CHAPTER 1

GASTROINTESTINAL TRACT

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic systemic inflammatory autoimmune disorder
characterized by inflammation of synovial joints leading to progressive erosion of
cartilage and bone. RA is associated with swelling, pain, and stiffness of multiple
synovial joints, with an annual incidence of 31 per 100,000 women and 13 per
100,000 men. RA is more common in women than in men by a ratio of approx-
imately 3:1 (Doan and Massarotti, 2005). Osteoarthritis (OA) is a common, age-
related disorder of synovial joints that is pathologically characterized by irregularly
distributed loss of cartilage more frequently in areas of increased load, sclerosis
of subchondral bone, subchondral cysts, marginal osteophytes, increased metaphy-
seal blood flow, and variable synovial inflammation. Cyclooxygenase (COX) has
two distinct membrane-anchored isoenzymes: a constitutively expressed (COX-1)
and a highly induced (COX-2) isoenzyme. Following exogenous stimuli (i.e.,
inflammation), arachidonic acid is liberated by phospholipases. COX-1 and COX-2
are rate-limiting enzymes with COX and peroxidase activities that catalyze the
conversion of arachidonic acid to prostaglandin (PG) endoperoxide (PGG,) and
prostanoids, which are then reduced to PGH, (Eling et al., 1990). PGH; is further
metabolized to thromboxane A, (TXA;), prostacyclin (PGI;), PGD,, PGF,,, and
PGE, (Fig. 1-1) (Dannenberg et al., 2001; Radi and Khan, 2006b; Radi, 2009).
Prostanoids, including TXA, and PGI,, help regulate vascular tone and thrombosis
via COX activity. TXA; is a vasoconstrictor that is largely platelet derived and
COX-1 dependent, and it promotes platelet adhesion and aggregation and smooth
muscle cell proliferation. PGI, is an endothelial-derived vasodilator with antiag-
gregatory platelet functions but is both COX-1 and COX-2 dependent (Kearney
et al., 2004).

The inhibitors of COX activity include nonselective nonsteroidal
anti-inflammatory drugs (ns-NSAIDs) and COX-2 selective nonsteroidal anti-
inflammatory drugs (s-NSAIDs). Nonselective NSAIDs, at therapeutic doses,
inhibit both COX-1 and COX-2 (Fig. 1-1) (Dannenberg et al., 2001; Radi and
Khan, 2006b; Radi, 2009). The analgesic and anti-inflammatory properties of
NSAIDs are linked to COX-2 inhibition, while many of the gastrointestinal tract
(GI) toxicities and side effects have been linked variably to COX-1 and/or COX-2
inhibition and, in some cases, directly to the secondary pharmacologic properties of

Comparative Pathophysiology and Toxicology of Cyclooxygenases, First Edition. Zaher A. Radi.
© 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.

11



&

12  CHAPTER1 GASTROINTESTINAL TRACT

EXOGENOUS STIMULI {e.g., inflammation)

‘ CELL MEMBRANE ‘
t— Phospholipase Az
s-NSAIDs | AA | Ns-NSAIDs
COX-24 COX-1

| PROSTAGLANDIN G, |

Peroxidase ™ P Peroxidase
a4
\ PROSTAGLANDIN H |

e

Prostacyclin Specific Synthases  Thromboxane A,
{PGIy) (PGD;, PGEz, PGF2.)} (TXAz)
{ Mugcin

| Neutral mucosal pH

| Bicarbonate

{ Blood flow

T Leukocyte adherence

1 Intestinal permeability

Gastric hypermotility

Uncoupling of enterocyte mitochondrial oxidative phosphorylation
TLR-4/MyD88-dependent

U

Gl erosions & ulcers
Bleeding and perforation

FIGURE 1-1 Pathophysiological role of prostaglandins (PGs) in the gastrointestinal (GI)
tract and effects of ns-NSAIDs and COX-2 s-NSAIDs. Following an exogenous stimu-
lus (e.g., inflammation), cell membrane phospholipid is liberated to arachidonic acid (AA)
by phospholipase A,. Both COX-1 and COX-2 catalyze the conversion of AA into vari-
ous PGs. COX-1 is the predominant isoform in the normal GI tract (gastric fundus, corpus,
antrum and/or pylorus, duodenum, jejunum, ileum, cecum, and colon), while COX-2 expres-
sion is up-regulated during inflammatory or neoplastic conditions. Nonselective NSAIDs
(e.g., carprofen, etodolac, flunixin meglumine, ketoprofen, indomethacin, phenylbutazone)
inhibit COX-1 and COX-2, while selective s-NSAIDs (e.g., celecoxib, firocoxib, rofecoxib,
lumiracoxib, valdecoxib) spare COX-1 and inhibit only COX-2. Potential mechanisms
of ns-NSAID-mediated GI toxicity include (1) increased intestinal epithelial permeabil-
ity, (2) uncoupling of mitochondrial oxidative phosphorylation, (3) gastric hypermotility,
(4) decreased epithelial cell secretion of bicarbonates, (5) decreased mucin secretion, (6)
decreased blood flow, (7) decreased neutral pH of mucosa, (8) leukocyte infiltration, and
(9) TLR-4/MyD88-dependent into the GI mucosa after injury. Loss of these GI protec-
tive mechanisms can lead to GI erosion, ulcers, bleeding, and perforation. (Reprinted from
Z. A. Radi and N. K. Khan, Effects of cyclooxygenase inhibition on the gastrointestinal
tract, Experimental and Toxicologic Pathology, 58, pp. 163—173. Copyright © 2006, with
permission from Elsevier.)
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the select drugs. COX-2 selective NSAIDs (i.e., celecoxib, deracoxib, etoricoxib,
firocoxib, lumiracoxib, parecoxib, robenacoxib, rofecoxib, and valdecoxib) were
developed to provide a drug that is selective for COX-2, which at therapeutic
doses demonstrated therapeutic benefits comparable to those of conventional
ns-NSAIDs without the attendant COX-1-mediated toxicities (Radi and Khan,
2006b). The first human-use COX-2 s-NSAIDs were celecoxib and rofecoxib,
approved for the treatment of OA and RA. Later drug developments would
produce deracoxib, etoricoxib, firocoxib, parecoxib, lumiracoxib, robenacoxib, and
valdecoxib. The focus of this chapter is a detailed examination of the comparative
expression of COX-1 and COX-2, the effects of COX-2 selective and nonselective
NSAID inhibition on the GI system, and the pathophysiological mechanisms of
such GI effects and toxicities.

COMPARATIVE COX-1 AND COX-2 EXPRESSION
IN THE GI TRACT

GI expression of COX-1 and COX-2 in various species is summarized in Table 1-1
(Radi and Khan, 2006b; Radi, 2009). COX-1 (and not COX-2) is the predominant
isoform in the normal GI tract (i.e., gastric fundus, corpus, antrum and/or pylorus,
duodenum, jejunum, ileum, cecum, and colon) and is expressed normally in canine,
humans, and nonhuman primates. The COX-2 isoform is nearly absent in these
species, except in rats and for low levels in the large intestine (Kargman et al.,
1996; Seibert et al., 1997; Koki et al., 2002a; Maziasz et al., 2003). Both COX-1
and COX-2 are present in the normal human gastric mucosa and colon (Jackson
et al., 2000; Fornai et al., 20006).

COX-1 is found in the mucosal epithelium, vascular endothelium, neurones
of myenteric ganglia, and in smooth muscle cells of the tunica muscularis. How-
ever, expression levels of COX-1 in the GI tract show wide intra-anatomical and
interspecies variability. For example, both the gastric antrum and pyloric region of
dogs contain 10-fold more COX-1 protein than is contained in the small intestine

TABLE 1-1 Comparative COX-1 and COX-2 Expression in the Gastrointestinal Tract

COX-1 COX-2
Location Dog Horse Human Monkey Rat Dog Horse Human Monkey Rat
Stomach fundus X X X X X
Pyloric antrum X X X X X
Duodenum X X X X X
Jejunum X X X X X X X
Tleum X X X X X
Cecum X X X X X
Colon X X X X X X X X

Source: Reprinted from Z. A. Radi and N. K. Khan, Effects of cyclooxygenase inhibition on the gastrointestinal tract,
Experimental and Toxicologic Pathology, 58, pp. 163—173. Copyright © 2006, with permission from Elsevier.
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(Seibert et al., 1997). In comparison, the nonhuman primate small intestine has five-
fold more COX-1 protein than that in rodent or canine small intestine tissues, and
rodents express less COX-1 in the GI tract than do nonhuman primates or humans
(Kargman et al., 1996). In rats, weak COX-1 immunostaining is found in the stom-
ach, small intestine, and colon (Burdan et al., 2008). In a rat model of colitis, both
COX-1 and COX-2 were expressed in the normal colon and present in neurons of
myenteric ganglia, while COX-2 was up-regulated in rats with colitis (Fornai et al.,
2006). In rabbits, only COX-1 was detected in parietal cells, while both COX-1
and COX-2 were expressed in gastric glands, with the relative protein density of
COX-1 being sixfold higher than that of COX-2 (Nandi et al., 2009). In humans,
the highest and lowest areas of COX-1 expression are in the small intestine and
gastric fundus/antrum, respectively (Kargman et al., 1996). Strong gastric parietal
cell COX-1 and COX-2 immunoreactivity has been observed in the normal human
gastric mucosa (Jackson et al., 2000). COX-2 up-regulation has been described
within the mucosa in the presence of inflammation or ulcers. COX-1 and COX-
2 immunostaining was increased at the rim of ulcers and in Helicobacter pylori
gastritis, particularly at the mid-glandular zone and lamina propria inflammatory
cells (Jackson et al., 2000). Some studies suggest that the predominant source of
increased gastric PGE, in H. pylori infection in humans is probably COX-1 derived
(Scheiman et al., 2003). In inflammatory bowel disease (IBD), COX-1 was local-
ized in the crypt epithelium of the normal ileum and colon and its expression was
unchanged. COX-2 expression, on the other hand, was undetectable in normal ileum
or colon but was induced in apical epithelial cells of inflamed foci in IBD (Singer
et al., 1998). In another study, COX-2 expression up-regulation occurred in neural
cells of the myenteric plexus in patients with active IBD (Roberts et al., 2001).

COX-2 is normally absent (except in the colonic mucosa) in the intesti-
nal tract in dogs, nonhuman primates, and humans (Koki et al., 2002a; Maziasz
et al., 2003). In horses, COX-1 and COX-2 were expressed in nonischemic- and
ischemic-injured jejunal mucosa tissues obtained 18 h after recovery, with ischemia
causing significant up-regulation of both COX isoforms (Tomlinson et al., 2004).
In rats, COX-2 is present at low levels in close association with macrophages in the
region of gut-associated lymphoid tissue (Kargman et al., 1996). COX-2 expres-
sion was observed in the rat fundus and pylorus regions of the stomach, intestinal
tract (jejunum, ileum, duodenum, cecum, colon, and rectum), and intestinal tract
parasympathetic ganglia of the submucosa and muscularis (Haworth et al., 2005).
The highest level of COX-2 expression was noted at the ileocecal junction in rats
(Haworth et al., 2005). This ileal-side high level of COX-2 expression may explain
the spontaneous ulceration and perforation of the distal ileum in COX-2 knockout
(COX-27/7) rodents (Sigthorsson et al., 2002). There is site-dependent susceptibil-
ity to intestinal injury that is related to local prostanoid homeostasis. For example,
the rat cecum is particularly sensitive to long-term, low-dose indomethacin admin-
istration (NygAArd et al., 1995). COX-2 immunostaining was observed in the small
intestine lamina propria in mice (Hull et al., 1999).

COX-2 can be induced in pathological conditions and in the inflamed GI
mucosa, and its inhibition by NSAIDs has been hypothesized to delay the reso-
lution of GI injury (Kishimoto et al., 1998). Increased COX-2 expression, observed
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TABLE 1-2 Comparative Susceptibility to Toxicity and Location? of Lesions in the
Gastrointestinal Tract After COX Inhibition

GI injury Interspecies differences

Relative susceptibility at therapeutic exposures Rat > dog > monkey > human
Upper GI most common site Human > monkey > dog > rat
Lower small intestine most common site Rat > dog > monkey” > human

Source: Reprinted from Z. A. Radi and N. K. Khan, Effects of cyclooxygenase inhibition on the gas-
trointestinal tract, Experimental and Toxicologic Pathology, 58, pp. 163—173. Copyright © 2006, with
permission from Elsevier.

@Location of injury similar for both ns-NSAIDs and s-NSAIDs, with the exception that injuries with
s-NSAIDs occur at high exposure multiples.

bInjury to lower GI tract uncommon in monkeys.

maximally at 24 h, has been observed in a rat model of ischemia/reperfusion—induced
acute gastric mucosal injury (Kishimoto et al., 1998). COX-2 expression was
increased in cultured rat gastric mucosal cells in vitro and after acid-induced
gastric injury to rats in vivo (Sawaoka et al., 1997; Erickson et al., 1999; Sun
et al., 2000). COX-2 may play a role in rodent postoperative ileus since intestinal
manipulation induced COX-2 within resident muscularis macrophages, a discrete
subpopulation of myenteric neurons and recruited monocytes (Schwarz et al.,
2001). Additionally, COX-2 has been shown to be induced in various hyperplastic
and neoplastic lesions of the GI tract, such as colon cancer, familial adenomatous
polyposus (FAP), and sporadic adenomatous polyps in the colon (Soslow et al.,
2000; Khan et al., 2001 Koki et al., 2002b). Up-regulation of COX-2 has been
demonstrated within adenomas of the small and large intestine of multiple
intestinal neoplasia (Min) mice (Hull et al., 1999). These observations support the
use of NSAIDs in the treatment of epithelial cancer. In fact, a COX-2 s-NSAID,
celecoxib, has been approved as adjunct therapy to the usual care (e.g., endoscopic
surveillance, surgery) to reduce the number of adenomatous colorectal polyps in
humans. In humans, gastric mucosal expression of COX-2 is increased in gastritis
and gastric ulceration (Tatsuguchi et al., 2000; Bhandari et al., 2005).

In summary, COX-1 (and not COX-2) is the predominant isoform in the nor-
mal GI tract. There appears to be significant interspecies differences in both the
level of COX-1 expression and the ratio of COX-1 and COX-2 expression in the GI
tract. Both COX-1 expression and relative COX-1/COX-2 expression are highest in
some animal species, including the dog and rat, compared with humans and nonhu-
man primates, which may partly explain the overt sensitivity of these species to sub-
therapeutic doses of ns-NSAIDs (Table 1-2) (Radi and Khan, 2006b; Radi, 2009).

EFFECTS OF ns-NSAIDS ON THE GI TRACT

Several ns-NSAID classes (Table 1-3) are used in human and veterinary medicine
for their anti-inflammatory, analgesic, and antipyretic effects. In veterinary
medicine, phenylbutazone, meclofenamic acid, meloxicam, carprofen, and
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TABLE 1-3 Nonselective NSAID Major Classes

ns-NSAID class Generic name Trade name
Arylpropionic acid Ibuprofen Advil, Motrin, Nuprin
Naproxen Aleve, Naprosyn
Ketoprofen Orudis, Oruvail
Carprofen Rimadyl, Zenecarp, Novox
Fenoprofen Nalfon
Flurbiprofen Flurofen, Ansaid
Enolic acids Piroxicam Feldene
Tenoxicam Tilcotil
Lornoxicam Xefo
Acetic acids Etodolac Etogesic
Indomethacin Indocin
Diclofenac Cataflam, Voltarin
Sulindac Clinoril
Nabumetne Relfen

Aminonicotinic acids  Flunixin meglumine = Banamine

Pyrazoles Phenylbutazone Zolandin
Salicylic acids Acetylsalicylic acid ~ Aspirin
Anthranilic acids Meclofenamate Ponstel, Arquel, Meclofen

etodolac are approved for use in dogs in the United States (Fox and Johnston,
1997; Budsberg et al., 1999); flunixin meglumine, meclofenamic acid, naproxen,
and phenylbutazone are approved for horses (Kopcha and Ahl, 1989). Although
the broad range of applications for ns-NSAID therapy makes it an attractive
prescriptive choice, it has been partnered adversely with GI toxicity. Implications
to humans have included nonulcer dyspepsia and serious Gl-related side effects,
such as gastric and duodenal ulcers, erosions, bleeding, perforation, esophagitis,
and esophageal strictures (Lanza et al., 1983; Bjorkman, 1996; Mason, 1999;
Schoenfeld et al., 1999; Scheiman, 2003). Similar to use in humans, chronic
ns-NSAID use in dogs has also been associated with serious GI side effects,
manifested as bleeding, ulceration, erosions, perforations, peritonitis, melena,
anemia, anorexia, and abdominal pain (Ewing, 1972; Roudebush and Morse,
1981; Cosenza, 1984; Daehler, 1986; Stanton and Bright, 1989; Wallace et al.,
1990; Ricketts et al., 1998; Reed, 2002). The incidence of GI ulceration is
greatly increased in animals receiving ns-NSAIDs in combination with steroids;
therefore, this combination should be avoided (Johnston and Budsberg, 1997;
Reed, 2002).

To limit the potential for serious complications associated with NSAID use
in veterinary medicine, clinicians should take the following precautions before
prescribing NSAIDs: (1) verify that corticosteroids and other NSAIDs are not
being given concurrently with the NSAID prescribed, (2) adhere to the dosages
recommended, (3) advise clients of potential safety risks and their clinical signs,
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and (4) avoid use in at-risk cases (Lascelles et al., 2005b). At-risk indications are
(1) a history of GI ulceration, (2) geriatric patients (older animals have reduced
clearance capacity and are more susceptible to NSAID GI toxicity), (3) the use of
aspirin, (4) GI comorbidities (e.g., preexisting GI ulcer, H. pylori colonization, liver
disease), and (5) clinical chemistry (e.g., indications of impaired hepatic function,
hypoproteinemia) (Lascelles et al., 2005b). The comparative GI effects of various
classes of ns-NSAIDs are detailed below.

Effects of Arylpropionic Acid ns-NSAIDs on the GI Tract

Arylpropionic acids represent the largest class of widely prescribed group of ns-
NSAIDs, which include ibuprofen, naproxen, ketoprofen, carprofen, fenoprofen,
and flurbiprofen (Table 1-3). These drugs are approved for use in the treatment of
RA, OA, and ankylosing spondylitis.

Ibuprofen (Advil, Motrin, and Nuprin) is one of the most commonly used
ns-NSAIDs and is supplied as tablets. It probably ranks after aspirin and parac-
etamol in nonprescription over-the-counter (OTC) drugs used in humans for the
relief of symptoms of pain, inflammation, and fever (Rainsford, 2009). In dogs,
ibuprofen has been used as an anti-inflammatory agent. However, dogs are much
more sensitive than humans to the development of GI toxicity from ibuprofen
administration. At therapeutic doses, adverse GI effects observed in dogs include
vomiting, diarrhea, anorexia, abdominal pain, nausea, and GI bleeding. Dogs given
8 or 16 mg/kg per day of ibuprofen orally for 30 days showed no clinical signs of
toxicity. However, postmortem examination revealed the presence of gastric ulcers
or erosions, usually in the antrum or pylorus, less often in the fundic or cardiac
regions of the stomach, and intestinal inflammation (Adams et al., 1969). No GI
lesions were noted in a 4-mg/kg per day dose in this study in dogs. In another
study, ibuprofen oral repeated dosing at 8§ and 16 mg/kg per day (0.4- and 0.9-
fold multiples of the human dose, respectively) for one month in dogs caused GI
pathology comprised of bloody or discolored stools and intestinal ulceration and/or
perforation (Hallesy et al., 1973). During 26-week repeat-dose toxicity in dogs
given ibuprofen in a 16-mg/kg per day dose, clinical signs of GI toxicity char-
acterized by frequent vomiting, diarrhea with occasional passage of fresh blood,
and loss of weight were noted in week 8 of dosing (Adams et al., 1969). Dogs
given 4- and 2-mg/kg per day doses had no evidence of GI toxicity. On the other
hand, similar GI pathology was observed in rats only after six months of repeated
dosing and at a higher oral dose of 180 mg/kg per day (9.7-fold multiples of the
human dose) (Hallesy et al., 1973). The approximate LDs values for ibuprofen are
800 mg/kg orally and 320 mg/kg intraperitoneally in the mouse and 1600 mg/kg
orally and 1300 mg/kg subcutaneously in the rat (Adams et al., 1969). The pro-
portions of the dose recovered from the ligated stomach and ligated intestine of
rats at various times after introduction of '“C-labeled ibuprofen were measured.
Only 73% of the dose was recovered from the stomach and its contents 3 min
after dosing, while no radioactivity was detected in plasma (Adams et al., 1969).
Intestinal absorption of ibuprofen in rats was so rapid that by 3 min the plasma
concentration of radioactivity was maximal (Adams et al., 1969). Thus, although
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some absorption occurs in the stomach, the main site of ibuprofen absorption, at
least in rats, is the intestine. Rats given ibuprofen for 26 weeks orally at 180 mg/kg
per day grew normally but were anemic (had low erythrocyte counts, hemoglobin
concentration, and hematocrits) by the final week of dosing, and a few rats had
intestinal ulcers (Adams et al., 1969). Therefore, due to its narrow margin of safety,
ibuprofen is generally not recommended for use or should be used with caution
in dogs and also in cats or ferrets (Cathers et al., 2000). Ibuprofen toxicosis can
occur in dogs and ferrets after accidental ingestion. When ibuprofen toxicosis is
suspected, serum, urine, and liver samples can be used for toxicological analyses
for ibuprofen by gas chromatography and mass spectrophotometry (Cathers et al.,
2000). In laboratory animals, ibuprofen administration has been linked to vomiting,
gastric irritation, and ulceration and duodenal and jejunal ulceration in rats, dogs,
rabbits, and monkeys (Adams et al., 1969; Scherkl and Frey, 1987; Elliott et al.,
1988; Godshalk et al., 1992; Arai et al., 1993). Pregnant female rabbits given 60
or 20 mg/kg per day of ibuprofen on days 1 to 29 of pregnancy grew less than
controls and had stomach ulcers (Adams et al., 1969). Female rabbits receiving
7.5 mg/kg per day grew normally, but some had gastric ulcers or erosions (Adams
et al., 1969). Thus, pregnant rabbits are highly sensitive to ibuprofen, and during
pregnancy the intestinal tract, at least in rabbits, is more sensitive than that of
nonpregnant animals (Adams et al., 1969). The route of ibuprofen administration
affects the GI pathology observed. Little or no GI damage occurred when ibupro-
fen was given daily by oral administration to nonhuman primates at doses up to
300 mg/kg for 90 days. However, intravenous (IV) administration of ibuprofen to
nonhuman primates over a 24-h period in four equal doses of 75 mg/kg at 6-h
intervals resulted in gastric erosions or ulcers (Elliott et al., 1988). When given IV
for 14 days at 100 and 200 mg/kg per day using the same 24-h dosing conditions
described above, nonhuman primates showed gastric and/or duodenal ulcers (Elliott
et al., 1988). In rats, acute single oral doses under 500 mg/kg of ibuprofen were free
of GI pathological changes (Elliott et al., 1988). However, acute IV administration
of ibuprofen at a dose of 270 mg/kg given in four equal doses of 67.5 mg/kg at 6-h
intervals over a 24-h period resulted in gastric and intestinal (ileum and jejunum)
ulcerations (Elliott et al., 1988). Therefore, the acute (24 h) IV route of ibuprofen
administration in rats is more ulcerogenic than the oral route.

One factor that has been correlated with GI events with ns-NSAID use is the
drug plasma elimination half-life (#;,;). There is less gastric mucosal adaptation
with NSAIDs that have long half-lives. For example, due to the short plasma ;>
of elimination of ibuprofen, approximately 2 h, and its rapid absorption, ibuprofen
at doses of 200 and 800 mg/kg has low possibilities of serious GI events and compli-
cations (i.e., epigastric or abdominal pain, dyspepsia, flatulence, nausea, heartburn,
diarrhea, constipation, vomiting) in humans (Rainsford, 2009). Another GI event
that can be associated with ns-NSAID intake is chronic anemia. For example, daily
treatment (800 mg three times daily) with ibuprofen has also been associated with
significant fecal blood loss in healthy volunteers (Bowen et al., 2005). Several
ns-NSAIDs, including ibuprofen, were compared for GI events in a large two-
year epidemiological safety study involving 30,000 to 40,000 rheumatic patients
in centers in Germany, Switzerland, and Austria, known as the Safety Profile of
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Antirheumatics in Long-Term Administration (SPALA) (Rainsford, 2009). This
SPALA study found ibuprofen to be associated with the lowest numbers of GI
events. In another large-scale study, fewer GI events were observed in patients
taking ibuprofen at doses up to 1200 mg daily for 7 days compared with aspirin
and paracetamol (Rampal et al., 2002).

Similarly, naproxen (Aleve, Naprosyn), which has a variably longer half-life
across species (f1,» is approximately 14 h in humans, 2 h in nonhuman primates,
35 hin dogs, 9 h in guinea pigs, and 5 h in rats), is used in humans and dogs for
its anti-inflammatory, analgesic, and antipyretic properties (Hallesy et al., 1973;
Rainsford, 2009). The long half-life of naproxen in dogs appears to be due to its
extensive enterohepatic recirculation. With the exception of the dog, all species
excreted naproxen and its metabolic transformation products predominantly in the
urine. In dogs, naproxen is eliminated primarily through the bile and feces, whereas
in other species, the primary route of elimination is through the kidneys (Runkel
et al., 1972). Once in the blood after oral administration, naproxen is absorbed fully
and rapidly in all species. Naproxen is indicated for temporary relief of fever and
minor aches and pains due to backache, headache, and toothache in humans (Runkel
et al., 1972; Rainsford, 2009). In dogs, naproxen has been shown to cause gas-
tric ulceration and hemorrhage, melena, vomiting, abdominal pain, weakness, and
hemorrhagic gastroenteropathy, including transmural pyloric perforation (Daehler,
1986; Stanton and Bright, 1989). Repeated oral administration of naproxen to dogs
for one month at 15 mg/kg per day (1.3-fold multiple of human dose) and for
three months at 5 mg/kg per day (0.4-fold multiples of human dose) caused GI
pathology of bloody or discolored stools and intestinal ulceration and/or perforation
(Hallesy et al., 1973). Additionally, mice and rats administered an acute oral dose
of naproxen displayed bloody or discolored stools and intestinal ulceration and per-
foration (Rainsford et al., 2003). A single oral naproxen dose of 250 mg/kg to rats
caused death in 6 to 8 days and abdominal adhesions, and small intestine necrotic
foci were observed at necropsy (Elliott et al., 1988). Repeated oral administration
of naproxen to rats for six months at 30 mg/kg (2.6-fold multiple of human dose)
and for 22 months at 2, 10, and 30 mg/kg per day (0.2-, 0.9-, and 2.6-fold multiples
of human dose, respectively) caused GI pathology of bloody or discolored stools
and intestinal ulceration and/or perforation (Hallesy et al., 1973). Repeated oral
administration of naproxen in nonhuman primates for six months at doses up to
120 mg/kg per day (10.4-fold multiples of human dose) was well tolerated with no
adverse GI pathological toxicity (Hallesy et al., 1973). The pig closely resembles
humans in respect to anatomy, physiological functions in the GI tract, and the histo-
logical and pathophysiological changes in the development of gastric ulcers induced
by NSAIDs (Rainsford et al., 2003). Daily oral administration of naproxen to pigs
at doses up to 45 mg/kg (3.9-fold multiples of human dose) for one year was well
tolerated with no adverse GI pathology (Hallesy et al., 1973). In an experimental
pig model using healthy Landrace males, naproxen induced gastroduodenal ulcers
and erosions when given orally for 10 days at a dose of 100 or 150 mg/kg per day
(Rainsford et al., 2003). In horses, naproxen has been used for the treatment of
inflammatory conditions and pain from myositis and soft tissue injuries, and it has
a reasonable margin of safety. However, adverse GI ulceration has been reported in
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horses (Lees and Higgins, 1985). In humans, GI events associated with naproxen
include GI erosions and ulcers, dyspepsia, upper abdominal pain, nausea, diarrhea,
constipation, abdominal distension, and flatulence (Lohmander et al., 2005).

Ketoprofen (Orudis, Oruvail) has a t,, of approximately 8.5 h and is used
to treat RA in humans (Rainsford, 2009). It is used in dogs, cats, and horses to
treat postsurgical and musculoskeletal pain, colic, synovitis, and OA. Its 7> in dogs
and cats is approximately 2 to 3 h and 2 h in horses. Ketoprofen was ulcerogenic
when used in laboratory animal models (Rainsford, 1977) but to a lesser degree than
other ns-NSAIDs (phenylbutazone and flunixin meglumine). Similarly, in horses,
ketoprofen was less toxic than phenylbutazone and flunixin meglumine (MacAllis-
ter et al., 1993). Gastric-duodenal erosion and/or hemorrhage and ulceration of the
glandular and nonglandular portions of the stomach were noted in dogs and horses,
respectively (MacAllister et al., 1993; Forsyth et al., 1998). Similar ulceration was
seen in a one-month oral toxicity study with ketoprofen in rats and dogs (Julou
et al., 1976). In a study of Sprague—Dawley rats given a 10-mg/kg dose of keto-
profen subcutaneously that had undergone ovariectomy, many rats died or were
euthanized within 3 to 7 days after surgery, due to clinical illness that was related
to GI ulceration (Lamon et al., 2008). The safety profile of a reduced dosage of
ketoprofen (0.25 mg/kg per day) was evaluated in a 30-day oral study in healthy
beagle dogs. Mild to moderate gastric mucosal injuries, especially in the pyloric
antrum, were observed in this study (Narita et al., 2006). Gastric lesions were
observed in a long-term (up to 90 days) study after oral administration of various
ns-NSAIDs (i.e., carprofen, etodolac, flunixin meglumine, and ketoprofen) in dogs
(Luna et al., 2007). In addition, the bleeding time was significantly longer by day 7
in dogs treated with meloxicam, ketoprofen, and flunixin meglumine (Luna et al.,
2007). Scaring in the pyloric antrum suggestive of ulceration healing was present
in one of 12 monkeys following 12 months of ketoprofen treatment (Julou et al.,
1976).

Interestingly, a study in hamster cheek pouch microcirculation showed that
topically applied ketoprofen lysine salt significantly inhibited both the leukocyte
adhesion and microvascular leakage induced by bradykinin (Daffonchio et al.,
2002). A kallikrein-kinn cascade such as bradykinin has been shown to be involved
in gastric ulcers (Sawant et al., 2001). Therefore, this study by Daffonchio et al. sug-
gests that in addition to COX inhibition, ketoprofen may have an antagonistic effect
on bradykinin, which may contribute to its ulcerogenic potential. In humans, keto-
profen is often used in a once-daily 200-mg sustained-release formulation to treat
rheumatic diseases, especially in elderly patients. Long-term safety and prospective
studies on 20,000 patients showed that ketoprofen is associated with a 28% rate of
such GI events as peptic ulcers, bleeding, melena, and black stools (Le Loet 1989;
Schattenkirchner, 1991). Most of these serious GI side effects occurred during the
first three months of treatment.

Carprofen (Rimadyl, Zenecarp, Novox) is approved for use in dogs to treat
pain and inflammation associated with OA and pain associated with soft tissue or
orthopedic surgery. The ¢/, in dogs is approximately 8 h and is highly variable
in cats (20 £ 16 h). In dogs, biliary secretion predominates, and 70% of an IV
dose of carprofen is excreted in the feces, while 8 to 15% of the dose is excreted
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in the urine. In rats, fecal excretion due to biliary secretion varies from 60 to
75%, and urinary excretion accounts for 20 to 30% of an IV dose (Rubio et al.,
1980). Therefore, excretion in dogs, rats, and cattle is mainly fecal after biliary
secretion, whereas it is primarily urinary in horses. In dogs, most carprofen is
metabolized by direct conjugation to an ester glucuronide followed by oxidation
to phenol and further conjugation. These conjugated phenols are eliminated in the
feces. Carprofen has produced GI lesions that are mild but of no clinical relevance
or significance compared with placebos (Reimer et al., 1999). Typical adverse GI
effects of this drug include vomiting, diarrhea, and change in appetite (Raekallio
et al.,, 2006). A transient decrease in serum protein and albumin concentrations
(concentrations were lower in treated dogs than in those that received placebo at
4 weeks, but not at 8 weeks) was observed after daily administration of carprofen
in a two-month study in dogs (Raekallio et al., 2006). When administered orally
daily in a 4-mg/kg dose, carprofen induced the lowest frequency of adverse GI
effects compared with etodolac, flunixin meglumine, ketoprofen, and meloxicam
in a 90-day study in dogs (Luna et al., 2007).

GI ulceration and bleeding are sometimes accompanied secondarily by ane-
mia and hypoproteinemia, due to blood and protein loss (Adams et al., 1969; Lanas
et al., 2003). In a 14-day safety study (according to the Rimadyl package insert)
involuing oral administration of 10 mg/lb twice daily (10 times the recommended
total daily dose), two of eight dogs exhibited hypoproteinemia (hypoalbuminemia).
Three incidents of black or bloody stool were observed in one dog. Five of eight
dogs exhibited reddened areas of duodenal mucosa on gross pathological exami-
nation. Histological examination of these areas revealed no evidence of ulceration
but did show minimal congestion of the lamina propria in two of the five dogs. In
separate safety studies lasting 13 and 52 weeks, respectively, dogs were adminis-
tered orally up to 11.4 mg/lb per day (5.7 times the recommended total daily dose
of 2 mg/lb) of carprofen. In both studies the drug was well tolerated clinically by
all the animals. No gross or histological changes were seen in any of the animals
treated.

In cats, carprofen is an effective analgesic for soft tissue and orthopedic pro-
cedures and is approved in several countries (Australia, France, Germany, United
Kingdom) for use at 4 mg/kg for daily subcutaneous or intravenous administration
(Steagall et al., 2009). Carprofen was well tolerated, and no clinical or endoscopic
adverse GI effects were seen in cats after its administration in clinical trails for
up to 5 days (Mollenhoff et al., 2005; Steagall et al., 2009). Although caprofen
is not used routinely in nonhuman primates for postoperative analgesia, a dose of
2.2 mg/kg carprofen intramuscularly, or a combination of 0.01 mg/kg buprenor-
phine and 2.2 mg/kg carprofen intramuscularly provided more reliable postoperative
analgesia than did buprenorphine alone (Allison et al., 2007). Although carprofen
has been used to treat mastitis in cattle, it is not generally recommended for use in
large animals, due to its long 1> (30 to 40 h).

Fenoprofen (Nalfon) has a relatively short, 3-h half-life. GI events are similar
to those with naproxen or ibuprofen. In rats, single fenprofen oral doses of 1000 to
1600 mg/kg resulted in death and small intestine necrosis and abdominal adhesions
(Elliott et al., 1988). Flurbiprofen (Flurofen, Ansaid) caused abdominal adhesions
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and small intestinal necrosis or ulceration in rats after either acute oral (at 80
and 125 mg/kg) or intraperiptoneal (at 125, 320, and 500 mg/kg) administration
(Elliott et al., 1988). Chronic administration in a three-month study in rats caused
ulcerative gastritis in 4- and 8-mg/kg doses and 0.5-, 2-, and 4-mg/kg doses in
another two-year study (Elliott et al., 1988).

Effects of Enolic Acid (Oxicam) ns-NSAIDs on the GI Tract

Piroxicam (Feldene) is one of few enolic acid derivatives (Table 1-3) that is
absorbed completely after oral administration and that undergoes enterohepatic
recirculation. Due to its antitumor activity, it is used in dogs and cats to treat some
cancers, such as transitional cell carcinoma (TCC) and oral squamous cell carci-
noma. The average estimated #;/, is approximately 40 h in dogs and 12 h in cats.
Due to this long 1/, in dogs, the steady state is typically not reached for 7 to 12
days. GI irritation was seen in some dogs after bladder TCC treatment with pirox-
icam orally in a 0.3-mg/kg dose (Knapp et al., 1994). Gastric ulcers occurred in
rats after once-daily piroxicam administration in doses of 2.7, 5.3, and 6.7 mg/kg,
which are equieffective for indomethacin (10, 20, and 25 mg/kg) (Aguwa, 1985).
Gastric ulcers were induced in rats after two oxicam oral dosing. However, the
incidence of such lesions was higher for tenoxicam (Tilcotil) (10.2 mg/kg) than for
diclofenac sodium (34 mg/kg, equivalent to 6.8 mg/kg tenoxicam) or piroxicam
(6.2 mg/kg) (al-Ghamdi et al., 1991). Other subchronic 14- and 28-day studies in
rats assessed the GI effects of equipotent doses of meloxicam (3.75 and 7.5 mg/kg)
and piroxicam (5 and 10 mg/kg) in rats. Both drugs dose-dependently caused multi-
ple gastric erosions and hemorrhage. Meloxicam led to greater gastric damage than
with piroxicam on day 14, although these results were not significant (Villegas
et al., 2002). In a dose-escalation study of piroxicam with oral doses ranging from
0.5 mg/kg every 48 h to 1.5 mg/kg every 48 h in dogs, a dose-limiting GI irritation
or ulceration occurred in dogs that received 1.5 mg/kg, with a maximum tolerated
dose of 1 mg/kg (Knapp et al., 1992). Lornoxicam (Xefo), a novel ns-NSAID com-
pound in the same chemical class as piroxicam and tenoxicam, caused GI lesions
in monkeys (Atzpodien et al., 1997). In the dose-range-finding study, animals were
dosed orally for 6 weeks with 0.25, 0.5, 1, or 2 mg lornoxicam/kg per day. GI
toxicity was observed in the 1- and 2-mg/kg per day dose groups only. Toxic-
ity included mortality, diarrhea, prostration, decreased body weight gain and food
consumption, fecal occult blood, anemia, hypoalbuminemia, GI erosions, and ulcer-
ations (Atzpodien et al., 1997). A follow-up chronic study was conducted using
dose levels of 0.125, 0.25, or 0.5 mg/kg per day for 52 weeks. The high-dose
level was increased to 0.6 mg/kg/day from week 39 to week 52. Histopathological
examination of the GI tract revealed erosions, ulcerations, and inflammation in both
males and females at 0.5 or 0.6 mg/kg per day. Cinicopathological findings included
decreased hematocrit and hypoproteinemia and hypoalbuminemia (Atzpodien et al.,
1997).

In a clinical study in elderly patients with knee OA, piroxicam at a dose
of 20 mg/day for 3 weeks resulted in elevation of the gastric mucosa endoscopic
score in 78% of the subjects compared to the beginning of the study, and 22% of



&

EFFECTS OF ns-NSAIDS ON THE GI TRACT 23

the subjects developed ulcers. Mild dyspepsia symptoms after piroxicam admin-
istration were positive in 67% of subjects (Girawan et al., 2004). Significantly
higher bleeding was found in a 28-day study in healthy male volunteers using a
20-mg piroxicam dose compared with a placebo. In addition, endoscopy scores
were significantly higher with piroxicam than in the meloxicam group at a dose
of 7.5 mg (Patoia et al., 1996). In another 28-day study in healthy volunteers,
significant macroscopic gastric mucosal damage occurred within 24 h of 20-mg
piroxicam administration; however, such GI damage resolved in most subjects by
day 28 (Lipscomb et al., 1998).

Effects of Acetic Acid Derivative ns-NSAIDs on the GI Tract

Acetic acid derivates include etodolac, indomethacin, diclofenac, sulindac, and
nabumetone (Table 1-3). Etodolac (Etogesic) is approved for use in dogs with OA
and has been studied in horses. Adverse reactions to etodolac in dogs include vom-
iting, soft or dark brown stool, and diarrhea with blood, as reported in a three-month
oral toxicity study at a dose of 25 mg/kg, as well as gastric and small intestinal
ulceration with associated weight loss, anorexia, anemia, and hypoproteinemia in
a one-year chronic toxicity study at doses of 40 and 80 mg/kg (Budsberg et al.,
1999). In a 28-day study in healthy dogs, etodolac was given orally once a day at
an average dose of 12.8 mg/kg and gastroduodenal endoscopy was performed. Only
minor gastric lesions were observed (Reimer et al., 1999). In an experimental study
of the GI effects of etodolac in horses, jejunum was exposed to 2 h of ischemia
during anesthesia, and then horses received etodolac at 23 mg/kg IV every 12 h.
Tissue specimens were obtained from ischemic-injured and nonischemic jejunum
immediately after ischemia and 18 h after recovery from ischemia. The investi-
gators found that ischemic-injured tissue from horses treated with etodolac had
significantly lower transepithelial electric resistance and retarded recovery of the
jejunal mucosa barrier after 18 h of reperfusion (Tomlinson et al., 2004).

In rats, indomethacin (Indocin) caused gastric mucosal bleeding, cecal ulcer-
ation, and small intestine (jejunum and ileum) ulcers, perforations, and adhesions
(Kent et al., 1969; Brodie et al., 1970; Schriver et al., 1975; Fang et al., 1977; Arai
et al.,, 1993; Anthony et al., 1994; Sigthorsson et al., 1998; Campbell and Blik-
slager, 2000; Altinkaynak et al., 2003; Takeuchi et al., 2004), with gastric damage
being significantly greater in arthritic rats than in normal rats (McCafferty et al.,
1995). The half-life of indomethacin in plasma ranges from hours in rats to minutes
in dogs and monkeys. There are significant species differences in the distribution
and excretion of indomethacin (Yesair et al., 1970). In rats, plasma clearance of
indomethacin by liver, although low, is 30 times the clearance rate by kidney,
and the reabsorption of indomethacin from the intestine is extensive. Desmethylin-
domethacin, the major metabolite, is cleared from plasma equally by liver and
kidney and is not reabsorbed from the intestine of rats. In dogs, indomethacin is
secreted in bile extensively and rapidly, and is eventually excreted in their feces
as an unchanged drug and minimally metabolized to eschlorobenzoylindomethacin,
which is excreted in urine. Nonhuman primates are similar to dogs in that the liver
was more than 10 times as effective as the kidneys in clearing total radioactivity
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from plasma. However, the primates differed from dogs in that the drug was maxi-
mally reabsorbed from the intestine (Yesair et al., 1970). In a six-month repeat oral
daily dosing study in rats, indomethacin at doses of 2 and 4 mg/kg (0.7- and 1.3-
fold multiples over human dose, respectively) caused GI pathology characterized
by bloody or discolored stools and intestinal ulceration and/or perforation (Hallesy
et al., 1973). Indomethacin increased the incidence and ulcer index of duodenal
ulcers in arthritic rats on days 14 and 28 of arthritis (DiPasquale and Welaj, 1973).
Additionally, the intestinal ulcerogenic response to indomethacin was markedly
aggravated in arthritic rats, and the onset of the ulceration was much earlier in
arthritic rats than in normal rats (Kato et al., 2007). GI hemorrhage and ulceration,
potentially attributed to the extensive enterohepatic recirculation of indomethacin,
were seen in dogs (Duggan et al., 1975) (Figs. 1-2 and 1-3). In a one-month repeat
oral dosing study in dogs, indomethacin at 6 and 18 mg/kg per day (1.9- and 5.8-fold
multiples over human dose) caused GI pathology of bloody or discolored stools and
intestinal ulceration and/or perforation (Hallesy et al., 1973). In an experimental
pig model for human GI disease, indomethacin was given orally for 10 days at a

FIGURE 1-2 Severe indomethacin-induced gastric mucosal hemorrhage and ulceration
at the gastroduodenal junction (arrows) in a dog. (Reprinted from Z. A. Radi and N.
K. Khan, Effects of cyclooxygenase inhibition on the gastrointestinal tract, Experimental
and Toxicologic Pathology, 58, pp. 163—173. Copyright © 2006, with permission from
Elsevier.)



EFFECTS OF ns-NSAIDS ON THE GI TRACT 25

FIGURE 1-3 Indomethacin-induced small intestine mucosal ulceration (arrows) in a dog.
Note the skip ulcerations typical of ns-NSAID-induced lesions in the small intestine in dogs.
(Reprinted from Z. A. Radi and N. K. Khan, Effects of cyclooxygenase inhibition on the
gastrointestinal tract, Experimental and Toxicologic Pathology, 58, pp. 163—173. Copyright
© 2006, with permission from Elsevier.)

does of 10 or 20 mg/kg per day and GI effects were evaluated. Gastroduodenal
ulcers and lesions occurred with indomethacin treatment at both doses. Addition-
ally, indometacin produced focal ulcers in the cecum. The mucosal concentrations
of indometacin in the gastric and intestinal mucosa correlated with mucosal injury
(Rainsford et al., 2003). A 4-week toxicity study of indomethacin was conducted
in nonhuman primates (marmoset) in which indomethacin was administered by
oral route at dose levels of 2, 6, and 12 mg/kg per day. All animals given the
daily 12-mg/kg dose and one animal given 6 mg/kg per day died during the dosing
period and within 20 days. At 12 mg/kg per day, indomethacin induced severe GI
toxicity, characterized by hemorrhage, ulcers, and necrosis with peritonitis (Oberto
et al., 1990).
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Diclofenac (Cataflam, Voltarin) has a rapid absorption, a short-half life of
approximately 2 h, and is metabolized in the liver by CYP2C in humans. It is the
most widely used NSAID in the world to treat RA, OA, and ankylosing spondylitis.
The GI adverse effects of twice-daily administration of 75 mg of diclofenac were
evaluated in one of the largest and longest individual-outcome randomized double-
blind clinical studies of NSAID use in RA and OA patients. A total of 23,504
patients were randomized with mean treatment duration from 19.4 to 20.8 months
(Combe et al., 2009). Significantly higher upper GI events (perforation, bleeding,
obstruction, and ulcer) occurred with diclofenac than with 90- or 60-mg once-daily
administration of etoricoxib (Combe et al., 2009). In rats, diclofenac acute (5 h)
oral administration at 3.5, 7, and 15 mg/kg caused gastric ulcers. In rats treated
with diclofenac at 15 mg/kg, pathological changes included longitudinal and diffuse
gastric ulcers, particularly along the mucosal pleats, and thinning and inflammation
of the intestinal wall with poor elasticity (Conforti et al., 1993).

Sulindac (Clinoril) is a prodrug whose anti-inflammatory activity (used to
treat theumatoid arthritis, osteoarthritis, ankylosing spondylitis, and acute gouty
arthritis) resides in its sulfide metabolite. Sulindac is available in 200-mg tables and
undergoes two major biotransformations after oral administration. It is oxidized to
the sulfone and then reversibly reduced to the sulfide. The sulfide is formed largely
by the action of gut microflora on sulindac excreted in the bile. The half-life of the
active sulfide is approximately 18 h. Sulindac can cause serious adverse GI events
in humans, including inflammation, bleeding, ulceration, and perforation of the
stomach, small intestine, or large intestine (according to a sulindac package insert).

Nabumetone (Relfen) exerts its pharmacological effects via its metabolite 6-
methoxy-2-naphthylacetic acid (6-MNA) and is used to treat RA and OA. 6-MNA
is not a biliary secretion and is inactivated in the liver, then conjugated before excre-
tion. Because it is a nonacidic, prodrug formulation, fewer GI events were observed
after nabumentone treatment than after treatment with other NSAIDs. GI events
in humans included perforations, ulcers and bleeding, nausea, abdominal pain, and
dyspepsia (Bannwarth, 2008). No gastric damage was observed in a 3-day study in
rats in which nabumetone was orally dosed at 79 mg/kg and 6-MNA was given IV at
34 mg/kg (Melarange et al., 1992). The GI tolerability and pathology of nabumetone
and etodolac were evaluated in an extensive nonclinical acute and chronic safety
study (Spangler, 1993). In a single-dose study, etodolac caused a significant increase
in both gastric and intestinal damage at 6, 24, 48, and 144 h after dosing. In contrast,
no significant GI damage was noted with nabumetone. In the 28-day study, a sig-
nificant increase in GI damage was noted with etodolac, but not with nabumetone,
despite the higher dose employed [the nabumetone dose was five times the ID»s
(the dose that reduces inflammation by 25% in 50% of animals)] (Spangler, 1993).

Effects of Aminonicotinic Acid Derivative ns-NSAIDs
on the GI Tract

Although not approved for use in cats, dogs, or food animals, flunixin meglumine
(Banamine), an aminonicotinic acid derivative, is approved for use in nonhuman
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primates and horses to control pain, colic, and endotoxic shock (Moore et al.,
1981; Lees and Higgins, 1985; Kopcha and Ahl, 1989; Kallings et al., 1999).
Renal excretion contributes significantly to flunixin meglumine in horses (Lees
and Higgins, 1985). Flunixin meglumine can be administered to horses by IV,
intramuscular, or oral routes at the recommended therapeutic dose of 1.1 mg/kg
once a day for up to 5 days. Flunixin meglumine GI toxicity at recommended
doses appears to be rare. Oral administration at three times the recommended
dose for 10 days failed to elicit toxicity (Lees and Higgins, 1985). However,
GI ulceration and erosion occurred in horses dosed 1.1 mg/kg IV every 8 h
for 12 days (MacAllister et al., 1993). Tissue specimens were obtained from
ischemic-injured and nonischemic jejunum immediately after ischemia and 18 h
after recovery from ischemia. The investigators found that ischemic-injured tissue
from horses treated with flunixin meglumine had significantly lower transepithelial
electric resistance and retarded recovery of the jejunal mucosa barrier after 18 h of
reperfusion (Campbell and Blikslager, 2000; Tomlinson et al., 2004). Additionally,
this ns-NSAID was linked with GI ulceration and diarrhea in horses and dogs
(Traub-Dargatz et al., 1988; Carrick et al., 1989; Vonderhaar and Salisbury,
1993; Luna et al., 2007). Flunixin meglumine has a significantly longer #;,, in
cows (approximately 8 h) compared with horses (approximately 2 h) or dogs
(approximately 4 h) and is used to treat bovine pneumonia at a dose of 2 mg/kg
once a day for 3 to 5 days, as well as acute mastitis. No effects on the GI tract were
noted when flunixin meglumin was given experimentally to calves (Kopcha and
Ahl, 1989). In dogs, flunixin at 1 mg/kg for 3 days with 4-day intervals resulted
in a significantly longer bleeding time and gastric lesions (Luna et al., 2007).

Effects of Pyrazolone Derivative ns-NSAIDs on the GI Tract

Phenylbutazone (Butazolidin), a pyrazolone derivative, is a widely studied pyra-
zolone ns-NSAID approved for use in dogs and horses to treat OA, osteoporotic
conditions, and laminitis and studied experimentally in rats, cats, and food animals.
Phenylbutazone metabolite is oxyphenybutazone. When used in dogs, phenylbu-
tazone was less toxic to this species than to humans but induced blood dyscrasia
and GI injury (Watson et al., 1980; Conlon, 1988; Johnston and Budsberg, 1997).
In horses, phenylbutazone has a #;,, that ranges from 3 to 10 h and has a narrow
therapeutic index that may be related to lower plasma protein binding (Tobin et al.,
1986). Absorption of phenylbutazone from the GI is influenced by the dose admin-
istered and the relationship of dosing to feeding. Access to hay can delay the time
of peak plasma concentration to 18 h or longer (Tobin et al., 1986). Gl-associated
toxicity in hoses includes gastric ulcers and erosions, edema of the small intestine,
mucosal atrophy, duodenal erosions, erosions and ulcers of the large colon, and
ulcerative colitis (Mackay et al., 1983; Traub et al., 1983; Collins and Tyler, 1985;
Karcher et al., 1990; Meschter et al., 1990a,b). Phenylutazone resulted in more
severe GI toxicity in horses than did ketoprofen and flunixin meglumine, causing
edema in the small intestine, erosions and ulcerations in the large intestine, and
gastric ulceration at a dose of 4.4 mg/kg IV every 8 h for 12 days (MacAllis-
ter et al., 1993). In addition, hypoproteinemia and hypoalbuminemia secondary to
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protein-losing enteropathy was seen in these horses. A 10-mg/kg dose of phenylbu-
tazone once daily for 14 days is considered toxic and caused weight loss, diarrhea,
and GI erosions and ulcerations (MacAllister, 1983). In laboratory animals such as
dogs and rats, phenylbutazone caused GI pathology of blood or discolored stools
and intestinal ulceration and/or perforation. In dogs, daily oral dosing at 200 mg/kg
per day (32.3-fold multiples of human dose) for three months caused GI lesions.
In rats, repeated oral dosing at 50, 100, and 200 mg/kg per day (8.1-, 16.1-, and
32.3-fold multiples of human dose) for six months caused GI lesions (Hallesy et al.,
1973).

In ruminants, phenylbutazone is used to control arthritis and laminitis and is
absorbed slowly following oral administration and cleared more slowly than that
in horses and dogs. Although it protected calves against local dermal inflammation
and systemic shock, it partially blocked rumen stasis in goats (Van Miert et al.,
1977; Eyre et al., 1981). In rats, it caused gastric mucosal ulceration, bleeding, and
hemorrhage and small intestine perforation and adhesions (Shriver et al., 1977;
Mersereau and Hinchey, 1981; Takeuchi et al., 2004). These lesions are attributed
to increased gastric contractions induced by the drug (Mersereau and Hinchey,
1981).

Effects of Salicylic Acid Derivative ns-NSAIDs on the Gl Tract

Acetylsalicylic acid (aspirin) is still used widely due to its analgesic, antipyretic, and
anti-inflammatory properties. Some salicylates, such as sulfasalazine, olsalazine,
and mesalamine, are used to reduce inflammation associated with inflammatory
bowel disease (IBD), such as Crohn’s disease and ulcerative colitis [UC] (Radi
et al., 2011). These IBD drugs cause splitting of the diazo bond by colonic bacteria
to give sulfapyridine and 5-aminosalicylic acid (5-ASA), which is considered to be
the active moiety that is delivered to the GI mucosa (Robinson, 1989). Emerging
data suggest that 5-ASA treatment reverses an imbalance between the angiogenic
factor VEGF and the antiangiogenic factors endostatin and angiostatin in an exper-
imental UC rat model (Deng et al., 2009). The authors conclude that the effect
of 5-ASA in UC may be caused by the down-regulation of expression of endo-
statin and angiostatin by modulation of matrix metalloproteinases-2 (MMP2) and
MMP?9 via inhibition of TNFa (Deng et al., 2009). Acetylsalicylic acid is rapidly
absorbed mostly from the upper small intestine and undergoes rapid metabolism to
the hydrolyzed active product, salicylic acid. Acetylsalicylic acid is the only salicy-
late that irreversibly inhibits cyclooxygenase by covalent acetylation of the enzyme.
Salicylic acid is eliminated by hepatic conjugation with glucuronide and glycine
and by renal excretion through glomerular filtration. The safety margin of aspirin
is generally wide. The elimination half-life of salicylate varies significantly across
species. The t;,, in cats is 27 to 45 h, 4.5 to 8.5 h in dogs, 1 h in horses, and 0.5 h
in cows. Therefore, aspirin dosages range from 10 to 20 mg/kg orally every 2 to 3
days in cats, 10 to 20 mg/kg orally every 12 h in dogs, and 100 mg/kg orally every
12 h in cows (Langston and Clarke, 2002). Comparison of NSAID glucuronidation
between several species indicated that it was most potent in monkeys, dogs, and
humans. Cats were efficient in that respect because cats tend to be deficient in some
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glucuronyl transferases enzymes that are important for glucuronidation (Magdalou
et al., 1990). As a result, drugs that are excreted as glucuronide conjugates in other
species, such as aspirin and paracetamol (acetaminophen), may have a prolonged
half-life in cats, therefore increasing the risk of toxicity due to drug accumula-
tion. Oral bioavailability of aspirin may vary due to differences in stomach content
and pH (Conlon, 1988). A rise in pH increases the solubility of salicylates, and
salicylate excretion depends on urinary pH; therefore, the short 1/, in horses is
related to the basic urinary pH. Acetylsalicylic acid is poorly absorbed from the
GI tract of horses after oral administration and disappears rapidly from the plasma.
Although not approved for use in small animals, aspirin is most commonly used in
dogs, but with associated GI complications, including mucosal erosions and hem-
orrhage in the pyloric antrum, cardia, and lesser curvature of the stomach (Conlon,
1988). These findings are not unusual, considering that aspirin and sodium salicy-
late are readily absorbed from the stomach and intestine of dogs and cats. Aspirin
is rapidly deacetylated to salicylate, which is toxic to cells, affects mucosal barrier
function, reduces cytosolic adenosine triphosphate, stimulates sodium transport and
permeability, and increases proton dissipation from surface epithelial cells, result-
ing in microvascular damage, inflammation, hemorrhage, and gastric ulceration
(Kauffman, 1989). In humans, aspirin use is associated with upper GI bleeding
related to gastric hemorrhage and erosions distributed throughout the antrum of
the stomach, especially more proximate to the body of the stomach with GI clin-
ical manifestations of stomach upset, nausea, constipation, and diarrhea (Cryer,
2002).

Aspirin is available in a variety of preparations, such as plain, buffered, time-
release, and enteric-coated. A potential strategy to combat the adverse GI effects
from aspirin is administration of buffered or enteric-coated aspirin, which may
prove less irritating to the dog stomach (Kauffman, 1989). Doses of 25 mg/kg of
plain aspirin given at 8-h intervals for seven treatments resulted in gastric mucosal
erosions in dogs, whereas there was minimal damage in dogs receiving buffered and
enteric-coated preparations (Lipowitz et al., 1986). Misoprostol, a synthetic PGE;
analog, has also been effective at decreasing endoscopically detectable mucosal gas-
tric lesions (submucosal hemorrhage, erosion, or ulceration) in dogs given aspirin
(Gullikson et al., 1987; Murtaugh et al., 1993; Johnston et al., 1995). In a dog
repeat oral dosing study of aspirin at 60 mg/kg per day (onefold multiple of human
dose) for three months, GI pathology of bloody or discolored stools, intestinal
ulceration and/or perforation was seen (Hallesy et al., 1973). Aspirin given at 300
and 600 mg/kg per day for 4 days to Lewis rats with adjuvant-induced arthri-
tis caused gastric mucosal bleeding and submucosal hemorrhage, which was seen
at various time points of 24, 48, 72, and 96 h postdosing at necropsy (Schriver
et al., 1975; Shriver et al., 1977). There are differences in the susceptibility of
normal and arthritic rats to the gastric lesion-inducing properties of aspirin, with
arthritic rats being more sensitive than normal rats. Oral administration of aspirin
at doses of 10, 20 and 40 mg/kg caused dose-related increases in both the percent-
age of rats with gastric lesions and the severity of gastric lesion formation in both
arthritic and nonarthritic rats. However, arthritic rats were less able to cope with
the aspirin-induced insult to the gastric mucosal barrier (Katz et al., 1987).
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Effects of Anthranilic Acid Derivative ns-NSAIDs
on the GI Tract

Anthranilic acid derivatives include meclofenamate and mefenamic acid
(Table 1-3). Meclofenamate (Ponstel, Arquel, Meclofen) is highly protein bound,
metabolized by the liver, excreted in the urine and feces, and indicated to treat
RA and OA in humans and musculoskeletal pain and inflammation in veterinary
medicine (horses, dogs, cows). In a metaanalysis clinical study of dyspepsia,
increased risk of dyspepsia was observed in meclofenamate users and NSAIDs
(indomethacin, piroxicam) (Ofman et al., 2003). Dyspepsia in this study included
any outcome terms, such as epigastric or upper abdominal pain/discomfort, but
did not include nausea, vomiting, or heartburn. In humans, however, the most
common GI event with meclofenamate is diarrhea. In cattle, oral administration
of meclofenamic acid results in a biphasic pattern of absorption. Peak plasma
concentration occurs at approximately 30 min and this is followed by a second
peak at 4 to 6 h after dosing. The second peak is presumed to be due to
enterohepatic recirculation (Aitken and Sanford, 1975). In horses, meclofenamic
acid is absorbed rapidly and is effective in treating acute and chronic laminitis.
It has a narrow therapeutic window and the onset of action is slow, requiring
2 to 4 days of dosing for clinical efficacy (Lees and Higgins, 1985). In rats,
repeated oral dosing of mefenamic acid at 50 and 100 mg/kg per day (3.3- and
6.55-fold multiples of human dose) for 18 months caused GI pathology of bloody
or discolored stool and intestinal ulceration and/or perforation (Hallesy et al.,
1973). In nonhuman primates, repeated oral dosing of mefenamic acid at 400
and 600 mg/kg per day (26- and 39-fold multiples of human dose) for two years
caused GI pathology similar to that described above in rats (Hallesy et al., 1973).

EFFECTS OF COX-1 INHIBITORS ON THE GI TRACT

COX-1 deficiency or inhibition is compatible with normal small intestinal integrity
(Sigthorsson et al., 2002). COX-1 knockout mice do not spontaneously develop GI
lesions, demonstrating that the absence of COX-1 alone is not sufficient to induce
GI pathology (Langenbach et al., 1995). COX-1-deficient (COX-17/~) mice are
normal except for a decrease in intestinal PGE; levels (Sigthorsson et al., 2002).
COX-1 inhibition alone does not cause GI injury. A selective COX-1 inhibitor
(SC-560) did not cause intestinal damage in rats (Tanaka et al., 2002a). In an in
vitro study of small intestine motility, SC-560 was devoid of significant effects
on horse ileal motility (Menozzi et al., 2009). Another in vitro study utilized a
pig ileal intestine ischemia model and found that exposure to SC-560 recovered
injured tissue to control levels as assessed by transepithelial electrical resistance
(Blikslager et al., 2002). The effects of SC-560, rofecoxib, and indomethacin on the
healing of colon lesions induced by dextran sulfate sodium (DSS) in the rat were
investigated. The investigators found that daily administration of indomethacin and
rofecoxib significantly delayed the healing of colitis, with deleterious influences
on histological restitution as well as mucosal inflammation, whereas SC-560 had
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no effect (Tsubouchi et al., 2006). Okayama et al. (2001) found that SC-560 signi-
ficantly worsened the severity of colonic damage in DSS-induced colitis in rats.
Another study in a DSS-induced colitis mouse model found that rofecoxib amelio-
rated severe colitis and reduced the degree of inflammation by reducing neutrophil
infiltration and IL-1P levels (Martin et al., 2005). In healthy rats, neither the s-
NSAID rofecoxib nor the COX-1 inhibitor SC-560 when given alone at 20 mg/kg
induced gastric mucosal injury. However, when rats received concurrent treatment
with both SC-560 and rofecoxib, severe gastric lesions developed (Gretzer et al.,
2001). Recent data suggest that COX-1 inhibition via SC-560, but not COX-2-
derived PGE; synthesis, is involved in augmentation of NSAID-induced gastric
acid secretion in isolated rabbit stomach parietal cells by enhancing expression and
activation of the proton pump (Nandi et al., 2009).

Studies in animal models suggest that inhibition of COX-1 and COX-2 is
required for induction of gastric ulcerogenic action of ns-NSAIDs (Wallace et al.,
2000; Tanaka et al., 2001, 2002a,b; Takeuchi et al., 2004). It is thought that NSAID-
induced ulcerogenesis, at least in rats, is dependent on the amount of gastric acid
secretion derived from increased proton pump expression and requires inhibition
of both COX-1 and COX-2 (Zinkievich et al., 2010). For example, in an exper-
imental mouse model, small intestinal ulcers were observed when celecoxib and
SC-560 were administered concurrently, but no GI damage was observed when
either compound was administered independently (Sigthorsson et al., 2002). The
importance of COX-1 and COX-2 simultaneous inhibition to cause GI effects is fur-
ther supported by findings by Wallace et al. and Tanaka et al. Wallace et al. (2001)
reported that COX-1 inhibition in rats reduced gastric mucosal blood flow but did
not increase leukocyte adherence to the mesenteric vessel wall. On the other hand,
COX-2 inhibition increased leukocyte adherence but did not reduce gastric mucosal
blood flow (Tanaka et al., 2001). Thus, in the normal gastric mucosa, at least in
rats, increased leukocyte adherence and vasoconstriction act in concert to facilitate
gastric mucosal damage and lesions develop only when mucosal microcirculation
and leukocyte function are impaired simultaneously. Furthermore, no spontaneous
GI lesions occurred in COX-1-knockout mice, although gastric PE, levels were
<1% of those in wild-type animals (Langenbach et al., 1995). Similarly, no GI
pathology was found in COX-2-deficient mice (Morham et al., 1995).

EFFECTS OF COX-2 S-NSAIDS ON THE GI TRACT

Several COX-2 s-NSAIDs are approved for use in human and veterinary medicine
(Table 1-4). Numerous nonclinical studies have demonstrated and supported the
reduced GI events of COX-2 s-NSAIDs. In rats, rofercoxib did not cause damage
to the stomach or small intestine (Yokota et al., 2005). When administered either
orally or subcutaneously in rats, rofecoxib did not produce pathological changes in
the GI mucosa, which showed normal histology (Laudanno et al., 2001). Neither
rofecoxib nor celecoxib (Celebrex) caused gastric damage in normal rats after oral
administration; however, both drugs caused hemorrhagic gastric lesions in arthritic
rats (Kato et al., 2002). However, another study investigated the effects of celecoxib
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TABLE 1-4 Major COX-2 Selective NSAIDs

Generic name Trade name
Rofecoxib Vioxx
Celecoxib Celebrex
Valdecoxib Bextra
Lumiracoxib Prexige
Etoricoxib Arcoxia
Deracoxib Deramaxx
Parecoxib Dynastat
Firocoxib Previcox
Robenacoxib Onsior
Meloxicam Mobic, Metacam
Mavacoxib Trocoxil

and rofecoxib in an experimentally induced colitis rat model. Colitis was induced
by intrarectal instillation of acetic acid, which caused hemorrhagic diarrhea and
weight loss. Oral administration of celecoxib at 5 mg/kg or rofecoxib at 2.5 mg/kg
given twice daily reduced the degree of hemorrhagic diarrhea and the weight loss
and significantly reduced the degree of colonic injury (El-Medany et al., 2005).
Clinical studies have shown that unlike ns-NSAIDs (e.g., etodolac, naproxen,
ibuprofen), rofecoxib (Vioxx) did not inhibit PG synthesis or cause GI mucosal
injury, even at supratherapeutic doses (Laine et al., 1995, 1999; Hawkey et al.,
2000; Wight et al., 2001). There was no difference in ulceration rates of rofecoxib-
treated patients as compared with a placebo and a fourfold lower depression of
PG synthesis than in ibuprofen-treated patients (Laine et al., 1999; Hawkey et al.,
2000). The Vioxx Gastrointestinal Outcome Research Trial (VIGOR) was a large
(conducted in 301 centers in 22 countries) 13-month placebo-controlled double-
blind study that compared twice the recommended dose of rofecoxib (50 mg
daily) with the most common dose of naproxen (1000 mg daily) in 8076 RA
patients (Bombardier et al., 2000). The primary endpoint was symptomatic ulcers,
including clinical upper GI events of perforation, obstruction, and bleeding. The
secondary endpoint was complicated upper GI events (perforation, obstruction, and
major bleeding, resulting in a drop of 2 g or more in hemoglobin, transfusion, or
hypotension). The RA patient population of VIGOR was selected because RA
patients use NSAIDs chronically and have a substantially higher risk of NSAID-
related GI events than do patients with OA. Rofecoxib significantly decreased the
incidence of all GI endpoints studied in VIGOR. The VIGOR study showed a 54%
reduction in clinical ulcers and a 57% reduction in complicated upper GI events
with rofecoxib as compared with naproxen (Bombardier et al., 2000). The rate of
discontinuation for any GI events (including clinical endpoints) was significantly
lower in the rofecoxib group than in the naproxen group (Bombardier et al., 2000).
A trial of the assessment of differences between Vioxx and naproxen to ascer-
tain gastrointestinal tolerability and effectiveness (ADVANTAGE) was a 12-week
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double-blind randomized prospective trial in 5597 patients with OA in the United
States and Sweden who were randomized to receive rofecoxib (25 mg daily) or
naproxen (500 mg twice daily). Patients using low-dose aspirin (<81 mg/day)
were included in the trial. The primary endpoint of ADVANTAGE was GI toler-
ability as defined by the incidence of discontinuations due to GI adverse events.
The secondary endpoint was use of concomitant medication to treat GI symp-
toms. Most patients (71%) were women, and the mean age of study participants
was 63 years. Twelve percent of patients used low-dose aspirin during the trial,
and baseline characteristics of the treatment groups were similar. At the study
end, a significantly lower rate of adverse GI event-related discontinuations had
occurred with rofecoxib. Significantly fewer patients receiving rofecoxib required
concomitant GI medications than patients receiving naproxen. Concomitant use of
low-dose aspirin did not significantly affect relative rates of discontinuation due
to adverse events, serious adverse events, or drug-related adverse events (Lisse
et al., 2003).

Both nonclinical and clinical data show that COX-2 s-NSAIDs have a supe-
rior GI safety and improved GI tolerability profile to that of ns-NSAIDs. In dogs,
no evidence of GI toxicity has been observed with celecoxib at supertherapeutic
doses (Khan et al., 1997). In rats, celecoxib did not induce any damage to healthy
stomachs or GI mucosa (Altinkaynak et al., 2003; Li et al., 2003), did not alter
the gastric mucosal barrier (Coppelli et al., 2004), did not cause intestinal ulcers,
and reduced the severity of experimental colitis (Cuzzocrea et al., 2001), but exac-
erbated inflammation-associated colonic injury in experimental colitis and damage
induced in the stomach in a separate study (Khan et al., 1997; Zhang et al., 2004).
In an experimental study in a rabbit model, the effects of valdecoxib on anastomotic
healing 1 week following large bowel resection were investigated. Valdecoxib did
not influence anastomotic healing or new vessel formation in the anastomotic region
following large bowel resection (Neuss et al., 2009).

Similar to the nonclinical data, data from several clinical studies suggest
that COX-2 s-NSAIDs have a superior GI safety profile to that of ns-NSAIDs.
For example, CS-706, an s-NSAID, and naproxen were administered for 7 days
to healthy men and women who did not have evidence of underlying GI lesions,
and posttreatment upper GI endoscopy was conducted to assess and compare the
development of GI petechiae, erosions, and ulcers. The extent of upper GI mucosal
injury with CS-706 was statistically and significantly less than that for naproxen
(Moberly et al., 2007). Another study compared the effects of valdecoxib (Bex-
tra) and naproxen, administered for 6.5 days, on the upper GI mucosa of healthy
older subjects (aged 65 to 75 years) as assessed by GI endoscopy. Valdecoxib was
associated with a significantly lower rate of gastroduodenal, gastric, and duodenal
ulcers than that of naproxen (Goldstein et al., 2006). In a 26-week clinical trial, the
incidence of GI ulcers in patients receiving the COX-2 s-NSAID valdecoxib was
significantly lower than in those receiving diclofenac. Additionally, valdecoxib was
also associated with significantly improved GI tolerability than that with diclofenac
(Pavelka et al., 2003). The incidence of upper GI bleeding and dyspeptic GI
adverse experiences in patients with osteoarthritis was significantly lower with rofe-
coxib than with ns-NSAIDs (e.g., diclofenac, ibuprofen, nabumetone) (Langman
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et al., 1999). The Therapeutic Arthritis Research and Gastrointestinal Event Trial
(TARGET) study compared the GI safety of lumiracoxib (Prexige) with ibuprofen
and naproxen. Lumiracoxib in this TARGET study showed a three- to fourfold
reduction in ulcer complications (Schnitzer et al., 2004). A large body of data has
been published comparing the GI safety of COX-2 s-NSAIDs, celecoxib, and var-
ied ns-NSAIDs. The Celecoxib Long-Term Arthritis Safety Study (CLASS) was
a double-blind randomized controlled trial carried out in 7968 patients from 386
centers in the United States and Canada that compared a celecoxib dose of 400 mg
twice daily (which is two- and fourfold the maximum dosage for RA and OA,
respectively) with two ns-NSAIDs (diclofenac at 75 mg twice daily or ibuprofen
at 800 mg three times daily) (Silverstein et al., 2000). The primary endpoint in
CLASS was the incidence of ulcer complications (ulcer perforation, gastric outlet
obstruction, or upper GI bleeding). The secondary endpoint was complicated and
symptomatic ulcer events. Celecoxib in this CLASS study was associated with a
lower combined incidence of symptomatic ulcers and ulcer complications than was
ibuprofen or diclofenac (Silverstein et al., 2000). When compared with naproxen,
celecoxib-treated patients also had lower rates of gastric, duodenal, and gastroduo-
denal ulcers (Goldstein et al., 2001). The Successive Celecoxib Efficacy and Safety
Study (SUCCESS) was a 12-week double-blind randomized trial in 13,274 patients
from 39 countries. The SUCCESS trial compared the incidence of upper GI hospi-
talizations in patients with OA taking celecoxib (200 or 400 mg daily), diclofenac
(100 mg daily), or naproxen (1000 mg daily) (Singh et al., 2006). The rate of hos-
pitalization was significantly lower in the celecoxib group. In addition, there were
fewer ulcer complications in the celecoxib group than in the diclofenac or naproxen
group, both in patients taking concomitant aspirin and in those not taking aspirin
(Singh et al., 2006). In a separate study, video capsule endoscopy in healthy vol-
unteers showed that celecoxib induced significantly less small bowel erosion than
naproxen combined with omerprazole (Goldstein et al., 2007). In the Multinational
Etoricoxib and Diclofenac Arthritis Long-Term (MEDAL) trial, the effects on GI
outcome of etoricoxib (Arcoxia) and diclofenac were assessed. There were signif-
icantly fewer upper GI clinical events with etoricoxib than with diclofenac (Laine
et al., 2007). Another clinical study demonstrated that several COX-2 s-NSAIDs
(i.e., celecoxib, rofecoxib, valdecoxib, etoricoxib, lumiracoxib) offer greater upper
GI safety and are better tolerated compared with ns-NSAIDs (Rostom et al., 2007).
Upper GI mucosal effects were investigated for parecoxib (Dynastat) in a two-
center double-blind randomized placebo-controlled study. Healthy subjects aged
65 to 75 years who were shown at baseline endoscopy to have no gastric or
duodenal lesions received either 40 mg of parecoxib sodium IV twice daily for
7 days or 15 mg of ketorolac IV once daily for 5 days. No gastric or duodenal
ulcers occurred in any subjects receiving parecoxib sodium. On the other hand,
23% of the ketorolac subjects had at least one ulcer, 16% had gastric ulcers, and
6% had duodenal ulcers (Stoltz et al., 2002). In another multicenter randomized
double-blind placebo-controlled design, 123 adults with endoscopically confirmed
normal upper GI mucosa received parecoxib sodium 40 mg twice daily for 7 days
or ketorolac 30 mg four times daily for 5 days. No subjects treated with pare-
coxib sodium or placebo developed GI ulcers. Additionally, parecoxib sodium was
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comparable to placebo with respect to the combined incidence of erosions or ulcers.
Thus, parecoxib sodium has a GI safety profile superior to that of ketorolac (Harris
et al., 2004). The Meloxicam Large-Scale International Study Safety Assessment
(MELISSA) trial was a large-scale double-blind randomized international trial con-
ducted over 28 days in 9323 patients with symptomatic OA. Patients received either
meloxicam 7.5 mg or diclofenac 100 mg, and significantly fewer adverse events
were reported by patients receiving meloxicam than by those receiving diclofenac.
Of the most common GI adverse events, there was significantly less dyspepsia,
nausea and vomiting, abdominal pain, and diarrhea with meloxicam than with
diclofenac. Thus, meloxicam has a significantly improved GI tolerability profile
than that of diclofenac (Hawkey et al., 1998). Similarly, in another study called
SELECT (the Safety and Efficacy Large-Scale Evaluation of COX-Inhibiting Ther-
apies), 4320 patients with exacerbation of OA were treated with the recommended
dose of meloxicam (7.5 mg) or piroxicam (20 mg) once daily for 28 days. There
was a significantly lower incidence of GI adverse events in the meloxicam than in
the piroxicam group (Dequeker et al., 1998).

Deracoxib (Deramaxx), a COX-2 s-NSAID approved for use in dogs, is
indicated for the control of postoperative pain and inflammation associated with
orthopedic surgery and osteoarthritis. Once absorbed, deracoxib protein binding
is >90% and the half-life is 3 h. In a toxicology safety study, micronized dera-
coxib in gelatin capsules was administered once daily to healthy young dogs at
doses of 10, 25, 50, and 100 mg/kg of body weight for up to 14 consecutive
days. At the high doses of 25, 50, and 100 mg/kg, reduced body weight, vom-
iting, and melena occurred. Necropsy revealed gross GI lesions in dogs from all
dose groups. The frequency and severity of the lesions increased with escalating
doses. At 10 mg/kg, moderate diffuse congestion of gut-associated lymphoid tis-
sues (GALT) and erosions or ulcers in the jejunum occurred. At the highest dose
tested, 100 mg/kg, all dogs exhibited gastric ulcers and erosions or ulcerations
of the small intestines (according to a package insert). In other 21-day and six-
month toxicology studies in healthy dogs, deracoxib at lower doses of 2, 4, 6, 8,
and 10 mg/kg per day did not cause abnormal GI findings as assessed by clinical
observations or gross or histopathological examinations at any dose level tested
(Roberts et al., 2009). Postapproval experience revealed GI events (i.e., vomiting,
anorexia, diarrhea, melena, inappetence, hematemesis, hematochezia, weight loss,
nausea, ulceration, perforation). However, it is not clear from this postapproval
experience if deracoxib was used at the recommended doses or other NSAIDs or
steroids were used. Deracoxib should only be used at approved dosages. In a retro-
spective study in dogs treated with deracoxib, it was found that 55% of dogs have
received deracoxib at a dosage higher than that approved by the U.S. Food and Drug
Administraction for the particular indication being treated. In addition, it was found
that 59% of dogs have received at least one other NSAID or a corticosteroid in close
temporal association (within 24 h) with deracoxib administration (Lascelles et al.,
2005a). Therefore, GI perforation has been observed in dogs that received deracoxib
at a higher than approved dosage or had received at least one other ns-NSAID in
close temporal association with deracoxib administration (Lascelles et al., 2005a). A
randomized placebo-controlled trial compared gastroscopic findings in dogs given
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aspirin (25 mg/kg) or deracoxib (1.5 mg/kg) for 28 days. The study found no sig-
nificant differences in total scores between placebo and deracoxib-treated dogs on
days 6, 14, and 28 and concluded that administration of deracoxib to healthy dogs
resulted in significantly lower gastric lesion scores and fewer days of vomiting than
with administration of aspirin (Sennello and Leib, 2006).

Another COX-2 s-NSAID, firocoxib (Previcox), has been proven clinically
to control OA pain and inflammation in dogs (Pollmeier et al., 2006; Ryan et al.,
2006). No adverse GI, hematological, or serum biochemical adverse effects were
seen after oral daily administration of firocoxib for 29 days in healthy dogs (Stea-
gall et al., 2007). In a large study with more than 1000 dogs with OA, a small
withdrawal rate of 2.9% due to firocoxib Gl-associated effects was observed, and no
serious drug-related adverse events were reported (Ryan et al., 2006). The overall
clinical efficacy of firocoxib to treat OA in horses was comparable to the ns-
NSAID phenylbutazone (Doucet et al., 2008). In a study in healthy dogs, the gastric
and duodenal effects of COX-2 s-NSAIDs after oral administration were investi-
gated. Each dog received deracoxib (2 mg/kg), firocoxib (5 mg/kg), or meloxicam
(0.2 mg/kg) for 3 days with a 4-week interval between successive treatments. No
significant differences were found among these COX-2 s-NSAIDs regarding endo-
scopic GI mucosal scores, histologic scores, or COX-1 or COX-2 protein expression
(Wooten et al., 2009). The effects of firocoxib on ischemic-injured jejunum mucosal
recovery in horses were compared to those of flunixin meglumine. Transepithelial
resistance of ischemic-injured jejunum from horses treated with flunixin meglu-
mine was significantly lower than in firocoxib-treated horses (Cook et al., 2009).
In a study in dogs, the effects of firocoxib on healing of induced gastric body
and pyloric lesions were examined. Dogs were treated with firocoxib [5 mg/kg
orally (PO) every 24 h] or placebo for 7 days. Healing was evaluated on days
2, 4, and 7 of treatment by endoscopic lesion scoring. Eicosanoid concentrations
in plasma and at the lesion margins were determined on days 2, 4, and 7. The
firocoxib group had larger pyloric lesions than the placebo, but mucosal PG pro-
duction did not differ significantly from that with placebo (Goodman et al., 2009).
In a blinded randomized crossover study design, cats were treated with firocoxib
(1 mg/kg PO per day) and meloxicam (0.05 mg/kg PO per day) for 8 days. Blood
samples and gastric and duodenal mucosal biopsy specimens were collected on
days 0 (baseline; immediately before treatment), 3, and 8 of each treatment period.
Firocoxib and meloxicam administration resulted in a lower plasma PGE, concen-
tration than at baseline on days 3 and 8 of administration. Neither firocoxib nor
meloxicam administration altered pyloric or duodenal PGE; synthesis (Goodman
et al., 2010).

A recent COX-2 s-NSAID is robenacoxib (Onsior), which is prescribed to
relieve pain and inflammation in cats and dogs. It contains four fluorine atoms and
a carboxylic acid group and is chemically related to diclofenac and lumiracoxib.
However, in contrast to most COX-2 s-NSAIDs, robenacoxib lacks a sulfur-
containing group and is therefore considered to be chemically distinct from both the
sulfone-containing rofecoxib and firocoxib class and the sulfonamide-containing
celecoxib and deracoxib class (King et al., 2009). Significantly less gastric
ulceration and intestinal permeability were noted in rats treated with robenacoxib
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FIGURE 1-4 Meloxicam-induced gross (A) and microscopic (B) ulceration (between
arrows) involving the mucosa in the pyloric region of the stomach of a dog. (Reprinted
from Z. A. Radi and N. K. Khan, Effects of cyclooxygenase inhibition on the gastrointesti-
nal tract, Experimental and Toxicologic Pathology, 58, pp. 163—173. Copyright © 2006,
with permission from Elsevier.)

than in those treated with diclofenac (King et al., 2009). Another recent COX-2
s-NSAID is mavacoxib (Trocoxil), which is intended for the treatment of pain and
inflammation associated with degenerative joint disease in dogs. No published GI
safety data are currently available on this drug.

Other drugs previously compared to ns-NSAIDs for GI-related toxicity effects
include meloxicam, [.-745337, nimesulide, NS-398, and SC-58125. Meloxicam
(Metacam, Mobic) is approved for use in dogs and cats and produced mild to mod-
erate gastroduodenal lesions in dogs (Fig. 1-4) (Forsyth et al., 1998; Radi and Khan,
2006b; Radi, 2009); L-745,337 [5-methanesulfonamide-6-(2,4-difluorothiophenyl)-
1-indanone] caused intestinal perforation in rats (Schmassmann et al., 1998); nime-
sulide did not cause any GI inflammation or ulcers in rats at excessive doses
(Sigthorsson et al., 1998; Kataoka et al., 2000), prevented indomethacin-induced
gastric ulcers in rats (Karmeli et al., 2000), and significantly decreased the extent
of colitis induced by acetic acid in rats (Karmeli et al., 2000).

NS-398 produced little to no gastric ulceration in rats (Futaki et al., 1993;
Masferrer et al., 1994) but had no beneficial effect on experimental colitis, whereas
indomethacin did (Masferrer et al., 1994; Lesch et al., 1999). Similar to NS-398,
SC-58125 yielded no GIT-related toxicity or beneficial effect in experimental colitis
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in rats (Seibert et al., 1994; Lesch et al., 1999). The COX-2 s-NSAID NS-398
delayed healing after acid-induced gastric injury in rats (Sun et al., 2000).

PATHOPHYSIOLOGY AND MECHANISMS
OF NSAID-ASSOCIATED GI TOXICITY

The GI tract is the site of entry into the body of orally administered drugs. Due
to its high metabolic and mitotic rates, the GI system is susceptible to xenobiotics
toxicity. Clinical signs of NSAID-associated GI system toxicoses (i.e., vomiting
and diarrhea) are generally manifestations of the body’s attempt to eliminate or
reduce exposure to toxicants. The medullary emetic (vomiting) center can be stim-
ulated by stomach irritation and distension. Bright red or dark-colored vomitus
(hematemesis) indicates retention of blood in the stomach due to gastric ulceration.
GI bleeding can be either in the upper GI tract (occurring in the stomach or duo-
denum) or in the lower GI tract (occurring in jejunum, ileum, colon, or rectum).
The signs of GI bleeding include hematemesis, melena, hematochezia, or occult
bleeding. Hematemesis indicates bloody vomitus that is either fresh, bright red
blood, or dark, digested blood. Melena is black, tarry, foul-smelling stool caused
by digestion of blood in the GI system. Hematochezia indicates fresh, bright red
blood passed from the rectum. Occult bleeding is seen when trace amounts of blood
are detected in normal-appearing stools. An ulcer is a local defect or excavation
of the GI mucosal surface that is produced by sloughing of necrotic tissues and
extends into the submucosa or deeper (Figs. 1-2 to 1-4) (Radi and Khan, 2006b).
One of the consequences of GI mucosa inflammatory necrosis is ulceration. Ero-
sion is a local defect of the GI tract that is confined to the mucosa and does not
penetrate the submucosa and muscularis mucosa. The prevalence of endoscopi-
cally detectable gastroduodenal erosions associated with NSAID use in humans
ranges from 14 to 60%, whereas the incidence of ulcers is 14 to 31% (La Corte
et al.,, 1999). It is estimated that the annual number of hospitalizations in the
United States from NSAID-associated GI complications is at least 103,000. Also,
the estimated cost of such hospitalization is $15,000 to $20,000 per hospitaliza-
tion, and the annual direct costs of such complications exceed $2 billion (Wolfe
et al., 1999). Although NSAIDs are known to produce GI lesions in various animal
species, the intraanatomical incidence of ns-NSAID-induced GI lesions in veteri-
nary medicine is unknown, but the gross and histopathological changes in dogs
treated experimentally with loxoprofen sodium were erosions and ulcerations that
were limited to the pyloric gastric mucosa, jejunum, and ileum mucosa (Korytko
et al., 2003). Gl-associated toxicity seen with ns-NSAIDs may be attributed to direct
nonspecific irritation or to various biochemical and pharmacological mechanisms
linked to local COX inhibition (Hawkey and Skelly, 2002; Radi and Khan, 2006b;
Radi, 2009) (Fig. 1-1). The dual-insult hypothesis by Schoen and Vender (1989)
suggests that NSAIDs exert a direct toxic effect on the GI mucosa and indirect
effects through active hepatic metabolites and decreases in mucosal PGs. Hepatic
metabolites are excreted into the bile and subsequently into the duodenum, where
they cause mucosal damage to the stomach by duodenogastric reflux and mucosal
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damage to the small intestine by antegrade passage through the GI tract. Detailed
pathophysiological and potential mechanisms of NSAID-associated GI toxicity are
discussed below.

Role of Cyclooxygenase Potency

Cyclooxygenase inhibitory potency is an important factor in NSAID GI toxicity.
An indicator of the COX-1 versus COX-2 activity at therapeutic doses is the COX-
1:COX-2 ICs ratio in human blood. The COX-1:COX-2 ICsq ratio in human blood
(the concentration of drug that inhibits 50% of the COX-1 activity in blood to that
which inhibits COX-2 in the blood) is a good indicator of enzyme specificity;
numbers greater than 1 are more COX-2 specific, and those below 1 are more
COX-1 specific. There is wide variation between reports in the exact values, but the
differences in COX selectivity of drugs tested have fairly good correlation between
studies. Cryer and Feldman (1998) reported that the COX-1:COX-2 ICs( ratio of
aspirin was 0.32, whereas ibuprofen was 0.6, naproxen was 1.14, and NS-398 was
24. Another report by Chan et al. (1999) indicated that the COX-1:COX-2 ICs
ratio in human blood for rofecoxib was 36, celecoxib was 6.6, and diclofenac was
0.4. As discussed previously, a lower incidence of adverse GI NSAID effects occurs
more often with COX-2 s-NSAID. For example, substantial inhibition of platelet
COX-1 will translate into an increased incidence of serious upper GI bleeding
and complications (Patrono et al., 2001). Furthermore, the results of TARGET
and VIGOR showed that ns-NSAIDS (naproxen and ibuprofen) cause more GI
adverse events than do COX-2 s-NSAIDs (lumiracoxib and rofecoxib), which spare
COX-1 activity at therapeutic dosing (Bombardier et al., 2000; Schnitzer et al.,
2004).

Species Differences in NSAID-Associated Susceptibility
to Gl Injury

Although ns-NSAID-associated GI toxicity is prevalent throughout species, there
are significant interspecies GI toxicity differences (Table 1-2) (Mahmud et al.,
1996; Radi and Khan, 2006b). The degree and susceptibility of Gl-associated tox-
icity can vary depending on the drug administered and the species tested (Radi
and Khan, 2006b; Radi, 2009). For example, fenbufen has resulted in significantly
fewer gastric lesions (hemorrhage and ulceration) in humans than have other ns-
NSAIDs, such as naproxen and indomethacin (Lanza et al., 1983). Naproxen is
well tolerated in mice, rabbits, nonhuman primates, and pigs, less well tolerated
by rats, and poorly tolerated by dogs (Hallesy et al., 1973). The susceptibility of
cats, dogs, and horses to the adverse effects of ns-NSAIDs is greater than that of
humans (Mahmud et al., 1996). Dogs are considered a sensitive laboratory ani-
mal species for predicting the toxicity profile of NSAIDs. The no observed effect
level (NOEL) dosages for GI toxicity in dogs are at or below clinical therapeutic
dose levels for NSAIDs and are severalfold higher for COX-2 s-NSAIDs (Korytko
et al., 2003). GI toxicity occurred at subtherapeutic ns-NSIAD lloxoprofen expo-
sures (Korytko et al., 2003). There are significant breed differences in susceptibility
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to GI ulceration subsequent to ibuprofen exposure, with lower risk for the labrador
breed and higher risk for the German shepherd breed (Poortinga and Hungerford,
1998). However, dogs tolerate ns-NSAIDs better than cats do. Since cats lack the
glucuronyl transferase enzyme, they are delicately sensitive to the adverse effects
of drugs that are glucuronidated before elimination (i.e., acetaminophen) (Court
and Greenblatt, 1997). In addition, cats are at least twice as sensitive to ibuprofen
as dogs are (Villar et al., 1998).

In addition, it is important not to extrapolate from studies performed in one
species to another since various NSAID pharmacokinetics (PK) (a drug’s absorp-
tion, distribution, metabolism, and elimination) are different across species (Lees
et al., 2004). Some of the general PK properties of NSAIDs are (1) good bioavail-
ability in monogastric species after oral dosing because of a medium to high level
of lipid solubility, (2) dissolution in stomachs impaired by acidic pH, (3) possi-
ble delayed absorption by binding to digesta (e.g., horses), (4) a high degree of
plasma protein binding of all drugs (except salicylate) in all species and small
volume of distribution, (5) a low volume of distribution (some exceptions), and (6)
marked species differences in clearance and terminal half-life (Lees et al., 2004).
Such PK properties have implications in GI toxicity. For example, meloxicam has
nearly 100% bioavailability after subcutaneous injection in cats, with an elimination
half-life after a single dose estimated to be approximately 15 h. Therefore, the rec-
ommended dose of meloxicam (according to a package insert) in cats is 0.3 mg/kg,
to be given subcutaneously only once, due to the narrow safety margin in cats.
Repeated use of meloxicam in cats has been associated with diarrhea, vomiting,
lethargy, and decreased appetite. Histopathological examination revealed gastroin-
testinal lesions ranging from GI mucosal inflammatory cell infiltration to erosions.
In dogs, aspirin Gl-associated side effects are dose- and preparation-related. A dose
of 25 mg/kg (but not 10 mg/kg) of plain aspirin caused mucosal erosions in dogs,
while no GI damage occurred in animals receiving buffered and enteric-coated
preparations at similar doses of 25 mg/kg (Lipowitz et al., 1986).

GI Anatomical Differences

GI anatomical and physiological differences should be taken into consideration
when NSAIDs are administered and potential GI toxicity is anticipated. For
example, unlike humans, rats cannot vomit and are considered a nonvomiting
species. This is due to a fold in the stomach that lies where the esophagus
enters (Fox et al., 2002). Rats lack a gallbladder, and bile enters the duodenum
continuously as it is made. Dogs, on the other hand, are very susceptible to
vomition. Gut blood flow varies across species: 1.5, 7.5, 111, 216, 125, and
1100 mL/min in the mouse, rat, rabbit, dog, monkey, and human, respectively
(Davies and Morris, 1993). Gut volume also varies across species: 1.5, 11.3,
120, 480, 230, and 1650 mL in the mouse, rat, rabbit, dog, monkey, and human,
respectively (Davies and Morris, 1993). Humans, rhesus monkeys, and dogs are
monogastric, and their stomachs are entirely secretory, whereas the stomachs of
rodents, pigs, and horses have a glandular secretory portion and nonglandular
bacterial digestion portion. Compared to humans, the GI length is shorter and
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the gastric emptying time is longer in dogs. Particle size can affect the rate of
gastric emptying. The rate of gastric emptying in minipigs of nondigestable tablets
(11 mm diameter) and granules (I mm diameter) is slower than that in humans
and dogs (Aoyagi et al., 1992). The rate of gastric emptying of both dosages in
the dog tended to be faster than or similar to that in humans (Aoyagi et al., 1992).
Food delayed gastric emptying in dogs, especially for tablets (Aoyagi et al., 1992).
Such anatomical differences can affect the rate and extent of absorption of some
NSAIDs. For example, in humans, enteric-coated aspirin was designed to reduce
stomach irritation by delaying absorption until the drug reached the small intestine.
In a study where dogs were administered enteric-coated aspirin, oral absorption
was incomplete, gastric retention of tablets occurred, and partially digested tablets
were found in the feces of some dogs (Nap et al.,, 1990). Ruminants have a
forestomach (comprised of rumen, reticulum, and omasum) that is followed by a
true stomach (abomasum). The rumen is highly permeable to volatile fatty acids
released from carbohydrate metabolism and is also capable of active sodium and
chloride absorption. Therefore, the large size of the rumen affects the response to
oral toxicants, and initial exposure to toxicants may result in dilution and slowing
of the absorption rate. Because the horse is a monogastric animal, the aspirin
is absorbed rapidly following oral administration but is also removed rapidly,
due to its short #1,5. One might assume that the recommended 100-mg/kg dose
of aspirin to a cow might be quite toxic; however, in this case the rumen acts
as an “anatomical sustained-release device,” slowly releasing the aspirin into
the intestine for subsequent absorption. This slow release helps avoid potential
aspirin-induced GI toxicity but allows for the maintenance of therapeutic drug
concentrations (Langston and Clarke, 2002).

Enterohepatic Recirculation and NSAID Toxicity

The movement of a drug absorbed into the blood from the small intestine lumen,
then carried into the liver by the hepatic portal vein, biotransformed in the liver,
excreted into the bile, then through the bile duct into the lumen of duodenum,
and reabsorbed into the blood via intestinal vessels is referred to as enterohep-
atic recirculation. Enterohepatic recirculation allows recycling of metabolized and
nonmetabolized compounds and plays a role in NSAID-associated GI toxicity.
Administration of NSAIDs that are not subject to enterohepatic recirculation did not
produce intestinal damage in rats (Reuter et al., 1997). Additionally, ligation of the
common bile duct prevented the damage normally observed after NSAID adminis-
tration (Wax et al., 1970). Toxicological consequences of enteroheptic recirculation
include increased drug half-life in blood, prolonged exposure, and inhibition of con-
jugate exports. For example, ibuprofen is particularly ulcerogenic in dogs because it
undergoes enterohepatic recirculation. Indomethcin and piroxicam undergo substan-
tial enterohepatic recirculation. Indomethacin enterohepatic recirculation is most
extensive in dogs and rats and least extensive in rabbits and humans. In the dog,
indomethacin remains in the enterohepatic circulation, even though it is reabsorbed
from the gut, until its elimination in the feces. Biliary excretion of indomethacin and
its conjugate is extensive and rapid in dogs, but slow in rats (Yesair et al., 1970). In



&

42 CHAPTER1 GASTROINTESTINAL TRACT

humans and nonhuman primates, most NSAIDs undergo less enterohepatic recircu-
lation than in the dog and rat (Beck et al., 1990). Dogs are less tolerant than rats or
humans to ns-NSAIDs and more at risk for ns-NSAID-induced gastropathy (Elliott
et al., 1988; Forsyth et al., 1998). Many NSAIDs, except aspirin and salicylic acid,
undergo enterohepatic recirculation in rats (Beck et al., 1990). Nabumetone is for-
mulated as a nonacidic prodrug that does not undergo enterohepatic recirculation
to improve its GI safety profile.

Role of Xenobiotic Glucuronidation

Glucuronidation, catalyzed by the UDP-glucuronosyltransferase (UGT) enzyme, is
a major elimination and biotransformation pathway of endogenous and exogenous
xenobiotic compounds. NSAIDs are eliminated primarily through conjugation with
polar sugar moieties to form glucuronides. The UGTs catalyze the conjugation of
compounds that process a nucleophilic acceptor group with glucuronic acid, a rela-
tively bulky, hydrophilic moiety, whose carboxylic acid functional group is ionized
at physiological pH, thus forming metabolites with significantly different chemical
and biochemical properties that in most cases have significantly decreased affin-
ity for receptors or enzymes responsible for the biological activity of the parent
compound (Siraki et al., 2005). A major biotransformation pathway for carboxy-
lated NSAID is glucuronidation, with the resulting production of reactive acyl
glucuronides (Siraki et al., 2005). Therefore, glucuronidation appears to play a
role in NSAID Gl-associated toxicity. Cats have remarkably low levels of UGT;
therefore, they have a low capacity for hepatic glucuronidation and are more sen-
sitive than other species to NSAID-associated GI toxicities (Court and Greenblatt,
1997; Steagall et al., 2009). Adduction, or covalent binding, of a toxicant to target
macromolecules is considered a molecular mechanism of cellular injury of toxi-
cants that damage tissues. For example, adducts detected by immunohistochemistry
in the small intestine of diclofenac-treated rats represent covalent bonding of some
diclofenac entity with intestinal macromolecules (Atchison et al., 2000). In addition,
adduct formation after reactive metabolite generation by NSAIDs is one possible
explanation for the mechanism of gut-induced toxicity. Rats given diclofenac orally
at doses ranging from 10 to 100 mg/kg led to dose-dependent formation of adducts
and ulcers only in the small intestine and only in animals with intact enterohep-
atic recirculation. Adducts formed within enterocytes by 1 h translocated to the
brush border, preceded intestinal ulceration, and were intense at sites of ulceration
(Atchison et al., 2000).

A major prerequisite for the enterohepatic recirculation of an NSAID is
its conjugation by in the liver, which allows for hepatobiliary excretion of these
highly polar metabolites. As discussed previously, in some NSAIDs (i.e., aspirin,
diclofenac, ibuprofen, and indomethacin) intestinal toxicity is dependent on biliary
excretion and enterohepatic circulation (Beck et al., 1990). Many carboxylic acid
NSAIDs form ester glucuronides that are readily transported across the hepatic
canalicular membrane by multidrug carrier systems. For example, diclofenac glu-
curonide is transported into bile by the canalicular conjugate export pump, Mrp2,
in the rat (Seitz et al., 1998). Hepatocanalicular conjugate export pump-deficient
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(TR™) rats were used to selectively block diclofenac enterohepatic circulation with-
out interrupting bile flow. TR™ rats were refractory to diclofenac given either
intraperitoneally or perorally. However, transfer of bile containing diclofenac glu-
curonide significantly increased the extent of ulcer formation in both normal and
TR™ rats. Moreover, induction of glucuronosyltransferase aggravated intestinal
ulceration (Seitz and Boelsterli, 1998).

Aging and Stress and NSAID Gl Effects

Age appears to be a contributing factor in NSAID-induced GI toxicity. The exact
mechanism of this is not fully understood. It is thought that the aging gastric
mucosa has impaired mucosal defense mechanisms, due to decreased mucus and
bicarbonate secretion, reduced gastric emptying rate, reduced GI motility, reduced
GI blood flow, increased expression on villi of enterocytes and the function of the P-
glycoprotein multidrug efflux pump, and reduced GI PG production. Neonates have
a poorly developed intestinal mucosa barrier that can permit absorption of various
xenobiotics. Some studies in humans have demonstrated a decline in gastric and
duodenal mucosal PG content with aging, associated with an increase in gastric
acid secretion (Cryer et al., 1992; Goto et al., 1992). Similarly, studies in animals
have yielded similar results (Uchida et al., 1990; Lee and Feldman, 1994). Uchida
et al. (1990) have demonstrated a marked decrease in gastric mucosal PGI, level
between 20 and 40 weeks of age and between 60 and 86 weeks of age in normal
and ulcer-bearing rats. In another study, gastric mucosal PGs synthesis decreases
with age in rats, and aged animals were more susceptible to aspirin-induced acute
gastric mucosal injury (Lee and Feldman, 1994).

In a study in humans, Feldman and Cryer (1998) demonstrated that in healthy
subjects with normal gastric histology, advancing age was associated with a signif-
icant decline in gastric bicarbonate secretion (HCO3; ™), Na™, and nonparietal fluid
secretion, resulting in an increase in gastric acidity, while no age-related changes
in acid and parietal fluid secretion were noted. Furthermore, animal studies have
shown that aging was associated with significantly lower gastric luminal pH and
bicarbonate output in the rat stomach and that aging also blunted PG-mediated
increases in gastric HCO3™ secretion (Lee, 1996). Moreover, Kim et al. (1990)
have shown in anaesthetized rats that although aging does not affect basal duo-
denal bicarbonate secretion, the duodenal bicarbonate response to a fixed load of
luminal acid declines progressively with age. Finally, some NSAID clearance is
altered with aging. Clearance of phenylbutazone is twice as fast in 3-year-old horses
as in 8- to 10-year-old horses (Tobin et al., 1986).

A syndrome in humans called stress-related mucosal disease (SRMD) is com-
mon in critically ill patients and can result in significant morbidity. Histologically,
there does not appear to be a significant inflammatory component to the gastric
mucosa. The pathophysiology of this condition is multifactorial, but local mucosal
ischemia and gastric acid play a critical role in disease pathogenesis. It is thought
that gastric mucosal damage results from an imbalance between factors promot-
ing mucosal injury and host defenses. A major mucosal defense factor is impaired
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mucosal blood flow. Aggregative factors include acid, pepsin, intramucosal aci-
dosis, reperfusion injury, and free-radical formation (Duerksen, 2003). There does
not seem to be a selective impairment of PG production in patients with SRMD.
Therefore, there is no evidence that NSAIDs increase the susceptibility of critically
ill patients to stress-related GI damage (Duerksen, 2003).

Disruption of Gl Physiological Mucosal Defense Mechanisms

The GI system is involved primarily in breaking down food, ultimately absorbed
into the body. This digestive process involves several phases: ingestion of food;
secretion of mucus, water, and enzymes; fragmentation; chemical and mechanical
digestion of food particles; absorption of digested food; and elimination of waste
products by defecation. Fragmentation and initial digestion take place in the stom-
ach. The stomach has gastric glands that release or secrete mucus, hydrochloric
acid (HCI), gastrin, somatostatin, acetylcholine, histamine, and pepsinogen. The
small intestine is a major GI site of digestion and absorption of nutrients and elec-
trolytes. The small intestine is divided into the duodenum, jejunum, and ileum.
The process of digestion is initiated in the stomach by the actions of HCIl and
pepsin, which break down food particles. The mucosa of the stomach and proxi-
mal duodenum are constantly exposed to gastric acid that can damage living cells.
Acid secretion is stimulated by acetylcholine neurotransmitter, gastrin hormone, and
histamine. PGs can inhibit acid secretion. The gastroduodenal lumen also contains
bile salts and enzymes such as pepsins, lipases, proteases, and peptidases (Johnson
et al., 2006). Proton pump inhibitors (PPIs) significantly decrease NSAID-induced
gastric and duodenal ulcers (Lazzaroni and Porro, 2009). PPIs are a group of
drugs whose main action is pronounced and long-lasting reduction of gastric acid
production.

The GI mucosa has several physiological defense mechanisms that form a
mucus coating called a mucosal barrier to protect itself from the damaging effects
of such degradative enzymes and acidic pH. Major physical and chemical gastric
mucosa defense mechanisms include a hydrophobic mucus layer, regulated inter-
cellular tight junctions, specialized plasma membrane ion permeability, epidermal
growth factors, HCO3~ secretion, high rate of mucosal blood flow, mucosal cell
hydrophobicity, and rapid epithelial turnover (Johnson et al., 2006). In addition,
the gastric and duodenal mucosa are rich in PGs, which play a protective role in
the GI tract via adequate perfusion of the gastroduodenal mucosa, epithelial cell
secretion of bicarbonate, secretion of mucus, and maintenance of a neutral mucosa
pH (Elliott et al., 1996; Scheiman, 1996).

The mucus hydrophobic layer traps secreted bicarbonate to maintain a neu-
tral gastric mucosal pH and forms a stable water-insoluble glycoprotein gel that
acts as a lubricant to prevent mechanical damage. The mucus—bicarbonate layer
protects the gastric mucosa from diffusion of free hydrogen ions from the gastric
lumen back into the mucosal cells (i.e., back-diffusion) (Johnson et al., 2006). If
the integrity of the GI barrier is disturbed, the rate of back-diffusion of gastric
acid and pepsin increases, leading to inflammation and hemorrhage. Inflammatory
cells such as neutrophils and mast cells become activated and release inflammatory
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mediators such as histamine, leukotriens, free radicals, and proteolytic enzymes.
These mediators lead subsequently to vasodilation, vasoconstriction, increased vas-
cular permeability, and edema. Such events lead to GI mucosal ischemia, reduced
mucus secretion, and reduced PG production (McConnico et al., 2008).

Inhibition of PG synthesis and abrogation of protective mechanisms lead to
GI injury (Hawkey and Skelly, 2002). Misoprostol is a synthetic PGE; analog
used to overcome NSAID-induced PG deficiency in the gastric mucosa. In the
six-month randomized Misoprostol Ulcer Complication Outcomes Safety Assess-
ment (MUCOSA) trial, the effects of concurrent administration of misoprostol
on the occurrence of serious upper GI complications in patients with RA who
were receiving NSAID were investigated (Agrawal and Aziz, 1998). The results of
the MUCOSA study showed that misoprostol resulted in a statistically significant
reduction in the incidence of serious NSAID-induced upper GI complications com-
pared with placebo in patients with RA (Agrawal and Aziz, 1998). NSAIDs can
also decrease mucosal resistance in the diseased state (Rainsford, 1982) or cause
direct chemical damage to the GI mucosa (Johnston and Budsberg, 1997). When
the GI mucosal integrity is compromised, a cascade of pathological events follows,
leading to further mucosal barrier layer damage. COX inhibition is suggested to
increase the susceptibility of the gastric mucosa to injury by inhibiting secretion of
the cytoprotective mucus and bicarbonate and altering the physicochemical nature
of mucus (Kauffman, 1989). Indomethacin and SC-560, but not rofecoxib, atten-
uated mucosal acidification in the rat stomach (Takeuchi et al., 2006). This study
suggests that EP| receptors are essential for the increase in the secretion of HCO3 ™~
in response to mucosal acidification in the rat stomach. In EP3 receptor—knockout
mice, the HCO3 ™~ stimulatory action of PGE, was observed in the stomach, whereas
such action was absent in the EP; receptor—knockout mice (Takeuchi et al., 1999).
Therefore, it appears that PGE, receptor subtypes (EP; in the stomach and EP;3 in
the duodenum) and COX-1 are key regulators of HCO3™ secretion in response to
gastroduodenal mucosal acidification.

Gl Disequilibrium

All segments of the GI from duodenum to distal colon have mechanisms for both
absorbing and secreting water and electrolytes. GI secretions play a significant role
in digestion and maintenance of pH levels and acid—base balance. Disequilibrium
in GI motility and secretion by NSAIDs can lead to diarrhea, dehydration, and/or
systemic acidosis or alkalosis. Respiratory alkalosis may occur from stimulation
of the respiratory center by phenylbutazone. Major mechanisms of diarrhea are
osmosis, active secretion, exudation, and/or altered motility. The Na™ gradient
is the driving force for amino acid, oligopeptide, and sugar absorption. There are
differences in Na* entry mechanisms, sites of HCO3 ™~ secretion, and sites of active
K™ transport. HCO3;~ is absorbed in the jejunum (via Na*/H' exchange) and
secreted in the duodenum, ileum, and colon. Na™ crosses the small intestinal and
colonic brush borders via Na™/H" exchange and in the small intestine also by the
Na™ organic solute cotransport mechanism. In the distal colon, luminal Na* is also
absorbed via an aldosterone-sensitive Na™ channel. The intestines neither dilute
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nor concentrate their contents, the osmolarity of which, except in the duodenum
and proximal jejunum shortly after eating, is the same as the plasma osmolarity.
Osmotic diarrhea occurs when these organic solutes are absorbed, salt is absorbed
with them, and water follows osmotically (i.e., transport from enterocyte to lateral
intercellular space creates a local osmotic gradient that initiates water flow) (Field,
2003).

In osmotic diarrhea, agents released from inflammatory cells (PGs and
leukotrienes, platelet-activating factor, histamine, serotonin) can stimulate active
secretion. GI mucosal-induced inflammation interferes with GI homeostatic
control. PGE, activates mast cells, causing histamine release, which stimulates
smooth muscle activity and induces the secretion of mucus and electrolytes.
Electrolytes create osmotic force for the influx of water into the lumen. Therefore,
the combination of excessive fluids and increased GI motility causes diarrhea.
The pathogenic importance of intestinal hypermotility in the intestinal ulcerogenic
response to indomethacin has been demonstrated in rats (Takeuchi et al., 2002).
Additionally, indomethacin decreased gastric mucosal PGE, content and produced
gross pathological mucosal damage with gastric hypermotility and expression
of COX-2 mRNA (Takeuchi et al., 2004). In the same study by Takeuchi et al.
(2004), although SC-560 did not produce damage, it caused a decrease in the
PGE, content and an increase in gastric motility as well as the up-regulation
of COX-2 expression. Duodenal HCO3™~ secretion and luminal release of PGE,
in rats were increased in response to mucosal acidification. This response was
significantly inhibited by indomethacin but not by NS-398 or nimesulide (Hirata
et al., 1997).

In addition to transporting ions, nutrients, and water, the intestinal epithelium,
comprised of both enterocytes and their tight junctions (zona occludens), functions
as a barrier that restricts the flow of luminal contents into the blood and lymphatics,
and vice versa. In the small intestine, tight junctions are, on average, of the low-
resistance type, meaning that most of the passive permeability of the epithelium to
small monovalent ions and water resides in these junctional complexes (tight junc-
tions in villi have higher resistance than do those in crypts). Colonic intercellular
junctions are tighter, their resistance increasing steadily from proximal to distal
portions (Field, 2003).

Although these junctions, which comprise a number of discrete proteins,
are extracellular, their permeability properties are regulated by intracellular struc-
tures, especially actin filaments. Therefore, when the intestinal epithelium’s barrier
function is compromised by NSAID-associated erosions and ulcerations, loss of
epithelial cells, and/or disruption of tight junctions, hydrostatic pressure in blood
vessels and lymphatics will cause water and electrolytes, mucus, and protein to
accumulate luminally, leading to exudative diarrhea.

Effects on Physiological Gl Mucosal Cell Renewal
Mechanisms After Mucosal Injury

The integrity of the intestinal mucosal surface barrier is generally reestablished
rapidly, even after extensive damage, due to its enormous regenerative capability.
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The rapid-healing mechanism of the surface mucosal epithelium is accomplished by
epithelial cell migration from proliferative zones into wound, also termed epithelial
restitution, epithelial cell proliferation, and differentiation. This healing mechanism
is regulated by a highly complex network of factors, such as regulatory peptides
within the intestinal tract mucosa, conventionally designated as growth factors and
cytokines. These factors play an essential role in regulating differential epithe-
lial cell functions to preserve normal homeostasis and integrity of the intestinal
mucosa (Dignass, 2001; Sturm and Dignass, 2008). Mucosal villous contraction
and the restitution mechanism represent primary repair mechanisms in the GI tract
which allow resealing of the epithelial barrier within minutes or hours via ref-
ormation of tight junctions between cells (Dignass, 2001; Sturm and Dignass,
2008). Villous contraction is initiated by myofibroblasts that reside immediately
beneath the epithelial basement membrane. Subsequent events include crawling
of healthy epithelium adjacent to the wound, referred to as restitution. Restitu-
tion is a well-coordinated event that is dependent on epithelial cell migration but
independent of cell proliferation and differentiation. The structural integrity of
the mucosa is maintained by continuous cell renewal from mucosal progenitor
cells. This continuous renewal is a well-coordinated process that is controlled by
proliferation of progenitor cells, which enables replacement of damaged or aged
surface epithelial cells. Actin filaments, focal adhesions, and focal adhesion kinase
(FAK) play crucial roles in the cell motility essential for restitution (Szabé et al.,
2002).

Indomethacin significantly delayed epithelial restitution in rats and reduced
FAK phosphorylation and recruitment to adhesion points, as well as actin stress
fiber formation in migrating surface epithelial cells (Szab¢ et al., 2002). NSAIDs
have been found to affect intestinal restitution through decreased potassium chan-
nel [K(v)1] surface expression and trafficking (Freeman et al., 2007). In an in vitro
study, intestinal epithelial cell migration in response to wounding was reduced
by indomethacin, phenylbutazone, and NS-398 but not by SC-560 (Freeman et al.,
2007). NSAID inhibition of intestinal cell migration was not associated with deple-
tion of intracellular polyamines (Freeman et al., 2007). However, another study,
using pig small intestinal ileal mucosa, showed that endogenous PGs, released
when mucosal injury occurs, mediate local repair of small intestinal epithelium
after damage by the deconjugated bile salt deoxycholate. Whereas ongoing epithe-
lial restitution and villous contraction were prominent features of repairing mucosa,
acute recovery of barrier function was uniquely dependent on PG-mediated reseal-
ing of tight junctions and lateral intercellular space. The authors conclude that
failure to repair increases in paracellular pathway permeability may underlie barrier
failure resulting from NSAID use in patients with underlying enteropathy (Gookin
et al., 2003).

A number of other factors, such as extracellular matrix, blood clotting fac-
tors, phospholipids, short-chain fatty acids, adenine nucleotides, trace elements,
and calpain, have been demonstrated to modulate intestinal epithelial repair mech-
anisms (Dignass, 2001; Sturm and Dignass, 2008). Calpains, cysteine proteases,
are involved in numerous cellular processes, such as cell migration and invasion.
Altered expression of calpain proteins contributes to NSAID effects on intestinal
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epithelial restitution. A multistep functional microarray genomic study was con-
ducted using intestinal epithelial cells to identify novel signaling pathways that
contribute to NSAID inhibition of GI epithelial cell migration (Raveendran et al.,
2008). Raveendran et al. demonstrated that indomethacin and NS-398 decreased
the expression of calpains 1, 2, and 8 proteins, whereas SC-560 had no effect
on the expression of calpain proteins. Functional data were also consistent with
decreased expression of calpain protein in cells treated with either NS-398 or
indomethacin.

In gastric glands, a single stem cell in every gastric gland undergoes divi-
sion to produce committed progenitor cells, which further differentiate into an
adult epithelial cell type (Modlin et al., 2003). The stem/progenitor cell niche
is made up of proliferating and differentiating epithelial cells and surrounding
mesenchymal cells (Leedham et al., 2006). Intestinal subepithelial myofibroblasts
(ISEMFs) are important coordinating cells that possess significant influence on
their environment by virtue of their receptor profile and the signals they produce.
Characteristically, ISEMFs form a protective fenestrated sheath around the stem
cell compartment, creating the stem cell niche—the optimal microenvironment for
stem cells to give rise to differentiated progeny (Leedham et al., 2006). The ISEMFs
generate growth factors and thus promote mesenchymal-to-epithelial crosstalk and
signaling to maintain the niche progenitor cell survival. Cell proliferation of pro-
genitor cells is controlled by growth factors. The major growth factor receptor in
rats during gastric ulcer healing, expressed in gastric progenitor cells, is the epi-
dermal growth factor receptor (EGF-R) (Tarnawski et al., 1992), and the major
mitogenic growth factors that activate this receptor are transforming growth factor
alpha (TGFa) and insulin-like growth factor 1 (IGF-1) (Nguyen et al., 2007). EGF
peptide itself is absent in normal gastric mucosa. However, it is present in the
gastric lumen and can stimulate progenitor cell proliferation in case of injury. In
human gastric epithelial monolayers, EGF treatment significantly stimulated cell
migration and actin stress fiber formation, and increased FAK localization to focal
adhesions, and phosphorylation of FAK and tensin (Szabé et al., 2002). In gastric
ulcers in rats, IGF-1 promoted actin polymerization, cell proliferation, reepithelial-
ization, and induced COX-2 in a phosphatidylinositol 3-kinase-dependent manner
(Nguyen et al., 2007).

Both ns- and COX-2 s-NSAIDs may delay the healing of damaged GI
mucosa. NSAIDs may delay healing after injury to the GI tract by affecting GI
epithelium proliferation in response to mediators such as growth factors and nitric
oxide (NO). The effects of celecoxib on normal and damaged (acid or ethanol chal-
lenged) gastric mucosa of rats were compared to those of ns-NSAIDs (Berenguer
et al.,, 2004). In the absence of acid or ethanol challenge, only ns-NSAIDs pro-
duced appreciable gastric lesions. However, following acid or ethanol challenge,
both COX-2 s- and ns-NSAIDs impaired healing of gastric mucosal damage. In
rats, NS-398, a COX-2 s-NSAID, delayed gastric healing after acid-induced injury
(Sun et al., 2000). Increased COX-2 expression was noted after growth stimulation
by addition of serum which contains growth factors to cultured rat gastric mucosal
cells in vitro and after acid-induced gastric injury to rats in vivo (Sawaoka et al.,
1997; Horie-Sakata et al, 1998; Erickson et al., 1999; Sun et al., 2000). These
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serum growth factors were TGFa or the hepatocyte growth factor (HGF) (Horie-
Sakata et al., 1998; Sawaoka et al., 1999). Celecoxib did not alter the gastric
mucosal barrier or induce mucosal lesions in healthy or NO-deficient rat gastric
mucosa (Copelli et al., 2004). Celecoxib appeared to worsen the flare of the colon
in a rat model of inflammatory bowel disease (Singh et al., 2004). In an isolated
rabbit gastric epithelial cells model, aspirin significantly retarded wound healing,
but simultaneous addition of growth factors such as IGF-1 and EGF significantly
accelerated wound repair (Yoshizawa et al., 2000). PGE, and gastrin transactivate
EGF-R and trigger the mitogen-activated protein kinase pathway, thereby stimulat-
ing cell proliferation and exerting a trophic action on mucosa, resulting in gastric
and intestinal hypertrophy (Pai et al., 2002). Therefore, NSAIDs are contraindicated
in patients with damaged GI mucosa (peptic ulceration or GI bleeding).

Effects on Leukocyte Adhesion Molecules and Trafficking

Infiltration of leukocytes into the mucosa in response to initial tissue injury has
been implicated in NSAID GI injury (Reuter et al., 1997). Leukocyte—endothelial
cell interactions are mediated by various cell adhesion molecules. These interac-
tions are important for leukocyte extravasation and trafficking in many pathological
conditions in several body systems, including the GI tract. There are various stages
of leukocyte trafficking into sites of inflammation. An initial slowing of leukocytes
on the vascular endothelium is mediated by selectins. This event is followed by
(1) activation of B, integrins after leukocyte exposure to cytokines and proinflam-
matory mediators, (2) adherence of leukocyte P, integrins to vascular endothelial
ligands [e.g., intercellular adhesion molecule-1 (ICAM-1)], (3) extravasation of
leukocytes into tissues through tight junctions of endothelial cells mediated by the
platelet and endothelial cell adhesion molecule 1 (PECAM-1), and (4) perivascular
migration through the extracellular matrix via B; integrins. Inhibiting excessive
leukocyte egress and subsequent free-radical-mediated damage caused by leuko-
cyte components may attenuate or eliminate tissue damage (Radi et al., 2001). Both
piroxicam and meloxicam interfered, in an in vitro experiment using flow cytom-
etry, with neutrophil degranulation and cytokine-mediated activation changes in
adhesion molecules (Garcia-Vicu na et al., 1997). Due to their anti-inflammatory
properties, NSAIDs have been used to modify leukocyte infiltration via their effects
on different stages of leukocyte trafficking in various animal models (Radi et al.,
2001). For example, celecoxib and indomethacin inhibited leukocyte migration
induced by lipopolysaccharide injected into the cremaster muscle in a rat model.
However, celecoxib was associated with reduced leukocyte rolling and adhesion,
whereas indomethacin only inhibited cell adhesion (Menezes et al., 2008). A role for
leukocyte trafficking, adhesion, and activation in NSAID GI-mediated toxicity has
been proposed. In a study in rats, neutrophil adhesion to gastric mesenteric venules
was increased by indomethacin and celecoxib but not by SC-560, whereas gastric
mucosal blood flow was decreased by indomethacin and SC-560 but not by cele-
coxib (Wallace et al., 2000). These data suggest that the NSAID-induced decrease
in gastric mucosal blood flow is COX-1-mediated, whereas NSAID-induced neu-
trophil vascular endothelial adhesion is COX-2-mediated. In another study in rats,
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neutrophil- and oxygen radical—dependent microvascular injuries were found to
have a role in gastric mucosal injury induced by ns-NSAIDs. Also, reactive oxy-
gen species (ROS) produced by activated neutrophils after indomethacin treatment
in rats caused gastric mucosal injury via ROS-mediated oxidation of such macro-
molecules as lipids, proteins, and DNA (Naito and Yoshikawa, 2006).

Effects of Gl Physiological Local pH, Gut Absorption,
and Fasting

Absorption is a process whereby xenobiotics gain entrance to the body via the
circulatory or lymphatic system. There are five possible processes of intestinal
absorption of xenobiotics: (1) active transport, (2) passive diffusion, (3) pinocyto-
sis, (4) filtration through “pores,” and (5) lymphatic absorption. Most xenobiotics
are transported across the GI mucosa by passive diffusion (Chhabra, 1979). GI
physiology can have a significant impact on absorption. A number of factors, such
as diet, GI motility, interference with GI flora, changes in the rate of gastric empty-
ing, age of the animal, physical properties of a compound, and the dissolution rate of
xenobiotics can influence the rate of GI absorption (Chhabra, 1979). Lipid-soluble
compounds are more readily absorbed than water-soluble compounds. Addition-
ally, xenobiotic absorption is highly dependent on local GI pH values. However,
there are considerable species differences in pH along each segment of the GI
tract (Table 1-5) (Smith, 1965; Dressman et al., 1990; Davies and Morris, 1993;
McConnell et al., 2008).

The pH in the GI tract is a crucial factor, affecting the stability and solubility
of drugs and their absorption through the mucosa (McConnell et al., 2008). The
gastric acid secretion rate in the dog at the basal state is low compared to that in
humans and rhesus monkeys. In an in vitro experiment, Legen and Kristl (2003)
demonstrated that ketoprofen transport across the rat jejunum has pH- and energy-
dependent transport mechanisms. Indomethacin-induced gastric mucosal damage in
rats is markedly dependent on luminal pH (Elliott et al., 1996). Acidic compounds
can potentially cause gastric toxicity. Although ibuprofen is more potent that aspirin
as a cyclooxgenase inhibitor, it has less gastric toxicity in animals and humans.
This is because ibuprofen is 10 times less soluble under the acidic pH conditions

TABLE 1-5 Comparative pH Values of Various Anatomical
Regions of the Gastrointestinal Tract

Species Stomach Small intestine Cecum Colon
Human 1.7-6.7 5.4-75 6 7.5
Monkey 2.8 5.6-6 5 5.1
Dog 3.4 6.2-7.5 6.4 6.5
Rat 3.2-39 5-6 5.9-6.6 5.5-6.2
Mouse 3-4 4.8-5.2 4.4-4.6 4.4-5
Rabbit 1.9 6-8 6.6 72
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in the stomach and thus is unlikely to be absorbed there (Beck et al., 1990).
Unsuitable pH may cause the precipitation of acidic or basic drugs from solution
or the degradation of labile compounds. The lowest pH is seen in the stomach
in laboratory animals and humans. However, the fasting status affects gastric pH
values. In dogs and cats, gastric acid secretion is intermittent and gastric pH during
fasting can rise as high as 3 to 6.5. In rodents, gastric pH appeared higher in the
fasted state (McConnell et al., 2008). These observations are unlike that seen in
humans, where the gastric pH is lower in the fasting state than in the fed state
(fasted pH 1.7 increases to 6.7 after meal ingestion in humans) (Dressman et al.,
1990). The fasting status affects NASID Gl-associated toxicity. For example, the
gastric toxicity of indomethacin, diclofenac, ibuprofen, and aspirin at various doses
is relatively low after oral administration to rats having access to food (Beck et al.,
1990). On the other hand, fasted rats were more vulnerable to similar toxicity
at all doses of these NSAIDs (Beck et al., 1990). The presence of food retards
fenoprofen stomach absorption and lowers peak concentration in plasma, which
is usually achieved within 2 h. In horses, food can impair the oral absorption
of some NSAIDs, such as phenylbutazone. Phenylbutazone absorption from the
GI tract in horses is influenced by the dose administered and the relationship of
dosing to feeding. Access to hay can delay the time of peak plasma concentration
to 18 h or longer (Tobin et al., 1986). The fed state of rodents, similar to the
situation in humans, had no effect on intestinal pH (McConnell et al., 2008). The
low intestinal pH level in rodents could have implications for the in vivo testing
of oral drugs in rats and mice. For example, drugs that require a basic pH to
dissolve may precipitate at the lower pH values seen in rodents. This suggests
that rodent models may not be the most appropriate to use to study pH-sensitive
dosage forms targeted to the human lower intestine and colon (McConnell et al.,
2008).

A pH gradient has been reported at the gastric mucosal surface in several
species (human, dog, rat, mouse, rabbit) (Johnson et al., 2006). This pH gradient is
relatively alkaline directly at tissue surfaces and becomes more acidic at distances
farther away from the surface. This alkaline layer is caused by active bicarbonate
secretion and is considered a major defense mechanism. Duodenal hemorrhagic
lesions were induced when pH was decreased (acid hypersecretion) (Hirata et al.,
1997). In addition, such lesions were induced by histamine in rats (Hirata et al.,
1997). In fact, histamine Hy-receptor antagonists have been used to reduce NSAID-
induced gastric ulcers (Lazzaroni and Porro, 2009).

NSAID Topical Effect-Mediated Injury

Variation in the physicochemical properties and pharmacological profiles among
the individual NSAIDs translates into interagent differences regarding the propen-
sity to cause adverse GI effects (Bannwarth, 2008). It has been suggested that
NSAID-associated GI hemorrhage and erosion are related to a topical effect of
the drugs in addition to COX inhibition (Tibble et al., 2000). Enteric-coated or
IV-injected drugs result in considerably less acute GI injury. In rats, the intesti-
nal tolerability of celecoxib is thought to be related to the absence of a topical
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damaging effect and COX-2 selective inhibition (Tibble et al., 2000). Topical GI
mucosal injury usually occurs after ingestion of the weakly acidic and lipid-soluble
NSAIDs. These weak acids are not ionized in the acidic gastric environment and
their lipid solubility allows them to diffuse freely across the plasma membrane
into surface epithelial cells. At cellular pH, they dissociate into the ionized form,
releasing hydrogen ions that are trapped within the cell (intracellular trapping
hypothesis), leading to an increase in back-diffusion of gastric acids and disrup-
tion of cellular function (Wolfe et al., 1999). Topical acidic properties can cause
GI mucosal damage. For example, although sulindac is administered as a non-
toxic prodrug, its active metabolite, sulindac sulfide, is excreted into bile. Upon
entry into the duodenum, sulindac sulfide causes duodenal topical mucosal injury
by virtue of its acidic properties (Wolfe et al., 1999). After aspirin ingestion,
gastric mucosal permeability is increased, as reflected by a decrease in the trans-
mucosal potential difference (Baskin et al., 1976). This is caused by a direct topical
effect.

Changes in GI Motility, Microcirculation, and Enterobacteria

The inner layer of the GI tract, which is in intimate contact with the contents of
the lumen, is comprised of an epithelial cell layer called the mucosa. Subjacent to
the mucosa is the submucosa, which is a loose connective tissue layer that contains
blood vessels, lymphatics, and autonomic nerve fibers (Meissner plexus). Beneath
the submucosa are circular and longitudinal muscle layers comprised of smooth
muscle fibers. Contraction of these muscles is associated with mixing and propul-
sive movements of the intestinal contents (GI peristalsis and motility). The intestinal
motility is regulated by the enteric nervous system. GI inflammation (e.g., inflam-
matory bowel disease) generally affects its motility. The exact pathophysiology
of this dismotility is poorly understood. However, changes in myenteric neurons
and smooth muscle have been proposed (Fornai et al., 2005, 2006). Emerging data
suggest that cyclooxygenases may play a role in the control of GI neuromuscular
functions and motility (De Backer et al., 2003; Fornai et al., 2005; 2006). Forani
et al. reported that (1) in human colon, cyclooxygenases are involved in enteric
circuitries exerting tonic inhibitory control on smooth muscle responses to endoge-
nous acetylcholine; (2) both cyclooxygenase isoforms contribute to these regulatory
actions; and (3) cholinergic neurons are modulated primarily by COX-1 activ-
ity, while COX-2 acts mainly at the muscular level to down-regulate muscarinic
responses (Fornai et al., 2005). Gastric hypermotility occurred in indomethacin-
treated rats (Takeuchi et al., 2004). Intestinal hypermotility has been implicated
in NSAID-induced ulceration of the small intestine (Takeuci et al., 2002). In an
experimental study in rats, proximal duodenum motility was determined in the
absence and presence of different NSAIDs. Treatment with rofecoxib at 5 mg/kg
or parecoxib at 0.5 mg/kg induced duodenal motility, whereas SC-560 showed no
effect (Pihl and Nylander, 2006). Another study demonstrated that COX-2 activa-
tion is a critical step in diminishing bowel propulsive motility in a trinitrobenzene
sulfonic acid (TNBS)—induced colitis guinea pig model (Linden et al., 2004). In
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this TNBS-induced colitis model, COX-2 inhibition with an s-NSAID, DFU, but
not a COX-1 inhibitor, SC-560, restored to normal levels the electrical properties
of myenteric neurons and the rate of propulsive motor activity (Linden et al., 2004).
Thus, it is suggested that s-NSAIDs may be a possible therapeutic agent to improve
bowel dysmotility.

GI mucosal and submucosal blood flow and microcirculation are important
components of the gastroduodenal function and defense barrier. For example, in the
stomach, the presence of luminal acid increases the delivery of vascular bicarbonate
into the overlying mucus layer by mucosal microcirculation, thereby neutraliz-
ing H* ion invading from the lumen (Johnson et al., 2006). Indomethacin at an
ulcerogenic dose of 25 mg/kg in rats enhances gastric motility and also induces
microcirculatory disturbances at mucosal folds, which are caused by abnormal
compression of the gastric mucosal wall and lead to increased microvascular per-
meability and cellular damage (Takeuchi et al., 1990). Wallace et al. (2000) reported
that SC-560, but not celecoxib, produced a decrease in gastric mucosal blood flow
in rats.

Enterobacterial invasion has also been implicated in NSAID-mediated GI
pathophysiology. For example, the number of enterobacteria under both aerobic
and anaerobic conditions is markedly increased in the intestinal mucosa following
indomethacin treatment. Similarly, SC-560, with or without the coadministration
of rofecoxib, increased the bacterial count in the mucosa, although rofecoxib alone
did not (Takeuchi et al., 2010). The bacterial invasion in the intestinal mucosa
following indomethacin treatment was blocked by prior administration of an ampi-
cillin antibiotic, the numbers of bacteria being reduced even below control levels
seen in the normal mucosa (Takeuchi et al., 2010). Enterobacteria and cytokines
both play roles in the pathophysiology of NSAID-induced enteropathy. In addition,
up-regulation of iNOS mRNA expression in the intestinal mucosa was observed in
animals given SC-560 but not in animals given rofecoxib. Collectively, these data
suggest that some NSAIDs cause GI hypermotility, followed by bacterial translo-
cation, and GI microvascular disturbances, leading to the activation of neutrophils
and expression of iNOS, and by doing so damage the intestine (Takeuchi et al.,
2010).

Decreased Phosphatidylcholine Levels

A recent hypothesis related to the phosphatidylcholine (PC) role in the NSAID-
associated toxicity mechanism has been proposed. Phosphatidylcholine is the major
surfactant phospholipid that confers surface hydrophobic characteristics on the gas-
tric mucosa. An improved safety profile of ibuprofen chemically associated with
PC has been noted in elderly osteoarthritic patients (Lanza et al., 2008). It is pos-
sible that with age, surface phospholipid levels decrease below a critical threshold
and that this reduction contributes to age-related NSAID intolerance (Lanza et al.,
2008). In addition, age-associated decreases in surface hydrophobicity, PG levels,
and impaired healing have been suggested to contribute to the deterioration of
the barrier property of the gastric mucosa (Lanza et al., 2008). Hacklesberger et al.
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(1998) observed a decrease in surface hydrophobicity in the antrum of the stomach,
which is also one of the primary sites of NSAID-induced ulcers.

Impaired Drug Metabolism

Impaired drug metabolism with subsequent adverse drug effects can occur and is
related to interindividual variability in drug metabolism due to polymorphisms in
genes coded for drug-metabolizing enzymes such as cytochrome P450 (CYPs).
Such impairment in drug metabolism would lead to increases in NSAID plasma
concentrations and hence would increase the risk of developing adverse GI effects
(Agtndez et al., 2009). Four NSAIDs—celecoxib, ibuprofen, lornoxicam, and
piroxicam—are metabolized extensively by CYP2C9 and CYP2C8 enzymes, these
enzymes being responsible for more than 90% of the primary metabolism of these
drugs (Agtndez et al., 2009). Therefore, genetics has been suggested to predis-
pose GI bleeding after NSAID use (Martinez et al., 2004). For example, inherited
impairment in CYP2CP9, an enzyme responsible for the metabolism of several
NSAIDs, increases the risk for severe adverse drug reactions (i.e., GI bleeding)
after NSAID use (Martinez et al., 2004; Pilotto et al., 2007). This suggests that
CYP2CP9 genotyping may identify subgroups of persons who are potentially at
risk for NSAID-associated GI bleeding (Pilotto et al., 2007).

However, further investigation as to whether such GI bleeding is related to
parent drugs or to metabolites is warranted. The impaired drug mechanism hypoth-
esis would be relevant in long-term therapy because the drug would accumulate
after multiple-dose exposure, but in many cases, patients with acute GI bleed-
ing receive the NSAID only once, and the effect of an impaired metabolism in
single-dose pharmacokinetics (PK) is less relevant, as can be expected in multiple-
dose PK (Agtndez et al., 2009). An alternative mechanism for adverse GI drug
effects that should be explored is whether impaired function of the main enzymes
could drive the metabolism of the NSAIDs to alternative metabolic pathways and
whether alternative metabolites may participate in the adverse effects (Agtindez
et al., 2009).

Role of Toll-like Receptor (TLR)-4/MyD88 and Enteric Bacteria

Toll-like receptors (TLRs) comprise a family of conserved molecular structures
(pathogen-associated molecular patterns) that function as sensors of microbial infec-
tion and play a central role in mucosal innate immune regulation (Rakoff-Nahoum
et al., 2004). TLR activation leads to the production of cytokines and antimi-
crobial molecules important in the initial innate immune response. However, in
addition to their function in host defense, recent findings indicate that activation
of TLRs by commensal microflora is critical for protection against GI injury and
associated mortality. Therefore, TLRs appear to control intestinal epithelial home-
ostasis and protection from injury (Rakoff-Nahoum et al., 2004). TLR-4 recognizes
lipopolysaccharide (LPS), which is present in the cell wall of gram-negative bacte-
ria. The interaction of LPS with TLR-4 and its coreceptor, MD-2, triggers signaling
cascades mediated via the accessory protein MyD88-dependent pathways that lead
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to translocation of the transcription factor nuclear factor k B (NF«B) and the pro-
duction of proinflammatory cytokines (Medzhitov et al., 1998). TLR-4 signaling is
important in the recruitment of inflammatory cells and the production of inflamma-
tory cytokines in the intestine. In a mouse model of inflammatory bowel disease,
TLR-4 was found to mediate PGE, production by regulation of COX-2 (Fukata
et al., 2005, 2006). TLR-4 deficiency (TLR-47/7) in mice results in fewer inflam-
matory infiltrates in the lamina propria (Fukata et al., 2005). Furthermore, a study in
mice assessed the role of TLR-4 activation and signaling through MyD88 in intesti-
nal ischemia/reperfusion (I/R)—induced damage at 2 h postischemia (Moses et al.,
2009). The investigators found that a lack of TLR-4 or MyD88 attenuated intesti-
nal damage to approximately 50% of that seen in wild-type mice. The attenuated
gut injury was accompanied by decreased proinflammatory mediators, including
chemokines, cytokines, and PGE; production. The decreased PGE, appeared to
be mediated by COX-2 activation (Moses et al., 2009). These studies support the
hypothesis that TLR-4 expression affects the extent of intestinal damage by alter-
ing COX-2-mediated PGE, production. However, PGE, alone was not sufficient
to restore damage in the TLR-4-altered mice, implicating additional mechanisms
of TLR-4-mediated damage. Thus, these data indicate that TLR-4 stimulation of
COX-2 activation of PGE, production is necessary but not sufficient for intestinal
I/R-induced damage and inflammation. TLR-47/~ mice also had defects in mucosal
repair in response to dextran sodium sulfate (DSS)—induced colitis with decreased
epithelial proliferation and increased rectal bleeding (Fukata et al., 2006). Collec-
tively, these studies suggest that TLR-4 signaling may serve a dual role in the
GI tract as a mediator of both inflammation and mucosal repair (Ungaro et al.,
2009).

Intestinal epithelial cells showed up-regulated COX-2 expression in a TLR-
4- and MyD88-dependent fashion in the DSS colitis mouse model (Fukata et al.,
2006). TLR-4 has been implicated in ns-NSAID-induced (indomethacin) small
intestine damage because TLR-47/~ and MyD887/~ mice showed resistance to
ns-NSAID-induced small intestinal damage (Watanabe et al., 2008). The phys-
iological importance of PGs in intestinal epithelial cells and its relationship to
bacterial invasion have been demonstrated. In vitro infection of human intestinal
epithelial cells with invasive bacteria has been shown to induce the expression
of PGHS; and the production of PGE, and PGF,, (Eckmann et al., 1997). Fur-
thermore, increased PGHS-2 expression was observed in intestinal epithelial cells
in vivo after infection with invasive bacteria using a human intestinal xenograft
model in SCID mice (Eckmann et al., 1997). The bacterial LPS/TLR-4 signal-
ing pathway is also a key mechanism in NSAID-induced enteropathy. Elevation
in enteric bacterial numbers and epithelial permeability of the small intestine was
associated with enterohepatically recirculated ns-NSAIDs (Reuter et al., 1997).
Another study investigated the effects of the Lactobacillus casei strain Shirota
(LcS) on indomethacin-induced small intestine injury in rats. One-week treatment
with viable LcS prevented indomethacin-induced intestinal injury. The investiga-
tors conclude that LcS exhibited a prophylactic effect on indomethacin-induced
enteropathy by suppressing the LPS/TLR-4 signaling pathway (Watanabe et al.,
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2009). Bacterial invasion in the intestinal mucosa following indomethacin treat-
ment in rats was blocked by prior administration of the ampicillin antibiotic, the
numbers of bacteria being reduced even below control levels seen in the normal
mucosa (Takeuchi et al., 2010).

Role of Uncoupling of Mitochondrial Oxidative
Phosphorylation

Several studies examined the role of the uncoupling of mitochondrial oxidative
phosphorylation, leading to increased intestinal permeability and calcium release
into the cytosol, in NSAID-mediated GI effects (Mahmud et al., 1996; Mathews,
1996; Somasundaram et al., 2000). NSAIDs increase mitochondrial respiration in
vivo and in vitro without producing ATP. The higher pH inside the mitochon-
drial matrix deprotonates the NSAID, so protons are transported into the matrix.
NSAIDs that directly uncouple or inhibit mitochondrial oxidative phosphorylation
and ATP turnover include indomethacin, aspirin, diclofenac, meloxicam, and SC-
236, an s-NSAID (Petrescu et al., 1997, Tibble et al., 2000; Krause et al., 2003).
For example, indomethacin, but not celecoxib, uncoupled mitochondrial oxida-
tive phosphorylation both in vitro and in vivo, caused a significant increase in
small intestinal permeability, caused mucosal inflammation and a 90% decline in
intestinal PGE levels, and was associated with multiple small intestinal ulcers in
rats (Tibble et al., 2000). Sulindac sulfide, but not sulindac sulfone or sulindac
itself, caused mitochondrial uncoupling in an isolated rat liver mitochondria (Leite
et al., 2006). However, while the uncoupling of enterocyte mitochondrial oxidative
phosphorylation leads to increased intestinal permeability and low-grade inflam-
mation, concurrent decreases in mucosal prostanoids appear to be important in the
development of ulcers (Somasundaram et al., 2000).

Role of Peroxisome Proliferator-Activated Receptor y

Peroxisome proliferator-activated receptor y (PPARY) is a ligand-activated nuclear
receptor whose activation has been linked to several pathways, including regulation
of intestinal inflammation (Issemann and Green, 1990). COX-2 is elaborated during
I/R injury (Sato et al., 2005). Issemann and Green examined the importance of
PPARY in inflammation and GI I/R-induced injury using a PPARy-knockout mouse
model. PPARy-knockout mice showed exacerbated GI I/R-induced injury compared
to wild-type mice. Histopathological examination of the small intestine revealed
loss of villi (erosions and ulcers), hemorrhage, and inflammatory cell infiltrates.
Furthermore, PPARYy activation reduced the severity of GI I/R injury and blocked
up-regulation of NFkB, which is involved in the control of transcription of various
inflammatory genes, such as TNFa (Issemann and Green, 1990). In a rodent model
of I/R, NS-398, a COX-2 s-NSAID, reversed small intestine inflammation and
injury and induced expression and nuclear translocation of PPARy (Sato et al.,
2005). In addition, several ns-NSAIDs (e.g., naproxen, ibuprofen, indomethacin,
fenprofen) activate PPARy (Jaradat et al., 2001). In a porcine I/R model, injured
ileum treated with NS-398, an s-NSAID, recovered to control levels within 3 h
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(Blikslager et al., 2002). Therefore, PPARYy appears to play a role in NSAID-
mediated GI pathophysiological cellular mechanisms, and NSAID administration
appears to have a protective effect in I/R GI conditions.

Role of Mitogen-Activated Protein Kinases

The mitogen-activated protein kinases (MAPKs) transduce a variety of extra-
cellular signals to the transcription machinery and include three distinct mam-
malian types—extracellular signal-regulated kinases (ERKs), c-Jun NH;-terminal
kinases (JNKs), and p38 MAPKs (p38)—the latter having four isoforms of its
own (o, B,Y,d) (Radi and Khan, 2006a; Radi et al., 2009). p38 MAPKSs have been
shown to be crucial for COX-2 expression and PPARYy (Scherle et al., 2000; Radi
et al., 2009). In fact, the p38 MAPK pathway can activate the intestinal epithelial
cells cox-2 gene promoter directly (Grishin et al., 2006). It has been found that
MAPKSs regulate COX-2 expression and mucosal recovery in an in vitro porcine
I/R ileum model (Shifflett et al., 2004). This suggests that the MAPK pathway can
have a positive regulatory effect on COX expression in I/R GI conditions, which
suggests that NSAID administration would be protective under such conditions.

NSAID Gl Injury-Associated Risk Factors

Epidemiological studies suggest that there are several risk factors for the develop-
ment of NSAID-associated GI events in humans. These include advancing age, a
high dose of NSAID, use of more than two NSAIDs, concurrent paracetamol, con-
current anticoagulants, concurrent aspirin, and prior history of peptic ulcer disease,
high alcohol consumption, cigarette smoking, and H. pylori infection (Rainsford,
2009).

CONCLUSIONS

The comparative pathophysiologic aspects of the GI tract and interspecies COX-1
and COX-2 expression levels and the pathophysiological role of cyclooxygenases
(COX-1 and COX-2) and the effects of their inhibition in the GI system are dis-
cussed in this chapter. There are significant interspecies differences in both the level
of COX-1 expression and the ratio of COX-1 and COX-2 expression and suscep-
tibility to toxicity with COX inhibition in the GI tract. Nonselective NSAIDs are
used to treat a variety of inflammatory disease conditions. The ns-NSAIDs have
been associated with GI toxicity in many species. Examples of Gl-related toxicities
are bleeding, ulceration, erosions, and perforations, distributed across the pyloric
region, gastric mucosa, jejunum, ileum, duodenum, and cecum. COX-2 s-NSAIDs
have a superior and improved GI tolerability profile to that of ns-NSAIDs. The
analgesic and anti-inflammatory benefits of NSAIDs are linked to COX-2 inhibi-
tion, while many of the GI toxicities and side effects have variably been linked to
COX-1 and/or COX-2 inhibition and, in some cases, directly to the secondary
pharmacologic properties of the select drugs. Several mechanisms involved in
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the pathogenesis of these NSAID-associated toxicities include differences in COX
enzyme potency, interspecies anatomical differences, changes in GI motility, aging,
fasting status, disruption of GI physiologic mucosal defense mechanisms, effects on
the physiologic GI mucosal cell renewal mechanisms, alterations in GI physiologic
pH secretion regulation, inhibition of PG synthesis, impaired drug metabolism,
effects of the enterohepatic recirculation, decreased phostatidylcholine levels, the
role of TLR-4/MyD88, PPARs, MAPKs, and glucuronidation, neutrophil adher-
ence, and direct chemical damage in the GI tract. COX-2 s-NSAIDs have permitted
comparable therapeutic benefit to conventional ns-NSAIDs without these attendant
COX-1-mediated toxicities (Radi and Khan, 2006b).
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