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The mechanisms underlying the ability of nonsteroidal anti-inflammatory drugs (NSAIDs) to cause ulceration in the stomach
and proximal duodenum are well understood, and this injury can largely be prevented through suppression of gastric acid
secretion (mainly with proton pump inhibitors). In contrast, the pathogenesis of small intestinal injury induced by NSAIDs

is less well understood, involving more complex mechanisms than those in the stomach and proximal duodenum. There is
clear evidence for important contributions to NSAID enteropathy of enteric bacteria, bile and enterohepatic recirculation of
the NSAID. There is no evidence that suppression of gastric acid secretion will reduce the incidence or severity of NSAID
enteropathy. Indeed, clinical data suggest little, if any, benefit. Animal studies suggest a significant exacerbation of NSAID
enteropathy when proton pump inhibitors are co-administered with the NSAID. This worsening of damage appears to be
linked to changes in the number and types of bacteria in the small intestine during proton pump inhibitor therapy. The
distinct mechanisms of NSAID-induced injury in the stomach/proximal duodenum versus the more distal small intestine likely

dictate distinct strategies for prevention.

Abbreviations

ADR, adverse drug reaction; GI, gastrointestinal; H,RA, histamine H, receptor antagonist; PPI, proton pump inhibitor

Introduction

The first clear demonstration that a nonsteroidal anti-
inflammatory drug (NSAID) could trigger bleeding in the
stomach was provided by the gastroscopy study of Douth-
waite and Lintott (1938). Since that time, the gastrointestinal
(GI) damaging effects of NSAIDs have been very well charac-
terized, and recognized as the major limitation to the use of
this class of drugs for treating inflammatory conditions
(Wallace, 2008). Despite many efforts to develop ‘GI-sparing’
NSAIDs, the bleeding and ulceration caused by these drugs
remains a major clinical concern (McCarthy, 2009; Scarpig-
nato and Hunt, 2010). For example, in a prospective analysis
of over 18 000 patients in which adverse drug reactions
(ADRs) were the cause of admission to hospital in Britain,

NSAIDs were the most common class of drug associated with
ADRs (30%) and NSAID-associated GI bleeding and ulcer-
ation accounted for 61% of ADR-related deaths (Pirmohamed
et al., 2004).

Over the past few decades, a great deal has been learned
about the pathogenesis of NSAID gastropathy. In particular,
the critical role of suppression of mucosal PG synthesis in
triggering mucosal ulceration has been clearly demonstrated
(Whittle, 1981; Rainsford and Willis, 1982; Wallace et al.,
2000). There have also been significant advances in the treat-
ment and prevention of NSAID-induced damage to the
stomach and duodenum. Histamine H, receptor antagonists
(H-RAs) and proton pump inhibitors (PPIs) (particularly the
latter) have become mainstay prophylactic therapies. Several
new drugs are in development that consist of both an NSAID
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and an inhibitor of gastric acid secretion (PPI or H,RA) in the
same tablet, the goal being reduced gastric damage. One
such drug, Vimovo, was launched recently (naproxen +
esomeprazole).

It became clear from the studies of post-mortem samples
by Bjarnason and colleagues (1993) that NSAID use is also
associated with significant damage to the more distal regions
of the small intestine (i.e. distal to the ligament of Treitz).
Because this damage occurs in regions beyond the reach of
typical endoscopic examinations, in contrast to the gas-
troduodenal damage, NSAID enteropathy has been under-
examined or even ignored in most clinical studies. Also,
simple and reliable surrogate markers for NSAID enteropathy
are lacking. A number of recent video capsule endoscopy
studies have demonstrated the high incidence (55-75%) of
small intestinal damage in healthy volunteers taking NSAIDs
plus a PPl over a 2 week period (Goldstein et al., 2005; Graham
et al., 2005; Maiden et al., 2005; Fujimora et al., 2010). It is
noteworthy that this high incidence of intestinal damage was
observed in a group considered to be at low risk for NSAID-
related GI damage, with a short period of treatment and with
co-administration of a ‘gastro-protective’ drug.

NSAIDs reproducibly elicit enteropathy in rodents that is
similar in appearance to that observed in humans, and these
models have proven very useful for gaining a better under-
standing of the pathogenesis of this condition. There is no
evidence to suggest that suppression of gastric acid secretion
would have any positive impact with respect to the incidence
of NSAID-induced enteropathy (Hunt ef al., 2009). Indeed,
some evidence suggests the opposite (Wallace ef al., 2011).
This raises questions about the common practice of
co-prescribing a PPI together with an NSAID (or their com-
bined use in a single pill).

In this review, the mechanisms through which NSAIDs
produce damage to the upper GI tract (i.e. stomach and
proximal duodenum) and to more distal regions of the intes-
tine are reviewed. The distinct pathogenic mechanisms in
these two regions likely necessitate different strategies for
prevention of ulceration and bleeding.

Pathogenesis of gastroduodenal
damage

The ability of different NSAIDs to cause gastroduodenal
damage correlates very well with their ability to inhibit
mucosal PG synthesis (Whittle, 1981; Rainsford and Willis,
1982). While most PGs produced by the healthy stomach are
derived from COX-1, there is ample evidence that COX-2-
derived PGs also play a key role in gastroduodenal mucosal
defence (Wallace and Devchand, 2005), as well as in the
repair of mucosal injury throughout the GI tract (Reuter ef al.,
1996; Mizuno et al., 1997; Ma et al., 2002). When the gastric
mucosa is inflamed, COX-2 expression is markedly increased
and the contribution of COX-2-derived eicosanoids to
mucosal defence is much greater (Souza et al., 2003). NSAIDs
that selectively inhibit either COX-1 or COX-2 cause less
gastroduodenal damage than NSAIDs that inhibit both
enzymes (Wallace etal.,, 2000). In clinical use, selective
COX-2 inhibitors reduce, but do not eliminate, gastroduode-
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nal damage (Laine et al., 2003a; Lanas et al., 2007). However,
this beneficial effect is lost if these drugs are co-administered
with aspirin, even at low doses (Laine et al., 2003b). Low-dose
aspirin is often prescribed to patients taking selective COX-2
inhibitors in an attempt to reduce the incidence of serious
cardiovascular events that have been associated with the use
of the latter drugs (Kearney et al., 2006).

Why does suppression of mucosal PG synthesis contrib-
ute to mucosal injury? PGs have been found to enhance or
stimulate many aspects of mucosal defence (Wallace, 2008).
For example, PGs stimulate bicarbonate and mucus secretion
by the epithelium, which contributes to the resistance of
these cells to damage induced by luminal acid and pepsin, as
well as promoting repair of damaged epithelium. The major
PGs synthesized by the gastroduodenal mucosa (PGE, and
PGI,) are potent vasodilators, increasing mucosal blood flow
when epithelial barrier function is compromised. The
increased blood flow helps to neutralize back-diffusing acid
and to dilute and remove any potentially toxic substances
that have entered the subepithelial space. Maintenance of
mucosal blood flow during times when the epithelium is
damaged is particularly important in terms of facilitating the
rapid repair of the damaged tissue, before it progresses deeper
into the mucosa. PGs play a particularly important role in
regulating mucosal blood flow at those times (Wallace and
McKnight, 1990). PGs have also been shown to play a key role
in the promotion of ulcer healing. These effects are likely
related primarily to suppression of COX-1-derived PG synthe-
sis (indeed, this has been demonstrated with respect to the
decrease in gastric blood flow that occurs following NSAID
administration) (Wallace et al., 2000). Suppression of PG syn-
thesis also leads to leukocyte (mainly neutrophil) adherence
to the vascular endothelium in the GI microcirculation, and
this has been shown to result in endothelial damage (Asako
etal., 1992a,b; Wallace, 1993; McCafterty ef al., 1995). This
event appears to be one of the earliest steps in the pathogen-
esis of mucosal injury (Wallace et al., 1990), and is a conse-
quence of inhibition of COX-2 activity (Wallace et al., 2000).
Moreover, prevention of this event results in prevention of
mucosal damage (Wallace etal., 1990, 1991, 1993). The
increased leukocyte-endothelial adhesion is related to
up-regulation of both endothelial (e.g. inter-cellular adhesion
molecule-1, P-selectin) and leukocyte (CD11/18) adhesion
molecule expression (Andrews et al., 1994; Fiorucci etal.,
2005), which appears to occur in part because of increased
release of leukotriene B, (Asako et al., 1992a) and TNF-a (San-
tucci et al., 1994; Appleyard et al., 1996).

While suppression of gastroduodenal PG synthesis is an
important element of the pathogenesis of mucosal injury,
such injury can be prevented through delivery of exogenous
PGs (Robert et al., 1979) or of other mediators of mucosal
defence, most notably NO (MacNaughton etal.,, 1989;
Wallace et al., 1994) or hydrogen sulphide (Fiorucci efal.,
2005; Wallace et al., 2007; 2010). Both NO and hydrogen
sulphide are potent inhibitors of leukocyte adherence to the
vascular endothelium (Kubes etal.,, 1991; Zanardo etal.,
2006), which may be one of the key reasons that they can
reduce or prevent NSAID-induced gastroduodenal damage.
They are also vasodilators, and can therefore prevent the
decrease in gastric blood flow that is usually seen following
administration of an NSAID.



Selective COX-2 inhibitors cause less upper GI injury/
bleeding than non-selective COX inhibitors in part because
they do not inhibit platelet aggregation. However, when
co-administered with anti-thrombotic doses of aspirin, the
benefit of a selective COX-2 inhibitor over a conventional
NSAID in terms of upper GI ulceration and bleeding is lost
(Laine ef al., 2003b). While this may be partly because of the
suppression of platelet aggregation by the aspirin, there is
another reason for this interesting interaction between
aspirin and selective COX-2 inhibitors. Aspirin irreversibly
acetylates COX-1 and COX-2, preventing the conversion
of arachidonic acid to PGH,. However, acetylated
COX-2 can still metabolize arachidonic acid to 15(R)-
hydroxyepitetraenoic acid, which in turn can be converted
by S-lipoxygenase to 15(R)-epi-lipoxin A,. 15(R)-epi-lipoxin
A, and its epimer, lipoxin A,, are potent anti-inflammatory
substances, suppressing neutrophil adherence to the endot-
helium (Claria and Serhan, 1995; Serhan and Oliw, 2001;
Serhan et al., 2007). Moreover, lipoxin A, exhibits potent
protective effects in the stomach (Fiorucci et al., 2002; Souza
et al., 2003). When a COX-2 inhibitor is co-administered with
aspirin, the conversion of arachidonic acid to 15(R)-
hydroxyepitetraenoic acid (and therefore the production of
the gastro-protective 15(R)-epi-lipoxin A,) is blocked. The
result is more severe gastric damage than is seen with aspirin
alone or with the selective COX-2 inhibitor alone (Fiorucci
et al., 2002; 2003; Souza et al., 2003).

While there is considerable evidence that suppression of
mucosal PG synthesis is central to the mechanism of action
of NSAIDs in damaging the gastroduodenal mucosa (Wallace,
2008), there remains debate with respect to the contribution
of topical irritant effects of these drugs to mucosal injury
(Somasundaram et al., 2000; Lichtenberger, 2001). Topical
exposure of the mucosa to NSAIDs (particularly acidic ones)
can result in formation of erosions, but this mucosal injury
does not necessarily progress to clinically significant ulcers
and bleeding in the absence of concurrent suppression of
mucosal PG synthesis. Indeed, there is evidence that topical
exposure of the gastroduodenal mucosa to an NSAID is not
necessary for ulcer formation. Parenteral administration of
NSAIDs or oral administration of NSAID prodrugs cause clini-
cally significant ulcer formation at rates similar to orally
administered NSAIDs (Estes et al., 1993; Henry et al., 1993;
Wallace and McKnight, 1993).

The effectiveness of H,RAs and PPIs in reducing the inci-
dence of NSAID gastropathy strongly suggests a key role of
acid in the pathogenesis of this injury. When mucosal
defence is weakened, through suppression of mucosal PG
synthesis, the tissue is less able to resist the damaging effects
of acid. In areas of superficial mucosal injury, a microenvi-
ronment of relatively high pH, formed from mucus and
coagulation proteins (the ‘mucoid cap’), can be maintained
which is conducive to restitution of the epithelium (Wallace
and McKnight, 1990). However, if mucosal blood flow is
significantly reduced (such as through administration of an
NSAID or a vasoconstrictor), the pH within the mucoid cap
rapidly falls as acid penetrates into the mucosa, causing
further damage and bleeding (Wallace and McKnight, 1990).
The latter effect is attributable in part to the inability of
platelets to aggregate at a pH of less than 4 (Green etal.,
1978).

Preventing NSAID gastroenteropathy

Pathogenesis of small intestinal injury

The pathogenesis of NSAID enteropathy is distinct from that
of NSAID gastropathy (Wallace, 2008). It is also more chal-
lenging to investigate in a controlled manner because the
manifestation of the damage takes place over a much longer
period of time than the lesions that develop in the stomach.
Inhibition of PG synthesis by NSAIDs renders the intestinal
mucosa more susceptible to injury and less able to undergo
repair (Reuter etal., 1997; Tanaka etal., 2002). As in the
stomach (Davies et al., 1997b), inhibition of COX-1 activity
leads to a rapid, compensatory increase in expression of
COX-2, and suppression of both enzymes leads to exacerba-
tion of tissue injury (Tanaka et al., 2002). Unlike the stomach,
however, there does not appear to be a primary role of COX
inhibition in the mechanism of NSAID-induced enteropathy
(Reuter etal.,, 1997). Thus, intestinal PG synthesis can be
markedly suppressed, but ulceration and bleeding does not
necessarily occur, and when it does occur, it is not temporally
synchronized with the suppression of intestinal PG synthesis
(Whittle, 1981; Reuter et al., 1997). Likewise, increases in
intestinal epithelial permeability occur within 12 h of admin-
istration of an NSAID to a rat, but this does not necessarily
predict the development of intestinal ulcers (Reuter et al.,
1997). The extent to which the increase in permeability is due
to the topical irritant effects of the NSAID versus the suppres-
sion of PG synthesis is not clear.

A critical feature of some NSAIDs that appears to be essen-
tial for induction of significant intestinal ulceration is their
re-absorption in the ileum and subsequent secretion back
into the duodenum via the enterohepatic circulation
(Figure 1). NSAIDs that do not undergo enterohepatic recir-
culation do not cause significant intestinal damage in animal
models (Kent et al., 1969; Reuter et al., 1997). Ligating the bile
duct to prevent enterohepatic recirculation of an NSAID pre-
vents intestinal damage (Kent et al., 1969). Of course, ligating
the bile duct also prevents the entry of bile into the small
intestine, and this may also contribute to the observed pre-
vention of NSAID-induced damage. NSAIDs can themselves
cause damage to intestinal epithelial cells (Somasundaram
et al., 2000; Zhou et al., 2010), and these damaging effects are
enhanced when the NSAIDs are combined with bile (Zhou
et al., 2010). Uncoupling of oxidative phosphorylation has
been suggested as an underlying mechanism for NSAID-
induced epithelial damage (Somasundaram et al., 2000), as
has disruption of the lipid bilayer of epithelial cells (Zhou
et al., 2010). Whereas leukocyte adherence to the vascular
endothelium is a critical event in the pathogenesis of NSAID
gastropathy, this does not appear to be the case in the intes-
tine, although infiltrating neutrophils likely contribute to
tissue injury once the process of ulceration has started
(Antoon and Perry, 1997; Konaka et al., 1999). There is evi-
dence for a contribution of TNF-a to NSAID enteropathy
(Santucci et al., 1994; Appleyard et al., 1996), but its effects
are independent of induction of leukocyte adherence to the
vascular endothelium (Appleyard et al., 1996).

Administration of NSAIDs to rodents results in profound
changes in the numbers and types of enteric bacteria, and
this appears to contribute significantly to the development of
small intestinal ulcers (Figure 1). In particular, the numbers of
gram-negative bacteria increase substantially (Reuter efal.,
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Pathogenesis of NSAID enteropathy. NSAIDs that undergo enterohe-
patic recirculation exhibit much greater capacity to induce small
intestinal injury than those that are not absorbed and delivered into
the upper small intestine in bile. Inhibition of PG synthesis and
increased intestinal permeability can be observed with all NSAIDs,
but only those that undergo enterohepatic recirculation will cause
significant ulceration. It is likely that NSAIDs, particularly when com-
bined with bile, can directly damage epithelial cells in the intestine.
Neutrophil infiltration and release of TNF-o. contribute to injury, but
the increase in gram-negative bacteria in the small intestine is par-
ticularly important for the generation of ulcers. Thus, broad-
spectrum antibiotics can prevent experimental NSAID enteropathy,
and germ-free rodents do not develop intestinal ulcers when given
NSAIDs.

1997; Hagiwara et al., 2004; Wallace et al., 2011). Treatment
with broad-spectrum antibiotics can reduce the severity of
NSAID enteropathy (Kent et al., 1969; Konaka et al., 1999).
Germ-free rats and mice do not develop NSAID enteropathy
(Robert and Asano, 1977; Uejima et al., 1996). When germ-
free mice were colonized with E. coli or Eubacterium limosum
they became susceptible to NSAID enteropathy, but when
colonized with Bifidobacter adolescentis or Lactobacillus acido-
philus (both considered as ‘probiotics’) they did not (Uejima
et al., 1996). A role for gram-negative bacteria in the devel-
opment of NSAID enteropathy is further supported by the
observation that mice genetically lacking toll-like receptor 4
(the ‘receptor’ for bacterial endotoxin) did not develop intes-
tinal ulceration when administered an NSAID (Watanabe
et al., 2008). Importantly, the changes in intestinal bacteria
are only seen with NSAIDs that undergo enterohepatic recir-
culation (Reuter etal., 1997). This may be related to the
repeated injury to the epithelium that is induced as the
NSAID is recirculated through the intestine. It is also possible
that the ability of some bacteria to deconjugate bile may be
an important factor in promoting intestinal injury (Shindo
etal., 1998).

In contrast to the stomach, there is no evidence that
gastric acid plays an important role in the pathogenesis of
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NSAID-induced damage distal to the ligament of Treitz (Hunt
et al., 2009). As discussed in more details below, chronic sup-
pression of gastric acid secretion has been shown to result in
overgrowth of bacteria in the small intestine, which could
increase the severity of NSAID enteropathy (Wallace et al.,
2011).

Prevention strategies:
gastroduodenal injury

Current

Most patients being treated chronically with NSAIDs would
also be co-prescribed a PPI, or in some cases, an H,RA. There
is extensive evidence that these agents can significantly
reduce the incidence and severity of NSAID-induced gas-
troduodenal damage, as well as accelerating the healing of
such damage (Taha et al., 1996; Yeomans et al., 1998; Sche-
iman et al., 2006; Scarpignato and Hunt, 2010). It is likely
that the use of PPIs to protect the stomach and duodenum
from NSAID-induced damage will increase now that many
PPIs are off-patent and there are a number of combination
tablets of an NSAID and a PPI (or H,RA) coming to market.

Chronic use of drugs that markedly suppress gastric acid
secretion has been associated with a number of problems,
including bacterial overgrowth (Williams and McColl, 2006;
Lombardo et al., 2010). Use of PPIs has also been associated
with a significant increase in the incidence of various infec-
tions, most notably Clostridium difficile (McCarthy, 2010).
Absorption of calcium, iron, magnesium and vitamin B;, can
be impaired, and there are several published reports of
increased rates of osteoporosis-associated bone fractures in
patients chronically treated with PPIs (Ito and Jensen, 2010).
As discussed in more detail below, recent animal studies
suggest that PPI-induced changes in small intestinal bacteria
may contribute to a significant worsening of NSAID enter-
opathy (Wallace et al., 2011).

The PGE, analogue, misoprostol, has been shown to be
effective in reducing the incidence of gastroduodenal ulcers
in NSAID users (Graham et al., 1993). A high incidence of
adverse effects, most notably diarrhoea, has limited the use of
this drug.

NSAID prodrugs have been developed, and continue to be
developed, based on the notion that if the drug passes
through the stomach without inhibiting PG synthesis, it will
not cause ulceration. These prodrugs are typically metabo-
lized in the liver to yield the active drug (which will inhibit
COX activity). Clinical studies suggest that the incidence of
significant ulcers and bleeding is not markedly reduced with
NSAID prodrugs versus conventional NSAIDs (Henry et al.,
1993), and this is reflected in the relatively small market share
drugs such as sulindac have captured (Graham et al., 1985).

In development

A number of NSAID prodrugs and PPI-like drugs are in devel-
opment, aimed at reducing the incidence of NSAID-induced
gastroduodenal injury (see Scarpignato and Hunt 2010 and
Wallace and Ferraz, 2010 for recent reviews). Another
approach being investigated is the non-covalent linking of
phosphatidylcholine to an NSAID, which in animal studies



has been shown to markedly reduce the gastric damaging
effects of the NSAID while not impairing the anti-
inflammatory and analgesic effects (Lichtenberger et al.,
2009). Two clinical studies on phosphatidylcholine-
associated NSAIDs have been reported. One was a double-
blind, 6 week, endoscopic study comparing ibuprofen to
phosphatidylcholine-associated ibuprofen in patients with
osteoarthritis. The two drugs exhibited similar anti-
inflammatory efficacy, but there was no significant difference
in GI safety (Lanza etal., 2008). The other study was
an endoscopic examination of the gastroduodenal injury
elicited by aspirin (325 mg) or an equimolar dose of
phosphatidylcholine-associated aspirin, given once daily for
7 days. In this randomized, single-blind study, about half as
many individuals in the phosphatidylcholine-associated
aspirin group developed gastric damage as in the aspirin
group, and the incidence of duodenal injury in the
phosphatidylcholine-associated aspirin group was only about
one-third that in the aspirin group (statistically significant in
both the stomach and duodenum) (Cryer et al., 2011). Unfor-
tunately, no measure of anti-thrombotic efficacy was
included in this study, so there was no confirmation that
phosphatidylcholine-associated aspirin exerted comparable
effects on platelet function as was achieved with aspirin.
Nitric oxide-releasing NSAIDs have been extensively
studied for several years, and one (NO-releasing naproxen)
has been evaluated in advanced clinical trials. However, this
drug has not yet achieved regulatory approval, because the
safety advantages over the parent drug (naproxen) have not
been sufficiently demonstrated. Also in development are
NSAID derivatives that release hydrogen sulphide, which in
animal studies do not produce gastric or intestinal damage
despite producing comparable anti-inflammatory effects to
the parent NSAIDs (Wallace, 2007; Wallace et al., 2007; 2010).

Prevention strategies: intestinal injury

Current

There are presently no therapies specifically designed or
approved for the prevention of NSAID-induced enteropathy.
As mentioned above, PPIs or H,RAs are very commonly
co-prescribed with NSAIDs, but this has only been shown to
be effective at reducing the incidence of damage in the
stomach and proximal duodenum. Indeed, the four video
capsule endoscopy studies that were described above pro-
vided evidence that in a population at low risk for NSAID
gastroenteropathy there was a high incidence (55-75%) of
small intestinal damage despite co-administration of a PPI
with the NSAID (Goldstein et al., 2005; Graham et al., 2005;
Maiden et al., 2005; Fujimora et al., 2010). Recent studies in
rodents suggest that PPIs actually exacerbate NSAID-induced
enteropathy, rather than provide any beneficial effects. Rats
treated with a PPI (omeprazole or lansoprazole) developed
substantially more intestinal ulceration and bleeding when
concurrently treated with an NSAID (naproxen or celecoxib)
than the control group treated with vehicle plus the NSAID
(Wallace et al., 2011). The PPI did not alter the plasma levels
of the NSAID nor its biliary excretion, and did not cause
mucosal inflammation or injury. However, treatment with

Preventing NSAID gastroenteropathy

the PPI did significantly alter the intestinal flora. Along with
a substantial increase in gram-negative bacteria in the small
intestine, there was a significant decrease in the numbers of
Actinobacteria. Replenishment of Actinobacteria levels in the
intestine through administration of selectively cultured
jejunal contents (from healthy rats) restored resistance to
NSAID-induced intestinal injury. These results suggested that
changes in the intestinal flora were responsible for the PPI-
induced increase in susceptibility to small intestinal injury.
This was further supported by studies using germ-free mice.
Jejunal contents from rats treated with vehicle or a PPI were
transferred (orally) into two groups of germ-free mice. When
subsequently treated with an NSAID, the mice with flora from
PPI-treated rats developed significantly more small intestinal
damage than the mice with flora from vehicle-treated rats.

As in the case of NSAID gastropathy, misoprostol is not
widely used for prevention of NSAID enteropathy. There is
some limited evidence suggesting that PGs would exert
benefit in this indication. Bjarnason etal. (1989) demon-
strated a significant reduction of NSAID-induced intestinal
permeability with misoprostol, but whether or not a reduc-
tion of changes in permeability translates into reduction of
clinically significant injury is unclear. Fujimori et al. (2009)
reported benefit of treatment with misoprostol in a small
pilot study in which intestinal damage was assessed by video
capsule endoscopy.

In development

Many of the drugs that are in development with an aim of
causing less gastroduodenal damage have not yet been evalu-
ated for safety in the more distal small intestine (e.g. new PPIs
and combination NSAID-PPI tablets, phosphatidylcholine-
associated NSAIDs). NO-releasing NSAIDs have been shown
to be better tolerated in the small intestine in animal studies
(Reuter et al., 1994; Davies et al., 1997a), and in a clinical
trial, to cause significant less of an increase in small intestinal
permeability than the parent drug (naproxen) (Hawkey et al.,
2003). Hydrogen sulphide-releasing NSAIDs have been
shown to cause negligible damage in the small intestine of
rats (Wallace et al., 2010), but have not yet been evaluated in
humans.

Future directions

Gastric damage induced by NSAIDs can largely be managed
through the use of inhibitors of acid secretion. With combi-
nation NSAID-PPI and NSAID-H,RA tablets becoming avail-
able, this usage will likely increase. Increasingly concerns
about the long-term use of PPIs are emerging (increased risk
of certain infections, malabsorption of certain vitamins and
nutrients, etc.). The small intestinal damage caused by
NSAIDs is more complex in terms of its pathogenesis. The
prevalence and clinical relevance of this damage has been
underestimated until recently, but this is changing with
improvements to video capsule endoscopy and more wide-
spread availability of this technology. The approaches taken
to prevent NSAID-induced damage in the stomach and
duodenum are unlikely to provide significant benefit in the
small intestine. Indeed, there is substantial evidence from
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laboratory studies to suggest that chronic acid suppression
markedly alters the small intestinal flora, and this can have
detrimental consequences, including a marked worsening of
NSAID-induced enteropathy.

Given the evidence for an important role of enteric bac-
teria (particularly gram negative) in the development of
NSAID-induced intestinal ulceration, exploration of the
potential of probiotics and prebiotics is warranted. Antibiot-
ics are another option, but there is a strong possibility of
development of resistance to the antibiotics (Lanas and
Scarpignato, 2006), because patients would need to take these
drugs over long periods of time.

Of course, the ideal solution to the significant toxicity of
NSAIDs in the GI tract would be the development of anti-
inflammatory drugs that do not damage the GI mucosa. The
distinct underlying mechanisms for injury in the stomach/
duodenum versus more distal small intestine make this a very
challenging prospect, but there are some promising develop-
ments in this regard, based on studies of laboratory animals.
Future studies of new and existing NSAIDs need to include a
more rigorous evaluation of their injurious effects in the
small intestine, rather than focusing almost entirely on gas-
troduodenal damage. This likely necessitates more wide-
spread use of video capsule endoscopy, and the development
of surrogate markers of intestinal injury and bleeding.
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