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ABSTRACT Hydrogen sulfide (H2S) is increasingly
recognized as an important signaling molecule in the
cardiovascular and nervous systems. Recently, H2S do-
nors were reported to induce neutrophil apoptosis and
to suppress expression of some leukocyte and endothe-
lial adhesion molecules. Using rats, we examined the
possibility that H2S is an endogenous regulator of key
inflammatory events at the leukocyte-endothelial inter-
face. Via intravital microscopy, we observed that H2S
donors (NaHS and Na2S) inhibited aspirin-induced
leukocyte adherence in mesenteric venules (ED50 of 5.0
! mol/kg for Na2S), likely via activation of ATP-sensi-
tive K" (KATP) channels. Inhibition of endogenous H2S
synthesis elicited leukocyte adherence. Leukocyte infil-
tration in an air pouch model was also suppressed by
H2S donors (NaHS, Lawesson’s reagent, and N-acetyl-
cysteine; ED50 of 42.7, 1.3, and 29.9 ! mol/kg, respec-
tively) and exacerbated by inhibition of endogenous
H2S synthesis. Carrageenan-induced paw edema was
suppressed by H2S donors (NaHS and Na2S; ED50s of
35 and 28 ! mol/kg, respectively) to the same extent as
by diclofenac and enhanced by an inhibitor of H2S
synthesis. Suppression of edema formation by H2S
donors was mimicked by a KATP channel agonist and
reversed by an antagonist of this channel. These results
suggest that endogenous H2S is an important mediator
of acute inflammation, acting at the leukocyte-endothe-
lium interface. These findings have important implica-
tions for anti-inflammatory drug development.—Za-
nardo, R. C. O., Brancaleone, V., Distrutti, E., Fiorucci,
S., Cirino, G., Wallace, J. L. Hydrogen sulfide is an
endogenous modulator of leukocyte-mediated inflam-
mation. FASEB J. 20, E1411–E1418 (2006)
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Gasessuch as NO and carbon monoxide play impor-
tant roles in various tissuesin both health and disease.
Recently a third gaseousmediator, hydrogen sulÞde
(H 2S), hasbecome recognized asan important endog-
enous vasodilator and neuromodulator (1, 2). H2S is
synthesizedfrom L-cysteineprimarily via two enzymes:
cystathionine-! -lyase (CSE) and cystathionine-" -syn-
thetase(CBS). In some tissues,CSEand CBSare both

required for H2S synthesis,whereasin others only one
of theseenzymesis necessary(1). CSEappearsto be the
predominant enzymatic source of H2S in the vascula-
ture and heart (1), but in the central nervous system
(CNS) CBSpredominates(1, 3) . The ability of H2Sto
relax vascular smooth muscle most likely occurs
through activation of ATP-sensitive K# (KATP) chan-
nels (1) .

Severalrecent reports provide evidencesuggestinga
role for H2S in inßammation. H2S can scavengeper-
oxynitrite (4) and can interfere with the ability of
neutrophils, through hypochlorous acid, to kill mi-
crobesand other cells (5). H2Scan also induce neutro -
phil apoptosis, thereby contributing to resolution of
inßammatory reactions (6). We recently demonstrated
that H2S can exert analgesiceffects in a visceral pain
model (7). Nonsteroidal anti-inßammatory drugs
(NSAIDs) suppressendogenousH2Ssynthesisby reduc-
ing expression of CSE(8). This may contribute to the
production of damage in the stomach induced by
NSAIDs, since administration of exogenous H2S re-
duced the ability of theseagentsto causegastric injury.
Particularly relevant to a potential role in inßamma-
tion, the H2S donor suppressedNSAID-induced gran-
ulocyte inÞltration, expression of endothelial and leu-
kocyte adhesion molecules, and expression of tumor
necrosis factor $ (8). Leukocyte adherence to the
vascularendothelium induced by aspirin wasalso sup-
pressedby an H2S donor.

Recent data also suggestthat H2S may contribute to
inßammatory processes.For example, signiÞcant in-
creasesin H2S production and up-regulation of CSE
expression were observed in studies of rodent models
of acute pancreatitis (9) and endotoxemia (10),
whereas irreversible inhibition of CSE activity with
DL-propargylglycine reduced the severityof pancreati-
tis and endotoxic shock. This inhibitor wasalso found
to suppressedema formation and granulocyte inÞltra-
tion in a rat model of hindpaw inßammation (9).

Given these apparently conßicting observations,we
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performed a detailed studyof the effectsof a number of
different H2S donors in several in vivo models of
inßammation, using multiple distinct phlogistic agents.
We also examined the effects on severalinßammatory
parameters of inhibition of endogenous H2S synthesis
and of blockade or activation of KATP channels (the
putative target of the vascular actions of H2S). In
particular, we examined the role of H2S in modulating
leukocyte adhesion to the vascularendothelium, leuko-
cyte inÞltration, and edema formation. Our studies
implicate H2Sasan important endogenousinhibitor of
these key elements of acute inßammatory reactions.

MATERIALS AND METHODS

Animals

Male Wistar rats weighing 175Ð200g were obtained from
Charles River Breeding Farms (Montreal, Canada, and
Monza, Italy). For 18 h prior to an experiment, the rats were
deprived of food, but not water. All experimental procedures
described below were approved by the institutional animal
care committees and were performed in accordancewith the
guidelines of the National Council on Animal Care.

Intravital microscopy

Examination of leukocyte-endothelial interactions in vivo was
performed as described in detail (11). Postcapillary mesen-
teric venuleswith a length of at least 150 %m and diameters
ranging from 25 to 40 %m wereselectedfor the study.A video
cameramounted on the microscope (Panasonicdigital 5000)
projected the image onto a monitor, and the images were
recorded for playbackanalysisusing a videocassetterecorder.
Images of the mesenteric microcirculation were recorded
over 5 min periods starting immediately before (baseline)
and after aspirin administration or initiation of fMLP super-
fusion, and at 15 min intervals thereafter for 60 min. Aspirin
was administered intragastrically at a dose of 50 mg/kg,
whereas fMLP (10 %M) was dissolved in the buffer that
superfused the mesenteric venules. In controls, vehicle (1%
CMC) wasgiven intragastrically instead of aspirin and vessels
were superfusedwith buffer not containing fMLP. Leukocyte
adhesion wasblindly quantiÞed asthe number of leukocytes
that adhered to the vesselwall for at least 30 s per 100 %m
venule length. Rolling leukocytesweredeÞned aswhite blood
cells moving at a velocity lessthan that of the erythrocytes in
the same stream. The rolling leukocyte velocity was deter-
mined by the time required for a leukocyte to traversea given
distance along the length of a venule.

To assessthe effects of H2S on aspirin- and fMLP-induced
leukocyte adherence, rats were pretreated intragastrically
with Na2S(1Ð100%mol/kg), NaHS (100 %mol/kg), or Lawes-
sonÕsreagent (0.1 to 3 %mol/kg) 30 min before aspirin or
fMLP administration. Control rats received vehicle at the
sametime. In another group of experiments, glibenclamide
wasgiven 1 h prior to Na2S or vehicle. In other experiments,
ratsweregiven a reversible inhibitor of CSE(" -cyano-alanine,
50 mg/kg i.p.) 1 h prior to aspirin. This dose of " -cyano-
alanine (BCA) has been shown to signiÞcantly inhibit CSE
activity in the rat (12).

Carrageenan air pouch model

An air pouch wasinduced as described previously (13, 14).
Brießy, 20 %l of air wasinjected subcutaneouslyon the back

of the rat on the Þrst day.Two dayslater, another 10 %l of air
wasinjected at the samesite. On the Þfth day after the Þrst
injection, another 10 %l of air wasinjected into the pouch.
Twenty-four hours later, carrageenan (2 ml of a 1% w/v
solution in sterile saline) or the vehicle wasinjected into the
air pouch. All of the injections were performed after the rats
had been anesthetized with 5% (v/v) halothane. Six hours
after the carrageenan injection, rats were anesthetized with
sodium pentobarbital (60 mg/kg; i.p.) and 1 %l of heparin-
ized saline wasinjected into the pouch. The pouch wasthen
carefully opened by a small incision. The exudate was col-
lected, the volume determined gravimetrically, and an aliquot
wasused to quantify leukocyte concentration using a Sysmex
KX-21N hematology analyzer.Another aliquot wasapplied to
a glassslide and stained with WrightÕsstain to determine the
relative numbers of different leukocyte subtypes.

The effectsof H2Son leukocyte inÞltration into the pouch
were assessedby treating rats (i.p.) 30 min before carra-
geenan injection with vehicle (0.9% saline) or one of the
following H2S donors: NaHS (1Ð100 %mol/kg), LawessonÕs
reagent (0.1Ð3%mol/kg), or N-acetylcysteine(0.5Ð50%mol/
kg). In other experiments rats were treated with BCA (50
mg/kg) 30 min before administration of N-acetylcysteine(50
%mol/kg). These experiments permitted us to evaluate
whether or not N-acetylcysteinemight affect leukocyte inÞl-
tration of the air pouch independent of metabolism via CSE.
Additional experiments were performed in which rats re-
ceived glibenclamide (10 mg/kg i.p.) or vehicle (dimethyl
sulfoxide, 0.1 ml, i.p.) 30 min before an H2S donor to
determine whether the effects of the donors were mediated
via KATP channels.

Severaldrugs weretestedin the air pouch model aspositive
controls, as we had found them to signiÞcantly reduce
carrageenan-induced leukocyte inÞltration. These included
an NSAID (diclofenac, 10 mg/kg i.p.), a NOS inhibitor
(L-NAME; NG-nitro-L-arginine methyl ester; 25 mg/kg i.p.),
and dexamethasone(1 mg/kg i.p.). Diclofenac and L-NAME
were administered 30 min prior to carrageenan, and dexa-
methasone was administered 2 h before carrageenan. As
dexamethasone produced what wasdeemed to be a Òmaxi-
malÓreduction of leukocyte inÞltration in this model, we
calculated ED50 valuesfor each of the H2S donors relative to
the responseinduced by dexamethasone.

Paw edema

Carrageenan(100 %l of a 1% w/v solution, prepared in sterile
saline) wasinjected into a hind footpad of rats under halo-
thane anesthesia. Paw volume was measured prior to any
treatment, immediately before carrageenan administration,
and at intervals of 1 h for 5 h thereafter using a Ugo Basile
Model 7140 plethysmometer (Comerio, Italy). The person
performing these measurements was unaware of the treat-
ments the rats had received. Groups of at least 5 rats each
were treated intraperitoneally 30 min before carrageenan
administration with an H2Sdonor (NaHS at 25Ð150%mol/kg
or Na2S at 100 %mol/kg), an NSAID as positive control
(diclofenac, 10 mg/kg), or a KATP channel agonist (pinacidil,
10 mg/kg). Other rats received BCA (50 mg/kg i.p.) 30 min
before carrageenan administration. Additional experiments
were performed in which groups of 5 rats each received
glibenclamide (10 mg/kg) or vehicle (dimethyl sulfoxide)
i.p. 30 min before administration of one of the H2S donors.

Expression of CSE and CBS mRNA

Samplesof rat portal vein and mesenteric venuleswere used
to measure CSEand CBSmRNA expression by RT-polymer-
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ase chain reaction (RT-PCR), as described previously (8).
Expression of " -actin wasdetermined asa control.

MATERIALS

Unless otherwise stated, all drugs were suspended in
1% carboxymethylcellulose. Aspirin, diclofenac so-
dium, N-formyl-Met-Leu-Phe, glibenclamide, PAG,
BCA, &-carrageenan, NaHS, Na2S, pinacidil, N-acetyl-
cysteine, and LawessonÕsreagent (2,4-bis(4-methoxy-
phenyl)-1,3,2,4-dithiadiphosphetane 2,4-disulÞde) were
obtained from SigmaChemical Co. (St. Louis, MO, USA).

RESULTS

H2S donors decrease ASA-induced leukocyte adhesion
through the activation of KATP channels

Oral administration of aspirin (50 mg/kg) induced a
signiÞcant time-dependent increasein leukocyte adher-
ence compared with rats that received vehicle (Fig. 1).
Pretreatment of rats with Na2S dose-dependently de-
creased aspirin-induced leukocyte adherence to the
mesenteric microcirculation (ED50 of 5.0 %mol/kg).
The reduction of leukocyte adherence by Na2S likely
occurred through activation of KATP channels, since
pretreatment with an antagonist of those channels,
glibenclamide, reversed the effects of the H2S donor.
Glibenclamide given to rats prior to vehicle or ASAdid
not alter basalleukocyte adherence or that induced by
aspirin (data not shown). NaHS (100 %mol/kg) also
inhibited aspirin-induced leukocyte adherence. As for
Na2S, the inhibition of leukocyte adherence by NaHS
could be inhibited by glibenclamide (data not shown).

H2S donors inhibit fMLP-induced leukocyte
adherence

Pretreatment with Na2S or NaHS (each at 100 %mol/
kg) abolished fMLP-induced leukocyte adherence to
the mesenteric microcirculation (Fig. 2). LawessonÕs
reagent alsoinhibited leukocyte adhesion when admin-
istered at a dose of 1 %mol/kg. At a dose of 0.3

umol/kg, LawessonÕsreagent did not affect fMLP-
induced leukocyte adherence (data not shown).

Inhibition of CSE activity promotes leukocyte
adhesion

Mesenteric venules in the rat express both CSE and
CBS (mRNA), whereas the portal vein exhibits a
greater expression of CBS than of CSE(Fig. 3, upper
panel). Administration of BCA at a dose shown to
suppress CSE activity in the rat (13) resulted in a
marked increase in leukocyte adherence that contin-
ued to increase throughout the 60 min experiment
(Fig. 3, middle panel). BCA alsoelicited a sharp decline
in leukocyte velocity (Fig. 3, lower panel).

Figure 1. Hydrogen sulÞde inhibits aspirin-
induced leukocyte adherence in mesenteric
venules through activation of KATP channels.
Na2S dose-dependently suppressed leukocyte
adherence induced by intragastric aspirin (50
mg/kg). The inhibition of aspirin-induced ad-
herence by Na2S (100 %mol/kg) wasabolished
by pretreatment with glibenclamide (10 mg/
kg), a KATP channel antagonist. *P' 0.05 vs.the
corresponding vehicle-treatedgroup. ( P ' 0.05
vs. the corresponding group receiving aspirin
alone. Each group consisted of at least 5 rats.
The results are plotted asmean ) se.

Figure 2. Hydrogen sulÞde inhibits fMLP-induced leukocyte
adherence in mesenteric venules.Superfusion of the vessels
with N-formylated-Met-Leu-Phe (fMLP; 10 %M) induced a
time-dependent increase in leukocyte adherence. Hydrogen
sulÞde donors, given 30 min before fMLP, suppressedthe
increase in leukocyte adherence to levels not signiÞcantly
different from control levels of adherence (* P' 0.05 vs. the
group receiving vehicle in place of fMLP). Na2S and NaHS
weregiven at 100%mol/kg, and LawessonÕsreagent wasgiven
at 1 %mol/kg. Each group consisted of at least 5 rats. The
results are plotted asmean ) se.
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H2S donors inhibit leukocyte infiltration through the
activation of KATP channels

Administration of carrageenan into a rat air pouch
results in inÞltration of substantial numbers of neutro-
phils (Fig. 4). Most of the leukocyteswere neutrophils
(87.0) 1.1%) and lymphocytes (12.3) 0.8%). Pretreat-
ment with H2S donors (NaHS, N-acetylcysteine,Lawes-
sonÕsreagent) dose-dependentlyreduced the numbers
of leukocytesinÞltrating into the air pouch in response
to carrageenan (ED50 values of 42.7, 29.9, and 1.3

%mol/kg, respectively,deÞning the response to dexa-
methasoneasmaximal). With the highest doseof each
H2S donor tested, the reduction in leukocyte inÞltra -
tion was comparable to that achieved by an NSAID
(diclofenac), a NOS inhibitor (L-NAME), and a corti-
costeroid (dexamethasone).

The ability of N-acetylcysteine to reduce carrag-
eenan-induced leukocyte inÞltration was dependent
on CSE activity. As shown in Fig. 5 ( top panel) , prior

Figure 3. Inhibition of cystathionine-! -lyase(CSE) reduces
leukocyte rolling velocity and increasesleukocyte adherence
in rat mesenteric venules. Upper panel) rat mesentery ex-
presses both CSE and cystathionine-" -synthetase (CBS)
mRNA. Expressionof theseenzymesin the portal vein is also
shown. This gel is representative of gels for 3 healthy rats.
Within 15 min of administration of " -cyanoalanine (50
mg/kg i.p.), an inhibitor of CSE, leukocyte rolling velocity
( lowerpanel) had declined signiÞcantly (* P' 0.05) compared
with vehicle-treatedcontrols; signiÞcant leukocyte adherence
was evident (middle panel). Rolling velocity remained at a
reduced state throughout the 60 min experiment, whereas
leukocyte adherence increased steadily with time. Each
group consisted of at least 5 rats. The results are plotted as
mean ) se.

Figure 4. Hydrogen sulÞde reduces leukocyte inÞltration
induced in an air pouch by carrageenan. Rats were treated
i.p. with one of the H2S donors 30 min before injection of
carrageenan into the air pouch, and the exudates were
collected 6 h later for quantiÞcation of leukocyte numbers.
N-acetylcysteine( toppanel), NaHS (middlepanel), and Lawes-
sonÕsreagent (bottompanel) each caused a dose-dependent
reduction of leukocyte inÞltration (* P' 0.05 vs.controls). As
positive controls, diclofenac (10 mg/kg), L-NAME (25 mg/
kg), and dexamethasone(1 mg/kg) were also tested in the
same manner for effects on carrageenan-induced leukocyte
inÞltration. Each bar representsthe mean ) se, with at least
5 rats per group.
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treatment with BCA, an inhibitor of CSE, reversed
the effects of N-acetylcysteine. Moreover, the reduc-
tion of leukocyte inÞltration by N-acetylcysteine
could be reversed by glibenclamide, a KATP channel
antagonist.

Inhibition of H2S synthesis promotes leukocyte
infiltration

Administration of BCA resulted in a signiÞcant increase
in ÒbasalÓleukocyte numbers in the air pouch (i.e.,
without carrageenan administration) (Fig. 5, lower
panel). Pretreatment with BCA also signiÞcantly en-
hanced leukocyte inÞltration into the air pouch in
response to carrageenan. Thus, endogenous H2S syn-
thesis,via CSE,actsto down-regulate leukocyte inÞltra-
tion.

H2S modulates edema formation via effects on KATP
channels

Injection of carrageenaninto the hind footpads of rats
resulted in a rapid and marked increasein pawvolume
as a consequence of edema formation (Fig. 6, upper

Figure 5. Reduction of leukocyte inÞltration by N-acetyl-
cysteine is mediated via cystathionine-! -lyase-dependent
hydrogen sulÞde synthesis and KATP channels. Top panel:
N-acetylcysteine (50 %mol/ kg i.p.) given 30 min before
carrageenan resulted in a signiÞcant reduction in leuko-
cyte inÞltration ( *P' 0.05 vs. the group treated only with
vehicle) . Thiseffect wasreversed by pretreatment with BCA
(" -cyanoalanine; 50 mg/ kg i.p.) , an inhibitor of cystathi-
onine-! -lyase. The inhibition of leukocyte inÞltration by
N-acetylcysteine was blocked by prior treatment with glib-
enclamide (10 mg/ kg, 30 min before) , a KATP channel
antagonist. Bottom panel: treatment with BCA augmented
basal inÞltration of leukocytes in the air pouch model ( i.e.,
in the absence of administration of carrageenan) . Treat-
ment with BCA signiÞcantly augmented carrageenan-in-
duced leukocyte adherence. The effect of BCA was inhib-
ited by prior treatment with glibenclamide. *P ' 0.05 vs.
the corresponding vehicle-treated group. Each bar repre-
sents the mean ) se, with at least 5 rats per group.

Figure 6. Hydrogen sulÞde suppressesedema formation in
the rat pawin a KATP channel-dependent manner. Top panel:
injection of carrageenan into the rat hindpaw resulted in
signiÞcant edema formation over the ensuing 5 h, as indi-
catedby the increasein pawvolume. Pretreatment with either
of two H2S donors (NaHS; 150 %mol/kg i.p.) signiÞcantly
reduced paw edema at each time point (P' 0.05), as did
pretreatment with a conventional nonsteroidal anti-inßam-
matory drug (diclofenac, 10 mg/kg i.p.) and as did a KATP

channel agonist (pinacidil; 10 mg/kg i.p.). In contrast, ad-
ministration of an inhibitor of cystathionine-! -lyase(" -cyano-
alanine; BCA; 10 mg/kg i.p.) signiÞcantly increased the
edema formation induced by carrageenan at all time points
(P' 0.05). Bottom panel: The increase in paw edema occur-
ring during the Þrst hour after carrageenanadministration is
shown. The reduction of paw edema by either of two hydro-
gen sulÞde donors (NaHS and Na2S, each at 150 %mol/kg)
wasabolished by pretreatment with a KATP channel antago-
nist, glibenclamide (10 mg/kg i.p. 30 min before carra-
geenan), whereasglibenclamide alone did not alter carrag-
eenan-induced edema formation. Data are shown asmean )
se, with at least 5 rats per group.
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panel). The increase in paw volume could be signiÞ-
cantly reduced by pretreatment with diclofenac (an
NSAID). Pretreatment with NaHS or Na2S similarly
decreasedcarrageenan-induced paw edema (ED50s of
35 and 28 %mol/kg, respectively), as did pinacidil, a
KATP channel agonist. In contrast, suppression of en-
dogenous H2S synthesis, through administration of
BCA, resulted in a signiÞcantly greater paw swelling
responseto carrageenan.The reduction paw edema by
either of the H2S donors (NaHS or Na2S) could be
reversed by pretreatment with glibenclamide (Fig. 7,
lower panel).

DISCUSSION

Studiesover the past 5 yearshave provided convincing
evidence that H2S is an important modulator of vascu-
lar tone and acts as a neuromodulator (1, 2). The
results of the present study suggestthat H2S also plays
important roles in the context of inßammation. H2S is
generated at sites of inßammation and can inßuence
the ability of neutrophils to causetissue injury (4); it
wasrecently shown to reduce visceral pain perception
(7). In the present study, we have demonstrated that
severalH2S donors can suppressleukocyte adherence
to the vascularendothelium and can reduce leukocyte
inÞltration and edema formation. Theseeffectsof H2S
were seen irrespective of the inßammatory stimulus
used (carrageenan, aspirin, fMLP). Suppressionof en-
dogenous H2S synthesis, through blockade of CSE,
resulted in enhanced leukocyte adhesion, leukocyte
inÞltration, and edema formation. These actions ap-
peared to be mediated via KATP channels, asthey were
reversedby pretreatment with glibenclamide and mim-
icked by pinacidil. Our Þndings therefore suggestan
important role for endogenous H2S as a modulator of
some of the key components of acute inßammatory

responses,particularly thoseoccurring at the leukocyte-
endothelial interface (Fig. 7).

As for other gaseousmediators (carbon monoxide,
NO), H2Swasrecognized for its toxicity long before its
importance in physiological processeswas described.
H2S is synthesized,primarily from L-cysteine,through
actionsof the enzymesCSEand CBS.In rats,blood and
plasmalevelsof H2S are in the 10Ð100%M range (15).
In the present study, we used three different H2S
donors at dosesthat would approximate concentrations
of H2S that fall within this physiological range. Differ -
encesin the potency of LawessonÕsreagent vs.Na2Sand
NaHS in suppressingleukocyte adherence/inÞltration
are consistent with observeddifferences in their ability
to elicit H2S-mediated vascular smooth muscle relax-
ation (unpublished observation). Moreover, the obser-
vation that suppression of endogenous H2S synthesis
with " -cyanoalanine led to increased leukocyte adher-
ence and inÞltration is consistent with a role for this
mediator asa tonic inhibitor of leukocyte adherence/
extravasation. Our observation that leukocyte rolling
velocity decreasedsharply after administration of the
CSE inhibitor is consistent with previous observations
that P-selectinexpressioncan be regulated by H2S (8).
As leukocyte expression/afÞnity of LFA-1hasalsobeen
shown to be suppressedby H2S (8), it is possible that
the actionsof H2Swith respectto leukocyte-endothelial
adherence are exerted on both cell types(Fig. 7).

We recently reported that NSAIDs suppress H2S
synthesis by reducing expression of CSE (8). The
accompanying reduction of H2S synthesismay contrib -
ute to the increasein leukocyte adherence that is seen
after NSAID administration (16, 17), which has been
shown to contribute signiÞcantly to the gastric injury
induced by this classof drugs (18 Ð20). Indeed, coad-
ministration of an H2S donor with an NSAID resulted
in inhibition of NSAID-induced leukocyte adherence
and reduction of the severity of gastric damage (8).

Figure 7. Hydrogen sulÞde modulates inßam-
matory processesat the leukocyte-endothelial
interface. A) Under normal conditions, H2S is
synthesizedin blood vesselsprimarily via cysta-
thionine- ! -lyase(CSE), which is expressed in
endothelial cells and smooth muscle cells. H2S
tonically down-regulates leukocyte adherence
via activation of ATP-activatedpotassium chan-
nels (KATP) on leukocytes and the endothe-
lium. B) When endogenous H2S synthesis is
inhibited, such as with " -cyanoalanine (bicin-
choninic acid), leukocyte rolling and adher-
ence to the vascular endothelium increase,
likely due in part to elevated expression of
adhesion molecules on leukocytes (CD11/
CD18) and endothelial cells (P-selectin).
Marked increasesin endothelial permeability,
resulting in edema formation, also occur when
H2S synthesisis suppressed.
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Pertinent to the present study, administration of an
H2Sdonor prevented many of the other Òproinßamma-
toryÓ effects of NSAIDs, including the elevation of
ICAM-1 and LFA-1 expression and the increase in
mucosal TNF$ expression (8).

Of the four H2S donors used in this study, only
N-acetylcysteinerequires metabolism in order for H2S
to be released. N-acetylcysteineis a precursor of L-
cysteine(21), which is the substratefor H2Sgeneration
via CSE and/or CBS. The observation that the anti-
inßammatory actions of N-acetylcysteinewere reversed
by an inhibitor of CSE (" -cyanoalanine) is consistent
with the effects being mediated by H2S.

NO is another gaseousmediator that exerts many
effects in common with H2S in the cardiovascularand
nervous systems.Moreover, there is evidence of cross-
talk betweenH2Sand NO on many levels.For example,
H2S promotes the releaseof NO from vascularendo-
thelium (22), whereas an NO donor was shown to
increasethe conversion of L-cysteineto H2S,at least in
part by increasing the expressionof CSE,one of the key
enzymesfor H2S synthesis(23) Hemoglobin (Hb) has
been referred to asa common ÒsinkÓfor H2S,NO, and
carbon monoxide. Thus, saturation of Hb binding to
one of thesegaseousmediators could lead to enhanced
plasma levelsand to biological effects from the others
(1, 24). The extent to which NO may contribute to
some of the observed actions of H2S in the present
study has not yet been examined.

As was the case for studies of NO for many years,
evaluation of the contributions of H2S to various pro-
cessesis hampered by a paucity of precise pharmaco-
logical and genetic tools. Irreversible inhibitors of CSE
and CBS have been reported to interfere with other
enzymes(25, 26). As with any pharmacological agent,
we cannot exclude the possibility that the reversible
inhibitor of CSE," -cyanoalanine,could exert nonspe-
ciÞc effects. For these reasonswe chose to study four
different H2Sdonors in order to increasethe veracityof
our conclusions. Genetic deletion of CSEand CBSare
lethal, ruling out the use of these Òknockouts.ÓCBS
heterozygotesare viable, expressinghalf asmuch CBS
as wild-type (WT). When fed a diet high in homocys-
teine, CBS) mice havebeen shownto exhibit increased
leukocyte adherence, increased P-selectin expression,
and increasedvascularpermeability (in the brain) (27),
all consistent with a role for H2S in mediating acute
inßammation. However, use of these mice for direct
studiesof inßammation is of questionable value,asthey
have drastically altered vascularresponsivenessto cho-
linergics and bradykinin (28).

Although our Þndings point to a role for H2S as an
endogenous modulator of inßammation, there are
reports suggestingthat this mediator maycontribute to
inßammatory processes.In addition to reports that
irreversible inhibition of CSEcan attenuate the severity
of experimental pancreatitis (9) and endotoxemia
(10), administration of DL-propargylglycine has been
shown to dose-dependently reduce carrageenan-in-
duced paw edema (29). The different outcomes of the

latter study and the present one may be related to
differences in selectivityof the inhibitors usedor to the
fact that one involved an irreversible inhibitor of CSE
and the other a reversible inhibitor. With a very high
level of suppression of H2S synthesis, a signiÞcant
decrease in blood ßow would be anticipated, which
would result in reduced edema formation. A similar
scenario has been described with respect to another
vasodilator,NO. Although NO exertsmany anti-inßam-
matory effects (30), suppression of NO synthesishas
been shown to reduce paw edema via reduced blood
ßow to the tissue(31).

A consistent Þnding in the various models used in
the present studywasthat the anti-inßammatory effects
of H2S appeared to be mediated via activation of KATP
channels. It is also the casethat the analgesiceffectsof
H2S donors are mediated through these channels (7).
It is possible,therefore, that KATP channels represent a
novel target for anti-inßammatory and analgesicagents.

In summary, the results of the present study have
demonstrated a role for endogenous H2S as a modula-
tor of key inßammatory eventsoccurring at the inter-
face of leukocytes and the vascularendothelium. H2S
functions asa tonic regulator of leukocyte adherence to
the endothelium and of endothelial permeability. The
anti-inßammatory effectsof H2Sappear to be mediated
via activation of KATP channels. These results, and
recent reports that H2S donors can reduce pain per-
ception and down-regulate adhesion molecule and
proinßammatory cytokine expression, therefore iden-
tify H2S,the key enzymesresponsible for H2Ssynthesis,
and KATP channels as potential targets for novel anti-
inßammatory therapies.
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SPECIFIC AIMS

Hydrogen sulÞde (H 2S) is increasingly recognized asa
physiologically important signaling molecule, possibly
contributing to innate immunity. The aimsof this study
wereto 1) determine whether H2Smodulates leukocyte
adherence to the endothelium; 2) determine whether
H2S inhibits leukocyte inÞltration; and 3) examine the
contribution of H2S to edema formation.

PRINCIPAL FINDINGS

1. H2S modulates leukocyte adherence to the vascular
endothelium

The effects of H2S donors on leukocyte adherence to
the vascular endothelium were examined in the rat
using intravital microscopy. Leukocyte adherence
within mesenteric venuleswasobservedin responseto
intragastric administration of aspirin (50 mg/kg) or
superfusion with f-Met-Leu-Phe(fMLP; 10 !M). Each
agent induced a time-dependent increase in leukocyte
adherence during the 60 min observation period (Fig.
1). Both H2S donors (Na2S and NaHS, given orally)
inhibited aspirin-induced leukocyte adherence (ED50
of 5.0 !mol/kg for Na2S). H2Sdonors (Na2Sand NaHS
at 100!mol/kg; LawessonÕsreagent at 3 !mol/kg) also
suppressedfMLP-induced leukocyte adherence. Inhibi-
tion of leukocyte adherence by the H2S donors was
reversedby pretreatment with glibenclamide, an ATP-
activated potassium channel (KATP) antagonist.

We next investigatedthe possibility that endogenous
H2S could modulate leukocyte adherence in the ab-
senceof any inßammatory stimulus. H2S is synthesized
primarily via two enzymes:cystathionine-"-lyase(CSE)
and cystathionine-#-synthetase(CSB). Both enzymes
are expressedin the rat mesentery.Oral administration
of a reversible inhibitor of CSE, #-cyanoalanine, re-
sulted in a time-dependent increasein leukocyte adher-
ence to the vascularendothelium, reaching $ 10-fold
above basal levels after 60 min. This inhibitor also

causeda marked decreasein leukocyte rolling velocity
(to %50% of basal levels).

2. H2S reduces leukocyte inÞltration via KATP channel
activation

Administration of carrageenan into a rat air pouch
resulted in inÞltration of substantial numbers
(%6&107) of leukocytes over the next 6 h, most of
which (87.0'1.1%) were neutrophils. Pretreatment
with H2S donors (NaHS, N-acetylcysteine,LawessonÕs
reagent; i.p.) dose-dependently reduced the numbers
of leukocytes inÞltrating into the air pouch (ED50 of
42.7, 29.9, and 1.3 !mol/kg, respectively,deÞning the
response to dexamethasone as maximal). With the
highest doseof eachH2Sdonor tested,the reduction in
leukocyte inÞltration wascomparable to that achieved
by an NSAID (diclofenac), a NOS inhibitor (L-NAME),
or a corticosteroid (dexamethasone).

N-Acetylcysteine is a precursor for L-cysteine, the
substrate from which H2S is synthesizedvia CSE and
CBS. The ability of N-acetylcysteineto reduce carrag-
eenan-induced leukocyte inÞltration wasdependent on
CSEactivity. Prior treatment with an inhibitor of CSE
(#-cyanoalanine) reversed the inhibitory effects of
N-acetylcysteine.Moreover, #-cyanoalanine increased
basal leukocyte inÞltration and that induced by carra-
geenan, suggesting that endogenous H2S synthesis
down-regulates leukocyte inÞltration. The anti-inßam-
matory effectsof N-acetylcysteinewere also reversedby
glibenclamide, a KATP channel antagonist.

3. H2S modulates edema formation via KATP channel
activation

Injection of carrageenaninto the hind footpads of rats
resulted in a rapid and marked increasein pawvolume
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as a consequence of edema formation (Fig. 2, upper
panel). The increase in paw volume could be signiÞ-
cantly reduced by pretreatment with diclofenac, an
NSAID. Pretreatment with NaHS or Na2S similarly
decreased carrageenan-induced paw edema (ED50 of
28 and 35 !mol/kg, respectively), as did pinacidil, a
KATP channel agonist. In contrast, suppression of en-
dogenous H2S synthesis, through administration of
#-cyanoalanine, resulted in a signiÞcantly greater paw
swelling response to carrageenan. The reduction of
carrageenan-inducedpawedemaby H2Sdonors (NaHS
or Na2S) could be reversedby pretreatment with glib-
enclamide, a KATP channel antagonist (Fig. 2, lower
panel).

CONCLUSIONS AND SIGNIFICANCE

H2S is an important modulator of vascular tone and
acts as a neuromodulator. The present study demon-
stratesthat H2Salsoplaysimportant roles in inßamma-
tion (Fig. 3). SeveralH2S donors were shown to sup-
pressleukocyte adherence to the vascularendothelium
and to reduce leukocyte inÞltration and edema forma-
tion. The effects of H2S were seen irrespective of the

inßammatory stimulus used (carrageenan, aspirin,
fMLP). Suppression of endogenous H2S synthesis
through blockade of CSEresulted in enhanced leuko-
cyteadhesion, leukocyte inÞltration, and edemaforma-
tion. These actions appeared to be mediated via KATP
channels, as they were reversed by glibenclamide and
mimicked by pinacidil. Our observationstherefore sug-
gest an important role for endogenous H2S as a mod-
ulator of severalkeycomponents of acute inßammatory
responses,particularly thoseoccurring at the leukocyte-
endothelial interface (Fig. 3).

Figure 1. Hydrogen sulÞde inhibits aspirin-
induced leukocyte adherence in mesenteric
venules via activation of KATP channels. Na2S
dose-dependently suppressedleukocyte adher-
ence induced by intragastric aspirin (50 mg/
kg). Inhibition of aspirin-induced adherence by
Na2S (100 !mol/kg) wasabolished by pretreat-
ment with glibenclamide (10 mg/kg), a KATP

channel antagonist. *P ( 0.05 vs. correspond-
ing vehicle-treated group. )P ( 0.05 vs.corre-
sponding group receiving aspirin alone. Each
group consisted of at least 5 rats. Results are
plotted asmean 'se.

Ü

Figure 2. Hydrogen sulÞde suppressesedema formation in
the rat pawin a KATP channel-dependent manner. Top panel:
injection of carrageenan into the rat hindpaw resulted in
signiÞcant edema formation over the ensuing 5 h. Pretreat-
ment with an H2S donor (NaHS; 100 !mol/kg i.p.) signiÞ-
cantly reduced paw edema at each time point (P(0.05), as
did pretreatment with a conventional nonsteroidal anti-in-
ßammatory drug (diclofenac, 10 mg/kg i.p.) and a KATP

channel agonist (pinacidil; 10 mg/kg i.p.). In contrast, ad-
ministration of an inhibitor of cystathionine "-lyase(#-cyano-
alanine; 10 mg/kg i.p.) signiÞcantly increased the edema
formation induced by carrageenan at all time points (P (
0.05). Bottom: the increase in paw edema occurring during
the Þrst hour after carrageenanadministration is shown.The
reduction of paw edema by either of two hydrogen sulÞde
donors (NaHS and Na2S,eachat 100!mol/kg) wasabolished
by pretreatment with glibenclamide, a KATP channel antago-
nist (10 mg/kg i.p. 30 min before carrageenan); gliben-
clamide alone did not alter carrageenan-induced edema
formation. Data are shown asmean ' se, with at least 5 rats
per group.
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As for other gaseousmediators (carbon monoxide,
NO), H2Swasrecognized for its toxicity long before its
importance in physiological processeswas described.
H2S is synthesized,primarily from L-cysteine,through
the actions of the enzymesCSEand CBS.In rats, blood
and plasma levelsof H2S are in the 10Ð100!M range.
In the present study, we used three different H2S
donors at dosesthat would approximate concentrations
of H2S within the physiological range. The observation
that suppression of endogenous H2S synthesis with
#-cyanoalanine led to increased leukocyte adherence
and inÞltration is consistent with a role for this media-
tor asa tonic inhibitor of leukocyte adherence/extrav-
asation.

Of the four H2S donors used in this study, only
N-acetylcysteine requires metabolism for H2S to be
released. N-acetylcysteineis a precursor of L-cysteine,
which is the substrate for H2S generation via CSE
and/or CBS. The observation that the anti-inßamma-
tory actions of N-acetylcysteinewere reversed by an
inhibitor of CSE(#-cyanoalanine) is consistentwith the
effects being mediated by H2S.

NO is another gaseousmediator that exerts many
effects in common with H2S in the cardiovascularand
nervous systems.Moreover, there is evidence of cross-
talk betweenH2Sand NO on many levels.For example,
H2S promotes the releaseof NO from vascularendo-
thelium, whereasan NO donor wasshown to increase
the conversion of L-cysteineto H2S at least in part by

increasing the expressionof CSE,a keyenzymefor H2S
synthesis.Hemoglobin (Hb) has been referred to asa
common ÒsinkÓfor H2S, NO, and carbon monoxide.
Thus, saturation of Hb binding to one of thesegaseous
mediators could lead to enhanced plasmalevelsand to
biological effects from the others.

While our Þndings point to a role for H2S as an
endogenous modulator of inßammation, there are
reports suggestingthat this mediator maycontribute to
inßammatory processes.In addition to reports that
irreversible inhibition of CSEcan attenuate the severity
of experimental pancreatitis and endotoxemia, admin-
istration of DL-propargylglycine has been shown to
dose-dependently reduce carrageenan-induced paw
edema. It is possible that with a very high level of
suppressionof H2S synthesis,a signiÞcant decreasein
blood ßow would be anticipated that would result in
reduced edema formation.

In summary, the results of this study have demon-
strated a role for endogenous H2S as a modulator of
key inßammatory events occurring at the interface of
leukocytes and the vascular endothelium. The data
suggest that H2S is a tonic regulator of leukocyte
adherence to the endothelium and of endothelial
permeability. The anti-inßammatory effects of H2S ap-
pear to be mediated through KATP channels. These
results therefore identify H2S, the key enzyme respon-
sible for H2S synthesis,and KATP channels aspotential
targets for novel anti-inßammatory therapies.

Figure 3. Hydrogen sulÞde modulates inßam-
matory processesat the leukocyte-endothelial
interface. A) H2S is synthesizedin blood vessels
via cystathionine-"-lyase (CSE), which is ex-
pressedin endothelial cells and smooth muscle
cells. H2S tonically down-regulates leukocyte
adherence via activation of ATP-activatedpotas-
sium channels (KATP) on leukocytesand endo-
thelium. B) When endogenous H2S synthesisis
inhibited, such as with #-cyanoalanine, leuko-
cyte rolling and adherence to the vascularen-
dothelium increase,likely due partly to elevated
expressionof adhesionmoleculeson leukocytes
(CD11/CD18) and endothelial cells (P-selec-
tin). Marked increases in endothelial perme-
ability that result in edema formation occur
when H2S synthesisis suppressed.
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