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Enhanced activity of a hydrogen sulphide-releasing
derivative of mesalamine (ATB-429) in a mouse
model of colitis
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Background and Purpose: Mesalamine is the first-line therapy for colitis, but it lacks potency and is only effective for mild-to-
moderate forms of this disease. Hydrogen sulphide has been shown to be a potent, endogenous anti-inflammatory substance,
modulating leukocyte-endothelial adhesion and leukocyte migration. The purpose of this study was to determine if an H,S-
releasing derivative of mesalamine (ATB-429) would exhibit increased potency and effectiveness in a mouse model of colitis.
Experimental Approach: Colitis was induced in mice with trinitrobenzene sulphonic acid and the effects of ATB-429 and
mesalamine were compared in several treatment regimens. The severity of colitis was determined using several indices,
including a disease activity score (comprised of scores for diarrhea, weight loss and fecal blood), colonic myeloperoxidase
activity and macroscopic/microscopic scoring of tissue injury.

Key Results: Irrespective of the treatment regiment, ATB-429 was more effective than mesalamine in reducing the severity of
colitis. ATB-429 was particularly effective in reducing granulocyte infiltration into the colonic tissue (by ~70%), as well as
reducing the expression of mRNA for several key proinflammatory cytokines/chemokines (e.g., TNFe, IFNy). Treatment with
ADT-OH, the H,S-releasing moiety of ATB-429, did not affect severity of colitis.

Conclusions and Implications: ATB-429 exhibits a marked increase in anti-inflammatory activity and potency in a murine
model of colitis, as compared to mesalamine. These results are consistent with recently described anti-inflammatory effects
of H,S. ATB-429 may represent an attractive alternative to mesalamine for the treatment of inflammatory bowel disease.
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Introduction

Hydrogen sulfide is increasingly recognized as an important
mediator of a number of physiological processes, including
vasodilation and neuromodulation (Kimura, 2002; Wang,
2002; Fiorucci et al., 2006). In recent years, several papers
have suggested that H,S plays important roles in immune and
inflammatory reactions. As is the case with another gaseous
mediator, nitric oxide, H,S may exhibit apparently contra-
dictory actions depending on its concentration and the
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circumstances in which it is generated. For example, recent
work suggests that H,S plays a role in protecting gastric
mucosal tissue from injury (Fiorucci et al., 2005) and exerts
anti-inflammatory actions (Mariggio et al., 1998; Zanardo et al.,
2006). On the other hand, the results of some studies point to
a contribution of H,S to tissue injury and inflammation
(Bhatia et al., 2005; Collin et al., 2005; Zhang et al., 2006).
Based on our findings that H,S is a potent inhibitor of
leukocyte adherence to the vascular endothelium (Zanardo
et al., 2006), and exerted analgesic activity in a visceral
pain model (Distrutti et al., 2006a), we began to investigate
the possibility that H,S might be used to enhance the
anti-inflammatory properties of certain drugs. Indeed, we
recently reported that a derivative of a nonsteroidal anti-
inflammatory drug into which we had incorporated an



H,S-releasing moiety resulted in an enhancement of anti-
inflammatory activity, as well as a profound reduction
in gastrointestinal toxicity (Wallace et al., 2007). If H,S does
exert beneficial effects in terms of mucosal defence, as well
as anti-inflammatory effects, it may have utility in the
treatment of inflammatory bowel disease (IBD; Crohn's
disease and ulcerative colitis). IBD is a chronic disorder
characterized by extensive ulceration and inflammation. The
first-line therapy for IBD is mesalamine (5-aminosalicylic
acid), the mechanism of action of which is still not well
understood (Hanauer, 2006). Mesalamine is effective in
inducing remission of mild-to-moderate IBD, but is not
very effective in treating more severe IBD. There is a
need for more effective and safe alternatives to mesal-
amine for treatment of IBD (Korzenik and Podolsky,
2006). Other options for therapy, such as glucocorticoids,
immunosuppressants and anti-tumor necrosis factor-o
antibodies, while often effective, can carry significant risks
of adverse effects (sometimes severe) and can be very
expensive.

In the present study, we have used the trinitrobenzene
sulfonic acid (TNBS) model of colitis in mice to test the
hypothesis that an H,S-releasing derivative of mesalamine
(5-amino-2-hydroxy-benzoic acid 4-(5-thioxo-5H-[1,2]dithiol-
3-yl)-phenyl ester hydrochloride (ATB-429); Figure 1) would
exhibit enhanced anti-inflammatory activity relative to
mesalamine itself. This comparison was made under several
different treatment paradigms and with a range of doses
of each drug. The TNBS model is very well characterized,
exhibits responsiveness to various therapies similar to those of
human IBD and shares many features with IBD in humans,
particularly Crohn’s colitis (Morris et al., 1989; Wallace et al.,
1989; Fiorucci et al., 2002a, b).

Materials and methods

Animals

Six- to eight-week-old female Balb/c mice were obtained
from Charles River (Monza, Italy). The mice were fed a
standard chow pellet diet, had free access to water and were
maintained on a 12-h light/dark cycle. All procedures in this
study were approved by the animal care committee at the
University of Perugia.

Treatment protocols

Colitis was induced by intrarectal administration of 0.5 mg
of TNBS in 0.1ml of 30% ethanol (Fiorucci et al. 2004),
which is modified from that originally described by Morris
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Figure 1 Chemical structure of ATB-429.
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et al. (1989). The mice were randomized to the various
treatment groups (n=5-7 per group). Three treatment
protocols were used. In the first, oral treatment with vehicle
(1% carboxymethylcellulose), mesalamine (25, 50 or 75 mg
kg™') or the same doses of ATB-429 was initiated 1h after
TNBS administration and continued every 12h for 7 days.
The mice were evaluated, without knowledge of their
treatment, on the final day of the study for the presence of
diarrhea and fecal occult blood and their body weights were
measured. A ‘disease activity score’ was calculated based on
these data (0-4 scale; Cooper et al., 1993). After killing the
mice, a sample of the colon was excised for measurement of
myeloperoxidase (MPO) activity, as a marker of granulocyte
infiltration.

The second treatment protocol involved oral adminis-
tration of vehicle, mesalamine (50mg kg !) or various
doses of ATB-429 (33-130mg kg ') in order to determine
the magnitude of any increase in potency of the latter.
Treatment was initiated 1 day after induction of colitis and
was continued every 12 h for 4 days. In this experiment, the
disease activity score was determined each day and colonic
MPO activity was assessed on the final day. In this study, we
also examined the effects of the H,S-releasing moiety of ATB-
429, 5-(p-hydroxyphenyl)-1,2-dithione-3-thione (ADT-OH),
at a dose equimolar to that of mesalamine. This substance
has previously been shown to release H,S spontaneously
when incubated with homogenized liver (Distrutti et al.,
2006b).

In the third treatment protocol, mice received vehicle,
mesalamine (50mg kg ') or ATB-429 (50mg kg '; 38% of
the molar equivalent dose of mesalamine) orally beginning
4 days after TNBS administration and continuing every 12h
for 7 days. The mice were killed with an overdose of
halothane 2 h after the final administration of the test drug
or vehicle. The severity of colitis was scored, as described
above, and, in addition, the extent of mucosal injury was
assessed. This involved both macroscopic and microscopic
scoring, again without knowledge of the treatment. Colons
were examined with a dissecting microscope (magnification,
x 5) and graded for macroscopic lesions on a scale from 0
to 10 based on the criteria for inflammation and injury, such
as hyperemia, thickening of the bowel and the extent of
ulceration (Wallace et al., 1989). For histological scoring,
specimens of colon taken 2cm proximal to the anus were
fixed in 10% buffered formalin phosphate, embedded in
paraffin, sectioned and stained with hematoxylin and eosin.
Coded slides were evaluated under a light microscope
and inflammation was graded on a 0-4 scale according to
the following criteria: 0, no inflammation; 1, low levels of
leukocyte infiltration without ulceration; 2, moderate levels
of leukocyte infiltration and epithelial injury; 3, high levels
of leukocyte infiltration and vascular density, colon wall
thickening; 4, transmural infiltration, loss of goblet cells,
high vascular density, colon wall thickening (Fiorucci et al.,
2002a, b).

Samples of colonic tissue were also excised for determina-
tion of expression of mRNA for a number of cytokines/
chemokines: tumor necrosis factor (TNF)-z, interferon
gamma (IFN)-y, interleukin (IL)-1, IL-2, IL-10, IL-12 p40
and regulated on activation normal T cell expressed and
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secreted (RANTES) (Wallace et al., 1999). Briefly, reverse
transcription-polymerase chain reaction was used to detect
and quantify mRNA of the particular cytokine/chemokines.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as the ‘housekeeping gene’ for mRNA expression, as an
internal control. For each sample, the ratio of the amplifica-
tion of the target gene to the amplification of GAPDH
(expression of each is measured by performing densitometry
on gels) was obtained. Comparisons were then made
between the relative amplification (expression) of the target
gene in tissues for the treatment groups in comparison to the
expression in tissues from healthy controls.

Statistical analysis

All data are presented as the meanz+s.e.m. Comparisons
among groups of data were made using a one-way analysis of
variance followed by the Dunnett’s multiple comparison
test. An associated probability (P-value) of less than 5% was
considered significant.

Materials

TNBS was obtained from Fluka Chimica (Buchs, Switzer-
land). Kits for measurement of MPO activity were obtained
from CytoStore (Calgary, Canada). ATB-429 and ADT-OH (5-
(4-hydroxyphenyl)-3H-1,2-dithiole-3-thione) were synthe-
sized by Antibe Therapeutics Inc. (Toronto, Canada). All
other reagents were obtained from Sigma Chemical Co. (St
Louis, MO, USA) or Fisher Scientific (Edmonton, Canada).

Results

Intracolonic administration of TNBS to mice resulted in the
development of extensive mucosal injury and transmural
inflammation, as described previously (Morris et al., 1989;
Fiorucci et al., 2004). The mice exhibited loss of body weight,
diarrhea and blood in the feces, which is reflected by the
‘disease activity score’ approaching the maximum of 4
(Figure 2a). Colonic MPO activity in mice with colitis
(Figure 2b) was elevated significantly (~4-fold) above that
in samples from healthy controls (3.9+0.6Umg™"). Treat-
ment with mesalamine (25-75mgkg '), beginning 1h after
TNBS administration and continuing every 12h thereafter
for 7 days, did not significantly change the severity of colitis
relative to mice treated with the vehicle. Both the disease
activity score and colonic MPO activity were unchanged
from those in vehicle-treated mice. In contrast, ATB-429
significantly reduced the disease activity score and MPO
activity at doses of 50 and 75mgkg~'.

The beneficial effects of ATB-429 could be observed as
early as 1 day after initiation of treatment, as shown in
Figure 3. Although mesalamine had no significant effect at a
dose of 50mgkg~!, ATB-429 significantly reduced the disease
activity score at doses of 130 (equimolar to the mesalamine
dose), 100 and 65 mgkg'. At a dose of 33 mgkg !, ATB-429
was ineffective. ATB-429 also significantly reduced colonic
MPO activity (Figure 4). At doses of 65-130mgkg~!, MPO
activity was reduced to the levels of healthy controls,
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Figure 2 Effects of ATB-429 versus mesalamine on disease activity
score (a) and colonic MPO activity (b) in TNBS-induced colitis in
mice. The mice were treated twice daily for 1 week with the test
drugs at doses of 25, 50 or 75mgkg~"'. The data shown were
collected on the final day of the study. *P<0.05 versus the vehicle-
treated group. Each group consisted of 5-7 mice.

whereas mesalamine (50mgkg™') and the lowest dose of
ATB-429 (33 mgkg~!) had no significant effect.

In order to determine if the H,S-releasing moiety of ATB-
429 could, by itself, reduce the severity of colitis in mice, we
examined the effects of twice daily treatment with ADT-OH
versus vehicle, mesalamine and ATB-429 (equimolar doses;
n=>5-7 per group). Treatment was initiated 1 day after
TNBS administration and continued for 3 days. The disease
activity score in mice treated with ATB-429 (1.1+0.2) was
significantly reduced as compared to vehicle-treated mice
(3.0£0.3). Neither mesalamine nor ADT-OH significantly
affected the disease activity score (2.9+0.2 and 2.7+0.3,
respectively) relative to the vehicle-treated group. The same
pattern of results was seen with colonic MPO activity (in
Umg’lz vehicle, 10.1+2.3; mesalamine, 8.24+2.4; ADT-OH,
9.7+3.0; ATB-429, 4.8+ 1. 8, P<0.05 versus vehicle).

A significant attenuation of the severity of colitis was
also observed when treatment with ATB-429 was initiated
at a time when colitis was well established (4 days after
TNBS administration). Twice daily administration of ATB-
429 (65mgkg ') resulted in a significant reduction of
mucosal damage, as measured by macroscopic (Figure 5a)
and histological (Figure Sb) scoring. In contrast, mesalamine
(50mgkg ") had no significant effect on either measure
of mucosal injury. Note that on a molar basis, the dose of
ATB-429 represents only 38% of the dose of mesalamine.

Colonic MPO activity was also significantly reduced by
ATB-429, but not by mesalamine (Figure 6a). The expression
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Figure 3 Effects of ATB-429 versus mesalamine on disease activity
score over a 4-day period of twice daily administration of these
drugs or vehicle. Colitis was induced on day 0 and drug or vehicle
treatment was started on day 1. The disease activity score was
assessed each day, without knowledge of the treatment. Mesalamine
did not significantly affect the disease activity score, versus vehicle, at
any time in the study. ATB-429 at a dose of 33mgkg™" also had no
significant effect. However, at doses of 66, 100 and 130mgkg~",
ATB-429 significantly reduced the disease activity score (P<0.05).
With each of these doses, a significant effect was observed after the
first day of treatment, and thereafter. The 130 mgkg ™" dose of ATB-
429 is equimolar to the dose of mesalamine used (50 mgkg™").
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Figure 4 Effects of ATB-429 versus mesalamine on colonic MPO
activity at the end of a 4-day period of twice daily administration
of these drugs or vehicle. Colitis was induced on day 0 and drug or
vehicle treatment was started on day 1. Samples of distal colon were
excised at the end of the experiment for measurement of MPO
activity. *P<0.05 versus the vehicle-treated group.

of a number of cytokines/chemokines was significantly
elevated in colonic tissue from mice with colitis as compared
to healthy controls (Figure 6b-h). Treatment with mesala-
mine did not significantly affect the expression of any of the
cytokines/chemokines studied. However, ATB-429 treatment
resulted in significant reductions of the expression of mRNA
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Figure 5 Macroscopic (a) and histological (b) damage scores
for mice with colitis (and healthy controls) treated for 1 week
with vehicle, mesalamine (50mgkg™") or ATB-429 (50mgkg™").
Twice daily treatment was initiated 4 days after induction of colitis.
*P<0.05 versus the vehicle-treated group.

for TNFg, IFNy, IL-1, IL-2, IL-12 p40 and RANTES (Figure 6b-d
and f-h). Expression of mRNA for IL-10 was not different in
colonic tissue from mice with colitis versus healthy controls,
and was not affected by mesalamine or ATB-429 (Figure 6e).

Discussion

Although widely used as a first-line therapy for IBD,
mesalamine is largely ineffective in more severe cases of this
disorder. In the present study, doses of mesalamine of up
to 75mgkg ' were ineffective in reducing the severity of
colitis in a mouse model. In sharp contrast, an H,S-releasing
derivative of mesalamine, ATB-429, was found to be consi-
derably more effective than the parent drug. ATB-429 was
shown to be superior to mesalamine in three different
treatment regimens. In addition to reducing mucosal injury
and disease activity (body weight loss, fecal blood, diarrhea),
ATB-429 markedly reduced colonic granulocyte infiltration
(MPO activity) and the expression of mRNA for several
important proinflammatory cytokines. Of particular note is
the fact that these effects of ATB-429 were observed with
a dose that, on a molar basis, was only half of the dose of
mesalamine.

ATB-429 consists of a molecule of mesalamine linked
via an ester bond to a molecule of ADT-OH. ADT-OH has
been shown to liberate H,S when incubated in buffer and
even greater generation of H,S was observed when it was
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Figure 6 Effects of treatment for 1 week with ATB-429 versus mesalamine (each at 50 mgkg~") on colonic MPO activity (a), and cytokine/
chemokine mRNA expression (b-h) in mice with colitis. The cytokines/chemokines examined were: TNFa (b), IFNy (c), IL-1 (d), IL-10 (e), IL-12
p40 (), IL-2 (g) and RANTES (h). Results are expressed as the fold-increase overexpression in healthy controls, corrected for changes in GAPDH
mRNA expression in each sample (n=5-7 per group). Twice daily treatment was initiated 4 days after induction of colitis. *P<0.05 versus the

vehicle-treated group.

incubated in a homogenate of liver (Distrutti et al., 2006b).
Interestingly, ATB-429 released significantly more H,S than
an equimolar amount of ADT-OH, both in buffer and in the
liver homogenate (Distrutti et al., 2006b). H,S released from
ATB-429 could contribute to its beneficial effects in colitis
in a number of ways. First, H,S is a potent inhibitor of leuko-
cyte adherence to the vascular endothelium (Zanardo et al.,
2006), one of the earliest events in an inflammatory
reaction. Inhibition of leukocyte adherence by H,S donors
was prevented by pretreatment with glibencamide, consis-
tent with the effects being mediated via ATP-sensitive K"
channels (Zanardo et al., 2006). This is consistent with
reports that the vascular relaxant effects of H,S are mediated
via Kirp channels (Wang, 2002). The reduction of leukocyte
adherence by H,S donors may also be, at least in part, owing
to downregulation of expression of adhesion molecules (e.g.,
P selectin, LFA-1) on the endothelium and/or on leukocytes
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(Fiorucci et al., 2005). Thus, H,S release from ATB-429 may
account for the marked increase in the ability of this
compound, as compared to mesalamine, to reduce granulo-
cyte infiltration into the colon. H,S has also been shown
to reduce neutrophil-mediated tissue injury, which has
been shown previously to be a substantial component of
the mucosal damage observed in the TNBS model (Wallace
et al., 1992). Thus, H,S can induce neutrophil apoptosis
(Mariggio et al., 1998) and can inhibit tissue injury mediated
via neutrophil-derived hypochlorous acid (Whiteman et al.,
2005).

The intracolonic application of TNBS causes acute and
chronic colitis in rodents (Morris et al., 1989; Neurath et al.,
1995; Fiorucci et al., 2004). Although there is a prominent
neutrophilic infiltration, there is also a marked influx of
CCR1+ and CCRS + macrophages and monocytes, as well
as a prominent IL-12- and IFNy-dependent T-lymphocyte



(Th1) activation (Neurath et al., 1995; Fiorucci et al., 2004).
In addition to reducing mucosal injury and granulocyte
infiltration, ATB-429 also markedly reduced expression of
mRNA for several proinflammatory cytokines/chemokines.
TNBS colitis, like Crohn’s colitis, is generally regarded as
being driven by Thl cytokines, including IL-1, IL-2 TNFg,
IFNy and IL-12 (Neurath et al., 1995; Sartor, 1997; Stallmach
et al., 1999). The chemokine RANTES has also been
implicated in the pathogenesis of colitis in this model
(Ajuebor et al., 2001). Interestingly, expression of the anti-
inflammatory cytokine, IL-10, was not affected by ATB-429.
The effects of ATB-429 on cytokine/chemokine expression
may be mediated by H,S, as it is capable of inhibiting nuclear
factor-kappa B (NF-xB) activation (Oh et al., 2006). Tran-
scription factors belonging to the NF-«xB family modulate the
expression of a range of genes involved in the inflammatory
cascade, including TNFo and IFNy. NF-«xB has been identified
as a promising target for novel therapies of IBD, particularly
Crohn’s disease (Neurath et al., 1996).

ADT (5-(4-methoxyphenyl)-3H-1,2-dithiole-3-thione; a struc-
tural analogue of ADT-OH) has been used clinically as a
choleretic and sialogogue for decades, without major
adverse reactions being reported (Drukarch et al., 1997). It
has also been evaluated as a chemopreventative agent for lung
cancer, with positive results (Lam et al., 2002). In the present
study, we found that ADT-OH at a dose equimolar to an
effective dose of ATB-429 did not significantly alter the severity
of colitis in the mouse. Likewise, an equimolar dose of
mesalamine was ineffective. As ATB-429 was effective even
when given at half the molar dose of mesalamine and ADT-OH,
our results suggest that the intact ATB-429 molecule exhibits
anti-inflammatory effects beyond any additive effects of its
two moieties. One possible explanation for this finding is
that ATB-429 is a more effective releaser of H,S than ADT-OH.
ATB-429 releases considerably more (>5-fold) H,S than does
an equivalent dose of ADT-OH (Distrutti et al., 2006b).

Another attractive feature of ATB-429 with respect to
utility in the treatment of IBD is the visceral analgesic effect
of this compound that has been recently reported (Distrutti
et al.,, 2006b). Pain is one of the most common and
debilitating symptoms in IBD. ATB-429 was more effective
than mesalamine in reducing colorectal distention-induced
visceral pain in both healthy rats and rats with colitis. The
analgesic effects of ATB-429 were blocked by pretreatment
with glibenclamide, suggesting that this effect was mediated
via Kjtp channels (Distrutti et al., 2006b).

In summary, ATB-429 is a novel, H,S-releasing derivative
of mesalamine that exhibits greatly increased anti-inflam-
matory activity in a murine model of colitis, compared to the
parent drug. An analogue of the H,S-releasing moiety of
ATB-429 has itself been in clinical use for decades, with
a very low incidence of adverse effects (Christen, 1995). ATB-
429 therefore appears to represent an attractive alternative
for treatment of IBD.
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