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BACKGROUND AND PURPOSE
Hydrogen sulphide is an important mediator of gastrointestinal mucosal defence. The use of non-steroidal anti-inflammatory
drugs (NSAIDs) is significantly limited by their toxicity in the gastrointestinal tract. Particularly concerning is the lack of
effective preventative or curative treatments for NSAID-induced intestinal damage and bleeding. We evaluated the ability of a
hydrogen sulphide donor to protect against NSAID-induced enteropathy.

EXPERIMENTAL APPROACH
Intestinal ulceration and bleeding were induced in Wistar rats by oral administration of naproxen. The effects of suppression
of endogenous hydrogen sulphide synthesis or administration of a hydrogen sulphide donor (diallyl disulphide) on
naproxen-induced enteropathy was examined. Effects of diallyl disulphide on small intestinal inflammation and intestinal
microbiota were also assessed. Bile collected after in vivo naproxen and diallyl disulphide administration was evaluated for
cytotoxicity in vitro using cultured intestinal epithelial cells.

KEY RESULTS
Suppression of endogenous hydrogen sulphide synthesis by β-cyano-L-alanine exacerbated naproxen-induced enteropathy.
Diallyl disulphide co-administration dose-dependently reduced the severity of naproxen-induced small intestinal damage,
inflammation and bleeding. Diallyl disulphide administration attenuated naproxen-induced increases in the cytotoxicity of bile
on cultured enterocytes, and prevented or reversed naproxen-induced changes in the intestinal microbiota.

CONCLUSIONS AND IMPLICATIONS
Hydrogen sulphide protects against NSAID-enteropathy in rats, in part reducing the cytotoxicity of bile and preventing
NSAID-induced dysbiosis.

Abbreviations
ATB-346, 2-(6-methoxy-napthalen-2-yl)-propionic acid 4-thiocarbamoyl-phenyl ester; BCA, β-cyano-L-alanine; BHI,
brain heart infusion; CBA, Columbia blood agar; CFU, colony-forming units; DADS, diallyl disulphide; DGGE,
denaturing gradient gel electrophoresis; GI, gastrointestinal; MPO, myeloperoxidase; NSAID, non-steroidal
anti-inflammatory drugs; PPI, proton pump inhibitor; TLR, Toll-like receptor; UPGMA, unweighted-pair-group method
with arithmetic mean
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Introduction
Non-steroidal anti-inflammatory drugs (NSAIDs) are among
the most widely used drugs for treating the symptoms of
inflammatory conditions, most notably osteoarthritis and
rheumatoid arthritis. In such conditions, NSAIDs are taken
chronically and have the ability to cause significant ulcera-
tion and bleeding in the gastrointestinal (GI) tract. Therapies
designed to limit NSAID-induced GI injury have focused
almost exclusively on gastroduodenal injury, often ignoring
the serious small intestinal damage that can also occur
(Wallace, 2013b). This is a concern because it is now clear that
NSAID-enteropathy occurs more frequently than gastroduo-
denal injury (Lanas et al., 2009), and it can also be more
dangerous, given that there is a poor correlation of symptoms
with the injury, the damage is more difficult to detect and
there are no proven effective preventative or curative treat-
ments for NSAID-enteropathy (Lanas et al., 2009; Wallace,
2013a). The most common approach to reduce NSAID-
induced gastroduodenal injury is via suppression of gastric
acid secretion, usually through co-administration of a proton
pump inhibitor (PPI) (Scheiman et al., 2006). However, there
is no evidence or rationale to support the notion that sup-
pression of gastric acid secretion would have any benefit in
terms of reducing damage or bleeding distal to the ligament
of Treitz (i.e. beyond the proximal duodenum). On the con-
trary, there is emerging evidence that PPIs and histamine H2

receptor antagonists exacerbate the small intestinal damage
and bleeding caused by NSAIDs (Zhao and Encinosa, 2008;
Lanas et al., 2009; Wallace et al., 2011; Blackler et al., 2012;
Satoh et al., 2012). A recent cross-sectional study by
Watanabe et al. (2013) highlighted this problem, identifying
PPI usage as the greatest independent risk factor for severe
ulceration and bleeding in patients with rheumatoid arthritis
who were being treated with NSAIDs, with use of histamine
H2 receptor antagonists also being a significant risk factor.
Studies in rodents demonstrated that the exacerbation of
NSAID-enteropathy by PPIs is due to a significant shift in the
intestinal microbiota, with a marked decrease in intestinal
colonization by Bifidobacteria (Wallace et al., 2011).

The damaging effects of NSAIDs in the upper GI tract are
directly related to their ability to suppress mucosal synthesis
of PGs (Wallace, 2008). Suppression of PG synthesis renders
the mucosa susceptible to damage induced by luminal agents
such as acid, digestive enzymes, bacteria, bile, and sometimes
by the NSAIDs themselves (Wallace, 2013a). However, it is

now clear that hydrogen sulphide (H2S), an endogenous
gaseous mediator, also plays a pivotal role in mucosal defence
and in promoting repair of mucosal injury (Wallace et al.,
2007b; 2009; Wallace, 2010; Wallace et al., 2012). Inhibition
of H2S synthesis renders the gastric mucosa more susceptible
to NSAID-induced ulceration (Wallace et al., 2010), whereas
co-administration of H2S donors reduces the severity of
NSAID-induced damage (Fiorucci et al., 2005; Wallace, 2010;
Wallace et al., 2014) and promotes healing (Wallace et al.,
2007b). The protective actions of H2S against NSAID-induced
gastric injury are at least in part due to inhibitory effects on
NSAID-induced leukocyte adherence to the vascular endothe-
lium (Zanardo et al., 2006), which is an early and critical
event in the pathogenesis of NSAID-induced gastropathy
(Wallace et al., 1990). Moreover, the vasorelaxant effects of
H2S also contribute to mucosal protection by preventing the
reduction in gastric blood flow caused by NSAIDs (Fiorucci
et al., 2005; Mard et al., 2012).

The observations of protective effects of H2S in the GI
tract have prompted the design of a new class of NSAIDs that
release H2S. These H2S-releasing NSAIDs have been shown to
produce negligible gastroduodenal damage compared with
their respective parent drugs in healthy rats, in rats with
impaired mucosal defence, and at doses many times greater
than those required for anti-inflammatory effects (Wallace
et al., 2007a; 2010; Blackler et al., 2012). In addition to
sparing the gastric mucosa, H2S-releasing NSAIDs also cause
negligible damage in the small intestine (Wallace et al.,
2007a; 2010), even when co-administered with PPIs and/or
aspirin, which significantly enhance the intestinal-damaging
effects of conventional and COX-2-selective NSAIDs (Wallace
et al., 2011; Blackler et al., 2012).

The pathogenesis of NSAID-enteropathy is distinct from
that of NSAID-gastropathy (Wallace, 2012). Several studies
have suggested critical roles for bile and for enterohepatic
circulation of NSAIDs in the pathogenesis of NSAID-
enteropathy (Wax et al., 1970; Bjarnason et al., 1993; Seitz
and Boelsterli, 1998). There is also a wealth of evidence that
the enteric flora contributes to the pathogenesis of NSAID-
enteropathy, but it is unclear if the bacteria play a primary
role in ulcer formation, or merely exacerbate injury once it
has occurred (Uejima et al., 1996; Hagiwara et al., 2004). In
the present study, we have examined the possibility that
a garlic-derived H2S donor, diallyl disulphide (DADS)
(Benavides et al., 2007), could prevent NSAID-induced enter-
opathy in a rat model. We also attempted to determine if
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effects on enteric flora, bile and/or enterohepatic circulation
of NSAIDs might explain any observed beneficial effects of
this H2S donor.

Methods

Animals
All animal care and experimental procedures complied with
the guidelines of the Canadian Council of Animal Care and
were approved by the Animal Care Committee of the Faculty
of Health Sciences at McMaster University. All studies involv-
ing animals are reported in accordance with the ARRIVE
guidelines for reporting experiments involving animals
(Kilkenny et al., 2010; McGrath et al., 2010). A total of 148
animals were used in the experiments described here.

Effects of a H2S donor on naproxen-induced
enteropathy
Rats (n ≥ 6 per group) were treated orally, twice daily, with
naproxen (20 mg·kg−1) or vehicle (DMSO and 1% carboxym-
ethylcellulose; 5:95 ratio) for 4.5 days (nine administrations
in total). Three hours after the final administration of drug or
vehicle, a blood sample was drawn from the tail vein for
measurement of haematocrit (Reuter et al., 1997). The rats
were then anaesthetized with sodium pentobarbital and
blood was drawn from the aorta for measurement (by ELISA) of
whole-blood thromboxane (TX) B2¬ synthesis, as an index of
systemic COX-1 activity (Wallace et al., 1998). The small
intestine was then evaluated for haemorrhagic damage,
which involved measuring the area, in mm2, of all hemor-
rhagic lesions. The damage areas were summed for each rat
to give the ‘intestinal damage score’ (Wallace et al., 2011).
These evaluations were performed without knowledge if the
treatments.

Immediately prior to each administration of naproxen or
vehicle, rats were treated with DADS (10, 30 or 60 mmol·kg−1

p.o.) or an equivalent volume of vehicle (1% carboxymeth-
ylcellulose). Damage was assessed and samples were taken, as
described earlier. These doses of DADS were selected after
completion of a preliminary dose-ranging study.

A series of experiments was performed, using the same
protocol as described earlier, in which a H2S-releasing deriva-
tive of naproxen (ATB-346) was administered at a dose of
20 mg kg−1 twice daily. The effects of this drug in producing
intestinal damage and in altering cytotoxicity of bile (see
later) were examined.

Effects of inhibition of H2S synthesis
Rats (n = 6 per group) were treated orally, twice daily, with a
lower dose of naproxen (10 mg·kg−1) for 4.5 days. Previous
studies have demonstrated that this dose of naproxen signifi-
cantly reduced inflammation in a rat-adjuvant arthritis
model and suppressed systemic and small intestinal COX-1
and COX-2 activity (Blackler et al., 2012), but elicited a low
level of damage in the small intestine. The rats were also
treated twice daily with an inhibitor of cystathionine γ-lyase
(β-cyano-L-alanine (BCA); 50 mg·kg−1 i.p.; Kawabata et al.,
2007), or with vehicle (PBS) immediately prior to naproxen

administration. Three hours after the final dose, the small
intestine was evaluated for damage and samples were col-
lected, as described above.

PG synthesis
Three hours after the final dose of naproxen, samples of
jejunum and of the corpus region of the stomach were col-
lected for the measurement of PGE2 synthesis, as described
previously (Wallace et al., 2000). Briefly, the samples were
excised, weighed, and added to a tube containing 1 mL of
sodium phosphate buffer (10 mmol·L−1; pH 7.4). Using scis-
sors, the tissue sample was minced for 30 s then placed in a
shaking water bath (37°C) for 20 min. The samples were
centrifuged (9000× g) for 30 s and the supernatants were col-
lected. The concentrations of PGE2 in the supernatants were
determined by ELISA.

Intestinal inflammation
Intestinal inflammation was assessed in jejunal samples by
the measurement of myeloperoxidase (MPO) activity, a quan-
titative index of granulocyte infiltration (Boughton-Smith
et al., 1988), and by histology. Samples of jejunal tissues were
collected, fixed and processed by routine techniques for light
microscopy (haematoxylin and eosin staining) (Wallace et al.,
2009).

Intestinal epithelial cell culture (IEC)
Rat IEC-6 and human intestinal epithelial (HT-29) cells were
obtained from American Type Culture Centre (Manassas, VA,
USA). IEC-6 cells are a non-transformed, homogenous popu-
lation of epithelial-like cells that remain in an undifferenti-
ated state, and thus, retain some features consistent with
intestinal crypt cells (Quaroni et al., 1979). Cultures were
maintained in DMEM containing 5% (v·v−1) FBS, 4 mmol·L−1

glutamine, 50 U·mL−1 penicillin and 50 μg·mL−1 streptomycin
(complete medium) at 37°C and 5% (v·v−1) CO2. Subculture
was carried out at confluence and cells between passages 17
and 20 were used for bile cytotoxicity assays. Prior to the
assays, cells were seeded at 5 × 104 cells per well in 24-well
plates and allowed to grow for 1–2 days post-confluence. Bile
cytotoxicity assays were also conducted using HT-29 epithe-
lial cells, which were cultured as previously described (Jobin
et al., 1998).

Collection of bile
One hour after the final administration of drug or vehicle,
rats were anaesthetized with sodium pentobarbital. A lapa-
rotomy was performed and the bile duct was cannulated with
a polyethylene cannula (PE-10; Clay Adams, Parsipany, NJ,
USA). Bile was collected for 30 min. The bile was stored at
−80°C until use in the cytotoxicity assay.

Bile cytotoxicity assay
Bile samples were diluted with Dulbecco’s PBS (DPBS) (pH
7.4) immediately prior to incubation with IEC-6 cells. Dilu-
tions (1:3–1:12) that fell within the physiological range of
concentrations of bile acids present in the small intestine of
rats (Dietschy, 1968) were assessed for their cytotoxic effects.
Cells were washed with warm DPBS prior to bile application.
Solutions of bile were added to IEC-6 cells for 3 h at 37°C and
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5% (v·v−1) CO2. Following the incubation period, the cells
were centrifuged at 250× g for 5 min and the supernatants
collected for lactate dehydrogenase measurement, using a
Cytoscan-LDH Cytotoxicity Assay Kit (G-Biosciences, St.
Louis, MO, USA). Additional experiments were performed in
a similar manner, but using HT-29 cells.

Biliary naproxen levels
Concentrations of naproxen in bile (using coded samples)
were measured by liquid chromatography/mass spectrom-
etry, as described previously (Blackler et al., 2012). These
measurements were carried out by Nucro-Technics (Scarbor-
ough, ON, Canada).

Intestinal bacterial growth
Samples of jejunum (∼200 mg; with the luminal contents
preserved) from rats treated with vehicle or naproxen, and
co-treated with vehicle or DADS, were collected under sterile
conditions and homogenized in PBS. Homogenates were kept
on ice until serially diluted and plated onto Columbia blood
agar (CBA, with 5% sheep blood) or brain heart infusion
(BHI) agar and incubated for 48 h under either aerobic or
anaerobic conditions. Plates containing between 20 and 200
colony-forming units (CFU) were analysed to determine bac-
terial numbers, and the results expressed as CFU per gram of
tissue.

DNA extraction and polymerase chain
reaction–denaturing gradient gel
electrophoresis (DGGE)
Bacterial DNA was extracted from caecal content samples as
previously described (Park et al., 2013). DNA concentrations
were determined spectrophotometrically using a NanoDrop
2000 (Thermo Scientific, Wilmington, DE, USA). The hyper-
variable V3 region of the bacterial 16s ribosomal RNA gene
was amplified using PCR with universal bacterial primers
(HDA-1 and HDA-2) (Mobixlab, McMaster University Core
Facility, Hamilton, ON, Canada). DGGE was performed using
a DCode universal mutation system (Bio-Rad Laboratories,
Mississauga, ON, Canada). Electrophoresis was conducted at
130 V at 60°C for 4.5 h. Gels were stained with SYBR Green
(Molecular Probes, Eugene, OR, USA) and viewed by UV tran-
sillumination. A scanned image of an electrophoretic gel was
used to measure the staining intensity of the fragments using
Quantity One software (version 4-2; Bio-Rad Laboratories).
The intensity of fragments is expressed as a proportion (%) of
the sum of all fragments in the same lane of the gel. Simi-
larities among bacterial profiles were determined using the
Dice coefficient, and the Ward and majority unweighted-pair-
group method with arithmetic mean (UPGMA) algorithms.
Construction of majority UPGMA trees was based on a resa-
mpling strategy of 200 permutations. UPGMA trees are dis-
played using a multidimensional scaling, which positions the
entry nodes so that they occupy the best possible distance to
each other to reflect the distances in the similarity/distance
matrix.

Data analysis
Results are shown as means ± SEM. The data presented in this
manuscript were analyzed by one-way ANOVA followed by

Dunnett’s or Bonferroni post hoc tests, with the exception of
the data presented in Figure 1, which were analysed using a
Student’s t-test.

Materials
Naproxen sodium and DADS were purchased from Sigma-
Aldrich (St. Louis, MO, USA). β-cyano-L-alanine (BCA), and

Figure 1
Inhibition of H2S synthesis by cystathionine γ-lyase. BCA exacerbated
naproxen-induced intestinal damage and bleeding. Panel A: admin-
istration of naproxen (10 mg·kg−1) twice daily over 4.5 days resulted
in marginal intestinal damage. Co-treatment with BCA significantly
worsened naproxen-induced intestinal erosions. Panel B: rats
co-treated with BCA and naproxen had significantly reduced haema-
tocrit compared with rats treated with vehicle and naproxen. Panel
C: treatment with BCA twice a day did not significantly change
intestinal MPO activity. Results are shown as mean ± SEM (n ≥ 6 per
group). *P < 0.05, **P < 0.01, significantly different from vehicle;
unpaired, two-tailed Student’s t-test.
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the PGE2 and TXB2 ELISA kits were purchased from Cayman
Chemical (Ann Arbor, MI, USA). Columbia and BHI agar
media plates were purchased from Becton-Dickinson (Missis-
sauga, ON, CA). DMEM, FBS, penicillin and streptomycin
were purchased from Life Technologies, Inc. (Burlington, ON,
CA).

Results

Suppression of H2S synthesis exacerbated
naproxen-induced ulceration and bleeding
Administration of naproxen at 10 mg·kg−1 resulted in a
low level of intestinal damage (Figure 1A). However, co-
administration of an inhibitor of H2S synthesis, BCA, resulted
in a significant increase (P < 0.05) in the severity of naproxen-
induced intestinal damage (Figure 1A) and a small, but sig-
nificant decrease in haematocrit (Figure 1B). Jejunal
granulocyte infiltration (MPO activity) in naproxen-treated
rats was not affected by BCA co-treatment (Figure 1C).

DADS dose-dependently reduced enteropathy
and bleeding
Administration of naproxen (20 mg·kg−1) twice daily for
4.5 days resulted in severe intestinal ulceration and
bleeding (Figure 2A). Rats treated with naproxen exhibited
significant weight loss (∼10%), and blood was evident in the
intestinal lumen. Co-administration of DADS with naproxen
resulted in a dose-dependent reduction in the extent of
intestinal damage (Figure 2A). Naproxen treatment resulted
in a 35% decrease in haematocrit (P < 0.001), whereas rats
treated with DADS at doses of 30 or 60 mmol·kg−1 did not
exhibit a significant change in haematocrit (Figure 2B).
Co-administration of DADS (30 or 60 mmol·kg−1) also signifi-
cantly reduced weight loss in naproxen-treated rats (P < 0.01;
Figure 2C).

Effects of DADS on suppression of
COX activity
Naproxen administration profoundly suppressed systemic
COX-1 activity (whole-blood TX synthesis; by 99%)
(Figure 3A) and intestinal PGE2 synthesis (by 64%) after twice
daily dosing for 4.5 days. A similar degree of suppression of
TX synthesis was observed in rats co-treated with DADS and
naproxen. However, naproxen-treated rats that were
co-treated with DADS at 30 or 60 mmol·kg−1 exhibited an
increase (∼1.8-fold) in intestinal PGE2 synthesis, compared
with naproxen-treated rats (P < 0.05) (Figure 3B). Similar
effects were observed in gastric tissue (Supporting Informa-
tion Fig. S1). Naproxen significantly inhibited gastric PGE2

synthesis (by 81%), compared with vehicle-treated rats.
However, co-treatment with DADS at 30 or 60 mmol·kg−1

resulted in significantly elevated gastric PGE2 synthesis, com-
pared with that in naproxen-treated rats (P < 0.05).

DADS dose-dependently reduced
intestinal inflammation
Naproxen administration resulted in a significant (approxi-
mately fourfold) increase in jejunal granulocyte infiltration

Figure 2
Dose-dependent reduction of naproxen-induced intestinal ulceration
by DADS. Rats were co-treated, twice daily, with naproxen
(20 mg·kg−1) and vehicle or DADS (10, 30, or 60 mmol·kg−1) for 4.5
days. Panel A: naproxen-induced small intestinal damage was signifi-
cantly reduced by co-treatment with DADS at doses of 30 and
60 mmol·kg−1kg−1. Panel B: naproxen administration caused signifi-
cant bleeding compared with vehicle treatment, but co-treatment
with DADS at doses of 30 or 60 mmol·kg−1 significantly reduced the
naproxen-induced decrease in haematocrit. Panel C: weight loss
caused by naproxen administration was significantly reduced by
co-treatment with DADS at doses of 30 or 60 mmol·kg−1kg−1. Results
are shown as mean ± SEM (n ≥ 6 per group). ***P < 0.001, signifi-
cantly different from vehicle; ψP < 0.05, ψψP < 0.01, (ψψψP < 0.001,
significantly different from naproxen alone; one-way ANOVA followed
by Dunnett’s and Bonferroni post hoc tests.
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(MPO activity), compared with vehicle-treated rats (P <
0.001). However, naproxen-induced granulocyte infiltration
was prevented when rats were co-treated with DADS at doses
of 30 or 60 mmol·kg−1 (Figure 4A). Histological examination
of jejunal sections from naproxen-treated rats confirmed the
extensive macroscopic erosions and granulocyte infiltration.
Naproxen-treated rats exhibited a complete loss of mucosal
architecture, granulocyte infiltration, and extensive subepi-
thelial oedema, compared with vehicle-treated rats (Figure 4B
and C respectively). However, mucosal structure was largely

intact when naproxen-treated rats were co-treated with DADS
at doses of 30 or 60 mmol·kg−1, with similar appearance to
vehicle-treated rats (Figure 4D).

Cytotoxic effects of bile were enhanced
by naproxen
When tested at dilutions of 1:6 or 1:12, bile collected from
rats given naproxen (20 mg·kg−1) over 4.5 days exhibited sig-
nificantly increased cytotoxic effects on IEC-6 intestinal epi-
thelial cells, compared with bile from rats given vehicle.
Results for the 1:6 dilutions are shown in Figure 5. Thus,
exposure of the cells to a 1:6 dilution of bile from naproxen-
treated rats for 3 h resulted in 58% cytotoxicity, compared
with 26% cytotoxicity (P < 0.001) for bile from vehicle-treated
rats (Figure 5). Similar results were also observed for the 1:12
bile dilution (data not shown).

DADS reduced naproxen-enhanced
bile toxicity
The enhancement of the cytotoxicity of bile by naproxen was
dose-dependently reduced in rats co-treated with DADS
(Figure 5). Indeed, bile collected from rats co-treated with
naproxen and DADS at 60 mmol·kg−1 was not significantly
different, in terms of cytotoxicity, from the bile collected
from rats treated only with vehicle. Similar results were also
observed for the 1:12 bile dilution and in a series of experi-
ments evaluating bile cytotoxicity on cultured HT-29 cells
(Supporting Information Fig. S2).

The severity of naproxen-induced intestinal damage
correlates well with the concentrations of naproxen in the
bile after administration of naproxen to rats (J. L. Wallace,
unpubl. data). To explore whether DADS co-administration
reduced biliary concentrations of naproxen, we measured the
concentrations of naproxen in bile from rats treated with
naproxen (20 mg·kg−1) alone or co-treated with DADS. The
concentration of naproxen in the bile of naproxen-treated
rats did not differ significantly when DADS was co-
administered at doses of 10, 30 or 60 mmol·kg−1, suggesting
that DADS co-administration did not significantly alter the
enterohepatic recirculation of naproxen (Supporting Infor-
mation Fig. S3).

DADS administration altered the composition
of the microbiota
We examined whether DADS administration would alter the
composition of the intestinal microbiota. DGGE analysis of
caecal contents demonstrated that treatment with DADS
caused a marked shift in the composition of the microbiota.
DGGE analysis was performed to compare the microbial com-
position in rats treated with vehicle, naproxen (20 mg·kg−1)
plus vehicle, or naproxen plus DADS at a protective
(30 mmol·kg−1) and a non-protective (10 mmol·kg−1) dose.
Naproxen administration caused caecal dysbiosis in rats
and co-treatment with a non-protective dose of DADS
(10 mmol·kg−1) did not correct this shift, as analysed by the
Dice coefficient and Ward algorithm to determine similarities
(Figure 6A). Interestingly, the microbiota of naproxen-
treated, rats co-treated with a protective dose of DADS
(30 mmol·kg−1), clustered with that of rats not treated with
naproxen. Construction of a UPGMA tree demonstrated

Figure 3
DADS did not prevent systemic COX inhibition by naproxen. Nap-
roxen administration significantly suppressed (by 99%) whole-blood
synthesis of TXB2 (panel A), and this was not affected by
co-administration of DADS (10, 30 or 60 mmol·kg−1). Three hours
after the final dose, naproxen administration also significantly inhib-
ited (by 64%) intestinal PGE2 synthesis compared with vehicle-
treated rats (panel B). However, co-treatment with DADS at 30 and
60 mmol·kg−1 increased intestinal PGE2 synthesis in naproxen-treated
rats to levels comparable with vehicle-treated rats. Results are shown
as mean ± SEM (n ≥ 6 per group). *P < 0.05, **P < 0.01, significantly
different from vehicle; one-way ANOVA followed by Dunnett’s and
Bonferroni post hoc tests.
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similar clustering and each branch had 100% re-sampling
support (Figure 6B). The total number of aerobes in the
jejunum of rats treated with naproxen or naproxen plus
DADS (10, 30 or 60 mmol·kg−1), was not significantly differ-
ent from that in vehicle-treated rats (whether plated on CBA
or BHI media) (Figure 6C).

To further investigate if DADS administration alone could
shift the composition of the microbiota in rats, an additional
experiment was conducted in which rats were treated with
vehicle or DADS (10 or 30 mmol·kg−1). Similar to the results
mentioned earlier, the total number of aerobes and anaerobes
in the jejunum of rats treated with DADS at doses of 10 or
30 mmol·kg−1was not significantly different from that in
vehicle-treated rats (whether plated on CBA or BHI media)
(Supporting Information Fig. S3C). DGGE analysis of the
caecal microbiota demonstrated that treatment of rats with
DADS at a non-protective dose (10 mmol·kg−1) did not cause
a shift in the microbiota, compared with treatment with
vehicle. However, the microbiota of rats treated with DADS at
a protective dose (30 mmol·kg−1) resulted in a distinct clus-
tering of the microbiota, compared with that in rats treated
with vehicle (Supporting Information Fig. S4A and B).

We also analysed the taxonomic composition of the
caecal microbiota via deep sequencing of 16S rRNA

(Illumina, San Diego, CA, USA). Administration of DADS
at 30 mmol.kg−1, but not at 10 mmol.kg−1, significantly
decreased multiple Clostridiales families, such as Ruminococ-
caceae and Eubacteriaceae, and decreased Enterococcaceae as
compared with vehicle-treated rats (Supporting Information
Fig. S5). Interestingly, DADS at the higher dose increased the
abundance of Mucispirillum, a type of bacterium that colo-
nizes the mucus layer of the mammalian tract.

Lack of intestinal damage or alteration of
bile cytotoxicity with an H2S-releasing
naproxen derivative
Twice daily administration of ATB-346 for 4.5 days at a dose
equimolar to naproxen at 20 mg·kg−1 did not cause signifi-
cant damage to the small intestine of rats (scores of 0 in all
six rats). When HT-29 cells were exposed to a 1:6 or 1:12
dilution of bile collected from ATB-346-treated rats, the
extent of cell death observed was significantly reduced com-
pared with that observed when the cells were exposed to
the same dilution of bile from naproxen-treated rats (Sup-
porting Information Fig. S6). ATB-346 did not significantly
change the cytotoxicity of bile as compared with vehicle
treatment.

Figure 4
DADS dose-dependently prevented naproxen-induced mucosal inflammation and structural damage. Panel A: naproxen administration signifi-
cantly increased intestinal MPO activity compared with vehicle-treated rats. However, co-treatment with DADS at doses of 30 or 60 mmol·kg−1

significantly diminished the naproxen-induced increase in MPO activity. Panel B: loss of mucosal structure in the intestine after naproxen
treatment. Mucosal structure remained intact when naproxen-treated rats were co-administered DADS (30 mmol·kg−1) (panel D), with a similar
appearance to tissue from vehicle-treated rats (panel C). Results are shown as mean ± SEM (n ≥ 6 per group). ***P < 0.001, significantly different
from vehicle; ψψψP < 0.001, significantly different from naproxen alone; one-way ANOVA followed by Dunnett’s and Bonferroni post hoc tests. Scale
bar, 100 μm (applicable to each panel).
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Discussion

NSAID-induced enteropathy is a significant clinical concern
because of the widespread use of this class of drugs, particu-
larly among the elderly, who have an increased propensity to
develop GI ulcers (Wallace, 2013b). In recent years, consid-
erable evidence has been provided for important roles of H2S
as a mediator of mucosal defence throughout the GI tract.
Endogenous H2S synthesis is up-regulated at sites of mucosal
injury and contributes significantly to healing of the injury
(Wallace et al., 2007b; Wallace et al., 2009; Flannigan et al.,
2013). Administration of H2S donors has been shown to
accelerate the healing of gastric and colonic ulcers, and to
reduce mucosal inflammation (Fiorucci et al., 2007; Wallace
et al., 2007b). In the present study, a garlic-derived H2S donor
(DADS) was shown to dose-dependently reduce the severity
of ulceration and bleeding in the small intestine following
administration of naproxen, one of the most prescribed
NSAIDs. Furthermore, DADS administration led to signifi-
cant changes in the intestinal microbiota and to the cyto-
toxicity of bile that could account, at least in part, for the
protective effects of this H2S donor against NSAID-
enteropathy. Suppression of endogenous H2S synthesis
resulted in a significant exacerbation of naproxen-induced
intestinal ulceration and bleeding. The intestinal-sparing
effect of DADs and reduced cytotoxicity of bile were also

observed with an H2S-releasing derivative of naproxen (ATB-
346), which suppressed PG and TX synthesis as effectively as
naproxen. Indeed, with a number of H2S-releasing derivatives
of NSAIDs, we have consistently observed a greatly reduced
capacity for inducing gastrointestinal damage, despite com-
parable suppression of COX-1 and COX-2 activity as seen
with the parent NSAID (Wallace et al., 2007a; 2010; Elsheikh
et al., 2014). These observations support the hypothesis that
the beneficial effects of DADS were attributable to the H2S it
can release (Benavides et al., 2007). Moreover, there does not
appear to be any tachyphylaxis to the beneficial effects of H2S
in the GI tract, as GI safety was observed even after 2 weeks
of daily administration of these compounds (Elsheikh et al.,
2014).

While the mechanism underlying the gastroduodenal
damage caused by NSAIDs is clearly related to the ability of
these drugs to suppress COX-1 and -2 activity, the mecha-
nism for NSAID-enteropathy is less clear and is likely to be
more complex (Wallace, 2012). COX inhibition contributes
to the injury that develops in the intestine following NSAID
administration, but at least three other interrelated factors
appear to be more important: bile, enteric bacteria and the
enterohepatic circulation of the NSAID. The latter is clear
from evidence that NSAIDs that do not undergo enterohe-
patic recirculation do not cause significant intestinal damage
(Wax et al., 1970; Reuter et al., 1997; Somasundaram et al.,
1997). After absorption, NSAIDs can be glucuronidated in the
liver, and then excreted into bile. As shown in the present
study, bile containing NSAIDs or NSAID-glucuronides are
more damaging to intestinal epithelial cells than bile from
rats that were not treated with an NSAID. This may be due, at
least in part, to NSAID-induced changes in the enteric flora,
leading to increased concentrations of more cytotoxic, sec-
ondary bile acids (Hofmann, 1999; Martinez-Augustin and
Sanchez de Medina, 2008). Re-absorption of the NSAIDs in
the ileum can only occur if the NSAID is deconjugated from
the glucuronide, which requires the activity of bacterial
β-glucuronidase. It has recently been demonstrated that an
inhibitor of bacterial β-glucuronidase prevented NSAID-
induced intestinal damage in mice (Saitta et al., 2014), con-
sistent with observations that prevention of enterohepatic
circulation of NSAIDs (Wax et al., 1970), or performing
studies in germ-free animals (Robert and Asano, 1977; Uejima
et al., 1996), resulted in prevention of intestinal damage.
Thus, bacteria may contribute to NSAID-enteropathy through
their critical role in enterohepatic circulation, as well as in the
conversion of primary to secondary bile acids. A third mecha-
nism through which bacteria can contribute to NSAID-
enteropathy is through their colonization of the initial
lesions that form after NSAID administration (Elliott et al.,
1998), and in the case of Gram-negative bacteria, via activa-
tion of Toll-like receptor 4 (TLR-4). Watanabe et al. (2008)
demonstrated that activation of TLR-4 contributed signifi-
cantly to the intestinal injury that developed in mice and rats
after administration of indomethacin. Studies involving pre-
treatment with antibiotics have been less informative in
establishing the contribution of enteric bacteria to NSAID-
enteropathy, as it is difficult to separate a primary (preventa-
tive) effect from a secondary effect such as post-injury
acceleration of healing (Kent et al., 1969; Yamada et al.,
1993).

Figure 5
DADS dose-dependently reduced naproxen-induced bile cytotoxic-
ity. Bile collected from rats treated with naproxen (20 mg·kg−1) twice
daily for 4.5 days was significantly more cytotoxic to cultured rat
IEC-6 cells than bile collected from vehicle-treated rats. Co-treatment
with DADS at 30 mmol·kg−1 significantly reduced the naproxen-
induced increase in cytotoxicity of bile. Co-treatment with DADS at
60 mmol·kg−1 further reduced naproxen-induced bile cytotoxicity, to
a level similar to that of bile from vehicle-treated rats. Data shown are
from the 1:6 dilutions of bile samples, and are expressed as the mean
± SEM of at least six rats per group. ***P < 0.001, significantly
different from vehicle; ψP < 0.05, ψψψP < 0.001, significantly different
from naproxen alone; one-way ANOVA followed by Dunnett’s and
Bonferroni post hoc tests.
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In the present study, treatment with DADS resulted in a
reduction of the in vitro cytotoxicity of bile to the same level
as in rats not treated with an NSAID, triggered marked
changes in the intestinal microbiota, but did not alter entero-
hepatic recirculation of naproxen (i.e. the levels of naproxen
in bile were unaltered by DADS treatment). This suggests that
DADS did not significantly change bacterial deconjugation of
naproxen-glucuronide, a necessary step for the NSAID to be
re-absorbed in the ileum. We cannot rule out the possibility
that treatment with DADS may have altered the levels of
naproxen-glucuronide in bile. In a previous study, we
observed that the ratio of biliary naproxen-glucuronide : nap-
roxen after administration of an H2S-releasing naproxen
derivative decreased over time with repeated administration
of this compound (Blackler et al., 2012). Concentrations of
naproxen in the bile of rats treated with naproxen
(20 μg·kg−1) were ∼3 μg·mL−1. This concentration of naproxen
(∼1.2 μM) is well below the concentration required to signifi-
cantly increase the cytotoxicity of the bile in our in vitro assay
(only at concentrations of naproxen of >10 μM was an
increase in the cytotoxicity of bile observed).

Another mechanism through which NSAIDs have been
suggested to cause small intestinal ulceration is through their
ability to uncouple oxidative phosphorylation, leading to
death of epithelial cells (Somasundaram et al., 1997). If this is
the case, it raises the intriguing possibility that the protective
effects of H2S could be related to the ability of this gaseous
mediator to act as an electron donor in mitochondrial respi-
ration (Goubern et al., 2007). H2S has been shown capable of
rescuing mitochondrial function during hypoxia and anoxia,
by virtue of this action, contributing to its cytoprotective
effects in the GI tract and elsewhere (Elrod et al., 2007;
Kimura et al., 2010; Campolo et al., 2013). Epithelial cells in
the GI tract have been reported to be the most efficient cells
at using H2S as a mitochondrial energy source (Mimoun et al.,
2012).

Treatment with DADS also resulted in a statistically sig-
nificant increase in intestinal PG synthesis. As expected, nap-
roxen markedly inhibited intestinal PGE2 synthesis and
whole-blood TX synthesis (the latter is almost entirely
derived from platelets) (Wallace et al., 1998). In rats pre-
treated with DADS at the two higher doses, which were

Figure 6
Co-treatment with DADS prevented naproxen-induced dysbiosis. Panel A: DGGE analysis revealed that naproxen (20 mg·kg−1) administration to
rats caused dysbiosis of the caecal microbiota, with distinct clustering from vehicle-treated rats. Co-treatment with DADS at 30 mmol·kg−1 shifted
the microbiota of naproxen-treated rats back to being similar to that of vehicle-treated rats. Using a resampling technique (majority UPGMA
algorithm), the dendrogram clustering observed in Panel A was confirmed, indicating a robust difference in microbiota composition between
groups (panel B). Panel C: The total number of aerobes in the jejunum did not significantly differ in rats treated with vehicle, naproxen, or
naproxen plus DADS (10, 30 or 60 mmol·kg−1) twice daily for 4.5 days. Results in panel C are from samples plated on CBA and shown as mean
± SEM (n ≤ 5 per group). The data were analysed by a one-way ANOVA followed by Dunnett’s multiple comparison test.
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protective against intestinal injury, the levels of PGE2 synthe-
sis were significantly greater than in rats pretreated with
vehicle. However, the differences in intestinal PGE2 synthesis
between the groups treated with ‘protective’ doses of DADS
and the group treated with a non-protective dose of DADS
were negligible, suggesting that altered PGE2 synthesis was
unlikely to have contributed significantly to the protective
effects of DADS.

As mentioned earlier, the pathogenesis of NSAID-
enteropathy is more complicated than that of NSAID-
gastropathy. The multifactorial aspect of NSAID-enteropathy
may explain why doses of DADS in the mmol·kg−1 range were
required to observe a protective effect against small intestinal
damage, whereas doses of DADS in the μmol·kg−1 range were
effective in preventing naproxen-induced gastric damage
(Wallace et al., 2010). However, the ability of an H2S donor to
protect against NSAID-induced intestinal damage may also
depend on the nature of the donor, and the manner in which
H2S is delivered by the donor relative to the delivery and
absorption of the NSAID. We observed that ATB-346, an H2S-
releasing derivative of naproxen, at a dose equivalent to a
20 mg·kg−1 dose of naproxen, did not produce significant
small intestinal damage, consistent with previous observa-
tions (Wallace et al., 2010; Blackler et al., 2012). This effect
was seen even though, at this dose, ATB-346 would deliver
less than 1% of the H2S that is released by the protective doses
of DADS. Interestingly, as was the case with DADS
co-administration, the cytotoxicity of bile from rats treated
with ATB-346 was significantly reduced compared with bile
from rats treated with naproxen.

Changes in the microbiota induced by administration of
DADS may have contributed significantly to the ability of this
H2S donor to reduce the severity of naproxen-induced intes-
tinal damage. As outlined earlier, enteric bacteria can contrib-
ute to the pathogenesis of NSAID-enteropathy in several
ways, affecting both the cytotoxicity of bile, the enterohe-
patic circulation of the NSAID and the ability of ulcers to
heal. In this study, we have demonstrated that naproxen
administration also caused significant changes in the enteric
microflora, as has been reported previously (Uejima et al.,
1996; Reuter et al., 1997; Hagiwara et al., 2004; Watanabe
et al., 2008). Co-administration of ‘protective’ doses of DADS
with naproxen resulted in a normalization of the microbiota
(i.e. to be similar to that in rats not receiving naproxen). Of
course, this latter effect could simply be a consequence of the
prevention of naproxen-induced intestinal damage. A causal
relationship between DADS-induced changes in the micro-
biota and reduced intestinal damage has not been estab-
lished. However, it is noteworthy that administration of
DADS alone resulted in significant changes in the enteric
microflora, including causing a marked decrease in multiple
Clostridiales families, and a substantial increase in abundance
of Mucispirillum. These effects were observed with a dose of
DADS that was effective in reducing naproxen-induced enter-
opathy (30 mmol·kg−1), but not at a dose that was ineffective
in reducing naproxen-induced enteropathy (10 mmol·kg−1).

In summary, the present study extends previous observa-
tions that H2S has protective effects in the GI tract, with the
demonstration that DADS could substantially reduce the
severity of intestinal ulceration and bleeding induced by
repeated administration of an NSAID. The pathogenesis of

NSAID-enteropathy is complicated, involving cytotoxic
effects of bile, changes in intestinal microbiota and entero-
hepatic circulation of the NSAID. The present study provides
evidence that administration of an H2S donor can signifi-
cantly affect two of these factors: reducing the cytotoxicity of
bile and significantly altering the enteric microbiota. These
two effects may be related, as changes in enteric bacteria can
lead to altered bile metabolism, and in turn to an alteration of
cytotoxicity.
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Figure S1 Effects of DADS on inhibition of gastric PGE2

synthesis by naproxen. Three hours after the final dose,
naproxen significantly suppressed gastric PGE2 synthesis
(***P < 0.001). However, co-treatment with DADS at 30 or
60 mmol·kg−1 significantly increased gastric PGE2 synthesis in
naproxen-treated rats (ψP < 0.05). Results are shown as mean
± SEM (n ≥ 6 per group). The data were analysed by a one-way
ANOVA followed by Dunnett’s and Bonferroni post hoc tests.
Figure S2 DADS dose-dependently reduced naproxen-
induced bile cytotoxicity on HT-29 cultured cells. Similar to
the bile cytotoxicity results from IEC-6 cell cultures, bile
collected from rats treated with naproxen (20 mg·kg−1) twice
daily for 4.5 days was significantly more cytotoxic than bile
collected from vehicle-treated rats (***P < 0.001). Bile col-
lected from rats co-treated with DADS at 60 mmol·kg−1 was
significantly less cytotoxic than bile from naproxen-treated
rats (*P < 0.05). The bile samples were diluted 1:6 in Dulbec-
co’s PBS (DPBS) prior to being added to the cultured cells.
Results are shown as mean ± SEM (n = 6 per group). The data
were analysed by a one-way ANOVA followed by Dunnett’s
multiple comparison test.
Figure S3 Biliary concentrations of naproxen were unaltered
by co-administration of DADS. Naproxen (20 mg·kg−1) was
co-administered with vehicle or with DADS (10, 30 or
60 mmol·kg−1) twice daily for 4.5 days. Bile was collected 1 h
after the final drug administration. Biliary naproxen concen-
trations were measured by liquid chromatography/mass spec-
trometry. Results are shown as mean ± SEM (n = 6 per group).
The data were analysed by a one-way ANOVA followed by
Dunnett’s and Bonferroni post hoc tests.
Figure S4 Treatment with DADS caused a shift in the micro-
biota composition. Panel A: DGGE analysis revealed that
there were significant differences in the composition of
caecal microbiota in vehicle-treated and DADS-treated
(30 mmol·kg−1) rats. The clustering observed in the dendro-
gram constructed using the Dice coefficient and Ward algo-
rithm in panel A was confirmed using majority UPGMA
algorithm (panel B). Panel C: the total number of aerobes and
anaerobes in the jejunum did not significantly differ in rats
treated with vehicle or with DADS (10 or 30 mmol·kg−1) twice
daily for 4.5 days. Results in panel C are from samples plated
on CBA and shown as mean ± SEM (n ≤ 5 per group). The data
were analysed by a one-way ANOVA followed by Dunnett’s
multiple comparison test.
Figure S5 Effects of DADS at a protective dose
(30 mmol·kg−1) and a non-protective dose (10 mmol·kg−1) on
the rat microbiota were examined. The taxonomic composi-
tion of the caecal microbiota from rats treated with DADS or
vehicle was evaluated via deep sequencing of 16S rRNA with
Illumina. Data are shown as the mean ± SEM of five rats per
group. *P < 0.05 versus the vehicle-treated group (one-way
ANOVA followed by Bonferroni test).
Figure S6 ATB-346 administration did not enhance the cyto-
toxic effects of bile on human intestinal epithelial (HT-29)

BJPBile, bacteria and NSAIDS

British Journal of Pharmacology (2015) 172 992–1004 1003

http://dx.doi.org/10.1111/bph.12961


cells (n = 12 per group). Bile collected from rats treated with
naproxen (10 mg kg−1) twice daily for 4 days resulted in a
significant increase in cytotoxicity as compared with the
effects of bile from vehicle-treated rats (***P < 0.001). In
contrast, bile from rats treated with an equimolar dose of
ATB-346 exhibited significantly less cytotoxicity than bile
from naproxen-treated rats (ψψP < 0.01), and not significantly

different from bile from vehicle-treated rats. Results are from
the 1:6 and 1:12 dilutions and shown as mean ± SEM. The
data were analysed by one-way ANOVA and Bonferroni test.
ATB-346 is 2-(6-methoxy-napthalen-2-yl)-propionic acid
4-thiocarbamoyl-phenyl ester, a H2S-releasing derivative of
naproxen.
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