
consumption/mitochondrial electron transport observed
may be amplified by additional pharmacological effects of
sulfide beyond direct electron donation to SQR. In support of
this hypothesis, recent data indicate that the sulfide-induced
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Bell-shaped dose responses to the sulfide donor NaHS in isolated rat
liver mitochondria. Rat liver mitochondria were isolated and sub-
jected to bioenergetic analysis using the Extracellular Flux Analysis
method as described (Mddis et al., 2013b). In separate sets of experi-
ments, mitochondrial electron transport was stimulated by the addi-
tion of pyruvate/malate (10 mM/2 mM, respectively, in order to
enable the activity of all Complexes; left panel); with succinate
(10 mM, in the presence of the Complex | inhibitor rotenone, 2 pM,
in order to direct the electron flow exclusively through Complexes I,
Il and IV only; middle panel) or with the artificial substrates
ascorbate/TMPD (10 mM/100 uM, respectively, in the presence of
the Complex Ill inhibitor antimycin at 4 uM, in order to selectively
activate Complex IV only; right panel) in the presence of various
concentrations of NaHS. Please note that sulfide exerted a biphasic
effect on mitochondrial O, consumption when Complexes I-IV or
II-IV were active (stimulation at 0.1-3 puM, followed by inhibition at
30-100 uM), while it only exerted inhibitory effect when Complex IV
was active only (at 30-100 uM). Data are shown as mean = SEM of
n =6 experiments; *P < 0.05 indicates significant enhancement; #P <
0.05 indicates significant inhibition (anova, followed by Tukey’s test).
The animal experimentation component of the studies was con-
ducted with the approval of the Animal Care and Use Committee
(IACUC) of the University of Texas Medical Branch and according to
the applicable guidelines of the National Institute of Health.

increase in oxygen consumption/electron transport in iso-
lated rat liver mitochondria observed in the Seahorse system
at 1-3 uM sulfide was attenuated by inhibition of PKA (the
downstream effector of cAMP signalling) (Modis et al.,
2013c). Our interpretation of these findings is that sulfide,
which is a known inhibitor of cAMP/cGMP phosphodiester-
ases (Bucci et al., 2010; Coletta et al., 2012), enhances mito-
chondrial cAMP levels, which, in turn, contribute to the
stimulation of mitochondrial electron transport. Indeed,
sulfide is a direct inhibitor of the activity of the mitochon-
drial phosphodiesterase isoform (PDEA2), as evidenced by in
vitro experiments using recombinant PDEA2 enzyme (Modis

Biochemistry of H,S and mitochondrial function

etal.,, 2013c). It is conceivable that additional effects of
sulfide on mitochondrial function may involve activation/
opening of ATP-sensitive potassium channels, redox/
antioxidant responses, post-transcriptional modification of
mitochondrial proteins (e.g. via sulfthydration), effects on the
PDES5/cGMP/PKG system, mitochondrial calcium handling
and other factors. Even though the stimulation of electron
transport by sulfide may involve multiple mechanisms, it is
important to stress that in the Seahorse experimental system
(similar to the Oroboros system) the stimulation of electron
transport occurs at the level of Complex II, and the positive
bioenergetic responses seen at lower sulfide concentrations
are diminished, at higher concentrations of sulfide (10-
100 uM) by a direct inhibition of Complex IV (i.e. cyto-
chrome c oxidase) (Figures 12, 13). Another feature of sulfide
in this system is its stimulatory bioenergetic effect, which is
most prominent at intermediate degree of fluxes of Krebs
cycle-derived electron donors (Médis et al., 2013b). This is
consistent with the hypothesis that sulfide acts as a
secondary/back-up or perhaps ‘emergency’ source of electron
donors compared to ‘classical’ (i.e. Krebs cycle-derived) elec-
tron donors.

Regulation of cellular bioenergetics by
endogenously produced H,S

Similar to administration of low concentrations/low release
of exogenous H,S, which acts as an electron donor and stimu-
latory bioenergetic factor (Goubern et al., 2007; Mdédis et al.,
2013b), endogenously produced H,S also exerts stimulatory
bioenergetic effects in various cell types in vitro. The enzyme
that is responsible for the majority of mitochondrial H,S
production is 3-MST, which shows partial mitochondrial
localization. It must be noted that, although many articles
consider this enzyme as strictly mitochondrial, several studies
show that the enzyme is present in the cytosol, as well
(Shibuya et al., 2009a,b; Mddis et al., 2013b). The 3-MST
pathway of mitochondrial production of H,S starts out
with L-cysteine and involves several enzymes. The first one is
CAT (cysteine/aspartate aminotransferase), which produces
3-mercaptopyruvate (3-MP) from L-cysteine. 3-MP is then
converted by 3-MST to produce pyruvate and an enzyme-
bound persulfide. This enzyme-bound persulfide acts as the
precursor of H,S: the release of H,S requires reducing agents
such as thioredoxin and glutathione (Mikami et al., 2011;
Tanizawa, 2011; Kimura, 2013; Yadav et al., 2013). The bio-
chemistry of human recombinant 3-MST has been recently
characterized in substantial detail (Yadav etal., 2013).
There is evidence that 3-MST is regulated by intra- and inter-
molecular cysteines in an oxidant-sensitive fashion. Using
recombinant rat 3-MST, it has been demonstrated that an
intermolecular switch consisting of Cys 154 and Cys 263 can
be oxidized to form a dimer between Cys 154 and Cys 154,
Cys 154 and Cys 263, and/ or Cys 263 and Cys 263, thereby
rendering the enzyme inactive (Nagahara efal., 2012). In
addition, more severe oxidative stress can affect an intramo-
lecular switch, whereby a catalytic site Cys 247 is oxidized to
form a cysteine sulfenate, which also results in an inhibition
of the enzyme (Nagahara and Katayama, 2005; Nagahara
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Biphasic effect of (A): hydrogen sulfide (NaHS) or (B): L-cysteine (L-Cys) on mitochondrial oxygen consumption rate (OCR) in isolated rat liver
mitochondria. Rat liver mitochondria were isolated and subjected to bioenergetic analysis using the Extracellular Flux Analysis method as described
(Mddis et al., 2013b). At lower concentrations, H,S (0.1-1 uM) or L-cysteine (10-1000 pM) elicit a significant increase in mitochondrial activity,
as evidenced by the measurement of two parameters, calculated ATP Turnover (state 3) and FCCP-stimulated Maximal Respiratory Capacity (state
3u). Higher concentrations of H,S (3-30 uM) or L-cysteine (3000 uM) suppress mitochondrial activity. The right panels show representative
experiments, depicting the effect of H,S (1 uM, top panel) or L-cysteine (L-Cys, bottom panel). All experiments were conducted in the presence
of 10 mM succinate. Data represent mean = SEM of six experiments. *P < 0.05 and **P < 0.01 shows the effect of NaHS or L-cysteine, as compared
to vehicle control (anova, followed by Tukey’s test). Part A is reproduced with permission from Médis et al. (2013b). The animal experimentation
component of the studies was conducted with the approval of the Animal Care and Use Committee (IACUC) of the University of Texas Medical
Branch and according to the applicable guidelines of the National Institute of Health.

etal.,, 2012; Nagahara, 2013). This interaction has been
recently implicated in the oxidative inactivation of 3-MST
and a subsequent inhibition of the bioenergetic role of
endogenously produced H,S (see below).

The role of 3-MST in the regulation of cellular bioener-
getics is supported by several sets of data. First, stable silenc-
ing of 3-MST reduces basal bioenergetic parameters in
cultured hepatoma cells (Md&dis et al., 2013b). Second, low
concentrations of 3-MP produce H,S and exert a stimulatory
effect on bioenergetic parameters both in isolated mitochon-
dria and in cultured cells, and this response is suppressed by
the silencing of 3-MST (Modis et al., 2013b). Third, (and
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similar to the biphasic nature of exogenously administered
H,S) higher concentrations of 3-MST suppress the cellular
bioenergetic response; this suppression, too, is attenuated by
3-MST silencing (Modis et al., 2013b). Fourth, SQR silencing
suppresses both basal and 3-MP mediated stimulation of bio-
energetic function (Modis etal, 2013b), as well as the
L-cysteine-mediated stimulation of mitochondrial oxygen
consumption (Figure 14). Fifth, alpha-ketoglutarate and
cysteine both stimulate mitochondrial electron transport,
and these effects are attenuated by the CAT inhibitor aspar-
tate (Figure 15). The simplest interpretation of these findings
is that 3-MP-derived, 3-MST-mediated production of H,S
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SQR attenuates the stimulatory effect of cysteine on mitochondrial function. Mitochondria were isolated from cultured Hepalclc?7 cells and
subjected to bioenergetic analysis using the Extracellular Flux Analysis method as described (Médis et al., 2013b). (A, B): Mitochondrial function
under basal conditions and in the presence of L-cysteine (10 uM) in cultured murine hepatoma cells during the sequential administration of
oligomycin (1 ug-mL™", to inhibit ATP synthase), FCCP (0.3 uM, to induce mitochondrial uncoupling), 2-deoxyglucose (50 mM, to inhibit
glycolysis) and antimycin A (2 pg-mL™, to inhibit Complex llI, for determination of non-mitochondrial cellular respiration). (C, D): Mitochondrial
function under basal conditions and in the presence of L-cysteine (10 uM) in cultured murine hepatoma cells after SQR silencing (conducted as
described in Mdédis et al., 2013b). Please note that L-cysteine stimulates mitochondrial function in wild-type cells, while it inhibits mitochondrial
function in cells with SQR silencing. Data represent mean £ SEM of n = 15 collected from three experiments performed on three different
experimental days. Statistical analysis was performed by anova followed by Bonferroni’s post hoc test. *P < 0.05 shows significant difference

between groups as indicated.

feeds electrons into the mitochondrial electron transport
chain via SQR at the level of Complex II, although additional
indirect effects of sulfide may also contribute. Interestingly,
oxidative stress impairs the bioenergetic role of 3-MST: incu-
bation of recombinant 3-MST with hydrogen peroxide sup-
presses the ability of the enzyme to produce H,S (M6dis et al.,
2013d). Similarly, incubation of isolated mitochondria with
H,O, suppresses the production of H,S from 3-MP (Mddis
etal., 2013d). Finally, challenge of hepatoma cells with
hydrogen peroxide markedly attenuates the stimulatory bio-
energetic effect of the 3-MST substrate 3-MP (Mddis et al.,
2013d). Interestingly, in mitochondria prepared from aged
mice (which show a marked baseline suppression of mito-
chondrial function), the 3-MP-mediated stimulation of elec-
tron transport is absent (Figure 16), indicative that the

importance of this bioenergetic pathway is diminished
during physiological aging.

Currently, there are only limited data to answer the ques-
tion as to whether the other two enzymes, CSE and CBS also
contribute to the physiological regulation of bioenergetic
function. Although both CSE and CBS are predominantly
cytosolic, the H,S produced by them is highly diffusible.
Although there are intracellular sulfide gradients and intrac-
ellular enzymes that react with sulfide and impair its free
diffusion, it is likely that some of the cytosolic sulfide will
reach the mitochondrial inner membrane to modulate elec-
tron transport. Moreover, in isolated rat liver mitochondria,
partial digestion studies show that CBS is associated with the
outer mitochondrial membrane and mitochondrial matrix
(Figure 17). Since the distribution of both CSE and CBS is cell
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Effect of the cysteine aminotransferase (CAT) inhibitor aspartate on H,S production and function of isolated rat liver mitochondria. Rat liver
mitochondria were isolated and studied as described (Mddis et al., 2013b). In part (A) mitochondrial homogenates were subjected to H,S
measurements using the methylene blue method in the presence or absence of o-ketoglutarate (0.5 mM), aspartate (2 mM) and L-cysteine
(1 mM) and their combinations; in parts (B-D), bioenergetic analysis was performed using the Extracellular Flux Analyzer (Seahorse) in the
presence or absence of a-ketoglutarate (0.5 mM), aspartate (2 mM) and L-cysteine (10 uM) and their combinations. Please note that L-cysteine
stimulated H,S production and mitochondrial function, while the CAT inhibitor aspartate inhibited these responses. Data represent mean + SEM
of three experiments; *P < 0.05. The animal experimentation component of the studies was conducted with the approval of the Animal Care and
Use Committee (IACUC) of the University of Texas Medical Branch and according to the applicable guidelines of the National Institute of Health.

type and tissue dependent, one would expect that the bioen-
ergetic modulatory effects of CBS/CSE are cell type and organ
dependent. It was demonstrated that CSE plays a role as a
supporter of cellular bioenergetics that occurs under condi-
tions of cell dysfunction, and is dependent on the cytosolic-
to-mitochondrial translocation of this enzyme (Fu etal.,
2012), while in colon cancer cells, endogenous H,S produc-
tion by CBS supports cellular bioenergetics and cell prolifera-
tion (Szabo et al., 2013). Moreover, in the liver tissue and in
cultured hepatocytes, ischaemia leads to mitochondrial trans-
location of CBS, resulting in mitochondrial protective effects
(Teng et al., 2013).

Taken together, the above results support the conclusion
that not only the ability to utilize sulfide as a bioenergetic
‘fuel’ is maintained in mammalian mitochondria, but mam-
malian cells also produce H,S, to support bioenergetic func-
tion, under basal conditions or during cellular emergencies
(Figure 18). Silencing of either 3-MST of SQR impairs basal
cellular bioenergetics (as evidenced by reduced basal oxygen
consumption rate) (Figures 14, 15) (Modis et al., 2013b)
and so does a mild degree of oxidative stress (Mddis et al.,
2013d).

All of the above data supporting the bioenergetic role of
endogenously produced H,S were obtained in in vitro studies
in cultured cells, or in isolated mitochondria. The concept
that endogenously produced H,S can contribute to basal
energetic function in vivo is supported in recent data in the
model organism Caenorhabditis elegans, in which silencing of
its CBS homologue (the main H,S-producing enzyme in this
animal) (Vozdek et al., 2012; Modis et al., 2013e) attenuates
both basal oxygen consumption and the maximal oxygen
consumption elicited by the uncoupling agent trifluorocar-
bonylcyanide phenylhydrazone (FCCP) (Figure 19). Future
studies are necessary to probe the role of these pathways in
mammalian systems in vivo.
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Role of mitochondria in the
physiological and adaptive responses
of intestinal epithelial cells to H,S

The bacteria present in the colonic lumen constitute a source
of sulfide. This sulfide derives from bacterial amino acid
metabolism and from anaerobic sulfo-reducing bacteria using
oxidized ions, such as sulfate, as a final electron acceptor
(reviewed in Blachier et al., 2010; Carbonero et al., 2012a,b)
(Figure 20). The sources of sulfur are amino acids and pep-
tides that escaped assimilation in the upper part of the diges-
tive tract, proteins of cells detached from the epithelium, and
mucins with sulfated sugars and sulfur-containing ions such
as sulfate or sulfite (used as conservative agents). The final
result is that the sulfide content of the colon is high. Values
as high as one millimolar have been reported for the total
content (Blachier et al., 2010; Medani et al., 2011; Carbonero
et al., 2012a,b). A much lower value of 60 uM is reported for
free H,S. Antibiotic treatment (ciprofloxacin) has been shown
to markedly reduce sulfide production of the intestinal flora
(Ohge et al., 2003).

What then could be the relevance of the content in
sulfide in the colon lumen with regard to the intestinal epi-
thelial cell? The HT29 cell line derived from human colon
cancer was used to study the effect of sulfide on the metabo-
lism of colonocytes. In initial studies, these HT29 cells were
exposed to high (1 mM) concentrations of sulfide (Leschelle
et al., 2005) and studied 24 h later, a time at which no more
sulfide was present as no precaution was taken to avoid/
compensate its evaporation. With regard to mitochondria,
two parameters changed: (i) the activity of cytochrome
oxidase (Complex IV) was decreased and (ii) the proton leak
of the inner membrane increased. Both indicated a general
suppression of mitochondrial bioenergetics. Cell prolifera-
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Figure 16

Basal and 3-mercaptopyruvate-induced bioenergetic responses are
suppressed in mitochondria prepared from aged mice. Liver mito-
chondria were isolated from young (2 months old) and aged (18
months old) C57BL/6 mice and subjected to bioenergetic analysis
using the Extracellular Flux Analysis method as described (Médis
etal, 2013b) in basal conditions or in the presence of
3-mercaptopyruvate (10 uM). Panel A shows the marked suppression
of mitochondrial function in aged mice; Panel B shows that the
stimulatory effect of 3-MP on mitochondrial function is absent in
aged mice. Data represent mean = SEM of three experiments; *P <
0.05 shows significant difference between the responses of the
young and aged groups. The animal experimentation component of
the studies was conducted with the approval of the Animal Care and
Use Committee (IACUC) of the University of Texas Medical Branch
and according to the applicable guidelines of the National Institute
of Health.

tion was inhibited and lactate release was increased. There-
fore, both an increase of anaerobic glycolysis rate and spare of
energy expenses took place in response to this sulfide chal-
lenge, which were orders of magnitude higher than the Ki of
cytochrome oxidase, which was found unchanged in these
cells (0.3 uM). However, even if the sulfide challenge was
intense, it became apparent that the cells themselves could
neutralize the exogenous sulfide (Leschelle et al., 2005).

Biochemistry of H,S and mitochondrial function

Subsequent studies explained how cellular respiration
participates in this detoxification process: HT29 cells, as well
as freshly isolated rat colonocytes, were the first mammalian
cells in which mitochondrial oxidation of sulfide were dem-
onstrated (Goubern et al., 2007). The maximal rate of sulfide
oxidation increases with differentiation (Mimoun etal.,
2012). HT29 cells with the highest differentiation state (day
10-11 and 2 mM butyrate) show a maximal rate of sulfide
oxidation, that is very close to the theoretical limit, according
to which all the electrons travelling in the respiratory Com-
plexes III-IV come from SQR (Lagoutte et al., 2010). There
is no increase in the expression of SOU components with
differentiation (Mimoun et al., 2012), most likely due to the
fact that even resting cells contain sufficient levels of SQR
to oxidize sulfide. In contrast, differentiation increased the
maximal possible respiratory rate observed in absence of
sulfide but in presence of an uncoupler (Mimoun et al., 2012).
This second observation is consistent with an increase in the
content of respiratory complexes. However, after inhibition
of the activity of the respiratory chain by a high sulfide
concentration (Leschelle et al., 2005), the restoration of
the respiratory rate after sulfide elimination seems to take
place with a reduced intensity whether sulfide exposure was
short term (minutes) or long term (hours) (Leschelle et al.,
2005; Mimoun et al., 2012), possibly producing irreversible
damage.

As mentioned before, the competition with the other
pathways creates a problem when sulfide exposure is
maximal and, therefore, colonocytes show adaptation
(Blachier et al., 2010). Mitochondrial Complex IV catalyzes
the reduction of oxygen to form water (an irreversible reac-
tion). In contrast, the other respiratory complexes could work
in opposite directions according to the redox conditions. The
observation of the sulfide oxidation rates led to the conclu-
sion that Complex I could work in reverse mode when sulfide
is oxidized. This phenomenon appears to be specific to
colonocytes (Lagoutte et al., 2010). In a previous study, indi-
cation of the reversion of Complex II was obtained (Goubern
et al., 2007). When Complexes I or Il operate in reverse mode,
they are no longer competitors of the SOU. Instead, they help
the oxidation of sulfide as they accept electrons from the
coenzyme Q reduced by the SQR. This could increase the rate
of sulfide oxidation but more importantly this oxidation
could continue even if Complex IV is severely impaired by
high sulfide concentrations. The impact of these reverse reac-
tions on ATP production should be considered as null or
negative as, for example, if Complex IIT or IV are still oper-
ating, the reversion of Complex I would cause uncoupling
(Lagoutte et al., 2010). If complete inhibition of Complex IV
is taking place, in fact, no energy is ‘lost’, but the cell must
use anaerobic glycolysis to produce energy instead. Then, in
the presence of high sulfide, both the anaerobic glycolysis
and mitochondrial reverse reactions in colonocytes would be
expected to build up a ‘redox debt’ that might be exported to
other unexposed tissues, or could provide colonocytes with a
reductive power unmatched in the normal physiology of any
other cell.

Looking beyond the intestinal epithelial cell, what could
be the relevance of the content in sulfide in the colon lumen
with regard to the rest of the organism? Simple calculations
produce the following estimations. A plausible range of the
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colonic internal volume is around 1 L (length 140 cm; diam-
eter 3-4 cm). The total volume is not occupied by sulfide
releasing material and the concentration of sulfide men-
tioned above can be estimated to occupy between 0.1 and 1%
of the body volume. Global dilution of colonic free sulfide
would increase the sulfide concentration (to 60-600 nM),
consistent with SQR activity. Dilution of total sulfide
(3-30 uM) may yield potentially harmful concentrations
(Blachier et al., 2010). Dilution in the entire body seems unre-
alistic, but this calculation demonstrates that the colonic
content could potentially generate biologically relevant sys-
temic sulfide levels.

While the colonocytes seem to use every possible strategy
to increase their rate of sulfide oxidation (see above) to limit
the transfer of sulfide to the host (while also using sulfide as
source of bioenergetic ‘fuel’), it is likely that a second line of
defence exists with the SQR present in other organs and
notably the liver, which receives venous blood from the
digestive tract via the portal vein (Figure 20). Indeed, the
capacity of liver mitochondria to neutralize sulfide appears to
be significant, a finding also corroborated by perfused liver
studies with sulfide infusion (Norris et al., 2011). Recent
studies have directly investigated whether the colon (and the
liver) is able to remove all sulfide produced by the bacterial
flora, or, alternatively, whether sulfide-producing bacteria are
producers of sulfide for the mammalian host organism (con-
ceptually similarly to many vitamins and metabolites that
the bacterial flora generates for the host). These studies dem-
onstrated that germ-free mice have significantly reduced free
H,S levels in the plasma, as well as they have lower levels of
bound sulfane sulfur levels, compared to conventional mice
(Shen et al., 2013). There were also marked differences in free
H,S levels in some organs (e.g. cecum and colon free H,S
levels were lower in the germ-free mice than in the conven-
tional mice), but no differences were noted in the other
organs studied. Interestingly, in many organs, bound sulfane
sulfur levels tended to be lower in the germ-free mice than in
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Figure 17

Mitochondrial localization of H,S-producing enzymes. Rat liver mito-
chondria were isolated as described (Médis et al., 2013b) and sub-
jected to in vitro partial trypsin digestion by treatment with trypsin
for 30 or 60 min at room temperature, followed by addition of an
equivalent amount of bovine trypsin inhibitor in order to stop the
proteolysis, as described (Szabo et al., 2013). Using this method,
mitoplasts (mitochondrial preparation without the outer mitochon-
drial membrane) can be produced. For Western blotting, rat liver
homogenate and rat liver isolated mitochondria were lysed in dena-
turing loading buffer (20 mM Tris, 2% SDS, 10% glycerol, 6 M urea,
100 mg-mL™" bromophenol blue, 200 mM B-mercaptoethanol),
sonicated and boiled. Lysates (25 pg-well™") were resolved on 4-12%
NuPage Bis-Tris acrylamide gels (Invitrogen, Grand Island, NY, USA)
and transferred to PVDF membranes. Membranes were blocked in
starting BlockTM T20 (TBS), a commercially available blocking buffer
solution (Fischer Scientific, Hampton, NH, USA). Membranes were
probed overnight with anti-sulfide quinone reductase-like (SQRDL)
antibody (anti-SQR; 1:1500; ProteinTech, Chicago, IL, USA), anti
3-mercaptopyruvate sulfurtransferase antibody (anti-3-MST, 1:1000;
Sigma-Aldrich, St. Louis, MO, USA), anti-cystathionine B-synthase
(anti-CBS, 1:1000) and anti-cystathionine y-lyase (anti-CSE, 1:1000)
primary antibodies. Moreover, the anti-Tom20 antibody (anti-
Tom20, Santa Cruz Biotechnology, Dallas, TX, USA) and anti-
Complex IV antibody (anti-CIV, 1:1000, Abcam, Cambridge, MA,
USA) were used as different mitochondrial markers, Tom20 localized
into the outer mitochondrial membrane, while Complex IV being
present exclusively in the inner mitochondrial membrane. On the
following day, anti-rabbit-HRP conjugate secondary antibody
(1:3000) was applied and enhanced chemiluminescent substrate
(ECL, Pierce) was used for detecting the signals. SQR was detected at
50 kDa, 3-MST at 33 kDa, CBS at 60 kDa, CSE at 45 kDa, Complex IV
at 17 kDa, and Tom20 was detected at 20 kDa. The Western blot
shows that CBS is localized to the mitochondrial outer membrane
and largely disappears in the samples that were subjected to limited
proteolysis, indicating its primary association to the outer membrane
and its low expression in mitoplasts (inner mitochondrial mem-
brane). CSE was not mitochondrially associated. 3-MST and SQR
were localized to the mitochondrial inner membrane. As expected
from their known respective localizations, trypsin digestion abolished
Tom 20 immunoreactivity, but maintained Complex IV levels. A
representative Western blot of n = 3 independent experiments is
shown. The animal experimentation component of the studies was
conducted with the approval of the Animal Care and Use Committee
(IACUC) of the University of Texas Medical Branch and according to
the applicable guidelines of the National Institute of Health.

<«

the conventional mice (Shen et al., 2013). Surprisingly, tissue
CSE activity was also suppressed in the germ-free mice, for
reasons that are currently unclear. Based on these data, it
appears that colonic, bacterial sulfide production contributes
to the circulating H,S levels, as well as to the H,S levels of the
colonic tissue, but probably does not serve as the principal
remote source of H,S to most other parenchymal tissues,
presumably due to the fact that these tissues have significant
autonomous sources of H,S, as well.

Role of mitochondria in other
physiological responses to H,S

Another area where H,S-associated metabolic effects may play
a physiological regulatory role is the carotid body. In organs



Biochemistry of H,S and mitochondrial function BJP

‘uonedidsal |elpuoyd0}IW
Buniqiyul Agaiayy ‘Al xajdwoD Hgiyul osje ued SZH JO sUOijesUSdU0d JYbIH "uonelsusb 1y |elpuoydouw bupowoid ‘uieyd Jodsuel) UOIIIPS [RPUOYDOUW B} JSIUS OS[e S3Nd3[oW
SZH OM} WL PIALISP SUOIIID[D OM] ‘YOS dY} UO pa3eald ale spunog (HSS-) SOPYINSIP OM] ‘S9INI3JOW STH OM] WO} SJIYAA "BLPUOYD0}W Y} Ul SZH JO UOREBPIXO Y3 Joj d|qisuodsal s YOS
*9)YINs 01 YOS 341 woly apyinsiad puodas ayy bulsysuen Aq (,£0TS) a1eynsoiy) saonpoud (1S1) sesdjsued) InJns 1.y nsoiLy) YL (XOS) asepixo ay|ns Aq (_,YOS) 914NS 0} PaZIPIXO JBYLNy SI
‘uay] ‘EYINS “Jalem pue UsBAXo Jendsjow BuINSUOD ‘(_,£OS) 3YINS 01 saplINsIad SIZIPIXO XLJeW [eLIPUOYDONW 3Y) Ul 3seU3BAXOIP INJINs 31 "puoq apYNsIp & AQ payull auIRIsAd pazipixo
031Ul YOS 03 punoq (HSS-) SIPLINSIP OM} dY} JO UONEPIXO [eul} 3y} Bulnsua ‘(sauepoyl 3y} Jo SWAZUSO0SI SUO Se UMOUY Os|e ‘| S]) dsesajsues) Jnyns ey nsolyy ayy pue (Ayyedojeydsdus
J1uojew|Ayla aseuabAxolp pajjed osje ‘| JH13I) 9seusbAXolp NS ay3 SSWAZUS JaYI0 OM] JO pue (YOS) aseldnpal suouinb aplyns punog-sueiquIsW [LPUOYD0IIW 33 JO PAINIIASU0D SI NOS
9y "Modsuel) U0JIDDJD |ePUOYD0W SadUejed pue sajeinwiis ‘(NOS) HUN Bulzipixo-spins 3y} Yum uoieladood asod ul bupiom ‘elupuoydoliul ay3 jo ANUdIA 3y} ul pasnpodd ‘STH "uteyd
J0dsuel) UOJID3|D [RPUOYD0IIW BY} JO D SWAZUS0D BIA SUOIIDDJD 33euop (|| pue |) saxajdwo) yrog *(aseusboipAysp a1eurddns) || xajdwo) Jo uonduny ayl ybnoly suosidse pJaIA sawAzuaod
ZHAv4 ‘| Xo|dwo) jeupuoydonw Ag pazipixo st H + HAQYN "uteyd Alojedidsal [elipuoydoiiw ay3 Jo O dWAZUS0D 03 SU0III3|D JaAIRP (PHAVAH ‘H + HAVYN) SSWAZUS0D 853y} JO SWI0) padnpal
3y "saWwAzua0d gy4 10 QyN @Y1 JO UondNpal 3y} 03 SPEs| YdIYym ‘saleiisqns paseq-uogied Jo uonepixo ayy Aq pa|jany Ajrewnd st odsuesy uosdae epuoydow :jpued ybry "(1yD swiAzus
3y Aq a1esein|bolay-0/auisysAd-7 woly padnpold) [ SIN-€ 1o aeaniAdordedisw-¢ pue §g0) J0) au1lIsAd-7/auiRisAdowoy-1 ‘3§D 10} auIs)sAd-7/auluoiyieIsAo- ‘sa1elisqns aAdadsal 19y} Wody
S%H @onpoud [SIN-€ Se [[om Se ‘IS pue §gD "SPH sadnpold pue XLjew [eLPUOYD0HW PUe dULIGUISLW JSINO [BLPUOYD0}W 3y} 0} pajerdosse si sgD (dul] [[92 ewouidied uojod uewny 9| |1 DH
19A]] el *6°3) $aNSSIY/S||9D SWOS Ul ISA0I0I (SgD) SWAZUD 3seyIUAs-g-auluoiyleIsAd Jo Uoie|nWNIde pue UoRez||igels [elpuoyd0)w sy} sadnpul eixodAy ‘ss1fdojeday ul sjiym ‘peojiano
winid[ed Jen||9d 03 asuodsal Ul eLIPUOYD0}W Y} 0} sd3edojsuel) (ISD) aseA|- A sujuoiyleIsAd ‘sjj9d 3psnW yjoows Jendsea Ul “(1SIN-€) dsesajsuelrinyns ajeaniAdoydedssw-¢ passaldxa
A]pAiNnsuod ayy Aq padnpodd AjjedidAy si elpuoydoiw Y3 Ul §ZH :[pued 17 “eLPUOYDOIW Ul S1Yd dabiauaolq pajeidosse pue uondnpold STH JO SIDINOS S|qIdNPUI PUR DA[INIISUOD

81 24nbi4

(@) soeds aueIqIBWLIBIU|

UOLIPUOYOOHN ajeAnIAd

dN-€

ajelen|bojey-o

I
b

+
auesAn-

S°H +

. . auues
MIZ + wwm>3‘_>n_ ,mm@ “Mm%

S*H +

{eeyinson)

oz 0%

@ @
v\\\ll:// (e1eyins) (ewyns)

HSS
(opynesad)
HSS
dlV  id+dav 208 «— ;o8 J@
N A @ 0% + %0

Xujew

mm.ﬂ._‘wazw
ouebio

augisAn-1

auluoiyeISAn «——— aulajAoowoy

(S'He] A s80

105010

British Journal of Pharmacology (2014) 171 2099-2122 2117



C Szabo et al.

-~
e

‘To’ CBS I'.Iens\m“n;etri:

=3 — 1.0 gt

< 60; o8

c Actin  °®

_— 0.4

E 501 [ mwwe— #

g siCTL siCBS SicTL sices -

o 401

%- 30

a i

c ##

2 20,

g

> 10+

8
Basal Basal Reserve Ras:arva

Respiration  Respirati Capacity C if

siCTL siCBS siCTL siCBS

Figure 19

CBS silencing attenuates the bioenergetics in the model organism
Caenorhabditis elegans. The C. elegans wild-type N2 Bristol strain was
obtained from the C. elegans Genetics Center, University of Minne-
sota, Minneapolis, MN, USA. Nematode culturing, synchronization
and RNAi feeding were performed according to standard techniques
(Vozdek et al., 2012). Egg isolation was done using the bleaching
method. The resulting embryos were placed in S-complete medium
without OP50 bacteria, and allowed to hatch overnight at 20°C with
constant rotation. The L1 larvae were counted and supplemented
with strain OP50 bacteria with pL4440-CBS or pL4440-scrambled
RNAi feeding vector containing Ampicillin resistance marker to
resume the life cycle. RNAi induction of bacteria was induced by
IPTG. L1 larvae were transferred to a flask in a concentration of
80-100 worms:mL™" in S-complete. To sterilize the animals, FUDR
(5-fluoro-2’-deoxyuridine, Sigma-Aldrich) stock solution was added
to each well 50 h after hatching. Five days after reaching adult stage,
worms were washed with water and collected for subsequent
Western blot analysis. For Western blot analysis followed by immuno-
detection of CBS-1 a rabbit polyclonal antibody against recombinant
CBS-1 was used. The general technique of the functional analysis of
the metabolic activity of the worms was conducted using a 24-well
Seahorse Extracellular Flux Analyzer as described (Houtkooper et al.,
2013) with 50 worms per well under basal conditions and upon the
addition of the uncoupling agent FCCP (10 uM). CBS silencing
attenuated CBS-1 protein expression, and suppressed basal and
FCCP-stimulated oxygen consumption. Data are shown as mean +
SEM of n = 20 determinations collected from three experimental
days. Oxygen consumption was normalized to protein content. Sta-
tistical analysis was performed by anova followed by Bonferroni’s post
hoc test. #P < 0.05 and ##P < 0.01 show lower oxygen consumption
in the CBS-1 silenced group, when compared to the respective
sham-silenced controls.

specialized for physiological hypoxia sensing (e.g. the carotid
body or the kidney medulla), lowered O, tension may lead to
a physiological inhibition of Complex IV by endogenous
H,S (produced by CSE). During hypoxia, H,S production
increased in glomus cells due to an increased activity of CSE
and/or by reduced oxidative inactivation of sulfide, resulting
in increased accumulation of sulfide. Increased H,S may
directly activate voltage-dependent Ca** channels (VDCC) or
indirectly activate VDCC by causing membrane depolariza-
tion via the decrease in the activity of large-conductance
Ca*-activated K* channels (Beltowski, 2010; Olson and
Whitfield, 2010; Peng et al., 2010; Makarenko et al., 2012;

2118 British Journal of Pharmacology (2014) 171 2099-2122

Smith and Yuan, 2012; Olson, 2013). Activation of VDCC
raises cytosolic Ca®* concentration in the glomus cells and
increases the sensory activity. In addition, hypoxia-mediated
suppression of mitochondrial electron transport via inhibi-
tion of Complex IV activity (an effect, which may be
enhanced by intracellular acidification during hypoxia)
results in the production of reactive oxygen species, which, in
turn, may induce additional signalling responses, in part via
mobilization of Ca*" from the endoplasmic reticulum and, in
part by activation of the Ca*-activated Cl- channels (Smith
and Yuan, 2012). The hypoxia-mediated increases in intrac-
ellular H,S levels and intracellular ROS levels may work syn-
ergistically to induce membrane depolarization, resulting in
increased sensory activity.

Although the biological roles of H,S span the central and
peripheral nervous system, the regulation of immunological/
inflammatory responses and various aspects of cardiovascu-
lar biology (Fiorucci et al., 2006; Szabo, 2007; Calvert et al.,
2010; Elsey et al., 2010; Gadalla and Snyder, 2010; Kimura,
2010; 2013; Predmore and Lefer, 2010; Whiteman and
Winyard, 2011; Whiteman et al., 2011; Kimura et al., 2012;
Wang, 2012), at present time, there is insufficient informa-
tion available to implicate H,S-associated mitochondrial or
bioenergetic responses in these physiological regulatory
mechanisms. It has been demonstrated (Kiss et al., 2008)
that the H,S-induced vascular relaxant effect in isolated rat
aortic rings resembles in its kinetics and in its bioenergetic
aspects (reduction in ATP levels in the smooth muscle) to
the vascular relaxation induced by sodium cyanide, and
hence may be, at least in part, of metabolic nature. However,
the potential physiological relevance of such a regulatory
mechanism has not yet been evaluated in vivo. As discussed
elsewhere (Modis et al., 2013a), exogenously administered
H,S can induce a hypometabolic state. Whether endogenous
H,S plays a role in the physiological process of hibernation
is a logical question, and one that has not yet been explored.
In this context, it is interesting to note, nevertheless, that
torpor in hamsters is associated with an increased expression
of CBS and an increased H,S tissue content (Talaei et al.,
2012). We anticipate that additional work in the field of H,S
will unveil many other aspects of H,S-regulated mitochon-
drial and metabolic function in various physiological con-
texts. With respect to pathophysiological conditions where
the mitochondrial effects of H,S are relevant, the reader is
referred to a complementary review article (Modis etal.,
2013a).
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H.S production by the intestinal microbiota: its clearance and utilization by the gastrointestinal tract. Intestinal bacteria produce H.S from various
substrates of alimentary origin (for the overview of the exact biochemical pathways involved, see Carbonero et al., 2012a,b). Colonic epithelial

cells take up and degrade, as well as utilize sulfide. A small portion

of sulfide enters the circulation, and is further neutralized by the liver. The

potential contribution of intestinal microbiota as a source of systemic/tissue sulfide remains to be defined by further studies.
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