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Abstract

Significance: Hydrogen sulfide (H,S) has been recognized as a signaling molecule as well as a cytoprotectant.
It modulates neurotransmission, regulates vascular tone, and protects various tissues and organs, including
neurons, the heart, and kidneys, from oxidative stress and ischemia-reperfusion injury. H,S is produced from
L-cysteine by cystathionine f-synthase (CBS), cystathionine y-lyase (CSE), and 3-mercaptopyruvate sulfur-
transferase (3MST) along with cysteine aminotransferase. Recent Advances: In addition to these enzymes, we
recently identified a novel pathway to produce H,S from D-cysteine, which involves D-amino acid oxidase
(DAO) along with 3MST. These enzymes are localized in the cytoplasm, mitochondria, and peroxisomes.
However, some enzymes translocate to organelles under specific conditions. Moreover, H,S-derived potential
signaling molecules such as polysulfides and HSNO have been identified. Crifical Issues: The physiological
stimulations, which trigger the production of H,S and its derivatives and maintain their local levels, remain
unclear. Future Directions: Understanding the regulation of the H,S production and H,S-derived signaling
molecules and the specific stimuli that induce their release will provide new insights into the biology of H,S and

therapeutic development in diseases involving these substances. Antioxid. Redox Signal. 22, 362-376.

Introduction

THE PHYSIOLOGICAL ROLE of hydrogen sulfide (H,S) was
initially proposed on the basis of the finding that H,S
facilitates the induction of hippocampal long-term potentiation
(LTP) by enhancing the activity of N-methyl D-aspartate
(NMDA) receptors (1). It was later found that H,S also relaxes
vascular smooth muscle by activating adenosine triphosphate
(ATP)-sensitive K* (Katp)-, intermediate conductance Ca®*-
sensitive K™ (IKc,),- and small conductance Ca’ " -sensitive
K* (SK¢,) channels (25, 52, 104). The release of insulin and
angiogenesis are also regulated by this molecule (8, 31, 64,
103). In addition to these activities, we found that H,S protects
neurons from oxidative stress and ischemia-reperfusion injury
by recovering the levels of glutathione, a major intracellular
antioxidant, as well as by directly scavenging reactive oxygen
species (ROS) produced in mitochondria, and suppressing the
excessive increase in intracellular Ca®>* concentrations (33, 34,
44, 95). These findings led to the identification of the protective
effect of H,S on various organs, including the heart and kidney,
from oxidative stress and ischemia-reperfusion injury (16, 90).

H,S is produced by cystathionine f-synthase (CBS),
cystathionine y-lyase (CSE), and 3-mercaptopyruvate sul-

furtransferase (3MST). CBS and CSE produce H,S from
cysteine alone or from cysteine with homocysteine (1, 11,
25, 80). 3MST produces H,S from 3-mercaptopyruvate
(3MP), which is produced from cysteine and «-ketogluta-
rate by cysteine aminotransferase (CAT) (13,42, 76). Since
the endogenous-reducing substance required for the pro-
duction of H,S by 3MST has not been identified, the
3MST/CAT pathway has not been recognized as the H,S-
producing pathway. We recently found that thioredoxin and
dihydrolipoic acid (DHLA) are the endogenous reducing
substances that associate with 3MST for the production of
H,S (43). Similar results were also obtained by Banerjee
et al. (98).

H,S is even produced from D-cysteine via b-amino acid
oxidase (DAO) along with 3MST (74). An achiral 3MP,
which is a substrate for 3MST, is produced by DAO from b-
cysteine. Although 3MST is a ubiquitous enzyme, DAO
is localized only in the kidney and the brain. Therefore,
the production of H,S from D-cysteine is restricted to these
organs, and it correlates well with the levels of DAO
and 3MST. In the kidney, H,S produced from D-cysteine
protects the renal cortex from ischemia-reperfusion injury
more efficiently than does L-cysteine. The administration of
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D-cysteine provides a novel therapeutic approach to deliver
H,S to specific tissues or organs such as the kidney and the
brain.

H,S induces Ca®* influx in astrocytes by activating tran-
sient receptor potential (TRP) channels, and the ECs of so-
dium hydrosulfide (NaHS) is 116 uM (54). Although the
endogenous concentration of H,S was initially reported to be
50-160 uM, re-evaluation revealed it to be in the range of
10nM to 3 uM (20, 26, 97). The K,,, values of H,S-producing
enzymes are greater than the endogenous concentrations of
their substrate, cysteine. These observations suggest that the
concentrations of H,S are not adequate for inducing physi-
ological responses. To compensate for the inadequate con-
centrations, H,S is stored as bound sulfane sulfur, which can
release H,S when cells are stimulated. Alternatively, H»S is
oxidized to polysulfides (H,S,). In our recent study, we found
that polysulfides, which exist in the brain, activate TRP an-
kyrin 1 (TRPA1) channels in astrocytes to induce Ca”* influx
more potently than does parental H,S, with the ECs, of Na,S3
being 91 nM (35). Polysulfides are potential signaling mole-
cules that modulate the activity of enzymes, channels, and
receptors by inducing conformational changes through add-
ing bound sulfane sulfur to thiols of cysteine residues, a
process termed sulfthydration (sulfuration) (66, 89).

H,S Production

H,S is produced by CBS, CSE, and 3MST, along with
CAT. CBS, CSE, and CAT are pyridoxal 5’-phosphate
(PLP)-dependent enzymes that are suppressed by hydroxyl-
amine (74).

Cystathionine g-Synthase

CBS is expressed in various tissues, including the kidney,
liver, brain, ileum, uterus, placenta, and pancreatic islets
(1, 31, 65, 82). CBS produces H,S from cysteine via a f-
elimination reaction, and more efficiently via a f-replacement
reaction in which cysteine is condensed with homocysteine
(10, 80). The production of H,S by CBS is enhanced by
S-adenosyl methionine, an allosteric activator of CBS (1, 72).
The activity of CBS is suppressed by nitric oxide (*NO) and
carbon monoxide (CO), which bind to the heme localized to
the amino terminus of CBS (49, 85).

CBS also catalyzes the condensation reaction of homo-
cysteine and serine to produce cystathionine. This reaction is
preferred compared with metabolizing cysteine to produce
H,S because of the K,, values of substrates involved (50).
However, a higher reaction rate does not necessarily exclude
the possibility of an alternate reaction, which might depend
on the availability of substrates and the subsequent metabo-
lism of the products.

Cystathionine y-Lyase

CSE is expressed in tissues such as the kidney, liver,
thoracic aorta, ileum, portal vein, uterus, pancreatic islets,
and placenta (25, 31, 65, 104). The expression of CSE is not
detected in the brain, and the activity of CSE is 100 times
less than that in the liver (1, 17, 28, 92). CSE produces H,S
by o, f-elimination of cysteine under normal conditions.
Under conditions of high homocysteine concentrations, as in
homocysteinemia, the o, y-elimination, and y-replacement
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reactions of homocysteine become dominant for H,S pro-
duction (11).

CSE is a cytoplasmic enzyme. When smooth muscle cells
obtained from mesenteric arteries were exposed to a calcium
ionophore—A23187—for more than 16 h, CSE translocated
to the mitochondria and was involved in ATP production
(19). Although the mitochondria and endoplasmic reticulum
store Ca®*, excessive Ca>* due to long-lasting Ca** influx
results in toxicity that can cause cell death. Therefore, it is
necessary to determine how cells avoid toxicity due to high
intracellular Ca>* concentrations that result from long-last-
ing Ca®" influx.

CSE has canonical activity that catalyzes cystathionine to
produce cysteine (11). Although turnover rate of cysteine
production is greater than H,S production under normal
conditions, the rate of H,S production becomes compatible to
that of cysteine production under the conditions with high
homocysteine concentrations such as homocysteinemia (11,
80). The H,S-producing activity of CSE is regulated by
Ca®*, and it is intriguing to know whether the cysteine pro-
duction is regulated in a similar fashion (45). Therefore,
understanding how CSE catalyzes the production of either
H,S or cysteine in vivo, or both simultaneously, is of par-
ticular interest.

3-Mercaptopyruvate Sulfurtransferase/
Cysteine Aminotransferase

3MST and CAT are ubiquitous enzymes (74-76). CAT,
which is identical to aspartate aminotransferase (AAT), me-
tabolizes cysteine and a-ketoglutarate to 3MP and glutamate.
3MP is further metabolized by 3MST to H,S and pyruvate.

The contribution of the 3MST/CAT pathway to H,S pro-
duction is greater than that of CBS. The expression of 3MST
and CAT in HEK293F cells increased the level of bound
sulfane sulfur, which is a storage form of H,S, to approxi-
mately twice as much as the control (76). In contrast, cells
expressing CBS do not significantly increase the levels of
bound sulfane sulfur.

3MST and CAT are localized in both the mitochondria
and cytosol, and the activity of both enzymes is predicted to
be suppressed under oxidative stress conditions such as those
prevailing in the mitochondria (30). However, Neuro2a cells
expressing both 3MST and mitochondrial CAT showed a sig-
nificant resistance to oxidative stress caused by high concen-
trations of glutamate, whereas cells expressing CBS did not
(33). These observations suggest that 3MST and mitochondrial
CAT are functional in the mitochondria even under conditions
of oxidative stress and that these enzymes protect cells from
oxidative stress damage to a greater extent than does CBS.

3MST requires a reducing substance such as dithiothreitol
(DTT) to produce H,S. Since an endogenous-reducing sub-
stance had not been identified, 3MST had not been recog-
nized as an H,S-producing enzyme. Along with the previous
findings that an endogenous-reducing substance, thioredoxin,
exists at a concentration of ~20 uM in cells and is able to
interact with 3MST, our findings suggest that 3MST reacts
with thioredoxin to produce H,S (24, 43, 53). There are two
forms of thioredoxin in mammals: thioredoxin 1 is localized
to the cytosol, and thioredoxin 2 is localized to the mito-
chondria (24, 81). Since a sequence containing active-site
cysteine residues is conserved among different species, we



364

used bacterial thioredoxin. Since thioredoxin is readily oxi-
dized, it is necessary to reduce it by thioredoxin reductase.
The mammalian thioredoxin reductase is a selenoprotein, and
bacteria are not able to incorporate selenium into the protein
being produced. Therefore, we added lysates of A549 human
lung adenocarcinoma cells, which possess abundant thior-
edoxin reductase, to thioredoxin with nicotinamide adenine
dinucleotide phosphate (NADPH). The reduced form of
thioredoxin enhanced the production of H,S by 3MST by
~ 10-fold compared with the control and 4-fold compared
with DTT treatment (43).

DHLA, which is a dithiol similar to DTT, exists at
~40 pM in the brain (32, 67, 93). Since DHLA is readily oxi-
dized to a-lipoic acid, it should be reduced with NaBH, be-
fore use (89). In the presence of 40 uM DHLA, H,S
production by 3MST was increased threefold, which is a level
similar to that seen in the presence of DTT (43). Banerjee
et al. showed thioredoxin as a potential reductant and DHLA
as a less efficient one (98). They showed that the effect of
thioredoxin estimated from the K, values is ~500 times
greater than that of DTT, and that of DHLA is ~1/3 of DTT.
Our observations showed that the effect of the endogenous
concentration 20 uM thioreidoxin is ~ 10 times greater than
that of DTT, and the effect of 40 uM DHLA is ~3 times
greater than that of DTT (43). The applied methods to mea-
sure H,S levels are different between two studies: One
measured the levels of produced lead sulfide by spectro-
photometer, while the other measured H,S by gas chroma-
tography. These data are not contradictory (43, 98). Other
endogenous-reducing substances, such as cysteine, glutathi-
one, NADH, NADPH, and CoA, do not have any effect on
H,S production by 3MST (43). The reducing potentials
of thioredoxin and the dithiols DTT and DHLA are —0.26,
—0.29, and —0.33V, respectively; those of monothiol glu-
tathione, cysteine, and CoA are between —0.22 and —0.35V;
and those of NADH and NADPH are —0.32V (7, 12, 23, 29).
There is no correlation between the reducing potential and the
ability to associate with 3MST to enhance the production of
H,S. Since thioredoxin has two cysteine residues at its active
site, a dithiol may be critically required for these substances
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to facilitate the production of H,S by 3MST. A possible
mechanism is that 3MST receives sulfur from 3MP to pro-
duce 3MST persulfide, which is transferred to one of the two
thiols of thioredoxin or DHLA to produce thioredoxin- or
DHLA-persulfide. These compounds are reduced by the re-
maining thiol in thioredoxin or DHLA to release H,S (43).

Regulation of CAT/3MST and CSE by Ca®*

Although it is well known that CBS is regulated by
S-adenosyl methionine (1, 72), the regulation of other H,S-
producing enzymes, such as CSE and 3MST/CAT, is not well
understood. We recently found that CAT and CSE are reg-
ulated by Ca** (Fig. 1) (44, 45). Since 3MP production by
CAT is regulated by Ca®", H,S production by the 3MST/
CAT pathway is regulated by Ca®*. In the absence of Ca®",
the production of H,S by the 3MST/CAT pathway is maxi-
mal and is suppressed by Ca®* in a concentration-dependent
manner (44). The production of H,S is ~80% of the maximal
production at 10nM Ca®*, 20% at 100 nM, and completely
suppressed at 3 uM Ca®*. The intracellular concentration in
neurons at a steady state is ~100nM. When neurons are
excited, the Ca®* concentration increases to 3 uM. In retinal
photoreceptor cells, Ca®>* concentrations are maintained at
levels lower than those in other neurons. When photoreceptor
cells are exposed to light, the Ca®* concentration decreases
to ~10nM. It increases to 600-800 nM in darkness (40). The
3MST/CAT pathway produces H,S at a steady state under
low Ca®* concentrations, but stops producing it when neu-
rons are excited or photoreceptor cells are exposed to light.
Given that 3MST and CAT are also localized to the vascular
endothelium and that the 3MST/CAT pathway is a major
pathway for H,S production (75), the production of H,S in
the vascular endothelium should also be suppressed by Ca®*,
which is increased by stimulation with transmitters such as
acetylcholine. Calmodulin or the calmodulin inhibitor W7
does not have any effect on the production of H,S via the
3MST/CAT pathway, suggesting that calmodulin is not in-
volved in this regulation by Ca*>* (44). The regulation of NO
production is, in contrast, increased by Ca*/calmodulin (5).

FIG. 1. Suppression of the H,S-
producing activities of CSE and the
3MST/CAT pathway by Ca**. CSE
and the 3MST/CAT pathway pro-
duce H,S in a steady state at low
intracellular concentrations of Ca’*.
When intracellular Ca®* concentrations
are increased by Ca®” influx or a Ca**
release from the mitochondria or endo-
plasmic reticulum, CSE decreases the
production of H,S by 50%, and the
3MST/CAT pathway nearly ceases
producing H,S. CAT, cysteine amino-
transferase; CSE, cystathionine
y-lyase; H,S, hydrogen sulfide; 3MST,
3-mercaptopyruvate sulfurtransferase.
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The activity of CSE, a PLP-dependent enzyme, is also
suppressed by Ca** in the presence of PLP (Fig. 1). In the
presence of 100nM Ca**, the activity is maintained at the
maximal level; whereas it is suppressed by ~ 50% with Ca®*
concentrations greater than 300nM (45). Therefore, in the
steady state with 100nM Ca’*, CSE efficiently produces
H,S, but production is decreased to 50% when cells are
stimulated to increase their intracellular Ca>* stores. PLP,
which is in Schiff-base linkage with CSE, dissociates from
CSE and forms a new linkage with a substrate cysteine to
produce H,S (84). The low-Ca’™" steady state facilitates the
formation of this linkage between cysteine and PLP, leading
to enhanced H,S production; whereas linkage formation is
suppressed when Ca®" concentrations are increased, result-
ing in suppression of H,S formation. Calmodulin is not in-
volved in this regulation by Ca’** (45). H,S may regulate
vascular tone in the steady state, and once intracellular Ca**
concentrations in the endothelium are increased by stimula-
tion, the contribution of H,S to relaxing vascular smooth
muscle is likely to be lowered.

Contradictory data exist regarding the regulation of H,S
production in vascular endothelium by Ca®*/calmodulin, and
the blood pressure of CSE knockout mice is higher than that
of wild-type mice (101). However, these previous data were
obtained in the presence of 1-2 mM Ca2+, which are extra-
cellular concentrations. The blood pressure was found to be
normal in CSE knockout mice established by another group
(27). Considering the fact that vascular endothelium pro-
duces H,S only in the presence of a-ketoglutarate, the 3MST/
CAT pathway is the major pathway that produces H,S in the
vascular endothelium (75). Although 3MST and CAT are
localized to the vascular endothelium, we and Olson et al.
have not observed CSE in the endothelium (62, 75, 104). CSE
mRNA was not found in the endothelium by both RT-PCR as
well as in situ hybridization, but the same group later found
the CSE protein in the endothelium via immunohistochemi-
cal analysis (101, 104). Even if H,S produced by CSE is
involved in the regulation of blood pressure, the 3SMST/CAT
pathway may compensate for the production of H,S in the
endothelium (75).

Other contradictory data on CSE knockout mice suggests
that H,S is either protective or apoptotic in vascular smooth
muscle cells. The vascular smooth muscle cells of the wild-
type mice produce ATP to a much greater extent than those of
CSE knockout mice, and H,S improves mitochondrial ATP
production in vascular smooth muscle cells under hypoxia,
which alone decreases ATP production (19). In contrast, the
cellular apoptosis was less in CSE knockout mice than in the
wild type, and the apoptosis was enhanced by exogenously
applied H,S or a hypoxic insult, suggesting that H,S causes
apoptosis simply by inducing hypoxia (6, 100). The levels of
toxic homocysteine are greater and those of cytoprotective
glutathione are less in CSE knockout mice than in the wild
type, and higher rates of cell death were reported by Ishii
et al. (27). It is intriguing to know the mechanism for the
resistance to apoptosis and the involvement of H,S in the
induction of apoptosis in CSE knockout mice.

With regard to the cell proliferation of vascular smooth
muscle, cells in CSE knockout mice proliferate to a much
greater extent than those in the wild-type mice, and H,S
suppresses the cell proliferation (100). In contrast, H,S in-
duces angiogenesis, which is more significant in the wild-
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type mice than in the CSE knockout mice (64). Some factors
in addition to H,S may be involved in differentiating the
vascular cell proliferation from angiogenesis.

Okamoto et al. showed that a lack of CSE causes apoptotic
beta-cell death and facilitates the development of high-fat
diet-induced diabetes (60), whereas Yang et al. showed that
CSE deficiency protects pancreatic beta cells and delays the
development of streptozotocin-induced diabetes (103). In
spite of the degree of damage caused in beta cells by strep-
tozotocin being greater than the high-fat diet, CSE deficiency
protects pancreatic beta cells from streptozotocin-induced
toxicity. It is necessary to clarify the involvement of H,S in
beta-cell apoptosis as well as the possibility of compensation
for H,S production by other H,S-producing enzymes such as
3MST (79).

Mice lacking CSE showed dysfunctional endothelial nitric
oxide synthetase (eNOS) and diminished NO levels, resulting
in exacerbated myocardial and hepatic ischemia-reperfusion
injuries (36). In contrast, endogenous production of NO from
neuronal NOS (nNOS) is significantly higher in the muscle
layer of the mouse colon in CSE knockout mice than in the
wild-type mice (71). A lack of H,S or the increased homo-
cysteine levels may cause an opposite effect on eNOS and
nNOS. Further studies are awaited to clarify the mechanism.

A lack of H,S does not necessarily exert the same effect
with CSE knockout mice. Although H,S is thought to be
cytoprotective against systemic inflammation, the adminis-
tration of propagyl glycine and CSE knockout exert anti-
inflammatory in sepsis and acute liver failure (3, 79, 88). The
interesting observation is that the levels of 3MST were in-
creased in CSE knockout mice, suggesting the compensation
for H,S production by 3MST (79). To determine the in-
volvement of H,S in these effects, it is necessary to accu-
rately compare the endogenous H,S levels between CSE
knockout and the wild-type mice, as only in vitro production
of H,S in the presence of a substrate cysteine or H,S released
from acid-labile sulfur was measured in these studies.

Production of H,S from p-Cysteine
via the 3MST/DAO Pathway

Mammalian enzymes generally metabolize L-amino acids,
though there are a few exceptions, such as D-serine and
D-asparate. Therefore, we applied D-cysteine to brain ho-
mogenates as a negative control of L-cysteine for the pro-
duction of H,S. Surprisingly, H,S was produced from
D-cysteine (74). D-Cysteine is metabolized by DAO to achiral
3MP, which is a substrate for 3MST in the production of H,S
(Fig. 2). DAO is localized to peroxisomes, whereas 3MST is
found in mitochondria (21, 76). Peroxisomes and mitochon-
dria are in close proximity to each other, are in physical
contact, and exchange their metabolites between them (69).
Since 3MST is a ubiquitous enzyme, DAO, which is localized
to the brain and the kidney, restricts the activity of the 3MST/
DAO pathway; the production of H,S from D-cysteine occurs
only in the brain and the kidney. H,S production from D-
cysteine is the greatest in the cerebellum in the brain, but the
production in the kidney is seven times greater than that in the
cerebellum (74).

The existence of racemase, which induces a chiral change of
L-cysteine to D-cysteine, or D-cysteine-producing enzymes, is
not well understood. L-amino acids are nonenzymatically
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FIG. 2. Production of H,S from b-cysteine by the
3MST/DAO pathway. p-Cysteine is metabolized by the
peroxisomal enzyme DAO to 3MP, which is transferred to
the mitochondria and metabolized by 3MST to H,S. In the
kidney, the production of H,S from p-cysteine is 60 times
higher than that from L-cysteine. DAO, p-amino acid oxi-
dase; 3MP, 3-mercaptopyruvate.

racemized by the heat and alkaline conditions applied dur-
ing food processing, and ~40% of L-cysteine is changed to
D-cysteine by alkaline treatment; D-cysteine is easily absorbed
through the gastrointestinal tract and enters the blood stream
(39, 41). p-Cysteine may, thus, be mostly provided from food.

Interaction of H,S with °NO

The smooth muscle-relaxing effect of H,S on the thoracic
aorta was rather weak compared with that on other smooth
muscles such as the ileum and portal vein. We found a syn-
ergistic effect of H,S and *NO on the relaxation of vascular
smooth muscle (Fig. 3) (25). Moore et al. also observed a
synergistic effect between the two substances on the inhibi-
tion of the twitch responses of the ileum to electrical stimu-
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lation (86); however, this synergistic effect is controversial
and was not observed in another study (104). Instead, the
production of H,S is enhanced by the *NO donor sodium
nitroprusside (SNP), and transcription of CSE is upregulated
by another *°NO donor S-nitroso-N-acetyl-D,L-penicillamine
(SNAP). H,S enhances the production of NO in the heart and
plasma, and it has the opposite effect on NO in colon smooth
muscle (36, 71).

Although the concentrations are too high to be physio-
logical, 200 uM H,S and 1 mM nitrite react in the presence of
30 uM Fe? " -porphyrins to produce HSNO and HNO (46). It
is not clear at present whether these substances have physi-
ological roles and whether *°NO released from these com-
pounds is the final effector molecule. In order to produce
HSNO and HNO, both H,S and *NO have to be present at the
same time. However, H,S production via the 3MST/CAT
pathway and by CSE is suppressed by Ca*>*, whereas *NO
production by NOS is enhanced by Ca** (5, 44, 45). H,S is
produced by CSE and 3MST/CAT when cells are in the steady
state with low intracellular concentrations of Ca®*, while
*NO, which is produced by the Ca**/calmodulin-regulated
enzyme NOS, is produced when intracellular Ca®>* concen-
trations are increased (5, 44, 45). Therefore, it is difficult to
provide both substances simultaneously via enzymatic pro-
duction. Another source of H,S, bound sulfane sulfur, is
present as a storage form of H,S in cells (26). It is necessary to
clarify the endogenous production of HSNO and HNO and
their physiological roles.

Nitroso-cyclic guanosine monophosphate (cGMP), which
is produced from nitro-cGMP by the addition of bound sul-
fane sulfur, has been proposed to be involved in the protec-
tion of the heart (57). Since 1 mM NaHS is required to
sulfthydrate (sulfrate) nitro-cGMP to produce nitroso-cGMP,
its physiological relevance needs to be re-evaluated.

Bound Sulfane Sulfur as an Intracellular Storage
Form of H,S

H,S applied to tissue homogenates is recovered only in the
presence of a reducing agent, DTT, suggesting that H,S is
stored as bound sulfane sulfur, the formation of which is

Endothelium
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FIG. 3. Synergistic effect of H,S
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and NO on vascular smooth muscle
relaxation. The 3MST/CAT pathway
mainly produces H,S in the endothe-
lium, while CSE produces H,S in
smooth muscles. There is a synergistic
effect of H,S on vascular smooth
muscle relaxation with NO, which is
produced by NOS from arginine.
NOS, nitric oxide synthetase.
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FIG. 4. Bound sulfane sulfur. The trisulfide bridge be-
tween two cysteine residues in a protein is a persulfide.
Elemental sulfur attached to proteins and polysulfides re-
lease H,S under reducing conditions.

called sulthydration or sulfuration (Fig. 4) (26, 51, 89). As in
the case of exogenously applied H,S, endogenously produced
H,S by enzymes is also stored as bound sulfane sulfur (26).
Cells that express the H,S-producing enzymes 3MST and
CAT contain twice as much of bound sulfane sulfur as con-
trol, whereas cells expressing 3MST mutants, which are not
able to produce H,S, contain levels of H,S that are not sig-
nificantly different from those of the control (76). Neurons
and astrocytes release H,S under reducing conditions, such
as those with endogenous levels of the reducing substances
glutathione and cysteine, at pH 8.4, which are induced in
astrocytes when the surrounding neurons are excited (26).
The majority of proteins contain bound sulfane sulfur, which
releases H,S under reducing conditions; ~ 1.5 umol H,S/g
protein is released over a period of 3 h in the brain, and 25%—
50% of GAPDH, f-tubulin, and actin in the liver are sulf-
hydrated or sulfurated estimated by combining densitometric
analysis with the modified biotin switch assay (26, 51).
However, specific proteins that contain releasable bound
sulfane sulfur, and physiological signals that induce the re-
lease of H,S from the reservoir, have not been identified.

Physiological Role of H,S and Its Product Polysulfide
Modification of synaptic transmission

The induction of hippocampal LTP requires the activation
of NMDA-type glutamate receptors but not o-amino-3-
hydroxy-5-methy-4 isoxazole proprionic acid (AMPA)-type
receptors in neurons (1). NMDA receptors have a cysteine

FIG. 5. Activation of
TRPA1 channels through
the addition of bound sul-
fane sulfur (sulfhydration or
sulfration) by polysulfides
produced from H,S. Poly-

H,S

inactive

TRPA1 H,S,

[ox] active

367

disulfide bond at the hinge region of the ligand-binding do-
main, whereas AMPA receptors do not. The reduction of the
cysteine disulfide bond by a reducing substance DTT en-
hances the activity of NMDA receptors (2). As predicted,
DTT facilitates the induction of LTP. Since DTT is a dithiol
while H,S is a monothiol, it is predicted that DTT has a
greater effect on the induction of LTP than does H,S. How-
ever, H,S exerts a greater effect on LTP; it further facilitates
the induction of LTP even after the induction by DTT (1). Itis
difficult to explain the difference in the effects of both sub-
stances on LTP induction based only on their reducing ac-
tivity on NMDA receptors.

Our previous finding shows that H,S activates astrocytes to
induce Ca”* influx, which propagates to nearby astrocytes as
Ca’* waves to transmit signals between astrocytes (54). The
response of astrocytes to H,S shows sensitization and desen-
sitization depending on the applied concentrations of H,S.
Ca®* signals induced by H,S are augmented by repetitive ap-
plications of H,S at low concentrations, whereas they are
weakened at high concentrations (54). We recently found that
H,S is oxidized to polysulfides (H,S,,) (n=3-7), which induce
Ca”* influx in astrocytes ~ 300 times more potently than does
parental H,S, by activating TRPA1 channels (35, 55, 56, 63).
The sensitivity of astrocytes to polysulfides depends on their
maturity; glial fibrillary acidic protein (GFAP)-negative pre-
mature astrocytes do not respond well to polysulfides, whereas
GFAP-positive mature astrocytes respond well to them (35, 91).
Leukemia inhibitory factor accelerates the maturation of as-
trocytes and renders them sensitive to H,S (91). Reactive as-
trocytes, which are induced by epidermal growth factor (EGF)
and transforming growth factor alpha (TGFo) and are observed
in injured brains, do not respond to H,S and polysulfides.

Although the levels of TRPA1 channels in astrocytes are
extremely low, astrocytes respond well to the TRPA1 channel-
selective agonists allyl isothiocyanate and cinnamaldehyde.
These observations suggest that TRPA1 channels are func-
tional in astrocytes (35, 77, 78). Responses of astrocytes to
polysulfides are suppressed by TRPAI1 channel-selective in-
hibitors such as AP-18 and HC030031, as well as by broad-
spectrum TRP channel inhibitors such as La**, Gd®>*, and
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FIG. 6. Reduction of the cysteine disulfide bond by H,S
and the addition of bound sulfane sulfur (sulfhydration
or sulfuration) to cysteine residues by polysulfides. H,S
(oxidation state: —2) reduces cysteine disulfide bond (oxi-
dation state: —1) to generate two thiols of cysteine residues
(oxidation state: —2). Polysulfides (oxidation state of inner
sulfur: 0) add bound sulfane sulfur to cysteine residues
(sulfhydration or sulfuration). A persulfurated cysteine (oxi-
dation state of inner sulfur 0) reacts with a cysteine (thiol,
oxidation state —2) to produce a cysteine disulfide bond.

ruthenium red (35). TRPAI channel-selective siRNAs greatly
suppress the levels of TRPA1 mRNA as well as responses to
polysulfides. These observations sug;est that polysulfides ac-
tivate TRPA1 channels to induce Ca”* influx in astrocytes.
TRPAI1 channels were initially reported to be activated by
H,S in the urinary bladder and sensory neurons (58, 83).
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However, the activation was achieved by applying high
concentrations of H,S, in the range 1-10mM. Therefore,
these responses may be induced by polysulfides produced by
the oxidation of some percentage of H,S molecules. Ohta
et al. identified the target of H,S (or polysulfides) as Cys422
and Cys622 located in the amino terminus of TRPA1 chan-
nels, by showing that replacement of both these cysteine
residues with serine abolished the sensitivity of the channels
to H,S (polysulfides) (Fig. 5) (58). They also showed that the
application of DTT to TRPA1 channels, which have been
activated by H,S, suppresses the responses. These observa-
tions suggest that the activation of these channels is induced
by the addition of bound sulfane sulfur (sulfhydration or
sulfuration) to Cys422 and Cys622 by polysulfides, and the
subsequent production of the cysteine disulfide bond, and
their activity is suppressed when DTT removes bound sulfane
sulfur or reduces the cysteine disulfide bond. Although it is
not well understood whether polysulfides are actively trans-
ported into cells, polysulfides are known to readily pass
through the plasma membrane (22, 35).

High-performance liquid chromatography (HPLC) analy-
sis of brain homogenates derivatized by monobromobimane
shows the existence of polysulfides in the brain at micro-
molar concentrations, which are sufficient to activate TRPA1
channels (35). Polysulfides are a mixture of substances with
different numbers of sulfur atoms in equilibrium, and the
longer the chain of sulfur, the less water soluble is the com-
pound. The determination of the number of sulfur atoms in
polysulfides by liquid chromatography tandem mass spec-
trometry is awaited.

The oxidation state of the S in H,S and the thiol of a
cysteine residue is —2, whereas the internal sulfurs in poly-
sulfides are more oxidized. The exposed thiols of the two
cysteine residues preferentially react with polysulfides but
not with H,S to produce bound sulfane sulfur, which induces
conformational changes in the receptor to modify its activity.

FIG.7. Facilitation of hip-
pocampal LTP induction
by H,S and polysulfides.
H,S reduces cysteine dis-
ulfide bond of NMDA recep-
tors to enhance its activity.
Polysulfides activate TRPALI
channels in astrocytes to induce
Ca®* influx, which triggers a
release of the gliotransmitter D-
serine that enhances the activity
of NMDA receptors. Through
these effects, H,S and poly-
sulfides facilitate the induction
of LTP. LTP, long-term po-
tentiation; NMDA, N-methyl
D-aspartate.

postsynapse
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Zhu et al. showed that H,S reduces the cysteine disulfide
bond in vascular endothelium growth factor receptor 2
(VEGFR2) to stimulate angiogenesis, but that H,S does
not add bound sulfane sulfur to thiols of cysteine residues (66,
87, 89). They observed a transient addition of bound sulfane
sulfur (sulfhydration or sulfuration) to thiols of cysteine
residues as an intermediate step in the course of the reduction
of cysteine disulfide bond, but it disappeared immediately by
a later reduction by the next H,S molecule (Fig. 6).

As described earlier, it is difficult to explain the induc-
tion of LTP only by the redox modulation of NMDA receptor
activity. Presynaptic neurons release neurotransmitters to
postsynaptic neurons, and some of them come into contact
with astrocytes, which have neurotransmitter receptors and
respond to the transmitters. Activated astrocytes, in turn,
release gliotransmitters to modulate synaptic activity. The
induction of hippocampal LTP may be facilitated by the
combinatorial effect of H,S and polysulfides at the synapse
by activating the surrounding astrocytes. In postsynaptic
neurons, H,S enhances the activity of NMDA receptors by
reducing the cysteine disulfide bond of the receptors, and
polysulfides further modify their activity by adding bound
sulfane sulfur to the thiols of the cysteine residues. In astro-
cytes that surround synapses, polysulfides activate TRPA1
channels to induce Ca>* influx, which, in turn, facilitates the
release of the gliotransmitter D-serine to synapses. D-Serine
enhances the activity of NMDA receptors by binding to the
glycine-binding site of the receptors. The induction of LTP is
enhanced by H,S and polysulfides via these integrated
mechanisms (Fig. 7) (1, 35, 77, 78).

Cytoprotective effect

Increase in the production of glutathione. Accumulating
evidence shows that H,S is cytoprotective in various tissues
and organs. We found that H,S protects neurons from oxi-
dative stress by increasing the levels of glutathione, a major
intracellular antioxidant (34). This finding led to the identi-
fication of a cytoprotective effect on various organs, in-
cluding the heart and kidney (16, 90). In bacteria as well,
inactivation of the bacterial homologs of CBS, CSE, and
3MST decreases the production of H,S, causing vulnerability
of bacteria for antibiotics, suggesting that the cytoprotective
effect of H,S is considered a universal defense mechanism
that functions from bacteria to mammals (73).

In the extracellular space, cysteine exists its oxidized form
cystine, which is reduced to cysteine in cells. H,S enhances
the activity of cystine/glutamate antiporter to increase the
transport of cystine into cells, even in the presence of high
concentrations of extracellular glutamate (34). Although the
concentration is less than that of cystine, ~20 uM cysteine
was found in blood (68), H,S also facilitates the transport of
cysteine into cells. Glutathione is produced by two enzymes,
glutamate cysteine ligase (GCL) (y-glutamylcysteine syn-
thase [y-GCS]), which is a rate-limiting enzyme in the pro-
duction of y-glutamyl cysteine from glutamate and cysteine,
and glutathione synthetase (GS), which produces glutathione
by adding glycine to y-glutamyl cysteine. H,S has no effect
on GS, whereas it enhances the activity of GCL. Although the
application of H,S to cells increases the intracellular con-
centrations of y-glutamyl cysteine, a product of GCL, H,S
does not induce the effect when it is applied to cell lysates.
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H,S may activate some cell surface receptor to induce
the intracellular signaling that activates GCL (34). By these
effects, H,S increases the production of glutathione (34).
In vivo, the increase in glutathione levels is also induced by
H,S. Intraperitoneal application of NaHS to pregnant rats
protects fetal brains from ischemia-reperfusion injury by
reinstating the glutathione levels decreased by ischemia-
reperfusion (33).

ROS scavenger. H,S also scavenges ROS. 3MST and
CAT are mainly localized to the mitochondria, where the
respiratory chain produces ROS. Cells expressing 3MST and
CAT show significant resistance to oxidative stress (33). H,S
also scavenges peroxynitrite (ONOO™), which is formed
from the interaction of *NO with superoxide (O, "), and hy-
pochlorous acid (HOCI), and has been shown to protect the
glial cell line SH-SYSY from its toxicity (95, 96). However,
the contribution of scavenging effect of H,S should be minor
compared to that of glutathione when its production is in-
creased by H,S, because the intracellular concentrations of
glutathione are between 1 and 10 mM; whereas those of H,S
are between 10nM and 3 uM (20, 26, 97). In addition to
reducing substances to suppress oxidative stress, glutathione
may also exert radical scavenging activity by neutralizing
free radicals through its electron donating ability (18). Sup-
pression of oxidative stress by increased levels of glutathione
should be more effective than ROS scavenging by H,S itself
(Fig. 8).

Upregulation of antioxidant genes via Nrf2. H,S attenu-
ates myocardial ischemia-reperfusion injury by preserving
mitochondrial structure and function (16). It also suppresses
the apoptotic cell death of cardiomyocytes, as shown by
suppressed caspase-3 activity as well as a decreased number
of terminal deoxynucleotidyl transferase dUTP nick end la-
beling (TUNEL)-positive nuclei. An increase in the produc-
tion of H,S in cardiac muscle by overexpressing CSE
significantly limits the extent of injury. Based on these ob-
servations, Lefer ef al. suggest that either the administration
of H,S or the modulation of endogenous H,S production may
have clinical benefits for ischemic disorders. They further
clarified the mechanism of the cardioprotective effect of H,S.
In the early phase after administration, H,S facilitates the
nuclear localization of nuclear factor erythroid 2-related
factor 2 (Nrf2), a transcription factor that binds to the anti-
oxidant responsive element, and in the late phase, antioxidant
gene products such as thioredoxin and heme oxygenase 1 are
upregulated (9). H,S also increases the phosphorylation of
protein kinase Ce and signal transducers and activators of
transcription 3 (STAT3), leading to an increase in the ex-
pression of Bcl-2 and cyclooxygenase-2 as well as the inac-
tivation of the proapoptogen Bad (9).

Under steady-state conditions, Kelch ECH-associating
protein 1 (Keapl) binds to Nrf2 and retains it in the cyto-
plasm, leading to ubiquitination and degradation of the
complex in the proteosome. Several cysteine residues in
Keapl serve as the sensor for stress signals, and their modi-
fication causes conformational changes in Keapl, resulting in
the release of Nrf2, enabling it to translocate into the nucleus
(94). H,S has been proposed to be involved in the interaction
between Nrf2 and Keapl (102). H,S adds bound sulfane
sulfur to cysteine residues (sulthydration or sulfration) in
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Keapl, causing Keapl to release Nrf2 to translocate into the
nucleus. Nrf2 upregulates glutathione-producing enzymes,
resulting in the increased production of glutathione. Via this
mechanism, H,S protects embryonic fibroblast cells from
oxidative stress and premature senescence. Since H,S is not
able to add bound sulfane sulfur to cysteine residues (sulf-
hydration or sulfration) as described earlier, H,S may be
oxidized to polysulfide, which adds bound sulfane sulfur
(sulfhydrates or sulfurates) to the cysteine residues of Keapl.
This alternative mechanism is suggested by the following
study.

Polysulfide efficiently adds bound sulfane sulfur (sulfhy-
drate or sulfrate) to cysteine residues of Keapl to produce
Keapl homodimers or heterodimers with another protein that
leads to the release of Nrf2 to translocate into the nucleus
(Fig. 9) (37). Polysulfide also activates PI3 kinase to phos-
phorylate Akt, which, in turn, phosphorylates Nrf2 to further
facilitate the translocation of Nrf2 to the nucleus. Glutathione
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FIG. 8. Effective ROS scavenging
by GSH, while scavenging by H,S is
less efficient. H,S enhances the activ-
ity of cysteine transporter and cysteine/
glutamate antiporter to increase cysteine
intracellular concentrations. Through
this effect and by enhancing the activity
of GCL (y-GCS), H,S increases gluta-
thione production. Since the intracel-
v lular concentrations of H,S and
glutathione range from 10nM to 3 uM
and from 1 to 10 mM, respectively, glu-
tathione scavenges ROS more effi-
ciently than H,S. GCL, glutamate
cysteine ligase; y-GCS, y-glutamylcysteine
synthetase; ROS, reactive oxygen species.

levels in Neuro2A cells are increased twice as much as in the
control at 12 h after the application of polysulfide (37).

Cytoprotective effect of HoS. The kidney is one of the
main organs protected from ischemia-reperfusion injury by
H,S. H,S administration attenuates the renal dysfuction and
injury caused by ischemia-reperfusion (4, 90). Increased
creatinine levels and acute tubular necrosis as well as de-
creased urinary flow after ischemia-reperfusion are attenu-
ated by H,S administration. Changes in the expression of
apoptotic genes, such as an increase in caspase 3 and a de-
crease in Bid and Bcl-2, that accompany injury, changes in
the phosphorylation of inflammatory factors such as mitogen-
activated protein kinases, are attenuated by H,S (4, 90). H,S
protects the kidney from ischemia-reperfusion injury through
its anti-apoptotic and anti-inflammatory effects. The anti-
apoptotic effect of H,S is also induced through the regulation
of NF-xB. However, the effect of H,S on NF-kB is unclear.

FIG. 9. Nrf2 translocation
by detachment from Keapl
through the addition of
bound sulfane sulfur by
polysulfides. A transcription
factor, Nrf2, binds to Keapl,

()

and this complex is ubiquiti-
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nated and subsequently de-
graded. Polysulfides add bound
sulfane sulfur (sulfhydration or
sulfuration) to cysteine resi-
dues in Keapl that causes con-
formational changes in Keapl,
resulting in the release of Nrf2.
Nrf2 translocates to the nucleus
to upregulate antioxidant genes
such as HO-1 and GCL, result-
ing in the protection of neurons
from oxidative stress. HO-1,
heme oxygenase 1; Keapl,
Kelch ECH-associating protein
1; Nrf2, nuclear factor erythroid
2-related factor 2.
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In some studies, H,S inhibits the activity of NF-xB; while in
other studies, it activates NF-xB (15, 59, 70, 90). The appli-
cation of H,S inhibited the translocation of NF-xB p65 from the
cytosol to the nucleus and suppressed the transcription of
inducible nitric oxide synthase, cyclo-oxygenase-2, and inter-
cellular adhesion molecule-1 in kidneys injured by ischemia-
reperfusion (90). A similar inhibitory effect of H,S on NF-«xB
was observed in macrophages in which H,S suppressed the
phosphorylation of I-kB, resulting in the inhibition of NF-xB
translocation to the nucleus and its DN A-binding activity (15,
59). In contrast, TNF-o induces I-kB degradation to facilitate
the translocation of NF-xB to the nucleus, and stimulates
CSE transcription to increase the production of H,S. H,S
sulfhydrates NF-xB, which upregulates the transcription of
anti-apoptotic genes such as TRAF, cIAP2, Bcl-XL, A20, and
XIAP (70).

The application of H,S is promising for renal transplan-
tation as well (105). Supplementation of preservation solu-
tions with H,S for prolonged cold storage of the kidney and
subsequent transplantation preserved the structure and
function of the kidney well, compared with the standard
preservation solution without H,S (105). Although the pro-
tection of the kidney from warm ischemia-reperfusion by
H,S was successful only for shorter periods, it was recently
demonstrated that H,S supplementation significantly pre-
served the kidney against injury due to clinically relevant,
prolonged, warm ischemia-reperfusion. Based on these
findings, it is proposed that supplementation with H,S may
have clinical benefits for donation after cardiac death in renal
transplantation, and for surgeries which require the clamping
of the renal pedicle (105).

Since CBS, CSE, 3MST, CAT, and DAO are localized in the
renal cortex, the application of L- or D-cysteine provides safe
and effective delivery of H,S to the kidney. The production of
H,S from D-cysteine is 60 times as high as that from L-cysteine
in the kidney (74). The oral administration of D-cysteine in-
creases the levels of bound sulfane sulfur, which is a cellular
storage form of H,S, and these levels are observed to be twice
as high as those in the control at 30 min after administration.
The levels gradually decrease and return to control levels after
12 h. The administration of D-cysteine preserved the structure
of renal cortex well. Although L-cysteine administration also
increases the levels of bound sulfane sulfur, the levels are less
than those achieved by D-cysteine, and returned to the control
level at 3h after administration. Preservation of the kidney
with L-cysteine is not as effective as with D-cysteine (74). The
administration of D-cysteine will provide a new therapeutic
approach that efficiently delivers H,S to specific tissues, es-
pecially the kidney.

H,S protects cardiac muscles from ischemia-reperfusion
injury by increasing the production of NO (36). The fol-
lowing observations were made in CSE knockout mice: (i)
the levels of H,S and bound sulfane sulfur in tissues and
blood were decreased; (ii) the levels of peroxidized lipid and
oxidized protein were increased; (iii) the activity of eNOS
was suppressed; (iv) the levels of NO metabolites (nitrite and
nitrosylated proteins) were decreased; (v) administration of
H>S activated eNOS and increased NO availability; and (vi)
ischemia-reperfusion injury was rescued by H,S. In addition
to these observations in CSE knockout mice, the adminis-
tration of H,S failed to protect the cardiac muscle from
ischemia-reperfusion injury in eNOS defective mutant mice
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(36). Similar results were also obtained in a mouse model of
pressure overload-induced heart failure, which suggests that
H,S protects the heart by upregulating eNOS (38, 47).

H,S protects pancreatic beta cells from glucotoxicity in-
duced by a high-fat diet and prevents the development of type
2 diabetes (60). Blood glucose levels, the number of beta cells
with apoptotic death, and the expression of thioredoxin-
binding protein-2 (TBP-2) were higher in CSE knockout
mice fed a high-fat diet than in the wild-type mice. A high
level of glucose induces the expression of TBP-2, which
binds to thioredoxin and reduces its activity, resulting in an
increase in oxidative stress that causes beta-cell death. High
glucose levels also increase the expression of CSE, the
product of which (H,S) suppresses the expression of TBP-2.
Therefore, the absence of CSE causes progressive beta-cell
failure, leading to the development of type 2 diabetes. Op-
posite results were obtained in the streptozotocin-induced
diabetic model in a previous study (99).

CSE knockout mice, which show acute skeletal muscle
atrophy (myopathy) and reduced levels of glutathione, are
vulnerable to oxidative stress that is more conspicuous in
mice fed a low cysteine diet (27). Embryonic fibroblasts
obtained from CSE knockout mice, which show lower levels
of glutathione, are sensitive to ER stress-induced apopto-
sis (14). These observations suggest that H,S enhances the
production of glutathione to make cells resistant to ER-stress-
induced apoptosis.

Conclusions and Perspectives

Since the discovery of the neuroprotective effect of H,S
from oxidative stress, the cytoprotective effect of this mol-
ecule has been confirmed in various organs and tissues under
oxidative stress and ischemia-reperfusion injury. In addition
to CBS, CSE, and the 3SMST/CAT pathway, a novel pathway
to produce H,S from D-cysteine, the 3MST/DAO pathway
was recently discovered. It produces H,S from D-cysteine
much more efficiently than from L-cysteine in the kidney, and
it protects the kidney from ischemia-reperfusion injury more
efficiently than does L-cysteine. D-Cysteine is less toxic than
L-cysteine (48, 61), and it promises novel therapeutic and
clinical applications. Although D-cysteine is provided from
food, whether racemase, which transforms L-cysteine to D-
cysteine, and/or other pathways that produce D-cysteine, exist
in mammals and their physiological roles remain intriguing.

Polysulfide is another potential signaling molecule derived
from H,S. Polysulfides activate TRPA1 channels much more
potently than the parental molecule H,S, and they regulate
Keapl to release Nrf2, which, in turn, upregulates antioxidant
genes such as HO-1 and GCL and modifies the activity of
phosphatase and tensin homolog (PTEN), a lipid phosphatase
(22, 35, 37, 55, 63). Since TRPA1 channels are involved in the
regulation of inflammation, pain, cardiovascular system, gas-
trointestinal tract, Nrf2 in anti-oxidation, and PTEN in cancer,
the physiological roles of polysulfides should be robust.

H,S reduces the cysteine disulfide bond to expose two
thiols, and transiently adds bound sulfane sulfur (sulfhydrate
or sulfurate), but this is immediately removed by another
molecule of H,S to return the molecule to the thiol state (Fig.
6) (87). Polysulfides preferentially add bound sulfane sulfur
to thiols to produce persulfide. If only one of the thiols is
persulfurated, another thiol may react with it to produce a
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cysteine disulfide bond. Alternatively, both thiols may be
evenly persulfurated. H,S is a reducing substance (oxidation
state: —2), while polysulfides are relatively oxidizing sub-
stances (oxidation state of inner sulfur: 0). Therefore, poly-
sulfides rather than H,S add bound sulfane sulfur (sulfhydrate
or sulfurate) to cysteine residues.

The regulation of H,S-producing enzymes is not well
understood. Although the production of H,S by CBS is en-
hanced by S-adenosyl methionine, the physiological stim-
uli that induce the changes in the levels of S-adenosyl
methionine are not clarified. Since CSE and the 3MST/CAT
pathway produce H,S at steady-state low intracellular con-
centrations of Ca®*, the H,S produced by these enzymes may
play arole mainly in the steady state. H,S can also be released
from bound sulfane sulfur from astrocytes when nearby
neurons are excited, though the release has not been suc-
cessfully measured. It is necessary to identify the physio-
logical stimulation that triggers the release of H,S, and to
measure the levels of H,S at the time of stimulation. More-
over, the process of polysulfide production, its cellular and
tissue localization, the physiological stimulation that induces
its release, and its concentrations at the time of stimulation
are intriguing. H,S is involved in responses such as the re-
ducing cysteine disulfide bond, while polysulfides are in-
volved in the addition of bound sulfane sulfur (sulthydrate or
sulfurate) to cysteine residues to modify the structure of
target proteins. It is necessary to determine how cells dif-
ferentially utilize H,S and polysulfides at the appropriate
time and location. Understanding the production and function
of both H,S and polysulfides will provide new insights into
the biology of H,S and its therapeutic applications.
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