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ackground & Aims: Gastrointestinal damage caused
y nonsteroidal anti-inflammatory drugs (NSAIDs) re-
ains a significant clinical problem. Hydrogen makes

n important contribution to mucosal defense, and
SAIDs can suppress its synthesis. In this study, we

valuated the gastrointestinal safety and anti-inflamma-
ory effects of a novel “HS-NSAID” (ATB-337) that con-
ists of diclofenac linked to a hydrogen sulfide–releas-
ng moiety. Methods: The gastrointestinal injury–
nducing effects of single or repeated administration of
iclofenac versus ATB-337 were compared in rats, as
ere their effects on prostaglandin synthesis and cyclo-
xygenase-1 and -2 activities. The ability of these drugs
o reduce carrageenan-induced paw edema and to elicit
eukocyte adherence to the vascular endothelium (intra-
ital microscopy) were also examined in rats. Results:
iclofenac (10–50 �mol/kg) dose-dependently dam-

ged the stomach, while ATB-337 did not. Repeated
dministration of diclofenac caused extensive small in-
estinal damage and reduced hematocrit by 50%. ATB-
37 induced >90% less intestinal damage and had no
ffect on hematocrit. Diclofenac, but not ATB-337, ele-
ated gastric granulocyte infiltration and expression of
umor necrosis factor �, lymphocyte function–associ-
ted antigen 1, and intercellular adhesion molecule 1.
TB-337 inhibited cycloxygenase-1 and cyclooxygen-
se-2 activity as effectively as diclofenac. ATB-337 did
ot induce leukocyte adherence, whereas diclofenac did,
nd was more potent at reducing paw edema.
onclusions: An HS-NSAID spares the gastric mucosa
f injury despite markedly suppressing prostaglandin
ynthesis. This effect may be related to hydrogen sul-
de–mediated inhibition of tumor necrosis factor–�
xpression and of the leukocyte adherence to vascular
ndothelium normally induced by cyclooxygenase in-
ibitors.

he use of nonsteroidal anti-inflammatory drugs
(NSAIDs) continues to be associated with an unac-

eptable risk for gastrointestinal ulceration and bleeding,
ven after the introduction of selective cyclooxygenase
COX)-2 inhibitors. Other adverse effects of NSAIDs,
ncluding those associated with the renal and cardiovas-

ular systems, are of growing concern to practitioners
nd patients. Attempts to design NSAIDs that do not
ause gastrointestinal damage still face the challenge of
vercoming the detrimental effects of suppression of
rostaglandin (PG) synthesis while maintaining the ben-
ficial effects of these drugs, which are also related to
nhibition of the COX enzymes.1

Nitric oxide (NO)–releasing NSAIDs were first de-
cribed in 19942 and have since been assessed in several
linical trials.3–5 The principle behind these compounds
as that the slow release of NO would compensate, in

erms of mucosal defense, for the inhibition of PG syn-
hesis in the mucosa.2 Hydrogen sulfide, like NO, is a
aseous mediator now recognized as making important
ontributions to several physiologic functions, including
any in the gastrointestinal tract and liver.6 Recently, we

eported that H2S is produced by the gastric mucosa and
akes a significant contribution to mucosal defense.7

nterestingly, the expression of one of the key enzymes
esponsible for endogenous H2S synthesis is inhibited by

number of NSAIDs. Moreover, administration of H2S
onors reduced the severity of NSAID-induced gastric
amage in rats. These observations raised the possibility
hat an H2S-releasing derivative of an NSAID may exhibit
educed gastric toxicity.

We have also reported that H2S exhibits anti-inflam-
atory effects.8 Endogenous H2S production appears to

own-regulate leukocyte adherence to the vascular endo-
helium, a key early event in inflammation. Administra-
ion of H2S donors could suppress leukocyte adherence
timulated by aspirin or by a proinflammatory peptide.

oreover, H2S donors reduced edema formation in the
at paw following injection of carrageenan. These obser-
ations therefore suggest that drugs releasing H2S may
xhibit anti-inflammatory activity.

In the present study, we have characterized the effects
f a novel NSAID (ATB-337), formed by linking diclofe-

Abbreviations used in this paper: CBS, cystathionine �-synthase;
OX, cyclooxygenase; CSE, cystathionine �-lyase; HS-NSAID, hydrogen
ulfide–releasing nonsteroidal anti-inflammatory drug; ICAM, intercel-
ular adhesion molecule; LFA, lymphocyte function–associated anti-
en; L-NAME, N-nitro-L-arginine methyl ester; TNF, tumor necrosis fac-
or.

© 2007 by the AGA Institute
0016-5085/07/$32.00
doi:10.1053/j.gastro.2006.11.042
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ac to an H2S-releasing moiety (Figure 1). We compared
he effects of this novel NSAID with diclofenac in terms
f ulcerogenic effects, ability to suppress gastric PG syn-
hesis, ability to induce small intestinal injury, effects on
OX-1 and COX-2 activity in vivo, and acute anti-inflam-
atory effects. Our results suggest that the linking of an
2S-releasing moiety to NSAIDs, forming an “HS-
SAID,” is a rational approach to the development of

astrointestinal-sparing anti-inflammatory drugs.

Materials and Methods
Animals
Male Wistar rats weighing 175–200 g were ob-

ained from Charles River Breeding Farms (Montreal,
uebec, Canada) and were housed in the Animal Care
acility at the University of Calgary. The rats were fed
tandard laboratory chow and tap water. All experimental
rotocols were approved by the Animal Care Committee
t the University of Calgary, and the experiments were
erformed in accordance with the guidelines of the Ca-
adian Council on Animal Care. Unless otherwise noted,

n all experiments described in the following text, the
ample size in each group was at least 5.

Effects of NSAIDs on Gastrointestinal
Mucosal Integrity and PG Synthesis
Rats were deprived of food for 18 –20 hours, with

ree access to drinking water, and were then treated orally
ith diclofenac (10 –50 �mol/kg), ATB-337 (equimolar
oses), or vehicle (1% carboxymethylcellulose). Three
ours later, the rats were killed for blind assessment of
astric damage.9 The lengths (in millimeters) of all hem-
rrhagic lesions were measured with digital calipers, and
he “gastric damage score” was calculated for each stom-
ch by summing these values. After scoring the damage,
sample of the corpus region of each stomach was fixed

n neutral buffered formalin for subsequent histologic
ssessment. Other tissue samples from each stomach
ere processed, as described previously, for measurement
f PGE2 synthesis using a specific enzyme-linked immu-
osorbent assay.9

Another experiment was performed in which groups of
rats each were fasted overnight and then treated orally
ith vehicle, diclofenac, or ATB-337 (both drugs at 50

NH

ClCl

O

S
SO

S

Figure 1. Structure of ATB-337.
mol/kg). Blood samples were drawn from a tail vein 3 d
ours after administration of the drugs or vehicle for
easurement of plasma H2S concentrations, as described

reviously.10 Samples of the stomach were excised 3
ours after drug/vehicle administration for measurement
f myeloperoxidase activity11 using a commercially avail-
ble spectrophotometric kit. Myeloperoxidase is an en-
yme found primarily in the azurophilic granules of the
eutrophils and therefore has been used extensively as a
iochemical marker of the granulocyte infiltration into
arious tissues, including the gastrointestinal tract. Ad-
itional samples of the stomach were excised for deter-
ination of expression of messenger RNA (mRNA) for

ystathionine �-lyase (CSE), tumor necrosis factor
TNF)-�, intercellular adhesion molecule (ICAM)-1, and
ymphocyte function–associated antigen (LFA)-1, by
uantitative reverse-transcription polymerase chain reac-
ion, as described in detail previously.7 The primers used
ere as follows (sense and antisense, respectively): glyc-

raldehyde-3-phosphate dehydrogenase, ATGACTCTAC-
CACGGCAAG and TACTCAGCACCAGCATCACC;
NF-�, TGATCCGAGATGTGGAACTG, and CGAG-
AGGAATGAGAAGAGG; ICAM-1, CAAGGGCTGT-
ACTGTTCAA and CTTCAGAGGCAGGAAACAGG;
FA-1, GTCATGGAGTGTGGCATCTG and TCACTTT-
TTGGGGATGTCA. Similar experiments were performed

n which gastric tissue was excised at 1 hour or 3 hours after
rug/vehicle administration and expression of mRNA for
he 2 key enzymes in endogenous H2S synthesis (cystathi-
nine �-synthase [CBS] and CSE) was determined by quan-
itative reverse-transcription polymerase chain reaction. The
rimers used were as follows (sense and antisense, respec-
ively): CBS, CCAGGACTTGGAGGTACAGC and TCG-
CACTGTGTGGTAATGT; CSE GTATTGAGGCACCAA-
AGGT and GTTGGGTTTGTGGGTGTTTC.
In other experiments, rats were treated with diclofenac

lone or together with the H2S-releasing moiety of ATB-
37 (ADT-OH; 5-phydroxyphenyl-1,2-dithione-3-thione).
hese experiments would allow us to determine if the

eparate but concomitant administration of the 2 moi-
ties of ATB-337 would provide the same degree of gas-
ric safety as the intact compound.

We also examined the effects of ATB-337 versus di-
lofenac in rats in circumstances in which mucosal de-
ense was diminished. Specifically, we treated rats orally
ith an inhibitor of NO synthase (N-nitro-L-arginine
ethyl ester [L-NAME]; 15 mg/kg) or with aspirin (10
g/kg) 30 minutes before oral administration of vehicle,

iclofenac, or ATB-337 (both drugs at 27 �mol/kg).
To compare the effect of ATB-337 with that of diclofe-

ac in terms of capacity to produce small intestinal
amage, groups of 5 rats each (not fasted) were given one
f these drugs at a dose of 50 �mol/kg 3 times at 12-hour

ntervals. The rats were killed 24 hours after the final
dministration of the test drugs. The small intestine was
xcised, and the extent of small intestinal hemorrhagic

amage was quantified by measuring the lengths of le-
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January 2007 H2S–RELEASING NSAID 263
ions in millimeters and then summing these to give a
amage score for each rat.12 The observer also made note
f the distribution of the lesions and their depth. Before
he initial administration of one of the test drugs and
mmediately before the rats were killed, a blood sample
as collected from a tail vein for measurement of hemat-
crit as a surrogate marker of bleeding.12

Gastric Acid Secretion
Gastric-sparing effects of ATB-337 might be due

o suppression of gastric acid secretion. To test this
ypothesis, groups of 5 rats each were given vehicle,
iclofenac, or ATB-337 orally (50 �mol/kg for both
rugs). Thirty minutes later, the rats were anesthetized
ith halothane and a laparotomy was performed. The
ylorus was ligated, and the abdomen was sutured
losed. Three hours later, the rats were anesthetized again
nd the stomach was excised with care taken not to lose
he contents. The volume of fluid in the stomach was
etermined gravimetrically, and the mount of titratable
cidity was determined using a Brinkmann (Rexdale, On-
ario, Canada) automated titrator.

Intravital Microscopy
Adhesion of leukocytes to the vascular endothe-

ium has been shown to be an important step in the
athogenesis of NSAID-induced gastric damage.1,13,14

he ability of ATB-337, versus diclofenac, to cause leu-
ocyte adherence was examined using intravital micros-
opy, as described in detail previously.8,14 Briefly, rats
ere deprived of food for 18 –20 hours and anesthetized
ith sodium pentobarbital (65 mg/kg intraperitoneally).

postcapillary mesenteric venule with a diameter of
5–30 �m was positioned under the objective of a mi-
roscope. Following a 15-minute equilibration period,
he rats were randomly assigned to receive vehicle, di-
lofenac (50 �mol/kg), or ATB-337 (50 �mol/kg). Images
f the mesenteric microcirculation were recorded over a
-minute period every 15 minutes for 60 minutes for
lind quantification of leukocyte adherence. Basal leuko-
yte adherence was measured over a 5-minute period
mmediately before administration of vehicle, diclofenac,
r ATB-337. Leukocyte adherence was quantified from
he videotaped images by an observer blind as to the
reatments the rats had received. A leukocyte was consid-
red as adherent if it remained stationary for at least 30
econds.

In Vivo COX-1 and COX-2 Activity
The effects of the novel NSAID on COX-2 activity

n vivo were assessed using the air pouch model in
ats.15–17 Injection of zymosan into a preformed air
ouch results in a substantial increase in PGE2 synthesis,
hich occurs almost exclusively via COX-2. This was

onfirmed in the present study using the highly selective

OX-2 inhibitor lumiracoxib.18 Briefly, 20 mL of air was �
njected subcutaneously on the back of the rat on the
rst day. Two days later, another 10 mL of air was

njected at the same site. On the fifth day after the first
njection, a further 10 mL of air was injected into the
ouch. Twenty-four hours later, zymosan (1 mL of a 1%
t/vol solution in sterile saline) was injected into the air
ouch. All of the injections were performed after the rats
ad been anesthetized with 5% (vol/vol) halothane. Six
ours after the zymosan injection, the rats were anesthe-
ized with 5% (vol/vol) halothane and the pouch was
arefully opened by a small incision. The exudate was
ollected and transferred to a sterile tube. The volume of
he exudate was measured gravimetrically, and the exu-
ates were then stored at –20°C until such time as PGE2

oncentrations were measured using a specific enzyme-
inked immunosorbent assay.9

To assess the effects of the test drugs on COX-1 activ-
ty in vivo, a sample of blood was drawn from the inferior
ena cava. One milliliter was transferred to a glass tube
nd allowed to clot at 37°C for 45 minutes. The samples
ere then centrifuged for 10 minutes at 3,000g, after
hich the serum was decanted and frozen at �20°C until

uch time as the concentrations of thromboxane B2 were
easured by specific enzyme-linked immunosorbent as-

ay.9 Virtually all of the thromboxane B2 produced by
lotting whole blood is synthesized via COX-1 in plate-
ets.9

Effects on Human Platelet Function
The effects of diclofenac and ATB-337 on human

latelet aggregation and thromboxane synthesis were ex-
mined. Blood from 3 healthy donors was aliquoted into
ppendorf tubes containing one of the test drugs (1 or 10
mol/L) or vehicle and incubated for 30 minutes at
7°C. Thirty minutes later, indomethacin (10 �mol/L)
as added to each sample to prevent further thrombox-
ne synthesis. The samples were centrifuged (9000g) for 3
inutes and the plasma was transferred to another tube

nd frozen at �20°C until the assay for thromboxane B2

as performed. Other blood samples were used to pre-
are platelet-rich plasma, as described previously.19 Ali-
uots (0.5 mL) of platelet-rich plasma were incubated
ith diclofenac or ATB-337 (1 or 10 �mol/L) or with

ehicle for 30 minutes at 37°C. Aliquots of the platelet
uspensions were then added to the cuvette of a Chro-
olog (Buffalo, NY) platelet aggregometer. Three min-
tes later, arachidonic acid (0.5 �mol/L) was added to the
latelet suspension and aggregation was monitored for 5
inutes. Results are expressed as the extent of aggrega-

ion as a percent of maximum possible aggregation.

Carrageenan-Induced Paw Edema
Rats were deprived of food, but not water, for

8 –22 hours. Groups of 5 rats each were treated orally
ith vehicle, diclofenac (3–30 �mol/kg), or ATB-337 (10

mol/kg). Thirty minutes later, the volume of the left



h
m
t
l
i
m
m
u

i
s
m
m
s
f
(
5
d
d

d
f
a
s

a
(
b
D
f
w
T
o
e
t
t
w
b

d
w
c
e
h
g
a

t
O
a
i
A
A
i
A
g
a
p
w
s

w
m
l
4
c
l
s
o
A

s
t
c
t
t
i
e
5
o
(
k
c
A

F
h
c
t

B
A

SIC
–

A
LIM

EN
TA

R
Y

TR
A

C
T
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ind paw was measured using a Ugo Basile hydroplethys-
ometer (Stoelting, Chicago, IL). Immediately thereafter,

he rats were then anesthetized with halothane and
ambda carrageenan (100 �L; 1% wt/vol) was injected
nto the footpad. The volume of the injected paw was

easured hourly thereafter for 5 hours. All measure-
ents of paw volume were performed by an individual

naware of the treatments the rats had received.

H2S Release
Release of H2S from ATB-337 and its H2S-donat-

ng moiety, ADT-OH, was examined using an in vitro
ystem that was recently described in full.20 Briefly, this

ethod involves incubation of the test compounds (10
mol/L) in polyethylene glycol and 100 mmol/L potas-

ium phosphate buffer (pH 7.4). Incubations were per-
ormed in this buffer alone or in the presence of 10%
wt/vol) rat liver homogenate and 2 mmol/L pyridoxal
=-phosphate for 30 minutes. The generation of H2S was
etected via a sulfide-sensitive electrode, as previously
escribed.21,22

Statistical Analysis
All data are expressed as mean � SEM. Groups of

ata were compared using a one-way analysis of variance
ollowed by a Dunnett’s multiple comparison test. An
ssociated probability (P value) of less than 5% was con-
idered significant.

Materials
ATB-337 ([2-(2,6-dichloro-phenylamino)-phenyl]-

cetic acid 4-(5-thioxo-5H-1,2-dithiol-3-yl)-phenyl 2-(2-
2,6-dichlorophenylamino)phenyl)acetate was provided
y Antibe Therapeutics Inc (Toronto, Ontario, Canada).
iclofenac sodium, L-NAME, and aspirin were obtained

rom Sigma Chemical Co (St Louis, MO). Lumiracoxib
as obtained from SynphaBase (Zurich, Switzerland).
he kits for measuring myeloperoxidase activity were
btained from CytoStore (Calgary, Alberta, Canada). The
nzyme-linked immunosorbent assay kits for PGE2 and
hromboxane B2 were obtained from Cedarlane Labora-
ories (Hornby, Ontario, Canada). All other materials
ere obtained from Fisher Scientific Co (Edmonton, Al-
erta, Canada).

Results
Gastrointestinal Effects
Oral administration of diclofenac resulted in the

evelopment of hemorrhagic erosions in the rat stomach,
hich increased in severity with the dose (Figure 2). In

ontrast, oral administration of ATB-337 at doses
quimolar to those of diclofenac did not produce any
emorrhagic erosions. Blind histologic evaluation of the
astric tissue from these rats confirmed the absence of

ny damage to the mucosal tissue. k
ATB-337 consists of a molecule of diclofenac linked
hrough an ester bond to an H2S-releasing moiety (ADT-
H). We examined whether or not separate, concomitant

dministration of the 2 moieties of ATB-337 would result
n the same lack of gastric damage as seen with ATB-337.
s shown in Figure 3, coadministration of diclofenac and
DT-OH resulted in hemorrhagic gastric damage of sim-

lar severity to that seen with diclofenac alone, while
TB-337 did not produce damage. Moreover, the lack of
astric damage observed with ATB-337 was not attribut-
ble to a diminished ability of this compound to sup-
ress gastric PG synthesis. ATB-337 and diclofenac (given
ith or without ADT-OH) suppressed gastric PG synthe-

is by more than 90%.
Administration of diclofenac (50 �mol/kg) resulted,

ithin 3 hours, in significant increases in expression of
RNA for TNF-� (Figure 4A) and in tissue granulocyte

evels, as measured by myeloperoxidase activity (Figure
B). Consistent with the latter, there was also a signifi-
ant increase in the expression of the endothelial and
eukocyte adhesion molecules, ICAM-1 and LFA-1, re-
pectively (Figure 4C and D). Such increases were not
bserved in the group treated with an equimolar dose of
TB-337.
NSAIDs and selective COX-2 inhibitors have been

hown previously to induce adherence of leukocytes to
he vascular endothelium, and this contributes signifi-
antly to their ability to induce gastric damage.13,14,23 We
herefore compared diclofenac and ATB-337 with respect
o their ability to trigger leukocyte adherence in postcap-
llary mesenteric venules in the rat. Basal levels of adher-
nce, per 100-�m vessel length, averaged 2.1 � 0.7 (n �
), and this did not change significantly over the course
f 60 minutes of superfusion of the vessels with buffer
Figure 4E). However, in rats given diclofenac (50 �mol/
g), leukocyte adherence increased significantly over the
ourse of the 1-hour study. In contrast, administration of
TB-337 (50 �mol/kg) had no significant effect on leu-

igure 2. Diclofenac, but not ATB-337, dose-dependently induced
emorrhagic gastric erosion formation in the rat stomach. Each group
onsisted of 5 rats. Results are shown as the mean � SEM. *P � .05 vs
he vehicle-treated group.
ocyte adherence (Figure 4E).
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Plasma levels of H2S were significantly increased (by
40%) 3 hours after oral administration of ATB-337 but

nchanged in rats treated with diclofenac (Figure 4F). In
ontrast, expression in the stomach of CSE and CBS, the
ey enzymes for H2S synthesis, was suppressed by both
iclofenac and ATB-337, although the magnitude of sup-
ression by the latter was greater (Figure 5).
Inhibitors of gastric acid secretion can reduce the se-

erity of NSAID-induced gastric mucosal injury. If ATB-
37 were to markedly diminish gastric acid secretion,
uch an effect could contribute to the reduced mucosal
njury observed in rats given this compound. As shown in
able 1, neither the volume of gastric juice produced over
3-hour period nor the concentration of acid within the

astric juice was significantly affected by treatment with
iclofenac or ATB-337.
The gastric safety of ATB-337 was also evident when it

as administered to rats that had been pretreated with
spirin or with an inhibitor of NO synthesis (L-NAME).
s shown in Table 2, ATB-337 at a dose of 50 �mol/kg
id not produce significant gastric damage even when
iven following one of these inhibitors.

ATB-337 was also much better tolerated in the small
ntestine than diclofenac. Administration of diclofenac 3

igure 3. ATB-337 did not induce the formation of hemorrhagic ero-
ions in the stomach (A) despite profoundly suppressing gastric pros-
aglandin synthesis (B). Coadministration of ADT-OH (the H2S-releasing
oiety of ATB-337) and diclofenac did not affect the severity of gastric
amage produced as compared with diclofenac alone. In these exper-

ments, equimolar doses (27 �mol/kg) of diclofenac, ATB-337, and
DT-OH were administered orally and the stomach was examined 3
ours later. Each bar represents the mean � SEM, and each group
onsisted of 5–6 rats. *P � .05 vs the vehicle-treated group.
imes at 12-hour intervals resulted in extensive hemor- g
hagic erosion and ulcer formation in the small intestine
Figure 6). These lesions were found principally in the
ejunum and to a lesser extent the ileum. Extensive bleed-
ng was evident. While perforations were not observed,
ome of the lesions clearly penetrated to the muscularis.
he rats treated with diclofenac also exhibited a pro-

ound decrease in hematocrit, presumably a reflection of
ignificant intestinal bleeding. In contrast, administra-
ion of an equimolar dose of ATB-337 produced �90%
ess small intestinal damage and had no significant effect
n the hematocrit. The lesions observed in rats treated
ith ATB-337 were confined to the jejunum and were

mall (1–2 mm2) and superficial.

Anti-Inflammatory and Antiplatelet Effects
ATB-337 exhibited a similar ability to suppress

OX-1 and COX-2 activity as diclofenac. In a rat air
ouch model, in which inflammation is induced by zy-
osan, the large increase in PGE2 synthesis occurs al-
ost exclusively via COX-2. Lumiracoxib, at a dose (10
g/kg) that had no effect on whole blood thromboxane

ynthesis, inhibited PGE2 synthesis by �90% (from 25.5
3.0 ng/mL of exudate to 2.1 � 0.1 ng/mL). At a dose

igure 4. Effects of diclofenac and ATB-337 (each at 50 �mol/kg) on
astric expression of mRNA for (A) TNF-�, (C) ICAM-1, and (D) LFA-1
nd on (B) gastric myeloperoxidase activity, (E) leukocyte adherence to
he vascular endothelium of mesenteric venules, and (F) serum H2S
oncentrations. Results are shown as the mean � SEM of 5 rats per
roup. For the mRNA expression, the data are shown relative to ex-
ression in the vehicle-treated group (densitometric analysis of the gels
as performed, with normalization to expression of glyceraldehyde-3-
hosphate dehydrogenase). In the studies shown in E, leukocyte ad-
erence was measured before (basal) and 60 minutes after intragastric
dministration of vehicle, diclofenac, or ATB-337 (50 �mol/kg for both
rugs). *P � .05 comparing the ATB-337 group with the diclofenac

roup; �P � .05 comparing the ATB-337 group with the vehicle group.
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f 1 �mol/kg, both diclofenac and ATB-337 suppressed
OX-2 activity in this model by �50% (Figure 7). At a
ose of 10 �mol/kg, both diclofenac and ATB-337 sup-
ressed COX-2 activity by �95% (Figure 7).
COX-1 activity was assessed by measuring thrombox-

ne synthesis in blood collected from these rats at the
ame time that the inflammatory exudates were collected.

igure 5. Gastric expression of mRNA for the 2 principal enzymes in
ndogenous H2S synthesis: (A) CSE and (B) CBS. Expression was
easured by quantitative reverse-transcription polymerase chain reac-

ion 1 and 3 hours after oral administration to rats of diclofenac or
TB-337, both at 50 �mol/kg. Results are shown as the mean � SEM

or 5 rats per group. Both drugs caused a significant decrease in CSE
nd CBS expression at 1 hour (P � .05). CSE expression remained
ignificantly suppressed with both drugs at 3 hours, but the suppres-
ion was greater with ATB-337 (P � .05). In the case of CBS expres-
ion, the suppressive effect of diclofenac was no longer significant at 3
ours, while ATB-337 still exhibited a marked suppressive effect.

able 1. Effects of Diclofenac and ATB-337 on Gastric Acid
Secretion in Rats

Treatment Volume (mL) Acid Secretion (mEq/h)

ehicle 1.72 � 1.19 15.45 � 7.25
iclofenac 1.67 � 0.43 19.75 � 6.12
TB-337 1.85 � 0.69 20.59 � 4.60

OTE. Each group consisted of 5 rats. Results are expressed as the
ean � SEM. The pylorus was ligated 30 minutes after oral admin-

stration of the test drugs or vehicle, and gastric juice was collected 3
ours later. Neither the volume of secretion nor the quantity of acid
tecretion differed significantly among the groups.
gain, we observed comparable inhibitory effects of di-
lofenac and ATB-337 (Figure 7).

The effects of ATB-337 on human platelet function
ere also examined. As in the rat, ATB-337 produced

omparable inhibition of thromboxane synthesis as was
een with diclofenac (Table 3). Moreover, ATB-337 sup-
ressed arachidonic acid–induced human platelet aggre-

igure 6. (A) Small intestinal damage and (B) change in hematocrit
ollowing treatment with diclofenac or ATB-337. Oral administration of
he drugs (each at 50 �mol/kg) was performed 48, 36, and 24 hours
efore assessment of small intestinal damage. Blood samples were
aken at the beginning and end of the study for measurement of hemat-
crit. ATB-337 induced significantly less (*P � .05) intestinal damage
han diclofenac. Diclofenac, but not ATB-337, caused a significant de-
rease in hematocrit. Each group consisted of 5 rats, and the bars show

able 2. Effects of L-NAME and Aspirin on Gastric Damaging
Effects of Diclofenac and ATB-337

Pretreatment Treatment Gastric Damage Score

% carboxymethylcellulose Diclofenac 11.2 � 2.4
spirin Diclofenac 16.0 � 2.0
% carboxymethylcellulose ATB-337 0 � 0
spirin ATB-337 0 � 0
aline Diclofenac 12.1 � 2.1
-NAME Diclofenac 13.0 � 3.6
aline ATB-337 0.2 � 0.2
-NAME ATB-337 0.4 � 0.4

OTE. Results are expressed as the mean � SEM for 5 rats per
roup. Neither aspirin (10 mg/kg) nor L-NAME (15 mg/kg) significantly
ncreased the extent of gastric damage induced by diclofenac or
TB-337. The vehicle for aspirin was 1% carboxymethylcellulose,
hile the vehicle for L-NAME was 0.9% saline. Both diclofenac and
TB-337 were administered orally at 50 �mol/kg.
he mean � SEM.
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ation to the same extent as equimolar concentrations of
iclofenac (Table 3).
Injection of carrageenan into a hind footpad of the rat

esulted in a marked increase in paw volume, consistent

igure 7. Inhibition of (A) COX-2 and (B) COX-1 activity in an in vivo
nflammation model. Injection of 1% zymosan into a preformed air
ouch in the rat results in an acute inflammatory reaction accompanied
y COX-2–dependent PGE2 production. Diclofenac and ATB-337 (ei-

her at 1 or 10 �mol/kg) produced comparable suppression of COX-1
nd COX-2 activity. Each group consisted of 5 rats, with the mean �
EM shown. *P � .05, **P � .01, ***P � .001 vs the vehicle 	 zymosan
roup.

able 3. Effects of Diclofenac and ATB-337 on Human
Platelet Function

Treatment

Thromboxane
B2 Synthesis

(ng/mL)

Arachidonate-Induced
Aggregation (%

maximal)

ehicle 217.0 � 10.6 86 � 3
iclofenac (1 �mol/L) 71.9 � 7.2a 11 � 2a

TB-337 (1 �mol/L) 86.5 � 6.3a 17 � 3a

iclofenac (10 �mol/L) 28.9 � 4.1a 1 � 1a

TB-337 (10 �mol/L) 36.5 � 4.0a 3 � 1a

OTE. For thromboxane synthesis, whole blood was allowed to stand
t 37°C for 30 minutes. For aggregation, platelet-rich plasma was
timulated with arachidonic acid (0.5 �mol/L). The results (mean �
EM) are expressed as a percent of maximal aggregation. Samples

rom 3 donors were tested in each assay, repeated in triplicate.
ffects of diclofenac and ATB-337 did not differ significantly from one
nother for any given concentration.
rP � .05 vs the vehicle-treated group.
ith edema formation (Figure 8). Pretreatment with di-
lofenac resulted in a dose-dependent reduction of the
ncrease in paw volume. Pretreatment with ATB-337 at a
ose of 10 �mol/kg produced a reduction of paw swell-

ng similar to that produced by a 30 �mol/kg dose of
iclofenac.

H2S Release
When incubated in buffer, there was negligible

elease of H2S from ADT-OH, the H2S-releasing moiety
f ATB-337 (Figure 9). However, ATB-337 generated �12

igure 8. Injection of carrageenan into the hind paw of a rat resulted in
ignificant edema formation, as measured by an increase in paw vol-
me. Pretreatment with diclofenac resulted in a dose-dependent inhi-
ition of the edema formation. Pretreatment with ATB-337 at 10
mol/kg produced a reduction in edema formation similar to that seen
ith diclofenac at 30 �mol/kg. Both drugs were administered orally 30
inutes before injection of carrageenan. Each group consisted of 5–6

ats. Data are presented as the mean � SEM.

igure 9. Generation of H2S from ATB-337 and its H2S-donating moi-
ty (ADT-OH) when incubated in phosphate buffer (pH 7.4) or in a rat

iver homogenate (see Methods for more details). Both ADT-OH and
TB-337 released significantly more H2S when incubated in the ho-
ogenate as compared to the buffer (*P � .05). ATB-337 released

ignificantly more H2S than ADT-OH when incubated in either medium
�P � .05). Incubation of diclofenac in buffer or in homogenate did not

esult in any detectable H2S generation (not shown).
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mol/min of H2S when it was incubated in buffer. When
DT-OH was added to a liver homogenate, we could
etect H2S release. However, the levels of H2S generated
hen ATB-337 was incubated with the liver homogenate
ere �3-fold greater than those from ADT-OH.

Discussion
The pathogenesis of NSAID-induced gastroenter-

pathy remains incompletely understood. It is clear that
nhibition of the production of endogenous mediators
hat contribute to mucosal defense is a major contribut-
ng factor.1 The importance of PGs as mediators of mu-
osal defense has been recognized for more than 30 years,
hile the importance of NO in this regard became clear

n the past 2 decades.24 Recent studies have highlighted
he contribution of H2S to gastric mucosal defense, as
ell as the ability of NSAIDs to suppress endogenous
2S synthesis.7 In the present study, we have shown that
odification of a commonly used NSAID (diclofenac)

uch that it generates H2S resulted in a substantial re-
uction in its ability to induce gastrointestinal damage
nd bleeding, while not diminishing its ability to inhibit
G synthesis or reduce edema formation. Indeed, the H2S
elease from ATB-337 may even enhance its anti-inflam-

atory activity relative to diclofenac, consistent with
ecently reported effects of other H2S donors.8

NSAIDs were recently shown to inhibit H2S produc-
ion by the gastric mucosa.7 This may be an additional

echanism through which these commonly used drugs
nduce damage to the mucosa, that is, by suppressing the
ynthesis of 2 key mediators of mucosal defense (PGs and

2S). Previous studies from our laboratory showed that
he reduction of gastric blood flow and the induction of
eukocyte adherence to the vascular endothelium could
e significantly attenuated through administration of
gents that spontaneously release H2S in solution (NaHS
nd Na2S).7 The ability of ATB-337 to spare the gastro-
ntestinal mucosa of injury may therefore be related to
he generation of H2S from this compound and its sub-
equent effects on the gastrointestinal microcirculation.
n particular, it was noteworthy that ATB-337 did not
timulate leukocyte adherence to the vascular endothe-
ium of postcapillary mesenteric venules, in contrast to
he effects of diclofenac. Consistent with this finding,
TB-337 did not cause a significant increase in gastric
ranulocyte infiltration (myeloperoxidase activity) or ex-
ression of leukocyte (LFA-1) or endothelial (ICAM-1)
dhesion molecules, as observed with diclofenac in the
resent study, and as previously observed with other
SAIDs.7 We recently showed that suppression of endog-

nous H2S synthesis with �-cyanoalanine resulted in a
arked increase in leukocyte-endothelium adherence,

onsistent with a physiologic role of H2S in modulating
nflammation.8 This hypothesis is further supported by
he observation that suppression of endogenous H2S

ynthesis exacerbated carrageenan-induced paw edema.8 m
Previous studies have highlighted the important con-
ribution of TNF-� to the generation of gastric mucosal
njury following NSAID administration to rodents.25,26

n the present study, we observed a significant elevation
f gastric TNF-� expression. Whether or not H2S can
irectly suppress TNF-� expression is not clear, but it is
oteworthy that we have previously observed reduced
xpression of mRNA for TNF-� and several other cyto-
ines in the colon of rats following treatment with an
2S-releasing derivative of mesalamine.27 We speculated

hat those effects may be attributable to inhibition of
uclear factor �B activation by the H2S-releasing moiety
f that compound. Whether or not suppression of nu-
lear factor �B could contribute to the gastric safety of
TB-337 has not yet been examined.
In addition to sparing the gastric mucosa, repeated

dministration of ATB-337 was found to produce mark-
dly less intestinal damage (�90% reduction) than that
bserved with an equimolar dose of diclofenac. A marked
ecrease in hematocrit was observed in the diclofenac-
reated group, likely a result of the extensive intestinal
leeding that was clearly evident at the time of necropsy.
urther evidence for the relative safety of ATB-337 was
he absence of any change in hematocrit during the
eriod of treatment. These observations are particularly
oteworthy considering the increasing recognition of the
bility of NSAIDs to produce significant bleeding from
he intestine.28 NSAIDs are also capable of impairing
latelet aggregation and therefore blood clotting. These
ffects are directly related to the ability of NSAIDs to
uppress platelet thromboxane synthesis, which occurs
ia COX-1. We compared the effects of diclofenac and
TB-337 on human platelet thromboxane synthesis and
ggregation (induced by arachidonate) and found that
he 2 drugs behaved similarly to one another. This is
ongruent with our observations in rat studies that the 2
rugs exhibit comparable inhibitory activity on COX-1.
H2S and NO share many actions and may even

ounter-regulate production of one another.6,29,30 We ex-
mined the possibility that ATB-337 would no longer
xhibit gastric safety in a circumstance of concomitant
uppression of both NO and PG synthesis. However,
uppression of NO synthesis with L-NAME did not im-
air the ability of ATB-337 to spare the gastric mucosa of

njury. We also examined the possibility that gastric
afety of ATB-337 was related to suppression of gastric
cid secretion, because proton pump inhibitors have been
hown to significantly reduce the severity of NSAID-
nduced gastropathy.31 However, neither ATB-337 nor
iclofenac significantly affected acid secretion in the rat
ver a 3-hour period after their administration (the same
ime frame within which we observed lesion formation in
iclofenac-treated rats).
One of the more surprising findings in this study

as that administration of ADT-OH, the H2S-releasing

oiety of ATB-337,32 did not protect the stomach
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gainst the damaging effects of diclofenac. However,
he data on H2S generation in vitro offer a possible
xplanation for this observation. In terms of H2S re-
ease, ADT-OH and ATB-337 behave quite differently.
DT-OH did not generate detectable H2S when incu-
ated in buffer, while ATB-337 did. Moreover, the
mount of H2S generated when ATB-337 was incu-
ated in a liver homogenate was about 3 times that
enerated from ADT-OH in the same conditions. Thus,
t is possible that the enhanced generation of H2S from
TB-337 as compared with ADT-OH could account for

he gastric safety of the former. However, this requires
urther investigation.

In the studies performed in the air pouch model, in
hich inflammation was induced by injection of zymo-

an, ATB-337 reduced inflammatory PGE2 synthesis as
ffectively as diclofenac. A highly selective COX-2 inhib-
tor, lumiracoxib, almost completely suppressed PGE2

ynthesis in this model, confirming that this model is
ppropriate for estimating the ability of drugs to inhibit
OX-2 in vivo. ATB-337 also exhibited similar COX se-

ectivity to diclofenac, because the 2 drugs suppressed
OX-1 activity (whole blood thromboxane synthesis) to

he same extent. Given these observations and the known
mportance of PGs to edema formation, it is not surpris-
ng that ATB-337 would exhibit anti-inflammatory ef-
ects in the carrageenan-induced paw edema model sim-
lar to those of diclofenac. On the other hand, the ability
f ATB-337, at a dose of 10 �mol/kg, to suppress edema
ormation as effectively as diclofenac at 3 times this dose
ndicated an increase in potency of the HS-NSAID. This

ay be attributable to the recently reported ability of H2S
o reduce edema formation.8 While analgesic effects of
TB-337 have not yet been characterized, it is noteworthy

hat H2S donors, including a derivative of mesalamine
ontaining the same H2S-releasing moiety as ATB-337,
ere recently shown to significantly reduce visceral pain

n the rat.10,20

Endogenous H2S synthesis occurs principally via the
ctions of 2 enzymes: CSE and CBS. We previously re-
orted that a number of NSAIDs were capable of reduc-

ng the expression of CSE and the generation of H2S
rom gastric tissue in vitro.7 In the present study, both
iclofenac and ATB-337 markedly reduced gastric expres-
ion of both CSE and CBS. Interestingly, the expression
f these enzymes following diclofenac administration
ecovered toward control levels within the 3-hour period
f the study, but this was not the case in the rats treated
ith ATB-337. It is possible that H2S generation from
TB-337 down-regulated the expression of these en-
ymes, thereby prolonging the suppression of expression
ver that induced by the diclofenac component of this
ompound. The notion that H2S can down-regulate ex-
ression of enzymes responsible for H2S synthesis is
urely speculation at this point; however, it is notewor-

hy that PGs have been suggested to down-regulate ex-
ression of COX-2 in the stomach,33,34 and similarly
here is evidence that NO can reduce expression of in-
ucible NO synthase.35

While gastrointestinal safety of NSAIDs is a major
imitation to the use of this class of drugs, increasingly
here is concern about their cardiovascular adverse ef-
ects, particularly since the withdrawal of rofecoxib
Vioxx; Merck & Co, Inc, Whitehouse Station, NJ) from
orldwide markets. Whether or not HS-NSAIDs will ex-
ibit reduced cardiovascular toxicity has not yet been
xamined. Unlike conventional NSAIDs14,36,37 and selec-
ive COX-2 inhibitors,23 ATB-337 did not induce leuko-
yte adherence to the vascular endothelium. Leukocyte
dherence to endothelial cells can be an important com-
onent of thrombosis and of atherosclerosis. Also, given
hat H2S is a potent vasodilator,38 it is possible that its
elease from HS-NSAIDs may attenuate any hypertensive
ffects associated with the action of the NSAID compo-
ent of the compounds, as was observed with NO-releas-

ng NSAIDs in animal studies.39,40 Clearly, this is an
xciting aspect of the potential utility of HS-NSAIDs that
arrants further study.
In summary, the results presented herein show that

n H2S-releasing derivative of an NSAID (ATB-337)
xhibits greatly reduced gastrointestinal-damaging ef-
ects as compared with the parent drug, while still
uppressing mucosal PG synthesis. The anti-inflamma-
ory effects of the HS-NSAID were comparable or even
mproved over those of the parent NSAID, possibly
ttributable to the anti-inflammatory effects of H2S.
he lack of an effect of ATB-337 in terms of inducing

eukocyte adherence to the vascular endothelium and
nducing TNF-� expression, in contrast to diclofenac
nd other NSAIDs, may contribute to the gastrointes-
inal-sparing attributes of this compound. While the
onclusions that we can draw regarding HS-NSAIDs
re limited by the relatively short period of exposure of
ats to ATB-337 in this study, the results are neverthe-
ess an early indication that the coupling of an H2S-
eleasing moiety to conventional or COX-2–selective
SAIDs is an attractive approach to reducing toxicity

nd enhancing efficacy.
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