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Abstract
This article reviews the latest developments in understanding the pathogenesis, detection and treatment of
small intestinal damage and bleeding caused by nonsteroidal anti-inflammatory drugs (NSAIDs). With improvements in the detection of NSAID-induced damage
in the small intestine, it is now clear that this injury
and the associated bleeding occurs more frequently
than that occurring in the stomach and duodenum,
and can also be regarded as more dangerous. However, there are no proven-effective therapies for NSAIDenteropathy, and detection remains a challenge,
particularly because of the poor correlation between
tissue injury and symptoms. Moreover, recent studies
suggest that commonly used drugs for protecting the
upper gastrointestinal tract (i.e. , proton pump inhibitors) can significantly worsen NSAID-induced damage
in the small intestine. The pathogenesis of NSAIDenteropathy is complex, but studies in animal models
are shedding light on the key factors that contribute
to ulceration and bleeding, and are providing clues to
the development of effective therapies and prevention
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testinal damage in animal models offer hope for a solution to this serious adverse effect of one of the most
widely used classes of drugs.

OVERVIEW OF THE CLINICAL PROBLEM
For several decades, the ability of NSAIDs to induce
significant damage to the small intestine was largely unappreciated, being over-shadowed by the attention paid to
damage induced by these agents in the stomach and proximal duodenum. The prevalence and clinical significance
of NSAID-enteropathy continues to be greatly underrecognized. NSAID-induced enteropathy and bleeding occur more frequently that NSAID-induced gastropathy[2,3].
Significant small intestinal damage and bleeding can be
observed in about 70% of chronic NSAID users[4,5], and
in the majority of patients the injury is sub-clinical[6].
Unlike the case for NSAID-gastropathy, there are
no proven-effective preventative therapies for NSAIDenteropathy, and the pathogenesis is poorly understood[7].
Iron-deficient anemia is a common first presentation of
NSAID-enteropathy, and serious complications can include massive bleeding, perforation and strictures, sometimes leading to death[2,6,8].
Aspirin is the most commonly used NSAID, and it
is a very frequent cause of small intestinal bleeding. In
the United States and Europe, in over 50% of cases, aspirin has been identified as the precipitator of GI bleeding leading to hospital admissions[3,9,10]. Aspirin-induced
small intestinal damage appears to occur more frequently
when the aspirin is enteric-coated[8,11]. There is a lack of
recognition of the frequency and potential severity of
aspirin-induced lower GI injury, particularly when the aspirin is given at low doses for cardiovascular protection.
In a recent clinical trial that involved over 1200 patients
taking aspirin and another anti-platelet therapy for cardiovascular protection, lower GI bleeding was found to
occur 3-times more frequently than upper GI bleeding[12].
Zhu et al[13] reported that only about 3.5% of patients
prescribed low-dose aspirin also received a prescription
for a proton pump inhibitor (PPI), histamine H2 receptor
antagonist (H2RA) or muco-protective drug, suggesting that the prescribing physicians did not recognize the
potential for GI adverse effects of low-dose aspirin. The
pathogenesis of aspirin-induced small intestinal damage
differs in several respects to that of the ulceration caused
by other NSAIDs (discussed in more detail below).
Selective COX-2 inhibitors were introduced to the marketplace at the beginning of this century with a promise of
GI safety[14,15]. While some selective COX-2 inhibitors produce less gastroduodenal damage in some circumstances,
the promise of these drugs has been largely unfulfilled[16,17].
Selective COX-2 inhibitors cause small intestinal damage and bleeding (the latter effect is somewhat surprising
given the minimal inhibitory effects these drugs of these
drugs on platelet function). McCarthy[3] noted that in the
VIGOR study, the majority of the GI bleeds originated
from lesions in the small intestine (distal to the ligament of Treitz): 58% of the GI bleeds in patients taking
rofecoxib and 52% of the GI bleeds in patients taking
naproxen[13].
There are several reasons for the lack of recognition
of the prevalence and seriousness of NSAID-enteropa-
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INTRODUCTION
Nonsteroidal anti-inflammatory drugs (NSAIDs) are
among the widely used prescription and over-the-counter
medications. They are used to treat the symptoms of a
variety of inflammatory conditions, most notably osteoarthritis, rheumatoid arthritis, ankylosing spondylitis and
gout. In such conditions, NSAIDs are used chronically,
and the affected patients frequently have co-morbidities
such as hypertension, diabetes and obesity, as well as often also taking glucocorticoids or anti-coagulants.
By inhibiting the activity of cyclo-oxygenase (COX),
NSAIDs prevent the formation of prostaglandin (PG)
H2, which is the precursor for the production of all other
PG and thromboxane subtypes. Most NSAIDs inhibit
COX activity in a competitive fashion, whereas aspirin
is an irreversible inhibitor of the enzyme. Indeed, the
ability of aspirin to irreversibly inhibit thromboxane synthesis by platelets, and the lack of capacity of platelets
to synthesize more COX, underlie the utility of chronic,
low-dose aspirin as an anti-thrombotic drug, reducing the
incidence of several adverse cardiovascular events (e.g.,
stroke, myocardial infarction).
Inhibition of COX is central to the major anti-inflammatory actions of NSAIDs. By inhibiting the production
of PGs (particularly PGE2 and PGI2), NSAIDs reduce
two key elements of inflammation: vasodilation and pain.
By reducing blood flow to a damaged and inflamed site,
NSAIDs also contribute to a reduction of edema.
Unfortunately, PGs do not only contribute to the
cardinal signs of inflammation. They also play important
roles in many physiological processes. In the gastrointestinal (GI) tract, PGs are very important mediators of
mucosal defence and repair[1]. Inhibition of their synthesis renders GI tissues much more susceptible to damage induced by luminal irritants (including gastric acid
and bile), and less able to restore mucosal structure and
function after injury[1]. Suppression of PG synthesis is
the key effect of NSAIDs that leads to gastro-duodenal
ulceration and bleeding. However, several other effects
of NSAIDs appear to be central to the ability of these
drugs to cause damage in the small intestine.
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thy. First, it is more difficult to detect small bowel damage than that induced by NSAIDs in the stomach and
proximal duodenum: “The single most important reason
for underestimating the clinical importance of NSAID
enteropathy is the difficulty in making a diagnosis”[2]. Second, there is a poor correlation between NSAID-induced
small intestinal damage and clinical symptoms.The vast
majority of NSAID-enteropathy is sub-clinical[6], and
when there are symptoms, they are largely non-specific
(including iron deficiency anemia, occult blood, diarrhea,
hypoalbuminemia, and malabsorption of vitamin B12
and/or bile acids). Thirdly, some researchers have argued
that the focus of large pharmaceutical companies on the
development of “gastroprotective” drugs, such as H2RA,
PPI, and putative gastric-sparing drugs (selective COX-2
inhibitors, NSAID pro-drugs) has led to a preoccupation
of physicians and researchers with the stomach and proximal duodenum, at the expense of consideration of the
detrimental effects of NSAIDs in the small (and large)
intestine. The fact that there are no proven-effective
treatments for NSAID-enteropathy likely also contributes
to the lack of recognition of this serious condition[7].

was found to cause significant small intestinal damage
with short-term administration; thus, Endo et al[26] reported that 80% of patients taking low-dose aspirin for 2 wk
had intestinal damage.

POLYPHARMACY CONUNDRUM:
SHIFTING GI INJURY MORE DISTALLY
Animal studies of NSAID injury to the GI tract usually
involve the use of healthy animals. Of course, the people
most commonly taking NSAIDs on a chronic basis are
those with chronic illnesses, and more often than not,
they are affected by more than one disease. It is also the
case that disorders such as rheumatoid arthritis, obesity
and diabetes can increase the susceptibility of the patient
to the GI (and other) adverse effects of NSAIDs[27-29].
Moreover, these patients are often taking a number of
different drugs, which can also affect susceptibility to
NSAID-induce GI injury and bleeding. Polypharmacy
is now commonplace, even in patients that do not have
disorders other than the one for which NSAID therapy is
indicated. Consider a disorder like osteoarthritis, which is
more common in the elderly. Cardiovascular diseases are
common in this group of patients, often leading to coprescription of low-dose aspirin and sometimes of other
anticoagulants. Low-dose aspirin is also frequently coprescribed with selective COX-2 inhibitors and conventional NSAIDs because of concerns about the elevated
risk of serious cardiovascular events in patients taking
those drugs[30]. Of course, co-administration of lowdose aspirin together with a selective COX-2 inhibitor
essentially eliminates any advantage, in terms of upper
GI safety, of the selective COX-2 inhibitor as compared
to a conventional NSAID[15,31-33]. To reduce the expected
upper GI toxicity of the combination of an NSAID and
low-dose aspirin, PPIs are typically prescribed as well.
Indeed, there are now fixed-dose, enteric-coated, combination tablets available that contain an NSAID and a
PPI[34]. While there is strong evidence for PPIs reducing
the severity of damage and bleeding in the stomach and
duodenum, where the role of acid in the production of
damage has been clearly demonstrated[1,35], there is no evidence to suggest that a PPI (or other anti-secretory drug)
would reduce the severity of NSAID-induced enteropathy. Indeed, antisecretory drugs have been described as
“useless either in preventing or treating mucosal lesions”
induced by NSAIDs in the intestine[36]. It is worth repeating that the majority of damage and bleeding caused by
NSAIDs occurs in the small intestine, distal to the ligament of Treitz[3,13].
Using a rat model, we attempted to replicate common clinical scenarios of polypharmacy to determine
the effects on the small intestine[37]. Groups of rats were
treated with combinations of anti-inflammatory doses
of NSAIDs (naproxen, celecoxib or a novel hydrogen
sulfide-releasing NSAID, ATB-346)[38], a PPI (omeprazole
or lanzoprazole) and an anti-thrombotic dose of aspirin.
In rats that received only the NSAID, the levels of small

DETECTION OF NSAID-ENTEROPATHY
Until recently, detection of NSAID-enteropathy has been
very difficult, with most of the evidence for its occurrence coming from post-mortem studies or through indirect measures of intestinal bleeding[4,18,19]. Several indirect
methods for detecting and measuring the severity of
NSAID-enteropathy were developed, prior to improved
endoscopic techniques for viewing the small intestine becoming widely available. These included measuring small
intestinal permeability with sugars[20,21] or small molecular
weight radioactive probes[22], measuring bleeding (presumed of intestinal origin) with radiolabelled red blood
cells[23], and measuring leukocyte markers in the small
intestine (radiographically)[24] or in feces[25]. All of these
methods provide useful information, but none have become recognized as a “gold standard” for detecting and
quantifying enteropathy, because of lack of specificity
and/or sensitivity. However, with video capsule endoscopy (VCE) and double-balloon enteroscopy, it is now
possible to directly visualize of NSAID-induced damage
and bleeding throughout the small intestine. Using these
methods, it has become clear that NSAID-enteropathy
occurs frequently, even in low-risk subjects (healthy,
young volunteers) with low-risk treatment protocols
(short-term ingestion of NSAIDs, sometimes together
with a “gastro-protective” agent). For example, using
VCE, Graham et al[5] found a high prevalence of ulcers
in long-term NSAID users. More than 70% of these patients (taking NSAID for more than 3 mo) had intestinal
inflammation accompanied by bleeding and protein loss.
Symptoms persisted after stopping the therapy (by as
long as 16 mo in some patients). Maiden et al[25] reported
gross damage in 68% of healthy volunteers taking diclofenac plus omeprazole for 2 wk. Even low-dose aspirin
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Figure 1 Proton pump inhibitors exacerbate naproxen-induced ulceration
and bleeding. In panel A, the top image is of the jejunum of a rat treated with
naproxen for 4.5 d (10 mg/kg twice-daily). There are no ulcers present. The
bottom image is of a jejunum of a rat receiving the same naproxen treatment,
but also treated with omeprazole at a dose that suppressed gastric acid secretion[37]. The arrows indicate the numerous hemorrhagic ulcers that form with
this combination of treatments; Panel B shows the change in hematocrit of rats
treated with naproxen (Nap) plus vehicle (Veh), omeprazole (Omep) or lansoprazole (Lansop)[37]. The two proton pump inhibitors significantly enhanced the
decrease in hematocrit when co-administered with naproxen (no decrease in
hematocrit was observed in rats treated with a proton pump inhibitors alone).
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spp. (> 80% reduction in the jejunum). This diminution
of Bifidobacteria was an important factor in the PPI-induced increase in NSAID-induced intestinal damage: replenishment of intestinal Bifidobacteria in PPI-treated rats
reduced levels of naproxen-induced intestinal damage
those seen in rats not receiving a PPI. Further evidence
that it was the dysbiosis induced by the PPI that resulted
in elevated susceptibility to NSAID-enteropathy came
from studies of germ-free mice[37]. Groups of germ-free
mice were colonized with intestinal contents from rats
that had been treated with a PPI or vehicle. Beginning
one week later, the mice were treated with naproxen for 4
d, and the severity of intestinal damage was then blindly
evaluated. Mice that had been colonized with bacteria
from PPI-treated rats developed significantly worse intestinal damage than those colonized with bacteria from
vehicle-treated rats.
While no clinical studies have been published that
directly tested the hypothesis that treatment with PPIs
could cause dysbiosis and thereby exacerbate NSAIDinduced intestinal damage, there are several reports with
data that are consistent with our hypothesis, as summarized by Daniell[43]. In addition to numerous studies documenting that PPIs altering the gut microbiota, resulting in
diarrhea[40-42,44], there is evidence from two studies for the
presence of intestinal inflammation (detected by elevated
fecal calprotectin levels) in patients taking PPIs[45,46],
and evidence for microscopic colitis in patients taking
NSAIDs or PPIs[47-49], and particularly in patients taking both types of drugs concurrently[49]. In addition, two
studies reported greater small intestinal damage in healthy
volunteers taking an NSAID plus a PPI as compared to a
group taking only a selective COX-2 inhibitor[50,51], and it

intestinal damage and bleeding were very low (Figures
1 and 2). However, when co-administered with a PPI
or with low-dose aspirin, the levels of small intestinal
damage and bleeding in rats treated with naproxen or
celecoxib increased significantly (Figures 1 and 2). This
effect has been confirmed in a recent study by Satoh et
al[39]. The combination of an NSAID with both a PPI
and low-dose aspirin resulted in extensive damage and
bleeding (the latter was evident post-mortem and also
by marked decreases in hematocrit). ATB-346 did not
produce small intestinal damage alone or in combination
with a PPI and/or low-dose aspirin (Figure 2).
We then performed experiments to try to determine
the mechanisms underlying the exacerbation of small intestinal damage by the PPIs. As discussed in more detail
below, there is evidence that the bacteria residing in the
small intestine play a significant role in the pathogenesis
of NSAID-enteropathy. Given the evidence that marked
suppression of gastric acid secretion by PPIs can alter
the numbers of bacteria in the small intestine[40-42], we focused our investigation on potential changes in intestinal
microbiota. Treatment of rats with omeprazole resulted
in a dramatic shift in the types of bacteria in the small
intestine (dysbiosis). In particular, there was a marked reduction of the Actinobacteria, particularly of Bifidobacteria
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Figure 2 Proton pump inhibitors and low-dose aspirin significantly exacerbate nonsteroidal anti-inflammatory drug-induced small intestinal ulceration. Rats were treated orally, twice-daily for 4.5 d with equi-effective antiinflammatory doses of naproxen (10 mg/kg), celecoxib (10 mg/kg) or ATB-346
(14.5 mg/kg). ATB-346 is a hydrogen sulfide-releasing derivative of naproxen[38].
Starting 5 d before the nonsteroidal anti-inflammatory drugs (NSAIDs), the rats
began receiving twice-daily treatments with omeprazole (Omep) (10 mg/kg) or
vehicle. Starting 3 d before the NSAIDs, the rats began receiving daily doses
of low-dose aspirin (10 mg/kg) or vehicle. The results are shown as the mean
± SE of at least 6 rats per group. aP < 0.05, bP < 0.01 vs the corresponding
group treated with the NSAID alone. No intestinal damage was observed in rats
treated with aspirin (ASA) alone. The exacerbation of small intestinal ulceration
with omeprazole was also observed with another proton pump inhibitor, lanzoprazole[37]. This figure was constructed using data from Blackler et al[175].
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derstanding the physiology and pharmacology of these
enzymes, largely fueled by the interest of several large
pharmaceutical companies in the notion that selective
inhibitors of COX-2 would provide all of the anti-inflammatory activities of NSAIDs without the major adverse effects. However, as the science of COX-2 caught
up with the marketing of COX-2, it became evident that
the delineation of functions of the two COX isoforms
was not so clear-cut as had been proposed and heavily
promoted. COX-1 contributes significantly to inflammation while COX-2 contributes significantly to many
physiological functions, including mucosal defence[58].
This was shown clearly both by studies of mice lacking
the gene for one of the COX isoforms and pharmacological studies[59-63]. A striking finding from our laboratory
was that injection of carrageenan into the hind-paw of
COX-2-deficient mice resulted in inflammation that did
not resolve, as it would in a normal mouse[60], suggesting an important role for COX-2-derived prostanoids
in resolution of inflammation and healing. Gilroy et al[61]
provided compelling evidence from animal models of
pleurisy showing the same, and identifying specific COX2-derived prostanoids that contributed significantly to
down-regulating inflammation. Serhan et al[64] described a
family of previously unrecognized lipid mediators (lipoxins, resolvins, protectins), some of which were derived
from COX-2, that act at several levels of the inflammatory cascade to “turn off ” inflammation and allow for a
coordinated restoration of tissue homeostasis[65].
The same was true in the GI tract, as COX-2-derived
prostanoids were found to contribute significantly to maintenance of the integrity of the tissue, to repair of mucosal
injury and to resolution of inflammation[58]. Thus, COX-2
is the isoform that produces PGs at the margins of gastric
ulcers, which contribute significantly to the healing of
those ulcers[66,67]. In the colon, prostaglandins derived from
COX-2 play a very important role in down-regulating inflammation and promoting repair of mucosal injury[52,68,69].
Suppression of COX-2 activity has been shown to exacerbate experimental colitis[52,69]. Indeed, COX-2 is up-regulated throughout the GI tract when the tissue is injured or
when there is insufficient PG production via COX-1[52,63,70].
For example, COX-2 is rapidly induced in the stomach in
response to suppression of COX-1 by aspirin[70], and it
helps to enhance mucosal defence in such circumstances.
One of the mechanisms through which this is achieved
is via the production, via COX-2, of a potent gastroprotective and anti-inflammatory substance, 15-epi-lipoxin
A4[71,72]. Induction of damage in the stomach, in the absence of any other toxic challenge, requires suppression
of both COX-1 and COX-2[62], and this also appears to be
the case in the small intestine[63].
Clinical studies generally show that selective COX-2
inhibitors produce less gastroduodenal injury and bleeding than conventional NSAIDs, but the small intestinal
damage may not differ substantially between the two
sub-classes of NSAIDs. For example, Maiden et al[73]
performed a VCE study comparing the enteropathy

NSAID
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Bleeding

Recycled

NSAID-glucuronide + bile
Prostaglandin synthesis
Thromboxane synthesis
Glucuronidation
Permeability
Epithelial damage
Intestine
Liver
Neutrophil infiltration
TNFa release
Gram-negative bacteria
Ulceration and bleeding
NSAID
Deglucuronidation

Figure 3 Pathogenesis of nonsteroidal anti-inflammatory drugs-Induced
enteropathy. Nonsteroidal anti-inflammatory drugs (NSAIDs) produce effects
during their initial exposure to the small intestine, and when secreted back into
the proximal small intestine, along with bile, following their absorption in the
distal intestine, and glucuronidation in the liver. Suppression of thromboxane
synthesis likely plays an important role in promoting bleeding (especially with
aspirin, an irreversible inhibitor of platelet thromboxane synthesis). Repeated
exposure of the intestinal epithelium to the combination of NSAIDs and bile will
promote damage, and the damage is likely exacerbated by the shift in intestinal
bacteria stimulated by the NSAID (elevated gram-negative bacteria). These effects appear to be mediated by endotoxin, acting at least in part through toll-like
receptor-4. The interplay among bile, bacteria and recirculation of the NSAID
is complex. For example, bacterial enzymes convert primary bile acids to secondary bile acids (which may be more damaging) and bacterial enzymes are
necessary for deglucuronidation, which permits reabsorption and enterohepatic
recirculation of NSAIDs. TNFa: Tumor necrosis factor-alpha.

is now clear that the ability of selective COX-2 inhibitors
to damage the small intestine is comparable to that of
non-selective NSAIDs[17].

PATHOGENESIS
The key to development of treatments and prevention
strategies for NSAID-enteropathy lies in better understanding of the pathogenesis of this injury. Fortunately,
the animal models of NSAID enteropathy are very good,
reproducible and simple, and can serve as useful tools
for gaining a better understanding of the pathogenesis
of this disorder and for testing potential therapeutic/preventative agents. Administration of NSAIDs to rats, for
example, results in ulceration predominantly in the distal
jejunum and ileum[52], the same regions where ulcers are
concentrated humans[53,54]. While there will undoubtedly
be some differences between rodent models and humans,
the existing data suggest that the animal models will be
predictive in terms of treatment and prevention strategies. Figure 3 shows some of the key mechanisms suggested to be involved in NSAID-enteropathy, which are
discussed in more detail below.
Inhibition of cyclooxygenase activity
Flower et al[55] first suggested the existence of more than
one isoform of COX in 1972. It was almost 20 years
later that the two isoforms, now known as COX-1 and
COX-2, were sequenced[56,57]. In the decade that followed,
a tremendous amount of research was focused on un-
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produced in patients on long-term NSAID or selective
COX-2 inhibitor therapy, and the key finding was that
NSAIDs and selective COX-2 inhibitors produced comparable levels of small bowel damage (small intestinal
injury was observed in 50% of the patients treated with a
selective COX-2 inhibitor vs 62% of patents treated with
a conventional NSAID; not significantly different).
While suppression of COX activity undoubtedly contributes to the pathogenesis of NSAID-enteropathy, it is
clear that other factors probably play a more significant
role. Suppression of COX activity likely contributes to
this disorder mainly through the impairment of repair
processes, such as angiogenesis[74], and through inhibition
of platelet aggregation, leading to bleeding. The latter
effect, however, is most apparent with aspirin, which irreversibly inhibits platelet COX-1, and with NSAIDs that
have a long half-life.

that were found, in combination with NSAIDs, to be
effective in damaging cells. Moreover, it has been shown
that administration of an NSAID to rats results in increased concentrations of secondary bile acids in bile[83].
Thus, when an NSAID recirculates enterohepatically, the
intestinal epithelium is repeatedly exposed to a damaging combination of the NSAID and bile. If this were the
primary mechanism of injury in NSAID-enteropathy,
however, one would expect to see ulcers produced where
the highest concentrations of NSAID and bile would
be found (i.e., near the Sphincter of Oddi), whereas the
most severe tissue injury is concentrated in the more distal
parts of the small intestine[54]. It has been suggested that
the sites of ulceration correspond to the sites of NSAID
re-absorption, and related to the deconjugation of the
NSAIDs at those sites by bacterial β-glucuronidases[79,84-86].
Role of bacteria
There is an abundance of evidence that intestinal bacteria
contribute to the pathogenesis of NSAID-enteropathy,
but it remains unclear if there is a primary role, initiating
the tissue damage, or just a secondary role, exacerbating
tissue injury and impeding repair. One of the key observations leading some to propose a primary role of bacteria
in NSAID-enteropathy is that germ-free rats and mice develop little or no intestinal damage when given an NSAID,
but when colonized by gram-negative bacteria, these animals become susceptible to NSAID-enteropathy[87,88]. Several studies have documented dramatic shifts in the types
of bacteria in the small intestine following NSAID administration, with increases in gram-negative bacteria generally being observed, and a concomitant reduction in grampositive bacteria[89-93]. In some studies, there appeared to
be an enrichment of specific bacteria, such as Enterococcus faecalis, Clostridium, Bacteroides and Escherichia coli (E.
coli)[89-91]. A number of studies reported protective effects
of antibiotics against NSAID-enteropathy, particularly
when the antibiotics were effective in reducing number of
gram-negative bacteria[88,89,93,94]. Similarly, some probiotics have been reported to reduce the severity of NSAIDenteropathy, especially when they prevent increases in the
number of gram-negative bacteria in the intestine[93,95,96].
Despite a considerable number of studies examining the
potential contribution of bacteria to NSAID-enteropathy,
there remains a lack of clear evidence for a primary role
of bacteria in initiation of tissue injury. Bacteria rapidly
colonize sites of ulceration and can interfere with ulcer
healing[97,98]. In one of the earliest papers on the pathogenesis of NSAID-enteropathy, Kent et al[89] remarked “since
the antibiotics do not prevent completely the ulceration,
we think that these agents reduce the severity of the lesion
by allowing healing to start sooner”. A similar conclusion
was drawn by Yamada et al[99].
The apparent importance of gram-negative bacteria
in the pathogenesis of NSAID-enteropathy is consistent with reports of a role for lipopolysaccharide (LPS)
in driving tissue inflammation and impairment of ulcer
healing. Hagiwara et al[91] showed that heat-killed E. coli

Mitochondrial injury
One of the earliest changes that can be detected after
NSAID administration, in addition to inhibition of COX
activity, is mitochondrial injury[75]. Morphological evidence of mitochondrial damage can be detected within
1 h of administration of an NSAID to rats, and in vitro
studies of liver showed that the NSAID could rapidly
cause uncoupling of oxidative phosphorylation[75]. This
provides a mechanistic explanation for the ability of
NSAIDs to damage intestinal epithelial cells and to increase epithelial permeability, as have been demonstrated
by several groups[22,52,76]. On the other hand, this mechanism does not explain the localization of ulcers in the
jejunum and ileum in animal models and in humans. In
their endoscopic study of diclofenac-induced small intestinal injury, Fujimori et al[54] observed denuded regions
throughout the small intestine (perhaps indicative of a
topical erosive effect), but ulcers were concentrated in the
distal jejunum and ileum.
Role of bile and enterohepatic circulation
Several observations suggest important roles for bile and
for enterohepatic circulation of NSAIDs in the pathogenesis of NSAID-enteropathy (Figure 3). Ligation of
the bile duct in rats prevents NSAID-induced intestinal
damage[75-78]. There have also been reports that NSAIDs
that do not re-circulate enterohepatically do not cause
small intestinal damage[52,75], although aspirin is a notable
exception, at least when administered intraduodenally or
in an enteric-coated formulation[11,78]. Also, in rats lacking the hepatocanalicular conjugate export pump, which
is required for excretion of conjugated NSAIDs into
bile, but not for the flow of bile itself, intestinal damage
induced by an NSAID (diclofenac) was prevented[79]. On
the other hand, induction of higher expression of the
export pump aggravated NSAID-induced intestinal damage[79]. A number of studies have demonstrated that a
combination of an NSAID and bile is damaging to intestinal epithelial cells[80,81] and non-GI cells[82]. It is noteworthy that in all of these studies, it was secondary bile acids
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and their purified LPS caused “deterioration” of NSAIDinduced ileal ulcers, but could not cause ulcers themselves
in the absence of the NSAID). Koga et al[94] reported
that systemic administration of LPS reversed the beneficial effects of an antibiotic in reducing the severity of
NSAID-enteropathy in rats, and further demonstrated
that T cell function was not required for NSAIDs to induce intestinal ulceration. Watanabe et al[93] demonstrated
that mice lacking the endotoxin receptor, toll-like receptor-4, developed much less (about 80%) intestinal damage when given an NSAID than the normal counterparts.
These data are once again consistent with the notion that
bacteria play a secondary role in NSAID-enteropathy, exacerbating tissue injury and interfering with ulcer healing.
These effects may be in part attributable to activation of
neutrophils in the mucosal microcirculation, which has
been shown to contribute significantly to ulceration[100-104],
and local generation of tumor necrosis factor-alpha may
be one of the main triggers leading to neutrophil recruitment and/or activation[93,105-107].
As mentioned above, one of the key observations
supporting an important role of bacteria in the pathogenesis of NSAID-enteropathy was that germ-free animals do not develop significant small intestinal damage
following NSAID administration [75-78]. However, one
must bear in mind that ligation of the bile duct blocks
the secretion of bile and the enterohepatic circulation of
NSAIDs, both of which have been implicated in intestinal injury by these drugs (Figure 3). The conversion of
primary bile acids to secondary bile acids is dependent on
intestinal bacterial enzymes. Thus, germ-free animals lack
secondary bile acids. As mentioned above, most studies
that have shown that bile acids (alone or in combination
with an NSAID) can cause damage to intestinal epithelial cells have used secondary, rather than primary bile
acids[80,81]. Moreover, the re-absorption of NSAIDs in
the distal small intestine is largely dependent on bacterial
β-glucuronidase activity, which de-conjugates NSAIDglucuronides, allowing the NSAID to be transported
across the epithelium[84]. Enterohepatic circulation of
NSAIDs is negligible in animals that lack intestinal bacteria, resulting in decreased exposure of the intestine to the
NSAID, and therefore decreased tissue injury. Recently,
LoGuidice et al[85] demonstrated that an inhibitor of
bacterial β-glucuronidase could significantly reduce the
severity of diclofenac-induced small intestinal injury in
mice. β-glucuronidase has been shown to be expressed in
Clostridium, Peptostreptococcus, Staphylococcus and E. coli[85,108].

in animals, and there is emerging evidence that the same
is the case in humans. There are novel NSAIDs in development that do not cause enteropathy in animals (discussed below).
Misoprostol, metronidazole and sulfasalazine have all
been suggested to be beneficial in treatment or prevention of NSAID-enteropathy in humans, but the studies
suggesting this had significant limitations (open-label,
not controlled, and/or small sample sizes)[22,24,109-111].
Misoprostol, H2RA and sucralfate were found to be ineffective in reducing NSAID-induced intestinal permeability in humans[112,113], though in one, open-label study
misoprostol reduced the elevated intestinal permeability
induced by indomethacin[114]. Based on the animal data
showing beneficial effects of metronidazole in reducing
NSAID-enteropathy[99], Bjarnason et al[24] performed an
open-label human study of chronic NSAID users. The
patients took metronidazole for 2-12 wk while continuing their NSAID treatment. The endpoints were fecal
excretion of 51Cr-labeled erythrocytes and 111In-labelled
neutrophils. Both markers declined significantly during
metronidazole treatment, leading the authors to conclude that “these results suggest that the neutrophil is
the main damaging effector cell in NSAID induced enteropathy” and that the main chemoattractant “may be a
metronidazole sensitive microbe”.
The observations from animal studies that NSAIDenteropathy was accompanied by dramatic shifts in numbers and types of intestinal bacteria led to a number of
studies of the potential value of probiotics for treatment
or prevention of NSAID-enteropathy. In studies in rats,
Kinouchi et al[95] demonstrated that Lactobacillus acidophilus and Bifidobacteria adolescentis administration markedly
reduced the severity of NSAID-induced ileal ulceration.
Syer et al[96] also showed a marked protective effect of
Bifidobacteria adolescentis in a rat model of NSAID-enteropathy. Only two clinical trials of a probiotic for NSAIDenteropathy have been reported to date. Montalto et al[115]
performed a randomized, double-bind, placebo-controlled trial of VSL#3, a probiotic formulation consisting
of 8 different live bacteria. Volunteers received indomethacin daily for 4 d, and fecal calprotectin levels were
the endpoint. The placebo-treated volunteers exhibited
markedly elevated fecal calprotectin levels during the period of indomethacin treatment, while during treatment
with VSL#3 the fecal calprotectin levels remained within
the normal range. In a study by Endo et al[116], 25 patients
with unexplained iron deficiency anemia who had been
taking low-dose enteric-coated aspirin plus omeprazole
for more than 3 mo were given either Lactobacillus casei
(L. casei) or placebo for 3 mo while continuing the aspirin
and omeprazole therapy. VCE at the end of the treatment period showed a significant reduction of mucosal
breaks and “capsule endoscopy score” in the group receiving L. casei. The results of this small clinical study are
consistent with a study of L. casei (strain Shirota) in a rat
model of indomethacin-induced enteropathy[117].
Lactoferrin has been shown to prevent NSAID-

TREATING AND PREVENTING
NSAID-ENTEROPATHY
In sharp contrast to NSAID-induced gastroduodenal damage, where several options are available to provide protection to a patient, no treatments or prevention strategies for
NSAID-enteropathy have been convincingly shown to be
effective.As outlined above, PPIs provide upper GI protection against NSAIDs but worsen NSAID-enteropathy
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induced bleeding in rodents[118] and this effect may be
related to its ability to promote the growth of Bifidobacteria in the small intestine[119]. Oral treatment of healthy
volunteers with recombinant lactoferrin was shown to
reduce indomethacin-induced changes in small intestinal
permeability[120]. However, in this short-term study, only
a very modest increase in intestinal permeability was
seen, with only a single administration of lactoferrin that
would have been unlikely to have significantly affected
the intestinal microbiome.
Rebamipide is a quinolinone derivative that is used
to promote the healing of GI ulcers and for mucosal
protection. Its mechanism of action is not fully understood, though it appears to stimulate mucus secretion
and PG synthesis[121] and to scavenge oxygen-derived free
radicals[6]. It has been shown to significantly reduce the
severity of NSAID-induced enteropathy in rats[122]. Niwa
et al[123] performed a pilot study in healthy humans to
examine the effectiveness of rebamipride in preventing
NSAID-enteropathy. The volunteers received placebo or
rebamipride together with diclofenac for 7 d. The small
intestine was examined at the end of the study by VCE.
Damage was observed in 8 of the 10 of placebo-treated
group (2 ulcers, 1 bleed), but in only 2 of the 10 of rebamipide-treated group (no ulcers or bleeding). However,
a larger study of healthy volunteers treated for 14 d with
an NSAID (diclofenac), a PPI (omeprazole) and either
rebamipide or placebo, failed to a detect a significant benefit of rebamipide in terms of reducing the incidence of
intestinal mucosal injury[124]. Larger studies of rebamipide, ideally in patients receiving NSAID therapy for an
inflammatory disorder, are needed to clarify if this drug
will have benefit in reducing the incidence and/or severity of NSAID-enteropathy.
Studies in animal models have suggested other possible approaches to prevention of NSAID-enteropathy,
but have not yet been assessed in humans. For example, in
a mouse model of acute indomethacin-induced intestinal
damage, Yasuda et al[125] found that dopamine D2 receptor
antagonists reduced the severity of damage, and these effects were mediated through the activation of endogenous
anti-inflammatory pathways mediated by via α7-nicotinic
acetylcholine receptors, as had been observed previously[126]. Using the same model, Kato et al[127] demonstrated
that certain 5-HT receptors could modulate susceptibility
to NSAID-enteropathy. They reported that antagonists of
the 5-HT3 receptor (ondansetron and ramosetron) dosedependently reduced intestinal damage, while a 5-HT4
antagonist (GR113808) aggravated damage. A 5-HT4
agonist (mosapride) significantly reduced damage. As in
the case of protection with dopamine D2 receptor antagonists, the authors suggested that the beneficial effects
the 5HT4 agonist may be mediated through activation of
α7-nicotinic acetylcholine receptors. There have also been
studies demonstrating a significant increase in intestinal
motor activity after administration of NSAIDs, and have
suggested that this contributes to the generation of injury,
but pharmacological approaches targeting this 5-HT/α7-
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nicotinic acetylcholine receptor axis have not yet been
evaluated in human NSAID-enteropathy.
NSAID pro-drugs: The enteropathy remains
Pro-drugs have been defined as “bioreversible derivatives
of drug molecules that undergo an enzymatic and/or
chemical transformation in vivo to release the active parent drug, which can then exert the desired pharmacological effect”[128,129]. A number of NSAID pro-drugs have
been developed, based on the premise that if the drug
can pass through the stomach in an inactive form, it will
not inhibit PG synthesis in the stomach, and therefore
will not be ulcerogenic. In essence, an NSAID pro-drug
of this design does not differ significantly from an enteric coated NSAID, and the problems associated with
the latter are well documented[8,36]. Moreover, there are
several problems with the premise upon which NSAID
pro-drugs are based. First, once the drug is absorbed and
transformed to release the parent drug, that drug will
produce “the desired pharmacological effect”. That effect, reduction of pain and inflammation, is attributable
to systemic inhibition of COX activity. In the absence
of any “protective” intervention, systemic inhibition of
COX activity will result in damage and bleeding in the
upper GI tract. Thus, NSAIDs administered systemically induce significant gastrointestinal ulceration and
bleeding[130-132]. If a pro-drug is formulated such that it
produces a marked delay in the release of the parent
drug, there will be a similar delay in the onset of the desired activity. Second, the pro-drug approach is focused
entirely on sparing the upper GI tract of injury, ignoring
the potential of the drug to cause small intestinal injury,
particularly if it undergoes enterohepatic recirculation.
Once the pro-drug is metabolized to release the parent
drug, the parent drug will behave, pharmacokinetically
and pharmacodynamically, in the same way as if the parent drug itself had been administered. These are points
that have been acknowledged on the website of a company that is developing a naproxen pro-drug: “the prodrug approach will not address the GI damage associated
with the systemic inhibition of COX after release of the
parent drug, nor will it address the toxic effects of metabolites delivered into the gut lumen with bile”[133].
Clinical trials of pro-drugs have often produced data
that are very favourable to the pro-drug. However, this
is largely because such studies have typically focused on
acute gastric or gastroduodenal damage (erosions and
“endoscopic ulcers”)[134] that are of questionable clinical
significance, since they do not necessarily predict the incidence of true ulcers[135]. Indeed, the same is true for most
of the trials of selective COX-2 inhibitors and of PPIs,
which gave a false signal of the GI safety of those classes
of drugs because of reliance on inappropriate endpoints
for upper GI damage and lack of consideration of the
potential damaging effects of these drugs on the small
intestine. When examined in “real world” scenarios, using
clinically meaningful endpoints[135], there is little, if any,
evidence of significant benefit of NSAID pro-drugs over

1868

March 28, 2013|Volume 19|Issue 12|

A

the parent drugs or over other NSAIDs. This topic has
been very well reviewed by Graham[135]. Thus, while the
pro-drug sulindac rarely caused erosions or “endoscopic
ulcers” in short-term studies of human volunteers[136,137],
longer term studies in at-risk patients showed this drug
to offer no upper GI safety benefit as compared to other
NSAIDs[138]. Likewise, nabumetone was purported to be
a GI-safe pro-drug, and acute upper GI studies suggested
that this was the case[139], but in at-risk patients the drug
did not offer any benefit over other NSAIDs[140]. Neither
sulindac nor nabumetone have been specifically examined
with respect to their propensity to cause small intestinal
ulceration and bleeding. Moreover, there are suggestions
in the literature[132,141], supported by animal studies[130,131],
that systemic administration of NSAIDs, which completely avoids contact of the drug with the lining of the
stomach and duodenum, does not offer significant benefit in terms of reducing the incidence of significant GI
ulceration and bleeding.
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Figure 4 Intestinal safety and altered biliary excretion of ATB-346. A:
ATB-346 is a hydrogen sulfide-releasing derivative of naproxen[38].When administered to obese Zucker rats, twice-daily for 4.5 d at 10 mg/kg, naproxen induced
small intestinal damage that was significantly more severe in the obese rats (bP
< 0.01). However, at an equimolar dose, ATB-346 did not induce intestinal damage in lean or obese rats[175]; B: The serum levels of naproxen in normal rats after
4.5 d of twice-daily administration of ATB-346 were marginally, but significantly (aP
< 0.05) lower than those in rats treated with an equimolar dose of naproxen; C:
Biliary levels of naproxen in rats treated with ATB-346 (as above) were markedly
reduced compared to those in rats treated with an equimolar dose of naproxen (cP
< 0.001).The data shown in this graph are from Blackler et al[175].

Novel intestinal-sparing NSAIDs
The advances that have been made in understanding the
pathogenesis of NSAID-enteropathy provide important
clues for designing novel NSAIDs that will not damage in
the small intestine (or the stomach). Several approaches
have been taken that show promise, mainly using the “codrug” model of drug design[142]. Co-drugs are somewhat
like pro-drugs, with the key difference being that the promoiety is not inert; rather, it exerts important pharmacological effects[129]. Two such classes of co-drugs are the
nitric oxide (NO)-releasing NSAIDs and the hydrogen
sulfide (H2S)-releasing NSAIDs[143-145]. In each case, the
NSAID portion of the co-drug behaves the same as expected (inhibition of COX-1 and COX-2, leading to antiinflammatory and analgesic effects), while the gaseous
mediator portion of the co-drug exerts mucosal protective effects, very similar to the effects of endogenous
prostaglandins[146,147]. Both of these gaseous mediators
are vasodilators and can inhibit leukocyte adherence to
the vascular endothelium[148,149]. Suppression of mucosal
synthesis of NO or H2S reduces the resistance of the
stomach to the damaging effects of NSAIDs and other
irritants, and impairs the healing of pre-existing damage[148,150-156]. NO and H2S donors can increase the resistance of the gastric mucosa to injury induced by NSAIDs
and other noxious substances[148,151,156,157] and can accelerate healing of ulcers in rodent models[37,150,153,154,158]. Some
of the other actions of NO-NSAIDs and H2S-NSAIDs
and their underlying mechanisms have been reviewed
previously[143,145,152].
NO-NSAIDs were shown to cause significantly less
intestinal damage than the parent drugs[159,160], and to
be well tolerated in rats with pre-existing colitis[159]. In a
small, short-term clinical trial, an NO-NSAID produced
significantly less of an increase in small intestinal permeability than was produced by an equivalent dose of the
parent drug (naproxen)[161]. Despite very promising results
from clinical trials that demonstrated efficacy and safety
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in osteoarthritis[162-166], NO-NSAIDs have not obtained
regulatory approval because the safety advantages over
the parent drug (naproxen) have not been sufficiently
demonstrated. One key GI safety clinical trial fell just
short of showing a significant benefit as compared to
naproxen (P = 0.066)[167].
H2S-releasing NSAIDs exhibit enhanced anti-inflammatory activity relative to the parent drugs[37,151,155,168,169],
presumably attributable to the anti-inflammatory and
pro-resolution effects of the H2S released from these
drugs[149,158,170-174]. In addition to sparing the gastric mucosa of damage in several circumstances of impaired mucosal defence[38,175], H2S-releasing NSAIDs have been shown
not to cause damage in the small intestine of rats[38,155,175].
Moreover, when tested in co-morbidity and polypharmacy models, with repeated administration over several
days, an H2S-releasing derivative of naproxen (ATB-346)
did not cause small intestinal damage[175] (Figures 2 and 4).
For example, obese rats that exhibited markedly greater
naproxen-induced enteropathy than was observed in lean
rats, but ATB-346 did not elicit damage in lean or obese
rats[175]. Interestingly, Zucker obese rats have a microbiota distinct from that of their lean littermates, with a
marked reduction in intestinal levels of Bifidobacteria[176].
Recall that we observed that PPIs increased the severity
of NSAID-enteropathy in rats, and found that this was
largely attributable to a decrease in intestinal Bifidobacteria
levels[37]. ATB-346 retained its favourable profile in the
intestine even when co-administered with a PPI and or
low-dose aspirin[175] (Figure 2).
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A particularly important feature of ATB-346 that may
be very important in terms of its lack of damaging effects
in the small intestine is that, though metabolized to release
naproxen, there are relatively low levels of naproxen in
bile after administration of this compound[175] (Figure 4).
Moreover, the biliary levels of naproxen-glucuronide were
reduced by 72% in the ATB-346 group as compared to
the naproxen group[175]. These altered pharmacokinetics
of ATB-346 vs naproxen did not alter the anti-inflammatory activity of the drug[37], but could contribute significantly to the intestinal-sparing properties of ATB-346.
Recently, a class of drugs was described that consists
of an NSAID attached to moieties releasing both NO
and H2S[177]. These compounds show comparable actions
as the parent drugs in terms of inhibiting COX activity,
but there ares no available data on their GI toxicity.
NSAIDs pre-associated with phospholipids are a
unique type of “co-drug”.
Surface-active phospholipids have been proposed
to constitute an important component of the epithelial
“barrier” to acid back-diffusion, and NSAIDs can to
disrupt this barrier[178,179]. Lichtenberger et al[180] demonstrated that pre-associating an NSAID with a zwitterionic
phospholipid prevents the NSAID from disrupting the
barrier function of the epithelium. Thus, covalently linking phosphatidylcholine to aspirin, ibuprofen and other
NSAIDs results in compounds with equivalent antiinflammatory properties to the parent drug, but with
markedly reduced gastric toxicity[181]. This has been demonstrated in endoscopic clinical trials for an aspirin derivative[181], and also with an ibuprofen derivative[182], though
in the latter trial, statistical significance was only seen in
an older subset of the patients studied. Recently, Lichtenberger et al[78] demonstrated that pre-associating aspirin
with phosphatidylcholine greatly reduced the small intestinal damage produced by intraduodenal administration
of this compound, as compared to aspirin alone.

mal studies have given some direction as to viable strategies for preventing NSAID-enteropathy, and the models
are useful for testing novel therapeutics agents.
As is the case with NSAID-induced injury in the upper GI tract, it is important that studies of NSAID-enteropathy focus on animal models that are most similar to
the patients that use these drugs and most often develop
serious adverse effects. Thus, future studies should focus
on the use of animal models with relevant co-morbidities
that display increased susceptibility to NSAID-enteropathy, and on patients most at risk of developing intestinal
damage and bleeding.
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