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ract and Liver

TEFANO FIORUCCI,* ELEONORA DISTRUTTI,* GIUSEPPE CIRINO,‡ and JOHN L. WALLACE§

Dipartimenti di Medicina Clinica and Patologia, University of Perugia, Perugia; ‡Dipartimento di Farmacologia Sperimentale, University of

aples, Napoli, Italy; and §Mucosal Inflammation Research Group, University of Calgary, Calgary, Alberta, Canada

m
t
a
t
i
b
t

o
a
a
r
l
f
T
p
p
c
p
i

g
p
s

p
C
P

ydrogen sulfide, like nitric oxide, was best known as a
oxic pollutant before becoming recognized as a key
egulator of several physiologic processes. In recent
ears, evidence has accumulated to suggest important
oles for hydrogen sulfide as a mediator of several as-
ects of gastrointestinal and liver function. Moreover,
lterations in hydrogen sulfide production could contrib-
te to disorders of the gastrointestinal tract and liver.
or example, nonsteroidal anti-inflammatory drugs can
educe production of hydrogen sulfide in the stomach,
nd this has been shown to contribute to the generation
f mucosal injury. Hydrogen sulfide has also been shown
o play a key role in modulation of visceral hyperalgesia.
nhibitors of hydrogen sulfide synthesis and drugs that
an generate safe levels of hydrogen sulfide in vivo have
een developed and are permitting interventional stud-

es in experimental models and, in the near future,
umans.

mall molecular weight gases have been among the
most studied biologic mediators over the past 20

ears. Nitric oxide is now recognized as one of the most
mportant such mediators in the human body, mediating
lood flow, neurotransmission, immune reactions, and
uscle contraction. The importance of nitric oxide (NO)

n this regard was recognized by the award of a Nobel
rize to Furchgott, Murad, and Ignarro in 1998. Hydro-
en sulfide (H2S) is the latest gas to be recognized as an
mportant endogenous mediator. As was initially the case
or NO, the toxic effects of H2S were recognized well
efore its physiologic roles became apparent. Also similar
o the case of NO, H2S is being implicated both as an
gent preventing tissue damage and inflammation and as
n agent causing tissue damage and inflammation. Un-
oubtedly, the parallels to NO will continue to unfold,
nd it will become clear that the roles played by H2S in
arious tissues and in various circumstances largely de-
end on its local concentration. In the context of the
igestive system, roles for hydrogen sulfide in mainte-

ance of mucosal integrity, regulation of blood flow, and
odulation of inflammatory reactions are emerging. In
his report, we review the endogenous production of H2S
nd its regulation and the evidence suggesting roles of
his mediator in various disorders. In some cases, admin-
stration of H2S-releasing agents may have therapeutic
enefit, whereas, in others, inhibition of the synthesis of
his gas shows some promise in experimental models.

Chemistry, Toxicity, and Synthesis

Hydrogen sulfide is a colorless gas with a strong
dor that has been widely studied in the context of water
nd industrial air pollution. Its production is mainly
ssociated with the pulp and paper industry, petroleum
efineries, tanneries, and mining. As described in detail
ater in this article, H2S can perform many physiologic
unctions and is produced in many tissues of the body.
oxicity of H2S is seen at concentrations well above those
roduced endogenously and is usually associated with the
resence of those high concentrations in the lung. At
oncentrations in excess of 250 ppm, H2S can cause
ulmonary edema, and, with exposure to concentrations
n excess of 1000 ppm, coma and death can ensue.1

H2S is a weak diprotic acid that dissociates in 2 steps:

H2S → H� � HS�

HS� → H� � S�2

In aqueous solution, approximately one third of the
as is in the nondissociated form. H2S is permeable to
lasma membranes because its solubility in lipophilic
olvents is 5-fold greater than in water.2–4

Abbreviations used in this paper: ASC, alanine, serine, and cysteine-
referring; CBS, cystathionine �-synthase; CSE, cystathionine-�-lyase;
OX, cyclooxygenase; NSAID, nonsteroidal anti-inflammatory drug;
LP, pyridoxal 5=-phosphate; SAM, S-adenosylmethionine.
© 2006 by the American Gastroenterological Association Institute

0016-5085/06/$32.00

doi:10.1053/j.gastro.2006.02.033



c
1
S
l
a
a
t
c
p
(
4
o
t
h
e
m
s
b
c
p
r

b
c
v
b
h
m
f
k
a

l
i
g
a
h
v

s
t
i
m
l
t
o
T
c
m
a
a

c
p
p
w
m
s
b
s
n

T

N 2S in

260 FIORUCCI ET AL GASTROENTEROLOGY Vol. 131, No. 1
Aside from that present in the circulation, a signifi-
ant amount of H2S is produced in various tissues (Table
). Sulfur is a chemically and biologically active element.
ulfur compounds in tissues can be present in stable and
abile forms. Compounds such as methionine, cysteine,
nd taurine are stable sulfur compounds, as opposed to
cid-labile sulfur and sulfane sulfur compounds.5 One of
he major sources of labile sulfur in mammalian tissue is
ysteine. Cysteine is a substrate for 2 pyridoxal-5=-phos-
hate-dependent enzymes: cystathionine �-synthase
CBS; EC 4.2.1.22) and cystathionine �-lyase (CSE; EC
.4.1.1).3 These enzymes are responsible for the majority
f the endogenous production of H2S in mammalian
issues. Deficiency of CBS is the major cause of inherited
omocystinuria. Another source of H2S may be the
rythrocyte because it has been shown that washed hu-
an erythrocytes incubated with glucose and elemental

ulfur produce H2S at a fairly constant rate.4 Thus,
ecause labile sulfur and glucose are both available in
irculating blood, it is feasible that this pathway could
lay a role in producing H2S through nonenzymatic
eactions.5

H2S is present in micromolar concentrations in
lood.6–8 Given the potential toxicity of this gas, effi-
ient systems exist to metabolize and scavenge H2S in
ivo. H2S is metabolized by oxidation in mitochondria or
y methylation in cytosol. It can be scavenged by met-
emoglobin or by oxidized glutathione. H2S is excreted
ainly by the kidney as free or conjugated sulfate.3 The

act that H2S interacts with hemoglobin, as do 2 other
ey gaseous transmitters, suggests a possible interplay

able 1. Concentrations and Rates of Generation of H2S in V

Species Tissue Conce

Rat Whole brain 87.2
Brainstem 68.3
Cerebellum 87.8
Hippocampus 97.8
Striatum 102.8
Ileum
Liver 26.0
Kidney 39.9
Heart 129.3
Spleen 12.5
Lung 30.0
Plasma 0.4 n
Erythrocytes 0.2 n
Mesenteric aorta
Tail artery
Aorta
Serum 46 �m

Man Brainstem 38.3
Serum 1.2 �

OTE: A variety of different analytical methods were used to detect H
mong these 3 mediators (discussed in more detail be- s
ow). Interestingly, it has been shown that H2S poisoning
n animals is prevented by nitrite administration, sug-
esting that nitrite-induced methemoglobinemia has an
ntidotal effect against H2S intoxication. This procedure
as been successfully used in the resuscitation of several
ictims of H2S poisoning.9,10

Sulfur Amino Acid Metabolism

Sulfur-containing amino acids are the key precur-
ors for endogenous H2S synthesis. They are also impor-
ant factors for cellular stability—through their antiox-
dant and scavenging properties—and have many
etabolic functions. Because of their relevance as regu-

atory intermediates in key homeostatic functions, al-
ered sulfur amino acid metabolism is increasingly rec-
gnized as a causative factor in a number of disorders.11,12

he factors that influence sulfur amino acid metabolism
an also affect the production of H2S. Sulfur amino acid
etabolism in mammals is regulated through the bal-

nce of production and disposal of cellular homocysteine
nd cysteine (Figure 1).

The transulfuration pathway is only one source of
ysteine. Other important sources are dietary intake and
rotein degradation. In extracellular fluids, cysteine is
redominantly found in a dimerized state (cystine),
hereas, inside the cell, it is rapidly converted into the
onosulfhydryl form.3 Both cysteine and cystine have

pecific transport systems. Cysteine is transported mainly
y the alanine, serine, and cysteine-preferring (ASC)
ystem,13 a Na�-dependent transporter that is specific for
eutral amino acids with short- to intermediate-length

s Tissues and Cells

ion Generation Reference

/g 54
/g 108
/g 109
/g 109
l/g 109

6.5 nmol/min/g 6
/g 110
/g 110
l/g 110

/g 110
/g 111

108
108

3 nmol/min/g 6
8 nmol/min/g 6
3 nmol/min/g 6

6
/g 54
L 112

the cited studies.
ariou

ntrat

nmol
nmol
nmol
nmol
nmo

nmol
nmol
nmo

nmol
nmol
mol/g
mol/g

ol/L
nmol
mol/
ide chains. The ASC system mediates both inward and
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utward flows of its substrate amino acids and is subject
o trans-stimulation.13 Therefore, intracellular cysteine
oncentrations depend on the intracellular and extracel-
ular levels of not only cysteine but also of other system
SC amino acids. Elevated levels of extracellular cysteine
ill raise its intracellular level. However, elevated extra-

ellular levels of other system ASC amino acids will
ompetitively inhibit the influx of cysteine (cis-inhibi-
ion) and stimulate the efflux of cysteine (trans-stimula-
ion). Another transport system for cysteine disposal is
ystem Xc�.13 This transporter is also regulated by
xtra- and intracellular gradients of glutamate and, in
ormal conditions, is not very active. The intracellular
oncentrations of cysteine are relatively low because nor-
ally it is stored as glutathione. Glutathione releases

ysteine continuously to maintain constant intracellular
evels (Figure 1). Several pathologic states might alter
he rate of this conversion: oxidative stress, which leads
o depletion of glutathione levels, causes a reduction of
ysteine and its precursors. The mutual conversion of
lutathione and cysteine represents the �-glutamyl cycle,
rom the name of the enzyme responsible for cysteine
torage: �-glutamylcysteine synthetase. Intracellular cys-
eine is handled by different pathways. It might be used
or the synthesis of proteins and taurine or for the pro-
uction of H2S (Figure 1).14 This reaction is regulated by

igure 1. Endogenous pathways of hydro-
en sulfide production. Methionine, an es-
ential amino acid, is obtained by dietary
ntake and transported to the liver mainly by
he System L.13 Methionine adenosyltrans-
erase (MAT) catalyzes the ATP-dependent of
onversion of methionine to S-adenosylme-
hionine. S-adenosylmethionine is converted
o S-adenosylhomocysteine by the glycine
-methyltransferase (GNMT) and then hydro-

yzed to homocysteine. CBS (cystathionine
-synthase), which is regulated by S-adeno-
ylmethionine,16,107 catalyzes the produc-
ion of cystathionine by adding serine to ho-
ocysteine. Cystathionine can then be

onverted to cysteine via CSE (cystathionine-
-lyase). Cysteine, which can also be pro-
uced via reduction of dietary cystine, can
hen be converted to ammonium, pyruvate,
nd H2S via the actions of either CSE or
BS. GSH, glutathione; GSHS, glutathione
ynthetase; GCS, �-glutamylcysteine syn-
hetase.
everal cofactors, including S-adenosylmethionine a
SAM), NO, the Ca/calmodulin system, several hor-
ones, and glucocorticoids.15,16

Molecular Biology of CBS and CSE

CBS and CSE are important for the metabolism of
ulfur-containing amino acids, as well as for the produc-
ion of H2S, ammonium, and pyruvate from L-cysteine.
BS is the predominant H2S -generating enzyme in the
rain and nervous system and is highly expressed in liver
nd kidney.3 CSE is mainly expressed in the liver and in
ascular and nonvascular smooth muscle. A low level of
xpression of the CSE transcript, protein, and enzymatic
ctivity is also detectable in the small intestine and
tomach of rodents. The 2-kilobase (kb) transcripts have
een detected in rat and mouse brain and in mouse heart,
ung, and adipose tissue. However, no expression of CSE
rotein or activity was detected in these tissues.3

CBS

CBS catalyzes the pyridoxal 5=-phosphate (PLP)-
ependent �-replacement reaction in which the thiolate
f L-homocysteine replaces the hydroxyl group of L-
erine. Human CBS is an especially interesting PLP
nzyme because it has a complex domain structure and
egulatory mechanism.

The allosteric activator SAM increases CBS activity

pproximately 3-fold,17 and likely binds to the C-termi-
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al regulatory domain.18 CBS from higher eukaryotes
ontains a unique heme moiety of unknown func-
ion,19–21 which is not found in CBS from yeast (Saccha-
omyces cerevisiae)22,23 or from the protozoan hemoflagel-
ate Trypanosoma cruzi.24

The human CBS gene spans over 30 kb and consists of
3 exons, ranging in size from 42 to 209 base pair (bp).25

he CBS polypeptide is encoded by exons 1–14 and exon
6.25 The human CBS gene encodes multiple mRNA
iffering in their 5= untranslated regions, resulting from
he use of 5 alternative noncoding exons, designated CBS
1a, -1b, -1c, -1d, and -1e.26,27 Transcripts containing
he CBS -1a and -1b exons appear to be most abundant
nd are found in an assortment of adult and fetal tissues.
n contrast, usage of exons CBS -1c, -1d, and -1e seems
o be rare.27 There are at least 2 GC-rich TATA-less
romoters immediately upstream of exons CBS -1a and
1b, containing numerous putative transcription ele-
ents specificity protein-1, activator proteins-1 and -2,

pstream stimulatory factor 1, and both nuclear factor Y
nd 1.25,28–30 Specificity protein-1-like proteins and
ruppel-like factors are highly related redox-sensitive

inc-finger proteins that are important components of
he eukaryotic cellular transcriptional machinery.

Expression of the gene encoding human CBS is tissue
pecific and is also regulated via a redox-sensitive mech-
nism that is linked to the proliferation status of the
ell.30 Transcriptional and posttranslational redox regu-
ation of mammalian CBS is consistent with the meta-
olic connection between L-homocysteine and glutathi-
ne, a key cellular redox compound derived from
-cysteine.
The CBS gene product is a polypeptide of 63 kilodal-

ons that contains 3 domains: the heme-binding domain,
he catalytic core, and the regulatory domain, comprising
he N-terminal �70 residues, the central �340 residues,
nd the C-terminal �140 residues, respectively.31 The
atalytic form of CBS is a tetrameric protein that is
ependent on pyridoxal phosphate. Human CBS is also
llosterically regulated by SAM, a major product of
-methionine metabolism.
A large number of mutations in different regions of

he human CBS has been found in patients with homo-
ystinuria, a human hereditary disease that is character-
zed by very high plasma levels of the toxic amino acid
-homocysteine.32,33 Crystal structures of truncated
orms of the human enzyme have revealed the structure
f the catalytic domain and of the N-terminal heme-
inding site.31,34 The location of homocystinuria-causing
utations in the 3-dimensional structure of human CBS

s of interest, although the roles of the mutated residues

re not fully understood.31,35 Deficiency of CBS activity D
eads to elevated levels of homocysteine and methionine
n plasma and urine, and decreased levels of compounds
etabolically distal to the block at CBS, such as cysta-

hionine and cysteine. Homocystinuria because of CBS
eficiency is a recessively inherited inborn error of sulfur
mino acid metabolism. CBS catalyzes the condensation
f homocysteine and serine to form cystathionine, a
recursor of cysteine. The clinical phenotype of patients
ith homocystinuria includes mental retardation, lens
islocation, skeletal abnormalities, and vascular dis-
ase.33

CSE

The mammalian CSE genes and proteins (43 kilo-
altons) share substantial identity (47%–61%) with
hose of C elegans and yeast, indicating the evolutionary
onservation of this enzyme.36,37 In the mouse gene, a
ore promoter exists in the 5=-flanking region proximal
o the transcriptional start site that contains several
utative transcriptional factor-binding sites,37 although
actors that regulate basal activity are not identified and
ppear to be cell type specific.

Myeloid zinc finger-1 and specificity protein-1 seem to
lay major roles in the regulation of basal transcriptional
ctivity.37 Recently, we have demonstrated that CSE
xpression is induced by bacterial endotoxin in a speci-
city protein-1-dependent fashion.38 Regulatory mecha-
isms for CSE transcription remain to be determined.
nterestingly, promoter analyses of the human CBS gene
evealed that the binding of myeloid zinc finger-1, spec-
ficity protein-1, and upstream stimulatory factor-1 to
heir consensus sequences within the CBS core promoters
s important for the transcriptional activity.28,29 Little is
nown about the cellular consequences of an elevated
SE expression or about the associated increase in endo-
enously produced H2S. CSE-derived H2S inhibits cell
roliferation39,40 and induces cell death predominantly
y an apoptotic mechanism in polymorphonuclear
ells.41 H2S treatment has also been shown to lead to
asal lesions and olfactory epithelial necrosis.42 On the
ther hand, H2S induces serum-independent cell-cycle
ntry in rat intestinal epithelial cells and increases the
raction of colonic mucosa cells in the S phase.43

Deficiency of CSE activity in humans is presumed to
ause cystathioninemia (cystathioninuria), an autosomal
ecessive inborn error probably with no consistent clin-
cal consequence.44 Multiple mutations in the human
SE gene have recently been identified in patients with
ystathioninemia.45 In rats, CSE expression is restricted
o specific tissues; CSE is highly expressed in liver and
idney with very low expression in brain.46,47 Using

L-propargylglycine, an irreversible CSE inhibitor,48
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SE has been shown to be essential in rat liver, kidney,
nd cultured hepatocytes for an adequate supply of cys-
eine to synthesize glutathione,49–51 a major intracellular
ntioxidant that protects cells from oxidative stress.

Interactions of H2S and NO

One of the first indications that there may be
mportant interactions between H2S and NO was the
bservation that low concentrations of H2S markedly
ncreased the vasorelaxation induced by an NO donor,
odium nitroprusside.7 The mechanism underlying this
ffect was not clear, but, when it was subsequently shown
hat H2S promotes the release of NO from vascular
ndothelium,52 that sodium nitroprusside increased the
onversion of L-cysteine to H2S,6 and that this NO donor
lso increased expression of CSE in vascular smooth
uscle cells,6 it became clear that an H2S-NO interac-

ion was quite complex. In fact, carbon monoxide may be
nother factor capable of interacting with H2S and NO,
iven that all 3 bind avidly to heme. Hemoglobin has
een referred to as a common “sink” for these 3 gaseous
ediators, and saturation with one could lead to en-

anced plasma levels, and biologic effects, of the others.3

ndeed, saturation of erythrocytes with carbon monoxide
esults in elevated plasma H2S levels.4

NO may regulate H2S levels in a number of ways,
ther than through displacement from binding to hemo-
lobin.3 NO can increase CSE activity, possibly through
itrosylation of 1 or more of the 12 cysteines in that
olecule. NO also appears to be able to increase CSE

xpression, the uptake of cystine by cells, and the activity
f cGMP-dependent protein kinase, which is a stimulant
f CSE activity.3

The interaction of NO and H2S is evident in settings
f diminished NO synthesis. Suppression of NO synthase
ctivity for a prolonged period of time results in elevated
ystemic blood pressure. Zhong et al53 demonstrated that
his was accompanied by a marked decrease in CSE
ctivity and messenger RNA (mRNA) expression. Al-
hough treatment with an H2S donor reduced the sys-
emic blood pressure, it did not restore NO synthesis.

Physiologic and Pathophysiologic
Actions of H2S: Neuromodulation

Relatively high concentrations of H2S (50–160
mol/L) can be detected in the brain of several mamma-

ian species, including mouse, rat, human, and bo-
ine,54,55 and recent data have demonstrated that H2S is
lso produced in spinal cord tissue.56 Awata et al have
ound expression and activity of CBS and CSE in 6

ifferent rat brain regions, although the activity of CBS i
as �30-fold greater than that of CSE.57 The reduced
2S production after inhibition of CBS and the fact that
SE inhibitors do not suppress H2S production in the
entral nervous system (CNS) further pinpointed CBS to
e the major endogenous enzyme for H2S production in
he brain.8 H2S has been implicated in several neuronal
unctions, including the induction of the release of the
orticotrophin-releasing hormone from the hypothala-
us58 and induction of hippocampal long-term potenti-

tion, a synaptic model of learning, memory, and hyper-
lgesia.8 Moreover, H2S promotes glutamate-mediated
ransmission that may have implications in the patho-
enesis of neurodegenerative diseases in which excessive
ctivation of N-methyl-D-aspartate receptors has been
eported.59,60 Indeed, H2S levels were found to be de-
reased by �55% in the brains of 13 patients with
lzheimer’s disease, compared with controls,61 and, in

nother study, urinary thiosulfate (a metabolite of H2S)
nd erythrocyte sulfhemoglobin levels were both signif-
cantly increased in subjects with Down syndrome.62

In the context of the gastrointestinal tract, little is
nown about the effects of H2S in the enteric nervous
ystem. However, it has recently been shown that H2S-
eleasing agents exerted antinociceptive effects in a
odel of colorectal distention-induced pain. This was

bserved both in healthy rats and in rats with colitis. The
atter effect appears to be mediated via activation of KATP

hannels and to be NO dependent.56 These studies point
o a potential therapeutic application of H2S-releasing
rugs.
The mechanisms through which H2S modulates neu-

onal functions are partially known. H2S increases cAMP
evels in neuronal and glial cell lines and primary neuron
ultures and also hyperpolarizes dorsal raphe neurons,
robably by activating the KATP channels.63 Moreover, it
acilitates hippocampal long-term potentiation by in-
reasing the sensitivity of N-methyl-D-aspartate
NMDA) receptors by a cAMP-mediated pathway.59 Fi-
ally, there is evidence that sodium hydrogen sulfide
NaHS), which releases H2S when in aqueous solution,
ncreases intracellular Ca2� concentrations in primary
ultures of astrocytes and hippocampal slices,64 but the
olecular mechanism of this effect is still unknown.

Smooth Muscle

Aside from the possibility of modulating smooth
uscle function through its neuromodulatory effects,
2S can also directly alter smooth muscle tone.7 An

nitial indication of this possibility came from studies
emonstrating that low molecular weight S-nitrosothiol

ntermediates could induce relaxation of coronary smooth
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uscle and carotid and cerebral arteries.65–67 The actions
f H2S itself have been studied in vascular tissues,6,7,52

nd uterine strips from pregnant rats,68,69 in which the
redominant effect was relaxation. Similarly, it has been
ecently demonstrated that NaHS induces a dose-depen-
ent relaxation of the rabbit ileum and rat vas deferens,70

nd, even in species of fresh and saltwater trout, H2S was
hown to elicit dose-dependent relaxation of isolated,
recontracted branchial arteries.71 In rat studies, bolus
njection of H2S produced a transient decrease in mean
rterial blood pressure,6 whereas intraperitoneal admin-
stration of NaHS induced a significant increase in co-
onic compliance during colorectal distention.56

The mechanism through which H2S exerts its relaxant
roperties is not fully understood, although it is likely
ediated by the opening of K�

ATP channels. These chan-
els couple cellular electrical activity to metabolism in a
ariety of tissues.72 In vascular smooth muscle cells,
pening of K�

ATP channels hyperpolarizes the cell mem-
rane and inactivates voltage-dependent L-type Ca2�

hannels, leading to relaxation and blood vessel dilation
y virtue of the reduced intracellular free Ca2� concen-
rations.73 For this reason, in conditions such as diabetes
nd hypertension, K�

ATP channels are important thera-
eutic targets. H2S exerts a relaxant effect on rat aortic
issue and induces a transient reduction of blood pressure
hrough a direct stimulation of K�

ATP channels and
ubsequent hyperpolarization of rat aortic vascular
mooth muscle cells.6 Thus, glibenclamide, a K�

ATP

hannel antagonist, reversed these actions, whereas
inacidil, a K�

ATP channel opener, mimicked the H2S-
nduced relaxation. These results have been recently con-
rmed by Tang et al.74 Using a sophisticated whole-cell
nd single-cell patch-clamp technique, they demon-
trated that exogenous and endogenous H2S increases the

�
ATP currents and hyperpolarizes membrane potentials

f rat mesenteric artery smooth muscle cells through a
irect stimulation of K�

ATP channels. Finally, H2S also
elaxes smooth muscle in the colon by acting on the

�
ATP channels. Once again, glibenclamide reversed,

hereas pinacidil mimicked, the H2S-induced relaxation
f colonic smooth muscle.56

Other potential targets of action of H2S on vascular
mooth muscle include voltage-dependent Ca2� channels
nd Ca2�-dependent K� channels.52 Also, as discussed
reviously in this article, at low concentrations, H2S
nhances the smooth muscle relaxant effect of NO, sug-
esting a cross talk between these 2 gases, producing
ynergistic effects.7

Although the major reported effect of H2S in the
ontext of smooth muscle is relaxation, it is noteworthy

hat, in some tissues and in some species, H2S can exert n
owerful contractile responses. For example, H2S pro-
uces excitatory motor responses in the rat urinary blad-
er by activating capsaicin-sensitive primary afferent
eurons.75 The concentration-dependent contractile re-
ponse of H2S was unaffected by the vanilloid receptor 1
ntagonists capsazepine and SB366791, whereas the non-
elective cation channel blocker ruthenium red com-
letely abolished the NaHS-induced bladder contrac-
ions. This suggests that H2S can act on an unidentified
anilloid-like channel on sensory neurons.76

Immune and Inflammatory
Processes

In recent years, several papers have been pub-
ished on H2S in the context of immune and inflamma-
ory reactions. Some papers suggest an anti-inflammatory
ole of H2S (Figure 2), whereas others point to a contri-
ution of H2S to tissue injury and inflammation. H2S is
n extremely potent inhibitor of leukocyte adherence to
he vascular endothelium in rat stimulated by intragas-
ric aspirin. Aspirin and other nonsteroidal anti-inflam-
atory drugs (NSAIDs) stimulate leukocyte adher-

nce77–79 largely via inhibition of cyclooxygenase (COX)-
.80 Doses of H2S as low as 10 �mol/kg
intraperitoneally) significantly suppressed aspirin-in-
uced leukocyte adherence.38 This effect could be re-
ersed by glibencamide, which is a selective antagonist of
�

ATP channels.38 H2S also suppressed leukocyte adher-
nce in rat mesenteric venules initiated by exposure to a
ormylated peptide (unpublished observation, December
005).
H2S might interfere with inflammatory processes by

iminishing the tissue injury induced by neutrophils.
ne such mechanism that has been suggested is the

nduction of apoptosis in neutrophils by H2S.41 H2S also
ppears to be a potent inhibitor of tissue injury mediated
ia neutrophil-derived hypochlorous acid. Hypochlorous
cid is produced by the enzyme myleoperoxidase, which
s found in all cells of myeloid origin but in particularly
igh concentrations in neutrophils. Whiteman et al81

emonstrated that H2S can interfere with brain tissue
njury caused by hydrochlorous acid and, in cultured
euroblastoma cells, could inhibit hypochlorous acid-
ediated cytotoxicity, intracellular protein oxidation,

nd lipid peroxidation. The same group also reported
hat H2S interfered with peroxynitrite-mediated cytotox-
city and tyrosine nitration.82

As described in more detail below, H2S appears to
xert analgesic effects that are mediated via K�

ATP chan-

els.56 Interestingly, activation of K�

ATP channels has
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een suggested to be a mechanism through which
SAIDs produce their analgesic effects.83

As mentioned above, some recent studies suggest that
2S can contribute to inflammatory processes. For ex-

mple, Li et al84 reported that endotoxin administration
o mice resulted in inflammation in the lung, liver, and
idney that was accompanied by increased H2S synthetic
ctivity in those tissues. Administration of an H2S donor
NaHS) similarly resulted in inflammatory changes in
hose tissues. These authors also reported elevated H2S
evels in the plasma of septic shock patients.84 Bhatia et
l85 used the carrageenan-induced hindpaw inflammation
odel in rats to examine a potential role for H2S. They

bserved increased H2S synthetic activity in the paw
ollowing carrageenan administration, accompanied by
ncreased granulocyte infiltration (myeloperoxidase activ-
ty). Pretreatment with an inhibitor of CSE diminished
he H2S synthetic activity and the myeloperoxidase ac-
ivity. Although there is some incongruence in terms of
he dose dependency of inhibition of H2S synthetic ac-
ivity and levels of myeloperoxidase,85 these results nev-
rtheless are consistent with a contribution of H2S to
cute inflammation.

Gastric Mucosal Integrity

Injury to the upper gastrointestinal tract is a
ommon complication of NSAID (including acetylsali-
ylic) therapy.86 Owing largely to the inhibition of COX
soenzymes, NSAIDs reduce the ability of the mucosa to
esist injury. Inhibition of generation of COX-1- and
OX-2-derived eicosanoids results in altered gastric mu-
osal blood flow and increased leukocyte-endothelial ad-

igure 2. Anti-inflammatory ac-
ions of hydrogen sulfide. H2S
xerts many actions that can re-
uce the severity of inflamma-
ion or tissue injury, several of
hich are mediated via activa-

ion of K�
ATP channels. Antioxi-

ant activities include the ability
f H2S to reduce tissue injury
ediated by the neutrophil
roduct, hypochlorous acid, or
eroxynitrite.
esive interactions in the gastric microcirculation, im- v
ortant events in the process of gastric injury caused by
SAIDs.87,88 Human and animal studies have high-

ighted the role of gaseous mediators, particularly NO, in
aintaining gastric mucosal integrity.89 Thus, by mod-

lating the expression/activity of adhesion molecules at
he leukocyte-endothelium interface and by maintaining
astric mucosal blood flow, NO compensates for de-
ressed generation of protective eicosanoids.88,89 Recent
tudies suggest that H2S may similarly contribute to
ucosal defense. The gastric mucosa expresses both CSE

nd CBS and has the ability to generate H2S.38 Similarly
o other nonneuronal tissues, CSE seems to be the main
nzyme involved in the H2S generation by the gastric
ucosa. This view is supported by the observation that

eneration of H2S by the gastric mucosa depends on the
resence of pyridoxal-5=-phosphate, but not calmodulin,
n essential cofactor for CBS. Moreover, DL-propargyl-
lycine, an irreversible inhibitor of CSE, inhibits gastric
2S formation.38

H2S appears to play a significant role in regulating
astric mucosal blood flow. Using laser-Doppler flow-
etry, we have shown that exposure to H2S (100
mol/L) increased gastric mucosal blood flow by �25%,
hile reducing systemic blood pressure by �10 mm
g.38 Gastric vasodilation elicited by H2S was reversed

y glibencamide, suggesting, as for several other H2S-
ediated activities, an involvement of KATP channels.
In addition to its role in regulating gastric mucosal blood

ow, H2S is involved in maintenance of gastric mucosal
ntegrity in rodents exposed to NSAIDs (Figure 3). Thus,

aHS prevents the reduction of mucosal blood flow caused
y aspirin and prevents the adherence of leukocytes to the

ascular endothelium (as described previously).



c
A
c
a
d
d
s
e
w
t
N
i
s
C
t
t
g
m
u
n
n
N
p
N
i
p
w
b
p
w
t
i
p
i
c
n
c
t
p
g
r
p
t
p

o
a
a

e
s
l
T
s
d
i
i
r
l
N
e

e
a
r
p
c
o
i
c
d

m
N
c
c
a
N
o
v
w
r

c
c
s
n
t
l
t
a
c
t
a
b
i
m

266 FIORUCCI ET AL GASTROENTEROLOGY Vol. 131, No. 1
Effects of NSAIDs on mucosal H2S generation may
ontribute to the ability of these drugs to cause injury.
dministration of NSAIDs results in a significant de-

rease in H2S synthesis.38 This is attributable to the
bility of these drugs to modulate CSE expression (they
o not affect CBS expression).38 The effect on H2S pro-
uction was most profound with indomethacin, a non-
elective COX inhibitor, which reduced CSE activity/
xpression by approximately 80%, but was also observed
ith aspirin, ketoprofen, and diclofenac.38 The reason for

he down-regulation of CSE gene expression following
SAID administration is likely related to a peculiar

nteraction of these drugs with the gene for CSE. Recent
tudies have highlighted that the core promoter of the
SE gene, located in the 5=-flanking region proximal to

he transcriptional start site, contains putative transcrip-
ional factor-binding sites, including myeloid zinc fin-
er-1 and specificity protein-1. Specificity protein-1, a
ember of the Sp/Kruppel-like factor family,90 is a

biquitously expressed transcription factor that recog-
izes GC-rich sequences present in regulatory regions of
umerous housekeeping genes and is a known target for
SAIDs.91 Previous studies have shown that specificity

rotein-1 DNA-binding activity is attenuated by
SAID treatment through a mechanism that involves

nhibition of extracellular signal-regulated kinase (ERK)
hosphorylation.91 Using HEK-293 cells transfected
ith a CSE promoter containing the specificity protein-1
inding site, we found that NSAIDs suppress CSE ex-
ression via inhibition of the ERK/Sp1-signalling path-
ay. The ability of NSAIDs to regulate specificity pro-

ein-1 phosphorylation might also help to explain COX-
ndependent activities of NSAIDs. Abnormal specificity
rotein-1 expression and activation have been observed
n several human cancers including human hepatocellular
arcinoma,92 gastric carcinoma,93–95 and pancreatic ade-
ocarcinoma.92 Elevated specificity protein-1 expression
orrelated with malignancy and reduced survival of pa-
ients with gastric cancer.95,96 Because the CSE/H2S
athway is also involved in regulating neoplastic
rowth,97 these observations raise the possibility that
eduction of CSE expression might contribute to the
utative antineoplastic activity of NSAIDs. However,
here is no direct evidence to support this notion at
resent.

Intestinal Motility and Perception

The possibility that H2S is an important mediator
f gastrointestinal motility has not yet been explored in
ny detail. There are, however, some data to suggest such

role. Hosoki et al demonstrated that the rat ileum i
xpressed both CBS and CSE mRNA and could synthe-
ize H2S.7 Moreover, ileum precontracted by acetylcho-
ine was relaxed by NaHS in a dose-dependent manner.
hese data were then confirmed in the ileum of other

pecies. Teague et al demonstrated that NaHS produced
ose-related inhibition of the spontaneous contractions
n the isolated rabbit ileum, whereas, in the guinea pig
leum, it did not have any effect on the resting tone, but
educed the contractile response to exogenous acetylcho-
ine and electrical field stimulation.70 Moreover, an

aHS-related reduction of the contractile response of the
lectrical field-stimulated rat ileum was also observed.70

We recently reported that both CSE and CBS are
xpressed in the rat colon.56 Furthermore, intraperitoneal
dministration of NaHS or L-cysteine dose dependently
elaxed the colon in vivo. The relaxant action was com-
letely blocked by pretreating the rats with gliben-
lamide and was reproduced by parenteral administration
f pinacidil, a KATP channel activator. Interestingly,
nhibition of NO synthesis reversed the effects of NaHS,
onsistent with the interactions of NO and H2S that were
iscussed above.56

Apart from these relaxant effects, it seems that H2S
ay have also exerted antinociceptive effects because
aHS dose dependently reduced the pain induced by

olorectal distention in healthy rats and in rats with
olitis. These effects were independent from the relaxant
ctivity of H2S because they were observed at doses of
aHS that did not increase colonic compliance. More-

ver, the H2S-induced antinociceptive effect was pre-
ented by blocking both KATP channels and NO path-
ays, indicating that the integrity of these 2 systems is

equired.56

Hepatic Circulation

Portal hypertension is a multifactorial syndrome
haracterized by increased hepatic vascular resistance (be-
ause of a high hepatic vascular tone) and increased
planchnic blood flow (because of a pronounced splanch-
ic vasodilatation). A growing body of evidence suggests
hat the elevated microvascular tone within the cirrhotic
iver is a consequence of mechanical factors (disruption of
he hepatic vascular bed, scarring, and nodule formation)
nd vasculogenic processes at the sinusoidal endothelial
ells. Moreover, the vascular component of portal hyper-
ension is the result of insufficient production and/or
vailability of vasodilators within the hepatic vascular
ed.98,99 A deficiency of NO may be particularly signif-
cant. The insufficient hepatic availability of NO is
ostly due to decreased endothelial NO synthase activ-
ty, rather than to decreased expression of the enzyme.
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his is caused by, among other factors, increased caveolin
inding and decreased phosphorylation of endothelial
O synthase. Moreover, the dynamic, variable, and re-

ersible nature of intrahepatic vascular tone in cirrhotic
iver emphasizes the importance of the interplay between
asoconstrictive and vasodilatory mediators.98,99 Of rele-
ance, not only is the production of vasoconstricting
gents (eg, endothelins) increased, the “sensitivity” of the
epatic vascular smooth muscle to these agents is in-
reased in cirrhotic states. In addition, hepatic stellate
ells exhibit an impaired response to vasodilators and an
nhanced response to vasoconstrictors.98,99 Because of the
athophysiologic importance of these events, vasoactive
ubstances have been an area of investigation in both
xperimental systems and in human liver disease. In this
ontext, we have recently examined the role of H2S in
egulating the microcirculation in normal and cirrhotic
at liver.100 H2S attenuated vasoconstriction induced by
orepinephrine in normal and cirrhotic rat liver. This
ffect was blocked by glibencamide. In normal liver, a
imilar reduction of intrahepatic resistance could be elic-
ted by administration of L-cysteine as was observed with
dministration of H2S. This observation suggests that

2S is an important endogenous modulator of the he-
atic microcirculation. The vasodilating effect of H2S
as not affected by pretreatment with an NO synthase

nhibitor. Increasing the shear stress in the hepatic mi-
rocirculation, which triggers release of NO, did not
timulate the release of H2S. A detailed analysis of the

2S-generating enzymes in subpopulations of hepatic
ells revealed that CSE and CBS are not expressed in the
ascular endothelium of the hepatic sinusoids. This sug-
ests that vasorelaxation induced by endogenous H2S is
argely, or completely, endothelium independent. In
ontrast, CSE mRNA and protein were detected in he-
atic stellate cells. These fibroblast-like cells can gener-
te H2S from L-cysteine and relax in response to H2S. In
ggregate, these data suggest that hepatic NO and H2S
re released by different cellular sources and that their
emodynamic effects involve different cellular targets.
Human studies have demonstrated that methionine
etabolism is altered in cirrhosis and that impairment of

iver function is associated with inhibition of the trans-
ulfuration pathway, leading to elevated plasma levels of
omocysteine. This defect might be ascribed, at least
artially, to a reduction in the expression/activity of CBS
nd CSE, which are involved in homocysteine metabo-
ism.101–105

Studies in animals have suggested that the mechanism
nderlying the block of the transsulfuration pathway in
irrhosis is an impaired activity of the CBS/CSE sys-

em.98,99 This results in reduced production of H2S in the t
irrhotic liver. Moreover, the reduced activity of CSE in
irrhotic hepatic stellate cells favors enhanced contrac-
ion around the sinusoids, thereby contributing to in-
reased intrahepatic resistance and portal hypertension.
n addition, the activated hepatic stellate cells not only
xpress reduced CSE activity but exhibit a reduced ex-
ression of CSE. This may be due to a transcriptional
own-regulation of the gene during hepatic stellate cells
rans-differentiation and proliferation, although the fac-
ors involved in its regulation remain to be elucidated.
ollectively, these observations suggest that H2S acts as
vasodilator that regulates intrahepatic blood flow in

ormal and cirrhotic liver and may play an important
ole in the pathogenesis of portal hypertension. Further-
ore, because the vasodilator activity of H2S is largely
O independent and the 2 systems are expressed by

ifferent cell subtypes, H2S and NO may regulate he-
atic and portal blood flow in a cooperative manner.

Conclusions and Future Directions

As was the case for NO 2 decades ago, there is
merging evidence for H2S in many aspects of gastroin-
estinal and liver function. H2S appears to be an impor-
ant mediator of mucosal and hepatic blood flow and an
mportant contributor to mucosal defense against injury.
eficiencies of H2S synthesis may contribute to the
athogenesis of several gastrointestinal and liver disor-
ers. Roles for H2S in inflammation and immunity have
een identified but not yet completely defined. Some
tudies suggest anti-inflammatory effects of H2S, whereas
thers suggest a contribution of this gas to immune-
ediated tissue injury. These controversies will likely

nly be clarified when more highly selective inhibitors of
2S synthesis and simpler methods for quantification of
2S production become available.
The observation that NSAIDs, including aspirin, can

uppress the expression of one of the key enzymes re-
uired for H2S synthesis suggests that this could be
nother mechanism contributing to the gastrointestinal
amage produced by this widely used class of drugs.
hese observations also raise the possibility of H2S-

eleasing agents being utilized for increasing the resis-
ance to mucosal injury and possibly for accelerating
epair of mucosal injury.

A possible role of H2S in the colon has long been the
ubject of speculation. This has largely focused on the
otentially harmful effects of bacterially derived H2S
ecause H2S can easily permeate membranes and there-
ore affect cell functions in the host. There is little direct
vidence to support this notion. One recent study raised

he possibility that low levels of circulating SAM may
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ontribute to disease severity in inflammatory bowel
isease.106 They observed an inverse relationship between
AM levels and disease activity. They suggested that,
ecause SAM is important in detoxification of constantly
roduced hydrogen sulfide in the colon, a deficiency of it
ould lead to accumulation of H2S in the lumen, which
ight exacerbate tissue injury. However, SAM also reg-

lates enzymes such as CSE,16,107 which is largely respon-
ible for H2S production in the gut. Thus, one might also
ostulate that low levels of SAM might result in low H2S
roduction by colonic tissue, which, as shown in the
astric mucosa, renders the tissue more susceptible to
njury and inflammation. Clearly, further studies are

igure 3. Reduction of aspirin-induced gastric damage and inflamma-
ion by hydrogen sulfide. Aspirin (30 mg/kg, orally) induced extensive
astric damage in the rat stomach (A). This was accompanied by
nfiltration of granulocytes into gastric tissue, as indicated by elevated
yeloperoxidase (MPO) activity (B) and increased expression of TNF-�
RNA (C). Pretreatment with an H2S donor (NaHS; 100 �mol/kg)

educed gastric damage and inflammation. This was reversed by the
�

ATP channel antagonist glibencamide and mimicked by the K�
ATP

hannel agonist pinacidil. The TNF-� mRNA data are shown as the
old-change from control (no aspirin) levels. *P 	 .05 versus the group
reated with vehicle � aspirin. This graph was constructed using
reviously published data.38
eeded to clarify any role of H2S in the colon with respect
o mucosal injury and inflammation. As was the case for
O, the emerging role of H2S in the gastrointestinal

ract, liver, and other organs may open new avenues for
evelopment of therapeutics for a variety of disorders.
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