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All men dream: but not equally. Those who dream 

by night in the dusty recesses of their minds wake in 

the day to find that it was vanity: but the dreamers 

of the day are dangerous men, for they may act their 

dreams with open eyes, to make it possible. 

T.E. Lawrence, The Seven Pillars of Wisdom 



Abstract 

PATHOGENESIS OF NSAID-INDUCED SMALL INTESTINAL TOXICITY: 
STUDlES IN HEALTHY RATS AND RATS WITH COLITIS 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are among the most 

commonly prescribed classes of drugs because of their anti-inflammatory and 

analgesic properties. However, adverse effects on the gastrointestid tract and 

kidneys limit their utility for treatment of chronic diseases. 

Studies were conducted to examine the pathogenesis of NSAID-induced 

intestinal damage in two models. The ability of NSAIDs to produce de noza 

damage was studied in healthy rats, while the ability of NSAIDs to exacerbate 

pre-existing intestinal idammation was studied in rats with colitis. 

Repeated administration of the NSAID, diclofenac, resulted in extensive 

injury in the small intestine of rats. In contrast, a nitric oxide-releasing derivative 

of this compound, nitrofenac, did not produced intestinal damage. Further 

studies revealed that NSAID-induced small intestinal injury occurs in two stages: 

1. an initial injury produced by the topical irritant properties of NSAIDs, as a 

result of repeated exposure to the drug via its enterohepatic circulation and 2. 

exacerbation of the injury as a result of increased luminal bacterial numbers. 

Unlike NSAID-induced gastropathy, NSAID-enteropathy does not appear to be 

prostaglandin-dependent, nor is it due to TNF-a release. 

iii 



Administration of NSAIDs to colitic rats resulted in exacerbation of 

colonic injury, often leading to perforation of the colon and death. This effect of 

NSAIDs was directly related to their ability to suppress colonic prostaglandin 

synthesis. Furthermore, the prostaglandins involved in the tissue repair process 

in TNBSinduced colitis are mainly produced by cyclooxygenase-2 (COX-2). 

COX-2 was found to be sigruficantly upregulated at both the mRNA and protein 

level in the inflamed colon. Selective inhibition of COX-2 exacerbated colitis. 

The studies conducted in this dissertation therefore demonstrate that 

NSAIDs can damage all portions of the gastrointestinal tract and also exacerbate 

pre-existing inflammation in the gut. However, the mechanisms responsible for 

their toxicity in the gastrointestinal tract are not simply due to their ability to 

suppress prostaglandin synthesis. These studies also highlight the fact that 

prostaglandins derived from COX-2 are primarily anti-inflammatory in the 

gastrointestinal tract. 
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Chapter 1 

GENERAL INTRODUCTION 

Since the introduction of aspirin one hundred years ago to the 

pharmaceutical market, nonsteroidal anti-inflammatory drugs (NSAIDs) have 

become very widely used for their anti-inflammatory, analgesic and anti-pyretic 

properties. Chemically, these compounds are generally organic acids (1). 

NSAIDs can be classified into the following 6 groups based on chemical structure 

(1,2): 1. salicylic acid derivatives (e-g., aspirin and diflunisal), 2. acetic acids (e-g., 

indomethacin and diclofenac), 3. propionic acid derivatives (eg., naproxen and 

ibuprofen), 4. oxicams (e.g., piroxicam), 5. pyrazolones (e.g., phenylbutazone) 

and 6. fenamic acids (e-g., mefenamic acid). 

NSAIDs have become the mainstay for the treatment of various disorders, 

such as rheumatoid arthritis, osteoarthritis, gouhr arthritis, and chronic pain (3- 

6). I t  is estimated that greater than 70 million prescriptions for NSAIDs are 

written each year in the United States alone (7). In terms of market share, 

NSAIDs comprise 3.8% of total drug sales or stated differently, S2-6 billion (US) 

in retail costs (7.8). NSAIDs are often among the top 25 best-selling drugs; for 

example, in 1991 diclofenac was the 4" highest grossing drug on the world 

market (1 .I85 million $US) (8). These values will most likely increase over the 



2 

next few years, since new therapeutic niches for NSAIDs have been recognized. 

A good example is the prophylatic use of aspirin to decrease the risk of stroke, 

myocardial infarction (9,lO) and colon cancer (11,12). NSAIDs have recently 

been shown to be therapeutic in the treatment of Alzheimer's Disease (13,14). 

Despite their efficacy in the treatment of arthritic diseases and chronic 

pain, the use of NSAIDs is limited by their adverse effects (15-17). Most notable 

are their detrimental effects on the gastrointestinal tract and kidnevs (18-23). 

NSAID use is also associated with a variety of additional risk factors (24). They 

are known to have adverse drug interactions with anti-coagulants (e-g., warfarin) 

(27) and anti-hypertensives (e-g., angiotensinconverting-enzyme (ACE) 

inhibitors) (17,25,26). NSAIDs, especially aspirin, have been implicated in Reye's 

svndrome (27-29) and to induce asthmatic attacks in patients with asthma (30). 

The medical costs incurred due to the adverse effects of NSAID use are 

substantial. Treatment for complications associated with the gastrointestinal 

tract alone have been estimated at 5500 million to S3.9 billion (US) annuallv 

(3,31,32). These costs have lead to an abundance of research, both clinical and 

experimental, into understanding the pathogenesis of NSAID-induced 

compiications and the development of numerous drugs to treat or prevent these 

adverse events. 

In this chapter, the pathogenesis of NSAID-induced gastrointestinal 

complications will be reviewed. Emphasis will be placed on knowledge gained 
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from experimental models and how that knowledge has allowed for the 

development of a novel class of nonsteroidal anti-inflammatory drugs. The 

chapter will also include a brief synopsis of the history of aspirin, and the 

biosynthesis of prostanoids and their inhibition by NSAIDs. The chapter will 

conclude with the statement of objectives which guided the work conducted in 

this thesis. Additional introductow information will be provided in the 

individual chapters to further clarify the studies undertaken. 

1.1 History of Aspirin 

The history of aspirin, and hence the birth of NSAIDs, can be traced back 

tor centuries to early descriptions of the use of willow bark (Snlix nlbn zwlgnris) 

and related plant species to treat pain and fever (1,33). The noted medical 

scholars Celsius and Hippocrates used "decoctions" and plasters of willow bark 

to relieve pain and fever associated with eye diseases and child birth (33). In 

1763, Reverend Edmund Stone reported the first "clinical trial" of the success of 

the bark of the willow to cure agues (fever) (34). He believed that the willow 

represented a possible cure for fever because "this tree delights in a moist or wet 

soil, where a p e s  chiefly abound, the general maxim, that many natural maladies 

carry their cures along with them" (34). A dried, pulverized extract of willow 

bark in a dose of one dram (-3.9 grams) was administered to about 50 feverish 
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patients with great success and an excellent safety profile (34). It was not until 

1829 and the work of the French pharmacist Leroux that the active ingredient of 

willow bark was isolated (1,33). Leroux termed the active ingredient saiicin, 

which was described as a bitter glycoside that possessed anti-pyretic activity (1). 

Fiftv d vears d later (1876), MacLagan gave an account of 3 cases in which he used 

salicin to heat rheumatic fever (i-e., rheumatoid arthritis) (35). Patients presented 

with the following symptoms: (a) pain, swelling and immobility in most major 

joints, (b) pulse of 110-120 beats per minute and (c) body temperature of 

approximately 1030F. All three patients were placed on salicin at a dose of 20 

grains (-1.3 grams) every 3 hours (34). MacLagan (34) reported that by 72 hours 

after being heated with salicin, all patients had a normal temperature (-980F), 

pulse of 72 beats per minute and regained mobility in affected body joints. The 

production of synthetic salicin (i.e., salicvlic acid and sodium salicylate) occurred 

in the mid 1870s in Germany and became the drugs of choice in the treatment of 

rheumatic fever because of their better efficacy and solubility properties (33). 

The search for a derivative of salicylic acid with superior efficacy and safety 

prof  le began in the late 19h century. In 1895, Felix Hoffman, a young chemist 

working for the Bayer Corporation, established a method to acetylate the 

hydroxyl group on the benzene ring of salicvlic acid to form acetylsalicylic acid 

or aspirin (1,33). Hoffman's procedure was based on the studies conducted by 

the French chemist Gerhardt in 1853 (1). Aspirin was officially introduced in 
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1899 by Heinrich Dresser (36), Bayerrs chief pharmacologist, who is accredited 

with naming the drug and stated that it was a convenient way of introducing 

salicylic acid to the body (37). Despite the use of aspirin and the advent of 

additional NSAIDs (e.g., phenylbutazone. indomethacin and diclofenac) over the 

course of 70 years, the mechanism of action of was not established until 1971 (38). 

In 1971, Vane (38), Smith and Willis (39) and Ferreira et nl. (40) demonstrated that 

aspirin and indomethacin produced their anti-inflammatory effect by blocking 

the synthesis of prostaglandins. These studies also further demonstrated that 

aspirin had pharmacological properties distinct from those of salicylic acid and 

was not simply a pro-drug that dissociated to deliver salicylic acid to the body 

(37)- 

1.2 Prostanoids: Biosynthesis and Inhibition by NSAIDs 

Prostanoids (prostaglandins and thromboxanes) belong to a group of 

hydroxy fatty acids, which along with the leukotrienes and epoxides, are 

coilectively referred to as eicosanoids (41,42). Eicosanoids are derived from 

naturally occurring 20-carbon polyunsaturated fatty acids (42). In mammalian 

systems, the most abundant 2Otarbon polyunsaturated fatty acid is 5,8,11,14- 

eicosatetraenoic acid, better known as arachidonic acid (42). Eicosanoids are 

extremely prevalent and are produced/detected in almost every tissue and fluid 
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in the body (41). They produce a wide array of biological effects in a hormone- 

like fashion and are often referred to as "local" hormones or autocoids (41,43). 

Eicosanoids are considered autocoids because thev mediate their effects in an 

autocrine or paracrine manner (41). Furthermore, they are short-lived substances 

and do not utilize the circulatorv - ,  svstern to reach their site of action (41,43). 

Although the eicosanoids include several groups of mediators, this section will 

deal exclusively with the prostanoids. Outlined below are the general 

biosynthesis of prostanoids, the key enzvmes involved in the process, and how 

these enzymes are inhibited bv NSAIDs. 

Biosyntlresis. The biosynthesis of prostaglandins (PGs) and thromboxanes (TXs) 

occurs in three general steps: 1. release of arachidonic acid from precursor 

glycerophospholipids, 2. oxygenation and reduction of free arachidonic acid by 

prostaglandin endoperoxide G/H svnthase (cvclooxvgenase or COX) and 3. 

metabolism of prostaglandin Hz (KHz) to specific, biologically active end 

products (42,U). Prostanoids are not stored by cells; rather they are synthesized 

in response to a variety of stimuli (42). Stimuli include hormones (e-g., 

antidiuertic hormone (ADH), vasopressin) (45,46), autocoids (e.g., thrombin, 

bradykinin) (46,47), growth factors (eg ,  epidermal growth factor (EGF), platelet- 

derived growth factor (PDGF)) (48,49), tumour promoters (e-g., 12-0- 

tetradecanoyl-phorbol-13-acetate) (50), calcium ionophores (e-g., A23187) (45). 

Prostanoid synthesis can also be induced by mechanical stresses, such as shear 



7 

forces acting on arterial endothelium (51). Generally, these stimuli produce an 

increase in prostanoid production by initiating the release of a rachido~c  acid in 

the vicinit- of COX (42). Liberation of arachidonic acid from membrane 

phospholipids, such as  phosphatidylcholine and phosphatidylethanolarnine, is 

mediated by phospholipases (-12.52). Arachidonic acid can be released from 

membrane phospholipids either directly by the enzyme phospholipase Az (PLAS 

or indirectly via sequential actions of phospholipase C (PLC) and diacylglycerol 

lipase (52). PLAr-mediated release of arachidonic acid is generally regarded as 

the predominant pathway (42,52). Free arachidonic acid is rapidly metabolized 

by COX (47). 

The conversion of arachidonic acid to the endoperoxide prostaglandin Hz 

is carried out by COX. This conversion itself involves a two step process: 1. a bis- 

dioxvgenation reaction and 2. an hydroperoxidase reduction (-12,SZ). The bis- 

oxygenation reaction results in the incorporation of two molecules of oxygen into 

arachidonic acid at the 9" and 11th carbon positions to form the unstable 

endoperoxide prostaglandin Gz (PGG2) (42). This reaction results in the loss of 

two double bonds from arachidonic acid and the subsequent formation of the 

c)?clopentane ring common to all prostaglandins. The reaction is mediated by a 

bis-ox y genase enzyme commonly referred to as cyclooxy genase (12). The 

conversion of K G 2  to another unstable endoperoxide PGHz is carried out by an 

hydroperoxidase, which mediates a net hvo-electron reduction of the 15- 



8 

hydroperoxyl group of PGGz (42). PGHz is the precursor for the formation of all 

prostaglandins and thromboxanes (52). 

The final step in the formation of prostanoids occurs either non- 

enzymatically or via specific isomerases or svnthases (42,52,53). Regardless of 

the process, all biological prostanoids are generated horn K H z  and can be 

classified into 5 groups. The five groups consist of four different prostaglandins 

and the thromboxanes. The four prostaglandin groups are designated by letters 

(D, E, F, and I) and are distinguished by substitutions on the cvclopentane ring 

(11). The prostaglandins can be further subdivided based on the number of 

double bonds found in their side chains (11). The number of double bonds is 

indicated by a number (subscripted following the lettter designation) and is 

indicative of the fatty acid precursor from which it was generated (41). For 

example, PGE2 represents a prostaglandin of the E class, which was derived from 

the fatty acid precursor arachidonic acid. The thromboxanes differ from PGs by 

the presence of a six-membered oxane ring instead of the cyclopentane ring 

found in all prostaglandins (41). Prostaglandins D and E are formed from PGHz 

either non-enzy ma tically or by specific isomerases termed PGH-PGD isomerase 

and PGH-PGE isomerase, respectivelv (52,53). Both PGD and PGE are referred 

to as hydroxy ketones because they contain hydroxvl and ketone groups located 

on the cyclopentane ring (41). The F, prostaglandins are diols because they 

possess two hydroxy groups on the cyclopentane ring (41) and are formed from 
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PGHz by PGF, reductase (42,53,W). The final two groups of prostanoids are the 

pros tac y clins and the thromboxanes. The prostacyclins are designated by the 

letter "Iff and are formed from PGHz by the enzyme prostacyclin synthase 

( 2 )  Thev are distinguished from other prostaglandins by their double ring 

structure, which is created by an oxygen bridge between the 6th carbon on the 

side chain and the 9th carbon positioned within the cyclopentane ring (11). 

Thromboxanes (TXA/ B) with "A" designating the active substance and " B" the 

hydration product are similarly formed by a synthase (thromboxane synthase), 

and as stated earlier, distinguished from the prostaglandins by the presence of a 

six-membered oxane ring (11). Prostacyclins and thromboxanes are unstable 

intermediates, which are broken down non-enzymaticallv to the biologically 

inactive compounds 6-keto-PGF, and TXB, respectively (52). 

Despite the presence of COX in most mammalian tissues, the type of 

prostanoid produced is dependent on the type of prostanoid synthase or 

isomerase present in the cell; that is, the final step in the biosynthesis of 

prostanoids is the determining factor of what prostanoid will be formed (41). For 

example, platelets produce mainly thromboxanes (41). The prostanoids also 

mediate their effect through various specific receptors (55,56). As with the 

prostanoids, their receptors can also be classified into 5 different groups. 

Receptor groups are designated with the same letter as the natural prostanoid 

with the greatest affinity (11). For example, the prostanoid PGI2 binds with 
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greatest affinity to the IP receptor. Thromboxane receptors are designated as TP 

and the remaining prostaglandir, receptors are DP, EP and FP. The EF receptors 

can be further subdivided into 4 groups, designated as EPI to EP4 (56). 

Pros tanoids mediate their p hvsiological and pathoph y siological effects by 

binding to and activating their receptors, which like their substrates can be 

localized to a variety of cells within mammalian systems (59). Prostanoid 

receptors are generally coupled to guanine nucleotide regulatory proteins (G- 

proteins) (41,55,56). G-proteins can be classified into four families, Gs, Gi, G, and 

GI?, based upon the a subunit (57,338). Prostanoid receptors are found to be 

mainly associated with three of the four G-proteins, namely G,, Gi and Gq (56). 

G-protein activation results in the further generation of second messengers, 

which in turn mediate the cellular effects. Intracellular events most commonly 

associated with prostanoid receptor activation are increases cyclic adenosine- 

3',5'-monophosphate (CAMP) or increases in intracellular calcium (41). Increases 

in CAMP are a result of Gs activation of adendate cyclase, while altered calcium 

levels occur in response to either Gi- or Gq-induction of phospholipase C (57,338). 

Cyclooxygenase Isozymes. As stated earlier, cyclooxygenase or COX is the 

enzyme responsible for the conversion of arachidonic acid into PGHr. COX 

mediates both the oxygenation of arachidonic acid (basic cyclooxygenase 

reaction) and the reduction of K G 2  to PGHz (peroxidase reaction) (44). Two 

isoforms of cyclooxygenase have thus far been identified, termed COX-I and 
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COX-2. COX-I refers to the isoform of cyclooxygenase which was originally 

purified from sheep and bovine vesicular glands during the mid 1970s (59-61). 

The gene for COX-I was cloned in 1988 by several groups (62,63), and its 

structure demonstrated by x-ray crystallography in 1994 (64). COX2 was 

postulated to exist as early as 1972 (65) and its existence was confirmed in 1991 

when its primarv structure was determined (66-68). Since that time, a great deal 

of research has been conducted into comparing the two isoforms and 

establishing why evolution has produced this apparent redundancy. 

The comparison between COX-1 and COX-2 has been made easier by the 

refinement of molecular techniques. Despite the assumed redundancy, various 

differences exist between the two isoforms at the molecular, biochemical and 

cellular/tissue levels. The main differences occur at the molecular or genetic 

level. The genes encoding COX-I and -2 are located on chromosomes 1 and 9, 

respectively (69,70). Furthermore, the genes themselves differ greatly in size 

(COX-I = 22.5 kb and COX-2 = 8.3 kb) because the introns in COX-2 are smaller 

and exons 1 and 2 in COX-1 are condensed into a single exon in COX-2 (69). 

Gene products (i-e., mRNA) for the isozymes also differ in size. The mRNA for 

C O X 4  is 2.8 kb, while COX-2 mRNA is 4.5 kb (63). Translation of the gene 

products results in proteins consisting of 576 and 587 amino acids in length for 

COX-I and COX-2, respectively, and a 60% homology between the sequences 

within a species (70). Despite the differences in genetic make up, the resulting 
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protein structures are very similar. Both isozymes have molecular weights of 

approximately 71 kDa and comparisons of their crystalline structure indicates 

that they can be superimposed upon each other (63). Both COX enzymes are 

composed of two subunits, which exist as a homodirner in a head-to-tail 

conformation (70). In turn, each subunit is composed of 3 domains: 1. EGF-like 

domain, 2. membrane-binding domain (composed of 1 short a-helices) and 3. 

catalytic domain (globular C-terminal) (70). 

Biochernicallv, COX-I and -2 are very similar, especially in terms of 

enzymatic function (i.e., V,,, and Km for COX-I and -2 are very similar when 

arachidonic acid or dihomo-y-linoleic acid are utilized as substrates) (69). COX-2, 

however, is more efficient at using alternative substrates (e.g., eicosapentaenoic 

acid, u-linolenic acid and linolenic acid) (63,69). 

COX-I and COX-2 also differ in terms of localization within a cell and 

tissue. Within a cell, COX-I is generally associated with the membrane of the 

encloplasmic reticulum, while COX-2 is more localized to the nuclear envelope 

(69). I t  has been suggested that the difference in cellular localization may explain 

the apparent redundancy of the two isoforrns and possibly their physiological 

roles (70). In terms of tissue localization of the COX isozymes, COX-1 is 

constitutively expressed in most tissues, while COX-2 is general1 y on1 y expressed 

at sites of inflammation or in diseased states (71-75). This separation in 

generalized localization has lead to the current dogma that COX-I is the 
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"cons ti tu tive" isoform responsible for the production of PGs for homeostatic 

functions and COX-2 is the "inducible" isoform which synthesizes eicosanoids 

involved in the inflammatory process (72). The reasoning behind this theory is 

not solely based on tissue expression. Additional support comes from gene 

structure and gene regulation. The COX-I gene is said to be developmentally 

controlled and continuously transcribed to provide relatively constant enzyme 

levels (U,69,70). Furthermore, its gene does not possess a TATA box, which is 

quite common for "housekeeping" genes (69). In contrast, the COX-2 gene is 

classified as an " immedia te-earl y " gene, which is characteris tic of rapid 

u pregula tion (i-e., 20- to 80-fold increases in expression within 1-3 hours) (69,7O). 

The increase in COX-2 expression is stimulated by various inflammatory 

cytokines (e-g., IL-1, TNF-a) (63,76,77), mitogens (e-g., LPS, Rous Sarcoma virus) 

(66,78) and phorbol esters (e-g., forskolin, 12-0-tetradecanoylphorbol-134- 

acetate) (67,77). In addition to being stimulated by pro-inflammatory mediators, 

COX-2 expression is also regulated/controlled by anti-inflammatory cytokines 

(e.g., IL-4, IL-10, 1L-13) (63,79) and glucocorticoids (e.g., dexamethasone) (77,78). 

Further evidence in support of the "inducible" nomenclature comes from the 

COX-2 gene structure. The COX-2 gene contains a TATA box, as well as other 

transcriptional elements (e.g., nuclear factor-KB (NF-KB), CAAT enhancer 

binding protein, CAMP response element (CRE) binding protein) (69). COX-2 

mRNA is also less stable than COX-1 mRNA because it possesses several 
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different polyadeny lation signals and multiple (16) " AUUUA" instability 

sequences, resulting in easier degradation of the mRNA (66,69). 

In spite of the evidence to suggest that COX-I is the "constitutive" isoform 

and COX-2 the "inducible" one, this simplistic view is not completely valid. 

Recently, COX-2 has been found to be constitutively expressed in various tissues, 

especially the brain (71,80,81) and the kidnev (82). O'Neill and Ford-Hutchison 

(71) have also demonstrated that COX-2 expression can be found in nearly all 

human tissues, i~cluding the stomach and intestine. This is in contrast to the 

study bv Kargrnan et nl. (75), which found COX-I but not COX-2 expression in 

normal tissue obtained from the gastrointestinal tract of humans and other 

species. In addition to being expressed constitutively, COX-2 has also been 

implicated to play a role in various developmental and physiological functions, 

including kidney development and function (72,83,81), brain development and 

adaptation (72), and ovulation and embryo implantation (85-87). Recent findings 

have also demonstrated that COX-I expression can also be induced by various 

stimuli, such as bacterial endotoxin (88), inflammatory cytokines (89), growth 

factors (90) and phorbol esters (91). These data further exemplify that the 

distinction of the COX-I and -2 isozymes based on constitutive and inducible 

tissue expression, respectively, is an over-generalization and classification of the 

two isoforms is best made via their numerical designations. 
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NSAIDs and COX: Mechanisms of Inhibition Since Vane and colleagues (38,40) 

and Smith and Wiflis (39) f i s t  demonstrated that NSAIDs mediate their effects 

by inhibiting the synthesis of prostaglandins, a great deal of insight has been 

obtained into the structure-activity relationships between these dmgs and COX. 

All NSAIDs interact with the bis-oxygenase subunit of COX and prevent the 

introduction of molecular oxygen and cyclization of arachidonic acid. The 

mechanism by which NSAIDs inhibit the bis-oxygenase catalvtic unit is 

dependent on the particular NSAID and the COX isoform. Generally, NSAIDs 

can be divided into three classes based upon their mechanism of COX inhibition, 

and are simply designated as class I, I1 or I11 inhibitors (70). Class I inhibitors 

include such NSAIDs as ibuprofen, naproxen and 6-methoxy-napthyl-2-acetic 

acid (6-MNA; activih. metabolite of nabumetone). Thev produce their effects on 

COX via simple, reversible competitive inhibition (70,92), that is, the NSAID 

competes with arachidonic acid for binding to the active site. By definition, 

reversible competitive inhibitors interact with the active site, but do not modify 

its confirmation (i-e., non-covalent modification) and enzyme activib can be 

restored by increasing the amount of substrate (i-e., arachidon ic acid) available to 

the enzyme (93). 

Class I1 inhibitors are described as reversible, competitive, and time- 

dependent. Common NSAIDs found in this category are indomethacin, 

diclofenac and flurbiprofen. Essentially, binding of the NSAID to the active site 
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of COX results in an enzyme-inhibitor complex and a resulting conformational 

change in the COX protein over time (i-e., time-delay of seconds to minutes) (70). 

This conformational change however, is not a covalent interaction; that is, the 

COX protein slowly reverts to its original state and is able to mediate 

prostaglandin synthesis (70,92). Exactlv how the NSAID interacts with the COX 

protein is not known. It has been suggested that this class of inhibitors interact 

with the arginine at position 120 to produce their inhibitory effects (94). Mancini 

et al. (94) demonstrated in zitro that cells transfected with a mutant COX-1 

enzyme, where arginine 120 was substituted with glutamic acid, had a sigruficant 

reduction in specific activity and affinity for arachidonic acid. Furthermore, the 

mutant COX-I was not inhibited bv indomethacin, flurbiprofen or ketoprofen, 

and was only weakly inhibited bv diclofenac and mefenamic acid (i.e. ICjo values 

increased 100-fold). Additional studies have indicated that the interaction 

between the carboxylic acid group found on all class 11 inhibitors and arginine 

120 of COX4 is essential for suppression of enzyme activity (93). Methylation of 

the carboxvlic acid group on NSAIDs was associated with markedly reduced (if 

not eliminated entirely) abilitv to inhibit COX activity (93). The interaction 

between NSAIDs and arginine 120 appears to be specific to the COX-I isozyme. 

Cells tramfected with the mutant COX-I enzyme displayed a less dramatic 

reduction in COX activity to the selective COX-2 inhibitors DuP697 and L- 

745,337 when compared to cells containing the wild type COX-1 (i-e, IC3 values 
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increased approximately 10-fold) (94). This event is not all together surprising, 

since the COX-2 selective inhibitors contain sulfonyl groups, and not the 

required carboxylic acid group (94). 

Aspirin and the saiicylates are representative of the NSAIDs which are 

referred to as class 111 inhibitors. Class 111 inhibitors suppress COX activity in a 

time-dependent and irreversible manner (92). The time-dependency is similar to 

that described for class I1 inhibitors (i.e., conformational change to the enzyme 

occurs over seconds to minutes). More importantly to the mechanism of 

inhibition of COX by this class of NSAIDs, especially aspirin, is the fact that the 

conformational change involves a covalent modification, and hence the 

inhibition is irreversible (70,92). The covalent modification of COX is a result of 

the acetvlation of a serine residue at position 530 for COX-I and at position 516 

for COX-2 (70,95). The resulting acetylation confers a steric hindrance and 

prevents arachidonic acid from accessing the active site in the bis-oxygenase 

catalytic unit (70). Since the acetylation of serine 530 represents is a covalent 

modification of the enzyme, the enzyme is irreversible inactivated. It therefore, 

cannot synthesize eicosanoids even after the drug is removed, and unlike class I 

inhibitors (i-e., reversible, competitive), the drug effect cannot be overcome with 

excess addition of arachidonic acid (92). Thus, cells which have been exposed to 

aspirin cannot produce eicosanoids until new protein is synthesized (70.92). 
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The effects of aspirin and salicylates on COX-2 differs from those on COX- 

1. At concentrations of aspirin that abolish COX-I activity, COX-2 is also 

inhibited, but it retains its abilitv to oxygenate and cyclize arachidonic acid. 

However, the oxygenation occurs at the 15Lh carbon instead of the usual 11th 

carbon position and results in the formation of 15R-hydroxyeicosatetranoic acid 

(1%-HETE) (70). Recentlv, it has been demonstrated that aspirin, sodium 

salicylate and naproxen inhibit the expression of cytokine-inducible COX (96,97). 

Wu and colleagues (96,97) suggest that the suppression of COX expression 

occurs at the transcriptional level. However, the authors indicated that the effect 

could be mediated either by suppressing rnRNA synthesis or mRNA stability. In 

addition, the presence of naproxen in the culture media resulted in the 

suppression of both quiescent and IL-1 inducible levels of COX mRNA (97). This 

would suggest that naproxen can inhibit both COX-I and COX-2 mRNA 

synthesis. However, both reports were communicated in the early 1990s when 

COX2 was initially confirmed to exist and therefore, exactly which isoform was 

being studied is not readily apparent. It could very well be that both i so fom 

can be inhibited in this manner. The results of Wu et d. (96,97) indicate that the 

mRNA was 2.7 kb, which is indicative of COX-1, but the effects were more 

pronounced when IL-1 was used to stimulate COX expression, which is generally 

associated with the upregulation of COX-2. With the refinement of molecular 

techniques this question will most likely be resolved in the future. 



1.3 Pathogenesis of NSAlD-Induced Gastropathy 

Although the main focus of the dissertation is the toxicity of NSAIDs in 

the small and large intestine, the pathogenesis of NSAID-gastropathv has been 

included for two main reasons. Firstly, it allows for the comparison to be made 

between the different pathologies. This comparison is important because it 

highlights the fact that NSAIDs produce damage to the entire gastrointestinal 

tract and that their pathogenic mechanisms differ and are not simply related to 

inhibition of prostaglandin formation. Secondly, the proposed mechanism of 

NSAID-gastropathy is the basis for a novel series of NSAIDs that will be 

described in Section 1.6. They are of particular relevance given their extensive 

use in three of the studies that comprise the body of this dissertation. 

NSAID-Gastropathy. The most important of the adverse effects of NSAIDs, in 

terms of both frequency and clinical impact, is ulceration of the stomach 

following repeated administration of these drugs. NSAIDs will cause superficial 

erosions, primarily in the corpus region, and deep (i.e., penetrating through the 

muscularis mucosae) ulcers in the anh-al region of the stomach. It is the latter 

that are more clinically relevant, since these ulcers are more Likely to bleed and 

perforate than the superficial erosions (98). While several strategies have been 

employed to reduce the ulcerogenic potential of NSAIDs, none have proven to be 

effective in reducing clinically significant adverse reactions (99). One of the 
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problems associated with designing NSAIDs with reduced gastrointestinal 

toxicity is that the mechanism underlying the NSAID-induced gastroenteropathy 

remains poorly understood. The abilitv of NSAIDs to suppress prostaglandin 

synthesis appears to be critical in the pathogenesis of gastric ulceration induced 

by these agents, but mav not be of central importance in the production of small 

intestinal injurv (see Section 1.4) (100). 

The mechanism responsible for the ulcerogenic effects of NSAIDs in the 

stomach has been the subject of considerable debate since the discovery- by Vane 

(38) that NSAIDs suppress prostaglandin svnthesis. It is now well known that all 

NSAIDs have the capacity to inhibit the activity of the enzyme cyclooxygenase. 

The debate regarding the primary mechanism for NSAID-induced ulceration has 

focused mainly on the relative contributions of their ulcerogenic actions of 

suppression of prostaglandin synthesis versus their topical imtant properties. 

While topical irritant properties likely contribute sigruficantly to the superficial 

erosions induced by NSAIDs, there is now overwhelming evidence that it is the 

suppression of gastric prostaglandin synthesis that is responsible for the 

clinicallv sigruficant gastric injury. Exactly why the inhibition of gastric 

prostaglandin synthesis results in ulceration is still not completely understood. 

Studies performed in the early 1990s have provided compelling evidence 

for a role for neutrophils in the pathogenesis of experimental NSAID- 

gashopathv (101). The evidence includes: 1. experimental NSAID-gastropathy is 
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markedly reduced in rats rendered neutropenic through pretreatment with either 

anti-neutrophil serum or methotrexate (102,103), 2. treatment with monoclonal 

antibodies which prevent leukocvte adhesion to the vascular endothelium 

significantly attenuates the damage induced by NSAIDs in the stomach (104,105), 

3. NSAID administration results in sigruficant increases in the number of 

adherent leukocytes in the gastric microcirculation and in mesentenc post- 

capillary venules (105-109), 4. cytoprotective prostaglandins can prevent NSAID- 

induced leukocyte adherence (107,108), 5. ICAM-I (intercellular endothelial 

adhesion molecule) expression is rapidly upregulated on the rnicrovasculature of 

rat gastric mucosa foHowing NSAID administration (110). 

As outlined by Wallace and Granger, leukocyte adherence could 

contribute to gastric mucosal injury in two major ways (111). Firstly, adherence 

of neutrophils to the vascular endothelium would likely be accompanied by 

activation of these cells, leading to the liberation of oxygen-derived free radicals 

and proteases. These substances could mediate much of the endothelial and 

epithelial injurv caused by NSAIDs (112). Secondly, neutrophil adherence to the 

vascular endothelium could lead to capillary obstruction and a reduction in 

gastric mucosal blood flow, thereby predisposing the mucosa to injury. A 

reduction in gastric mucosal blood flow following NSAID administration has 

been demonstrated by various groups (106,113,113), and has been shown to 
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occur subsequent to the appearance of "white thrombi" in the gastric 

microcirculation by Kitahora and Guth (106). 

Recently, the cytokine tumour necrosis factor-a (TNF-a) has been 

implicated in the pathogenesis of NSAID-induced gastric damage and leukocyte 

adherence (114,115). TNFa is a potent stimulus for ICAM-I expression on the 

vascular endothelium, and its release from macrophages can be stimulated by 

NSAIDs and inhibited by prostaglandins (116). Santucci et d. (114) reported that 

adminisfxation of the NSAID indomethacin to rats resulted in a sigruficant 

increase in serum T N F a  levels. The resulting increase in serum TNF-a levels 

occurred three hours after the administration of indomethacin, which coincided 

with a sigruficant increase in adherent leukocytes within the gastric 

microcirculation (114). They also demonstrated that rats pretreated with the 

TNF-a synthesis inhibitor pentoxifylline prior to indomethacin had a significant 

reduction in gastric damage, adherent leukocytes and serum T N F a  levels. 

Applevard et nl. (115) reported similar results with pentoxifylline and 

demonstrated that other inhibitors of TNF-a synthesis (i.e., thalidomide and an 

anti-TNFa antibody) afforded protection against NSAID-induced gastric 

damage. 

While TNFa is one possible mediator of leukocyte adherence following 

NSAID administration, it is also possible that these adhesive interactions 

between neutrophils and the vasculature endothelium are in part attributable to 
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the suppression of prostaglandin svnthesis, namely prostacyclin (PGIr), which is 

a potent inhibitor of neutrophil activation and adherence (2). In addition to TTNF- 

u, nitric oxide (NO) represents another endothelial-derived mediator which is 

capable of inhibiting neutrophil function (117). Suppression of NO production 

by NG-monomethyl-L-arginine (L-NMMA) or NG-nitro-L-arginine methyl ester 

(L-NAME) results in Ieukocvte adherence to the vascular endothelium similar to 

that observed following NSAID administration (117). Furthermore, suppression 

of NO synthesis results in an exacerbation of the severity of NSAID-induced 

gastric damage (118). In contrast, compounds capable of releasing NO (i.e., 

sodium nitroprusside, glyceryl trinitrate, SIN-I) can reduce the severity of 

NSAID-induced and ethanol-induced gastric damage (119,120). 

1.4 Pathogenesis of NSAID-Induced Small Intestinal Injury 

The ability of NSAIDs to damage the small intestine has only become 

huh evident during the past two decades. Diagnosis of this type of injury is 

often hindered because physical examination of the affected region is difficult 

and NSAIDs themselves often mask the patient's symptoms. It is now known 

that the incidence of NSAID-induced small intestinal injury is essentially 

equivalent to that of NSAID-gastropathy (18,121,122). The incidence of NSAID- 

induced small intestinal injury has been estimated to be approximately 4040% in 



24 

chronic NSAID users (18,121,122); however, these estimations are dependent on 

the criteria used to define intestinal injury (i.e., lesions/ulcers versus enemia and 

protein loss) and the demographics of the group studied (i-e., elderlv women 

with severe arthritis). Despite the high rate of occurrence of NSAID-enteropathy, 

very little is known about its pathogenesis. Various factors have been postulated 

to play a critical role in NSAID-induced small intestinal injury, including 

disruption of the epithelial barrier (1 U), enteric bacteria (124-1 27), and bile 

(126,128,129). The majority of this insight into the pathogenic mechanism has 

stemmed from studies conducted in animal models. However, these studies 

have not established a urufying hypothesis. At best, these studies have 

demonstrated that the mechanism is multifactorial and most likely mediated 

through a process that is quite different than the postulated mechanism of 

NSAID-gastropathy. This section will review the potential factors involved in 

NSAID-induced small intestinal injury; that is, altered epithelial permeability 

(i.e., barrier disruption), neutrophils, bacteria and the biliary component (i.e., bile 

and the enterohepatic circulation of NSAIDs). 

NSAID-Induced Small Intestinal Injury: A lterations in Intestinal Permeability 

a d  Neutrophil Infillration. Increased intestinal permeability is hypothesized by 

Bjarnason and colleagues (130,131) to be a pre-requisite for NSAID-induced 

small intestinal injury and to be dependent on the "topical imtant" properties of 

these drug (1 23,132). They postulate that NSAIDs uncouple oxidative 
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phosphorylation in epithelial mitochondria to cause a decrease in inhacehlar 

energy stores (i.e., decreased ATP levels) and an ensuing disruption of epithelial 

tight junctions (123). Disruption of the epithelial tight junctions would weaken 

the ability of the intestine to act as a barrier and allow the entry of bacterial 

products and endogenous toxins (i.e., bile acids, pancreatic juices) into the 

lamina propria (123,130). Neutrophils that subsequently infiltrate into the 

mucosa may then contribute to the damage by releasing oxygen-derived free 

radicals and proteases (133). Somasundaram et nl. (123) further stipulate that in 

addition to NSAIDs inducing mitochondria1 damage, their inhibitor effect on 

reparative prostaglandins prolongs the permeability changes and allows for the 

development of inflammation and ulcer formation. 

Increased intestinal permeability can be detected both in humans 

(1 30,131,1LM) and in rats (126,135,136) within hours of NSAID administration. 

Exactly why NSAIDs produce an increase in small intestinal permeability is not 

known. I t  has been speculated that the inhibition of prostaglandin synthesis by 

NSAIDs may be the causative factor. In support of this hypothesis, some studies 

have demonstrated that the exogenous administration of prostaglandins can 

prevent NSAID-induced increases in intestinal permeability (130f131 ,134). Other 

studies have shown that exogenous prostaglandins have no effect on NSAID- 

induced permeability changes (127,137). Choi et d. (138) and Davies ef d. (139) 

demonstrated that different NSAIDs have variable effects on small intestinal 
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permeability. Furthermore, although exogenous prostaglandin administration 

has been shown to prevent NSAID-induced small intestinal injury (135), several 

studies have demonstrated that certain NSAIDs do not cause alterations in small 

intestinal permeability (139-141) or produce damage to the intestinal mucosa 

(100,142) despite their potent inhibitorv effects on prostaglandin synthesis. 

Jenkins et nl.  (143) have also reported that the concomitant administration of a 

prostaglandin analogue, misoprostol, with naproxen failed to prevent the 

increases in small intestinal permeability in six healthy people. The possibility 

therefore exists that increased intestinal permeability is a prostaglandin- 

independent process, and rather a consequence of the intestinal damage 

produced by these drugs. 

The administration of NSAIDs to rats results in severe damage along the 

entire length of the small intestine. Macroscopically visible damage does not 

become readily apparent until 12-24 hours following drug administration 

( 0 0 , )  Prior to the development of marked ulceration, morphological 

changes can be discerned by light microscopy as early as C6 hours after 

administering an NSAID (145,116). These early manifestations of intestinal 

injury are characterized by villous shortening, microvasculature damage and 

distortion, and polymorphic nuclear cell infiltrate ( i . ,  eosinophils and 

neutrophils) (145-147). These early histological changes are very similar to those 

described for NSAID-gashopathv (106,148) and suggest a common pathogenic 



mechanism may exist for both NSAID-induced gastric and small intestinal 

injurv. Chmaisse et d. (149) have Likewise suggested that neutrophils play a 

critical role in the acute intestinal injury produced by NSAIDs. Despite the 

indication that neutrophils may play a critical role in both types of NSAID- 

induced injuries, their role is better substantiated in gastric injury than in 

intestinal injury. Currently, a role for neubophils in NSAID-induced small 

intestinal injury is not well supported. NSAIDs, including aspirin, are known to 

result in increased neutrophil adherence to posttapillary venules in the 

mesenterv of rats (108); however, aspirin does not produce small intestinal injury 

when administered to rats (100,150). Furthermore, studies conducted by two 

separate groups have demonstrated that neutropenic animals still develop 

NSAID-induced intestinal ulceration as severe as that seen in control animals 

(l26,lX). The conflicting data with respect to aspirin causing neutrophil 

adherence, but not producing intestinal damage, along with the neutropenia 

studies, strongly suggest that neutrophils are not involved in initiating small 

intestinal injurv associated with NSAID administration. 

NSAID-Induced Small Intestinal Itzju y: Role of Bacteria. A definitive role for 

enteric bacteria in NSAID-induced small intestinal injurv has been established in 

animal models. Evidence in favour of bacteria playing a critical role in the 

pathogenic mechanism mainly stems from three lines of evidence: 1. enteric 

bacterial numbers are greatly increased in rats administered NSAIDs (125,126) 2 
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antimicrobial agents prevent the bacterial overgrowth and damage produced by 

NS AIDS in the small intestine (1 E,l26,l29,152,153) and 3. germ-free rats are less 

susceptible to NSAID-induced small intestinal injury than conventionally housed 

rats (124,154,155). It is not clear if enteric bacteria initiate or simply 

perpetuate/exacerbate intestinal injury following NSAID administration. 

Several studies in humans have demonstrated that administration of either 

mehonidazole or sulphasalazine (both possess antimicrobial activity) 

significantly attenuated NSAID-induced increases in either intestinal 

permeability (i-e., urinary excretion of =Tr-EDTA) and/or the excretion of 

indium-labelled leukocvtes (l27,l56,lV). Studies in rats using antibiotics such 

as paromomycin, neomycin, bacitracin and polymyxin 8, have shown that 

elimination of enteric bacteria caused a marked reduction in macroxopically 

visible damage in the intestine (125,129,152). Wax et nl. (129) suggested that 

bacteria may be responsible for the intestinal damage by cleaving the drug 

and/ or bile conjugates required to initiate "drug-facilita ted microbial damage to 

the mucosa." Therefore, elimination of enteric bacteria by antibiotic 

administration would prevent conjugate cleavage and the ensuing mucosal 

injury. However, it is more likely that bacteria play a role in perpetuating or 

exacerbating a pre-existing mucosal injury established by NSAlD administration. 

This seems more feasible, since germ-free rats are not totally devoid of intestinal 

injury following NSAID administration (154,155,158). Additionally, 
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antimicrobial treatment only attenuates intestinal injury and does not completely 

prevent it (152,153). Whether or not enteric bacteria initiate or exacerbate 

NSAID-induced small intestinal injury, it is clear that they are critically involved 

in some aspect of the pathogenesis. What their exact role is remains to be firmly 

established. 

Pathogenesis of NSAID-Induced Small Intestinal Injury: Role of Bile and the 

Enterolrepatic Cycle. The presence of bile has also been suggested to be crucial 

for the development of NSAID-induced small intestinal injury. The first 

accounts of the involvement of bile in this type of injury came from studies 

conducted bv Wax et nl.  (129) and Brodie et nl. (128) in 1970. Both groups 

demonstrated that exposure of the small intestine to bile was a prerequisite for 

ulceration to occur following NSAID administration. They demonstrated that if 

bile was eliminated from the intestine through ligation of the common bile duct, 

the incidence of small intestinal ulceration produced by either flufenamic acid or 

indomethacin decreased from 100% to zero (128,129). Furthermore, Wax et al. 

(129) and Brodie et 01. (128) demonstrated that the bile sequestering agent, 

cholestvrarnine, could markedly reduce the incidence of intestinal ulceration. 

This effect was suggested to be due to binding bile and/or the NSAID and 

in term pting their enterohepa tic circulation (1 29). However, the protective effect 

of bile duct ligation and cholestvrarnine were dependent upon the time when the 

procedure was carried out in relation to NSAID administration. That is, ligation 
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of the bile duct had to cxcur prior to or no later than 3 hours after NSAID 

administration to completely prevent intestinal ulceration (128). Similarly, 

cholestyramine had to be given prior to the administration of NSAID (128). 

These data indicate that the damage produced by NSAIDs and/or bile is 

mediated through a topical effect. Two additional lines of evidence support this 

hypothesis. Firstly, bile duct-ligated rats did not develop damage, but attained 

higher plasma levels of drug than control rats (129). Secondly, in rats with Thiry- 

Vella loops (i.e., isolated intestinal segments which still receive the same 

mesenteric blood flow, but are not exposed to the normal passage of lurninal 

contents) do not develop ulceration within the isolated loop (128). However, 

these rats still developed ulceration in the remainder of the anastomosed 

intestine (128). In both situations of bile duct ligation and Thu-y-Vella loop 

formation, the intestine was exposed to higher or equal plasma levels of NSAID, 

respectively. This suggests that simple availability of the NSAID to the intestine 

is insufficient to induce injury. Rather, the lurninal surface of the intestinal 

epithelium must be directlv exposed to the drug and/or bile. 

Studies conducted utilizing cultured intestinal epithelial cells (IEC-18 

cells) provided evidence that the presence of both the NSAID and bile were 

required to produce intestinal injury. Yamada et 01. (126) examined the effects of 

bile and indomethacin on the viabilitv of cultured IEC-18 cells. Cytotoxicity 

occurred when these cells were exposed to bile obtained from a rat which had 
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been treated with indomethacin or when exposed to a combination of naive rat 

bile plus indomethacin. Exposure of cells to either nave rat bile alone or 

indomethacin alone had no effect on cell viability. In in zitro studies, it has been 

clearly demonstrated that elimination of either component (i-e., NSAID or bile) 

results in attenuated intestinal damage. For example, the NSAIDs aspirin and 

nabumetone do not undergo enterohepatic circulation (159,160) and do not cause 

small intestinal injury (lB,lU, 150,132). Furthermore, a correlation between the 

intestinal toxicity of an NSAID and its degree of biliary excretion have been well 

established (150). NSAIDs such as indomethacin, diclofenac and etodolac, which 

undergo extensive enterohepatic circulation in the rat, produce the most 

profound intestinal injury ( 1 6 - 6 )  Indomethacin produces intestinal 

ulceration more readily than diclofenac (152) and also is excreted in bile to a 

higher degree (162-164). Similar results occur when the intestine is exposed to 

diminished amounts of bile. Fasted rats develop sigruficantly less small 

intestinal injurv than fed rats upon exposure to an NSAID (128,150). Food is a 

major stimulant of bile secretion, therefore, fasting removes the stimulus and 

results in reduced bile secretion (128). 

Although it is now apparent that the presence of both bile and the NSAID 

are required to develop small intestinal injury, it is not known if  a particular 

constituent of bile combines with the NSAID to cause damage. Bile is a complex 

mixture of organic and inorganic solutes. The major organic solutes found in bile 
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are bile acids, phospholipids, cholesterol and bilirubin (166). The inorganic 

solutes in bile mainly consist of cationic (sodium and potassium ions) and 

anionic (chloride and bicarbonate ions) electrolytes (166). In addition, small 

amounts of proteins can often be detected in bile (166,167). Of these constituents, 

only two have been implicated in NSAID-induced small intestinal injury: bile 

acids and tumour necrosis factor-a (144,153,168,169). The bile acids 

taurochenodeoxycholic acid (TCDCA) and ursodeoxycholic acid (UDCA) have 

been found to attenuate indomethacin-induced small intestinal injury (168,169). 

TNF-u has been found to be a constitutive protein in bile of various species (167) 

and inhibitors of its synthesis/function have been demonstrated to sigmficantly 

reduce NSAID-induced small intestinal i n j w  (144,153). However, these studies 

are very preliminary and definitive roles for bile acids and TNF-a have not been 

established. 

Despite the wealth of information implicating bile and the enterohepatic 

circulation of NSAIDs in NSAID-enteropathv, the mechanisms underlying the 

roles of these two factors requires clarification. 

1.5 NSAIDs and Colonic Injury 

NSAIDs have been reported to produce injury to the colon (i.e., de nozJo 

toxicity) and to exacerbate pre-existing colonic inflamrna tion in humans (18,170). 
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The ability of these drugs to cause colonic damage has been reported mainly in 

the form of case reports (18,170-176). NSAIDs produce little or no damage in the 

normal colon of rats (even when the NSAID is administered intracolonically) 

(177), but are capable of markedly exacerbating pre-existing colonic injury 

(1 78,179). 

Initially, NSAIDs were thought to be a therapeutic option for ulcerative 

colitis patients (180-183) because pros taglandin svnthesis is greatly enhanced 

during the active disease state and prostaglandins possess pro-inflammatory 

properties (181,184). It is now generally accepted that the reverse is true. NSAID 

use is detrimental to patients with ulcerative colitis, whether the disease is active 

or in remission. In fact, after Gilat et nl. (183) reported the possible benefits of 

"antiprostaglandin compounds" in the treatment of ulcerative colitis, Campieri 

and colleagues examined the effects of indomethacin in four patients with 

ulcerative colitis and found that indomethacin exacerbated the inflammatory 

condition. These authors tried various doses and drug preparations, but no 

modification improved the safety of indomethacin and the authors finally 

concluded that it was unethical to continue the study. Since the study by 

Campieri et nl. (185), it has become abundantly clear that a variety of NSAlDs are 

capable of perpetuating uicera tive colitis or causing its relapse (18,170,175). Even 

weak inhibitors of prostaglandin synthesis, such as iaminosalic y lic acid (5- 

ASA), are capable of exacerbating ulcerative colitis (186). It has also become 
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accepted that NSAIDs most likely produce their detrimental effects because of 

their ability to suppress prostaglandin synthesis and hence impair an important 

protective mechanism. 

Prostaglandins are also known to exert anti-inflammatory effects (44,187), 

and have been shown to be protective in rodent models of ulcerative colitis (188- 

190). They are also able to protect the colonic mucosa horn other injurious 

agents, such as ethanol and bacterial cell wall polymers (179,191). The 

mechanisms underlying their protective effects most like1 y involves 

immunosuppressive actions of prostaglandins. There are substantial numbers of 

immunocytes within the normal and inflamed colonic mucosa. Mast cells and 

macrophages are thought to act as "alarm cells," becoming activated when they 

encounter antigen that has entered the lamina propria (187,192). Activation is 

associated with the release of a variew of soluble mediators, such as cytokines 

and eicosanoids, which initiate an inflammatory response aimed at defending the 

tissue and limiting the further entry of antigen (187). Of particular importance 

are the production of chemotactic agents, such as leukotrienes, which recruit 

more immune cells to the inflammatorv site and stimulate their activation. 

Neuhophils represent one of the cell types heavily recruited into the lamina 

propria during ulcerative colitis. They have been suggested to play a critical role 

in rodent models of ulcerative colitis (187,193-195). Prostaglandins have been 

demonstrated to downregulate the function/activity of neutrophils, as well as 
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other immune cells. Prostaglandins can prevent the respiratory burst in 

neutrophils and therefore markedlv decrease the release of leukotrienes 

(196,197), superoxide anion (196,198,199), cvtokines (200), as well as inhibit their 

adherence to the vascular endothelium (201,202). Similar effects of 

prostaglandins on macrophages (116,203-205) and mast cells (206,207) have been 

demonstrated. 

The discovery of COX2 has raised new questions as to the role of 

prostaglandins in inflammatory conditions. To reiterate, the current dogma 

holds that COX-I is constitutively expressed in most tissues and is involved in 

maintaining cellular and tissue integrity (i-e., "housekeeping" function), while 

COX-2 is predominantly found during idammation and thought to mediate the 

irdammatory response (for more details and references see Section 1.2). 

Standard NSAIDs, such as diclofenac and indomethacin, are known to inhibit 

both isoforms of cyclooxygenase (208-210). Therefore, they would diminish both 

the pro-inflammatory prostanoids and constitutive prostanoids that protect the 

gastrointestinal mucosa. In theory therefore, an NSAID that was more selective 

for COX-2 should be better tolerated by the gastrointestinal tract, but still possess 

anti-inflammatory actions. Studies examining the effect of selective COX-2 

inhibitors on  pre-existing gastrointestinal inflammation are still scarce, with most 

being conducted in experimental animal models. Most studies have looked a t  

the effect of COX-2 inhibitors on the healing rate of pre-existing gastric ulcers. In 



these studies, COX-2 inhibitors have been found to have no effect on the healing 

rate (211-213) or to retard the rate of healing (211,215). Similar studies have not 

been conducted for the lower intestinal tract. I t  is known that COX-2 is 

expressed in biopsy samples from ulcerative colitis and Crohn's disease patients 

(216). I t  is therefore quite possible that selective COX-2 inhibitors could be a 

potential therapeutic option for IBD patients. COX-2 may be the isoform 

responsible for the production of pro-inflammatory prostanoids and selective 

suppression of these prostanoids may aid in down-regulating the inflammatory 

response. Another scenario would be that the prostanoids produced by COX-2 

are primarily involved in repairing the tissue. If this is the case, inhibition of 

COX-2 may exacerbate the inflammatory condition. The studies demonstrating 

that selective COX-2 inhibitors impaired gastric ulcer healing are suggestive that 

prostaglandins produced by COX-2 plays a beneficial role during some 

inflammatory conditions. Additionally, Gilroy et d. (217) have recently 

demonstrated that COX-2 plays an anti-inflammatory role in a carrageenan- 

induced pleurisy model in the rat. Both the selective COX-2 inhibitor NS398 

and indomethacin exacerbated the inflammatory response. No matter what role 

COX-2 is playing during an inflammatory response in the colon, i t  still requires 

elucidation to determine if selective COX-2 inhibitors are of therapeutic value or 

detrimental in the treatment of IBD. This may become even more important in 

light of the finding that NSAIDs are of benefit in reducing the incidence of 
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colorectal cancer (12,218), since IBD patients are at increased risk of developing 

colon cancer (219). Since the standard NSAIDs are already known to be 

detrimental to IBD patients, the apparent safety profile of the new COX-2 

selective NSAIDs may lead to their use in this subclass of patients. 

1.6 Nitric Oxide-Releasing NSAIDs: Theory, GI Tolerability and Efficacy 

Based on the observations that NO donors could reduce the severity of 

gastric damage in experimental models (120,220), and that inhibitors of NO 

production augmented the gastric damage induced by indomethacin (Zl), 

Wallace and colleagues postulated that the addition of a nitric oxide-releasing 

moiety to NSAIDs could reduce their toxicity in the gastrointestinal tract. The 

nitric oxide-releasing NSAIDs consist of a standard NSAID (e-g., diclofenac) 

linked to a nitroxybutyl group by an ester linkage (see Figure 3.1). Theoretically, 

the NO released from these compounds would maintain gastric mucosal blood 

flow and would suppress leukocyte activation that normally occurs following 

NSAID administration. However, one great concern regarding the utility of such 

an NSAID derivative would be that the derivatization might result in the loss of 

the ability of the drug to suppress COX activity. Suppression of COX activity is 

the key action required for the anti-inflammatory, anti-pyretic, analgesic and 

anti-thrombotic effects of NSAIDs. 



38 

To establish if the NO-NSAXDs possessed reduced ulcerogenic activity, yet 

still retain the ability to suppress prostaglandin synthesis, Wallace et nl. (222,223) 

examined the effects of various NO-NSAIDs and their parent compounds in a rat 

model of acute gastric damage. The parent NSAIDs (flurbiprofen, ketoprofen 

and diclofenac) were found to produce signhcant gastric mucosal damage 

following their oral administration. In contrast, the NO-releasing derivatives 

produced markedly less gastric damage, despite inhibiting the synthesis of PGEz 

in the stomach as effectively as the parent compounds (222,223). 

The acute gastric injury produced in the rat by NSAIDs occurs primarily 

in the corpus region of the stomach and is superficial in nature (i-e., erosive 

damage to the mucosa; does not penetrate the muscularis mucosae). It has been 

argued that these lesions are not truly representative of the chronic, antral ulcers 

observed following long-term NSAID ingestion in man. For this reason, Wallace 

ef nl. (223) also compared the effects of diclofenac and an NO-releasing 

derivative, nitrofenac, in a rabbit antral ulcer model. Repeated administration of 

NSAIDs to rabbits results in the formation of antral ulcers that penetrate to the 

depth of the external muscularis of the stomach (224). Diclofenac was found to 

produce antral ulceration in approximately 80% of the rabbits, while an 

equimolar dose of nitrofenac did not produce any detectable damage (223). 

The mechanism(s) responsible for the gastrointestinal-sparing properties 

of NO-NSAIDs are presumably related to their ability to generate NO. Several 
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lines of evidence support the contention that these compounds release NO. 

These include: 1. diclofenac decreased gastric mucosal blood flow, while 

nibofenac did not produce this effect (223), 2. flurbiprofen, but not NO- 

flurbiprofen, stimulated neutrophil adherence to the vascular endothelium (222), 

3. plasma nitrate/ nitrite levels increased following NO-flurbiprofen 

administration, but not with flurbiprofen (222), 4. release of NO from platelets 

incubated with NO-aspirin, but not with aspirin, could be measured in zftro by 

chemiluminescence (225). As mentioned in Section 1.3, NO is a potent inhibitor 

of neutrophil function and its effects in the circulatory system as a vasodilator 

are well-established (226). Furthermore, both the decrease in gastric mucosal 

blood flow and the adherence of neutrophils to the vascular endothelium 

following NSAID administration are thought to be, in part, attributable to the 

inhibition of prostaglandin svnthesis. Therefore, it is important to note that the 

NO-NSAIDs did not produce these undesirable effects, in spite of their ability to 

suppress COX activity as effectively as their parent compounds. 

NSAIDs are most commonly prescribed for their ability to reduce 

inflammation and pain, and used widely in over-the-counter preparations for 

their anti-pyretic and anti-thrombotic effects. As indicated earlier, the addition 

of the NO-releasing derivative to NSAIDs may alter their ability to produce these 

desirable effects. Therefore, NO-NSAIDs and their parent compounds were 

compared in well-characterized animal models of inflammation (carrageenan- 
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induced paw edema) and analgesia (writhing assays). Carrageenan produces a 

substantial increase in paw volume within hours of its administration (227). 

Pretreatment of rats with an NSAID or an NO-NSAID prior to carrageenan 

resulted in a significant reduction in paw edema (223). Diclofenac and nitrofenac 

were found to have very similar anti-inflammatory activity, which were dose- 

dependent in nature. In terms of analgesia, NO-naproxen possessed significantly 

greater efficacy than naproxen in acetic acid-induced writhing in the mouse 

(228). 

The anti-pyretic activities of diclofenac and nitrofenac were compared 

utilizing a rat model of endotoxin-induced fever (229). Administration of either 

Jiclofenac or nitrofenac rapidly suppressed the increase in body temperature 

induced by lipopolysaccharide (LPS) administration, with no sigruficant 

differences being found between the two compounds (230). Diclofenac and 

nitrofenac were dso found to have similar anti-thrombotic activities in irr zvlro 

models of platelet aggregation (230). However, in an in zizw model of platelet 

aggregation nitrofenac produced a significantly greater reduction in aggregation 

than an equimolar dose of diclfoenac. 



1.7 Objectives 

The core of the dissertation is comprised of 5 major studies. Each study 

has been presented individually in chapters 3 to 7. The broad objectives for these 

studies are as follows: 

1. To characterize a model of diclofenac-induced small intestinal injury in the 

rat. 

2. To determine the intestinal tolerability of a nitric oxide-releasing derivative of 

diclofenac (nitrofenac) in healthy rats and in rats with preexisting colonic 

inflammation. 

3. To assess the relative importance of enteric bacteria, small intestinal 

permeability and bile in the rat model of diclofenac-induced small intestinal 

injury. 

4. To determine the role of tumour necrosis factor* in NSAID-induced small 

intestinal injury. 
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5 .  To establish the presence and role of prostaglandins produced by 

cvclooxygenase-2 in the TNBSinduced model of colitis. 

6 .  To examine the correlation between the degree of suppression of 

prostaglandin synthesis and the exacerbation of TNBSinduced colitis 

through the use of chiral NSAIDs. 



Chapter 2 

GENERAL MATERIALS AND METHODS 

To examine the toxic effects of NSAIDs o n  the intestinal mucosa two distinct 

models were used. The pathogenesis of the de nozo toxicity of NSAIDs was 

studied in healthy rats, while the ability of NSAIDs to exacerbate pre-existing 

inflammation was studied in rats with experimentall y-induced colitis. This 

chapter describes in detail the procedures associated with the induction of 

inflammation in both the small and large intestine and the procedures used to 

measure the degree of the inflammatory response, cyclooxygenase enzyme 

activity and the pharmacokinetics of NSAIDs. Methods and materials that 

pertain to a specific study will be detailed in the appropriate chapter. 

2.1 Animals 

Male, Wistar rats were obtained from Charles River Laboratories (St. 

Constant, QC, Canada). Animals were housed in transparent plastic cages in a 

light-controlled room (12 hour light/dark cycle) and were fed standard 

laboratory chow and tap water ad libittmr. All experiments were approved by the 
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Animal Care Committee of the University of Calgary and were in accordance 

with the guidelines established by the Canadian Council on Animal Care. 

2.2 Induction of Small intestinal Inflammation 

Animals received either Jiclofenac (10 mg/ kg), nitrofenac (15 mg/kg) or 

vehicle orally at 12 hour intervals for a total of 1, 2 or 4 doses. Since nitrofenac 

consists of a diclofenac moieh. and a nitroxvbutyl moiety, a higher dose of this 

compound was given so that an equivalent amount of the NSAID moiety was 

being delivered as in the diclofenac-treated rats. Both test drugs were initially 

solubilized in dimethylsulfoxide (DMSO; final concentration of 5%) and then 

diluted in 0.5% carboxymethylcellulose (CMC). The total volume administered 

was 0.1 mL per 100 g body weight. 

2.3 Assessment of Small Intestinal Macroscopic Damage 

Macroscopic damage was quantified in a lO-cm long section of intestine 

extending proximally from a point 20 cm proximal to the ileocecal junction. The 

rats were sacrificed by cervical dislocation prior to the segment being excised. 

The segment was rinsed with 10 mL of phosphate buffered saline (pH 7.4), then 

filled with 2 mL of Carnoy's fixative (ethano1:chloroform:gIacial acetic acid, 6:3:1) 
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and ligated. The filled loop was then submerged in Carnoy's fixative for 1 hour. 

Intestinal loops were then opened longitudinal1 y along the anti-mesenteric 

border and stapled to a thin cardboard sheet. Each section was coded then 

photographed, and the photographs were used for planimetric determination of 

damaged area, performed by an individual unaware of the treatment the rats had 

received. In order to confirm that what was scored as "damaged" tissue was in 

fact damaged, histological evaluation of the tissues was performed. Samples of 

the fixed tissue were embedded in plastic using a commercially available kit (JB- 

1 embedding kit, Polysciences, Inc., Warrington, PA, USA). Thin sections (1-1.5 

pm) were then stained with a methylene blue/basic fuchsin mixture and 

examined under a light microscope by an observer blind as to the treatment the 

rats had received. 

2.4 Determination of Drug Concentrations by HPLC 

Collection of Serum Samples. Rats were anesthetized with halothane and the 

external jugular vein was isolated through an incision in the neck. An 

indwelling catheter was then inserted into the external jugular vein. The catheter 

consisted of a segment of polyethylene tubing (PE-50; Clay Adams, Parsipany, 

NJ, USA) with a 3 cm segment of Silastie tubing (Dow Coming, Midland, MI, 

USA) attached to one end to aid in anchoring the catheter within the blood 



vessel. The catheter was then tunnelled below the skin and exited on the back of 

the neck. The incision in the neck was closed with suture (3-0 silk; Johnson & 

Johnson, Peterborough, ON, Canada). Rats were allowed to recover from the 

surgery for a minimum of twenty-four hours prior to use. Blood was collected 

from the jugular vein via the indwelling catheter at 0, 1, 2, 4,8, 12 and 24 hours 

following drug administration. Immediately following each collection, serum 

was separated from blood by centrifugation at 9000 g for 4 minutes, then stored 

at -20°C until analysis was performed bv reverse phase high performance liquid 

chromatography (HFLC). 

Collection of Bile Samples. Rats were anesthetized with an intraperitoneal 

injection of SomnotoP (sodium pentobarbital 65 mg/kg). A midline laporatomy 

was then performed and the common bile duct was isolated. A polyethylene 

cannula (PE-10; Clay Adams, Parsipanv, NJ, USA) was then placed in the bile 

duct to allow for the collection of bile. Bile was collected for a period of 1 hour 

and the volume of bile collected was recorded. Samples were stored at -20°C for 

subsequent analysis by HPLC. 

Preparation of HPLC Standards. The internal standard solution was prepared 

by dissolving 10 mg of mefenarnic acid in 100 mL of acetonitrile. Stock solutions 

of diclofenac and nitrofenac were prepared by dissolving 10 mg in 100 mL of 

methanol. Calibration curves were constructed by adding appropriate volumes 

of 1/10 and 1/100 dilutions of stock solutions to yield final standard 
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concentrations of 0.25,0.5,1,5, and 10 pg/mL for serum and 1,5,10,20, 50, and 

100 pg/mL for bile. The stock solutions were wrapped in aluminum foil to 

protect them from light and stored at 4OC. 

Sample Preparation- Following a modified procedure previous1 y described by 

Dusci and Hackett (231), serum and biliary levels of diclofenac and nitrofenac 

were determined by WLC. To a 100 pL sample of serum or bile was added 25 

pL of mefenamic acid and 1 mL of ice cold acetonitrile. Prior to the addition of 

acetonitrile, bile samples were deconjugated by the addition of 25 pL of 2 mol/L 

sodium hydroxide. The bile sample was then neutralized by adding an 

equivalent amount of 2 mol/L hydrochloric acid. Finally, the pH of the sample 

was lowered to approximately 4.5 bv adding 250 PL of 1 mol/L potassium 

phosphate (monobasic). Samples were then centrifuged for 30 minutes at 2000 g 

and the organic layer was transferred to clean glass tubes. The organic layer was 

evaporated to dryness (Speed Vac, Savant Instruments, Holbrook, NY, USA) and 

then reconstituted in 0.5 mL of mobile phase. 

Sample A~ra lysis. A Hewlett Packard 1050 HPLC (Hewlett-Packard Canada Ltd., 

Mississauga, ON, Canada) with a 3 p m  C18 analytical column (HP Spherisorb 

ODs2 250 x 4 mm) was used to analyse samples. The mobile phase consisted of 

acetonihile/0.3% acetic acid (60/10) at a flow rate of 1 mL/min (232). All 

analyses were performed at ambient temperature. The detection wavelength 

used was 275 nrn for diclofenac, nitrofenac and internal standard (233). 
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Diclofenac and nitrofenac concentrations in the samples were determined bv 

interpolation from calibration curves. Plots of the area ratios of the peaks 

corresponding to diclofenac or nitrofenac and mefenamic acid were linear from 

0.25 - 10 pg/rnL and 1 - 100 pg/mL for serum and bile, respectively. The 

interday variation of the calibration curve slope was 2.87% for diclofenac and 

1.30% for nitrofenac. Retention times for diclofenac, mefenamic acid and 

nitrofenac were 5, 8 and 20 minutes, respectively. The limits of detection of 

diclofenac and nitrofenac in serum and bile were 0.25 pg/mL and 1 pg/mL, 

respectively. 

2.5 Induction of CoIonic Inflammation 

Colitis was induced by intracolonic administration of 30 mg of TNBS 

dissolved in 0.5 mL of 50% (vol/voI) ethanol, as described previously (178,234). 

The TNBS/ethanol solution was introduced to the colon by a cannula composed 

of an infant feeding tube (5 Fr.; Mallinckrodt Medical, Inc., St. Louis, MO, USA) 

fitted over 16 gauge needle which had been cut and blunted. The TNBS/ethanol 

solution was instilled at a site 8 cm proximal to the anal sphincter. Rats were 

fully conscious during the induction procedure and care was taken to minimize 

the level of discomfort and stress. 



2.6 Assessment of Colonic Macroscopic Damage 

The rats were sacrificed 3.5 or 14 days following the induction of colitis 

and the distal colon was removed and pinned to a wax block to allow for the 

assessment of macroxopic damage. Macroscopic damage was scored bv an 

observer unaware of the treatment the animals had received and utilized the 

criteria described in Table 2.1. This scoring svstem takes into account the extent 

of ulceration, the thickness of the bowel wall, and the presence or absence of 

diarrhea and adhesions. The maximum thickness of the wall of the distal colon 

was measured using digital calipers. A global colonic damage score was 

calculated by summing the scores for ulceration, maximal wall thickness (in mm) 

and the presence of diarrhea and adhesions (refer to Table 2.1). 

As will become evident in the results section of Chapters 3, 6 and 7, the 

assessment of macroscopic damage at the lCday time point was not always 

possible. Treatment of colitic animals with NSAIDs frequently resulted in 

mortality . For this reason, data are represented as percent survival. Mortality 

was not chosen as the primarv end-point for these studies; rather, it became the 

on1 y feasible parameter with which to compare groups. Mortality 

predominantlv occurred in the latter part of the l-bday study protocol (for 

protocol details see results sections in Chapters 3, 6 and 7) and coincided with a 

time where drug treatment had already been halted. In all studies, animals were 
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regularly checked throughout the day (i-e., 4 times per day) during the two-week 

study period. Animals judged to be moribund were euthanized with an 

overdose of SomnotoP (sodium pentobarbital 65 mg/kg). 

2.7 Measurement of Myeloperoxidase Activity 

Tissue samples were taken from regions of rnacroxopicallp visible 

inflammation for the determination of myeloperoxidase (MPO) activity. MPO is 

an enzyme found primarily in the azurophilic granules of neutrophils, and has 

been used extensively as a biochemical marker of granulocyte infiltration into the 

colon (178,234). Tissue samples were immediately weighed and frozen on dry 

ice. Samples were later stored at - 2 K  for no longer than one week before the 

MPO assay was performed. MPO activity was determined by following a 

modified (178) procedure of Bradlev et nl. (235). Absorbance was measured over 

two 30-second intervals at 450 nm using a Titertek plate scanner (Flow 

Laboratories, Mississauga, ON, Canada). Absorbances were then converted to 

average units of activity per mg of tissue. 



2.8 Measurement of Cyclooxygenase Enzyme Activity 

Whole blood COX-1 activity was measured using the method of Patrono ef 

nl . (236). Under SornnotoP (sodium pentobarbital 65 mg/ kg i-p.) anesthesia, a 

midline laparotomy was performed and 1 mL of blood was withdrawn from the 

descending aorta with a 3 cc syringe fitted with an 18 gauge needle. The blood 

sample was transferred to a glass tube and allowed to stand at 370C for 45 

minutes, after which 10 pg of indomethacin (100 &mL in 1.25% sodium 

bicarbonate solution) was added. The blood was then centrifuged (1000 g for 10 

min) and the serum was collected into Eppendorf tubes and frozen at - 2 K  for 

subsequent determination of thromboxane Bz levels using an enzyme-linked 

immunosorbent assay (Cayman Chemical Company, Ann Arbor, MI, USA). 

2.9 Statistical Analysis 

All data are presented as the mean + SEM. Comparisons between two 

experimental groups were performed using Student's t tests. Comparisons 

among more than two experimental groups were performed using a one-way 

analysis of variance followed by an appropriate post-hoc test (specifics will be 

stated in the individual chapters). An associated probability (p value) of less 

than 5% was considered significant. 



210 Materials 

Diclofenac and mefenarnic acid were obtained from Sigma Chemical 

Company (St. Louis, MO, USA). Nitrofenac was kindly provided by NicOx S.A. 

(Nice, France). Trinitrobenzene sulfonic acid was purchased from Caledon 

Laboratories (Edmonton, AB, Canada). All solvents utilized in the analysis of 

NSAID pharrnacokinetics were of HPLC grade and were obtained from VWR 

Canlab (Edmonton, AB, Canada). The reagents for the measurement of 

thrornboxane were obtained from Cayman Chemical Co. (Ann Arbor, MI, USA). 



Table 2.1. Criteria for the macroscopic scoring of colonic damage. 

Score 

Normal appearance 

Focal hyperemia, no ulcers 

Ulceration without h-yperemia or bowel wall 

thickening 

Ulceration with inflammation at 1 site 3 

Ulceration/ inflammation at 2 or more sites 4 

Major sites of damage extending >I c m  along the 5 

length of the colon 

When an area of damage extended >2 an along 6-10 

the length of the colon, the score is increased by 1 

for each additional cm of involvement 

A dwsiom 

No adhesions 

Minor adhesions (colon can be separated from 

other tissue with Little effort) 

Major adhesions 

D zirrrlm 

No 

Yes 

77zicknuss 

The maximal bowel wall thickness (x), in mm, 

was added to the above score 

plus 

Total Score 



A DICLOFENAC DERIVATIVE WITH MARKEDLY REDUCED 

IJNTESTINAL TOXICITY: STUDIES IN HEALTHY AND COLITIC RATS. 

3.1 Introduction 

Ulceration of the upper gastrointestinal tract is a well documented 

adverse effect of nonsteroidal anti-inflammatory drugs (NSAIDs) (99). In recent 

years, there has been increased attention paid to the small intestinal injury 

caused by NSAIDs, and to the potential of these dmgs to exacerbate 

inflammatory bowel disease. As well as causing small intestinal injury and 

changes in permeability in man (18,237), NSAIDs have been shown to cause 

extensive ulceration and perforation in the small intestine of rats (126,135). 

Moreover, NSAIDs have been shown to exacerbate colitis in the rat (178), leading 

to perforation and death. 

Wallace et nl. have recentlv described the ability of a novel series of 

NSAID derivatives to exert anti-inflammatory and anti-thrombotic actions, and 

to suppress gastric and systemic prostaglandin synthesis, without causing gastric 

injury (222,223). These NSAID derivatives include a nitric oxide-releasing 

moiety similar to that found in many organic nitrates, and the authors proposed 
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that nitric oxide release from these compounds subsequent to absorption exerted 

cytoprotective effects on the gastric mucosa, which prevented the injury 

normally caused by the NSAIDs (222,223). One of these compounds, nitrofenac 

(Figure. 3.1), is a derivative of one of the most widely prescribed NSAIDs, 

diclofenac. Nitrofenac exhibited comparable anti-inflammatory activity to 

Jiclofenac in a carrageenan-induced paw edema model in the rat (23). It was 

not clear from these studies if the NSAID derivatives would exhibit reduced 

intestinal toxicity when administered repeatedly over a longer period of time. 

Thus, the purpose of this studv was to compare intestinal-damaging properties 

of diclofenac versus nitrofenac, given twice-daily for up to two weeks, in both 

healthy rats and rats with TNBEinduced colitis. 



COOH 
I 

Figure 3.1. Structures of diclofenac (Panel A) and nitrofenac (Panel B). 

Nitrofenac is composed of the parent diclofenac moiety and a nitroxybutyl 

moiety. The two moieties are joined by an ester linkage. 



3.2 Methods and Materials 

Studies with Healthy Rats: (a) long-term treatment and intestinal injury. Rats 

(175200 g)  were divided into two groups (n=10 each). The rats received either 

diclofenac 10 mg/kg (s.c.) or nitrofenac 15 mg/kg (s-c.) twice daily for two 

weeks. The compounds were initially dissolved in dimethylsulfoxide (DMSO), 

then diluted in 0.5% carboxymethylcellulose (CMC; final concentration of DMSO 

was 5%). Body weights were recorded every third day. Surviving rats were 

killed 3 h after the final dose and the stomach and small intestine were excised 

for assessment of macroscopic damage. Samples of these tissues were fixed in 

neutral buffered formalin for subsequent histological examination. Initially this 

assessment of damage was to have been performed blindly; however, for reasons 

that will become apparent in the Results section, this could not be done. 

Necropsy was performed on all animals which did not survive the study period. 

S &dies in Heal thy Rats: (b) short-term trea fnrent and intestinu 1 injury. 

Following the procedure stated in Section 2.2, rats (200-250 g) were divided into 

three groups (n=5-12 per group) and were administered vehicle, diclofenac or 

nitrofenac. The rats received a total of 1 ,2  or 4 doses of drug and were sacrificed 

12 hours following the final dose to allow for the assessment of macroscopic 

damage (see Section 2.3). 
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Studies in Healthy Rats: (c) whole blood thromboxane synthesis. In a separate 

experiment, rats weighing 200-250 g were divided into three groups (n=CS per 

group) and received a single oral dose of either vehicle, diclofenac (10 mg/kg) or 

nitrofenac (15 mg/kg). Twelve hours later, the rats were anesthetized and 1 mL 

of blood was obtained for the measurement of thromboxane 8 2  production (see 

Section 2.8). 

Studies zuith Colitic Rats: (a) long-term treatment and colonic injury. Colitis 

was induced in rats (175-200 g) by the intracolonic administration TNBS as 

described in Section 2.5. Colitic rats were distributed into three groups ( ~ 5 - 1 0  

each). The rats were given diclofenac (1,s or 10 mg/ kg), nitrofenac (1 5 , 7 5  or 15 

mg/kg) or vehicle (0.5% CMC; 5% DMSO) subcutaneously 3 hours prior to and 

every 12 hours after the induction of colitis for 7 days. On the ll& day following 

the induction of colitis, the surviving animals were sacrificed and the distal colon 

was excised for macroscopic damage assessment (see Section 2.6). 

Studies zuith Colitic Rats: (b) myeloperoxidase activity. Tissue samples (-100 

mg) were taken from regions of macroscopically visible inflammation for the 

determination of myeloperoxidase (MPO) activity. MPO activity was 

determined following the method outlined in Section 2.7. 

Studies in Colitic Rats: (c) colonic prostaglandin synthesis. Rats (1 75-200 g) 

were distributed into three groups (n=5 each) and received either vehicle, 

diclofenac or nitrofenac subcutaneously 3 hours prior to the induction of colitis 
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and every 12 hours thereafter for 3.5 days (i-e. a total of 7 doses). The doses of 

each compound used were the same as in the studies described above. Six hours 

after the final dose, the rats were sacrificed and the distal colon was removed to 

obtain a tissue sample. A sample (-100 mg) was taken from an area of 

macroscopically visible inflammation. The tissue sample was weighed, placed 

into an Eppendorf tube containing 1 mL of 10 mmoi/ L sodium phosphate buffer 

(pH 7.4), minced with scissors for 15 seconds, then incubated for 20 minutes in a 

shaking water bath (37K). The samples were then centrifuged at 9 000 g for 30 

seconds, and the supernatants were frozen on dry ice for subsequent 

determination of prostaglandin € 2  concentrations using a commercially available 

enzyme-linked irnrnunosorbent assay (Cedarlane Laboratories, Homby, 

Ontario). 

Statistical Analysis. Groups of data were compared using an analysis of 

variance and the Student-Newman-Keuls test. 



3.3 Results 

Shdies wi th  Healthy Rats: (a) long-term treatment and intestinal injury. 

Twice-daily administration of 10 mg/kg diclofenac resulted in the death of all 10 

rats prior to the completion of the two week study (Figure 3.2). All deaths 

occurred between days 6 and 8 of the study. Necropsy revealed perforation of 

the small bowel and adhesions between the small intestine and various 

splanchnic organs. Rats treated with diclofenac lost weight over the period of 

treatment, with a mean loss by day 7 of 19 & 5 g (Figure 3.3). Nitrofenac 

administration at 15 mg/ kg twice-daily did not result in any mortality over the 

two-week study period (Figure 3.2). These rats gained weight at a steady rate: 

initial mean body weight was 169.4 f 5.4 g, while final mean body weight was 

246.9 + 9.2 g (Figure 3.3). Small intestinal or gastric ulceration was not observed 

in any of the nitrofenac-treated rats, but 3 of the 10 rats exhibited diffuse 

h y peremia in the small intestine, which histological examination revealed to be 

superficial vasocongestion. 

Studies in Healthy Rats: (6) short- term treatment and intestinal in ju y. A single 

administration of diclofenac or nitrofenac did not cause macroscopically 

detectable damage in the small intestine. However, when the intestines of rats 

given two doses of diclofenac were examined, ulceration along the mesenteric 

border was evident (Figure 3.1, Panel A). These ulcers were focal in nature, and 
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histological examination confirmed that they penetrated through the full 

thickness of the mucosa to the muxularis extema (Figure 3.4, Panel B). The 

extent of damage in rats treated with two doses of diclofenac averaged 

approximately 1.5% of the total surface area (p<0.05; Figure 3.5). Following four 

closes of diclofenac, the mean ulcer area had increased to greater than 3% of the 

total surface area (p<0.01). Treatment with nitrofenac did not cause sigruficant 

ulceration after either two or four doses (Figure 3.5). The absence of damage 

with nitrofenac was confirmed histologically. 

Studies in Healthy Rats: (c) whole blood thromboxane synthesis. Figure 3.6 

shows the ability of diclofenac and nitrofenac to inhibit cyclooxygenase activity. 

Both compounds produced a sigruficant reduction in platelet thromboxane B2 

production. Rats treated with either diclofenac or nitrofenac generated 

approximately SO% less thromboxane when compared to rats treated with 

vehicle (pC0.05). Furthermore, this inhibition of cvclooxygenase activity was 

evident 12 hours after the administration of the drugs. 

Shdies with Colitic Rats: (a) long-term freahnent and colonic injrr y. As 

previously described in detail (234), intracolonic administration of TNBS resulted 

in extensive colonic ulceration and inflammation. All 10 of the colitic rats treated 

twice-daily with vehicle (0.5% CMC; 5% DMSO) survived the two-week study 

period (Fig. 3.7) and had a mean colonic damage score of 6.4 f 0.9. Twice-daily 

administration of diclofenac to colitic rats resulted in a high mortality rate, with 
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the majoritv of the rats dying prior to completion of the study. The survival rate 

in the rats heated with the 1 mg/kg dose of diclofenac was 71.4%, with the 

surviving rats having a mean colonic damage score of 9.49 k 1.86 (not 

sigruficantly different from vehicle-treated colitic rats). Only 1 of the 7 rats 

treated with diclofenac at 5 mg/kg survived until the end of the study (Fig. 3.7). 

All of the colitic rats treated with diclofenac at 10 mg/ kg died before completion 

of the study. Necropsy revealed perforation of the colon to be the most common 

cause of death, with massive adhesions between the intestine and other 

splanchnic organs frequently observed. 

Treatment of colitic rats with nitrofenac at 1.5 or 7.5 mg/kg did not result 

in any mortalitv, while at the highest dose (15 mg/ kg) 2 of the 6 rats (33.3%) died 

befrore completion of the study (Fig. 3.7). The mean colonic damage scores for 

the rats treated with nitrofenac at 1.5, 7.5. and 19 mg/ kg were 6.1 f 1.0, 8.2 f 1.4 

and 7.2 f 2.2, respectively. These damage scores did not differ significantly from 

those of the vehicle-treated colitic rats or the 1 mg/kg diclofenac group (the other 

diclofenac groups had an insufficient number of surviving rats to perform 

statistical analysis). 

Vehicle-treated colitic rats and those treated with nitrofenac or the I 

mg/kg dose of diclofenac exhibited similar rates of body weight gain over the 

course of the study (Fig. 3.8). Following induction of colitis there was a brief 

period (2-3 days) of weight loss, followed by a steady increase in body weight for 
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the remainder of the study period. In contrast, rats treated with the higher two 

doses of diclofenac exhibited a steadv loss of weight until death occurred (Fig. 

3.8). 

Studies in Colitic Rats: (b) myeloperoxidase activity. All groups of colitic rats 

had significantly elevated colonic MFO activity compared to those in healthy 

controls. Thus, the mean colonic MPO activity in colitic rats treated with vehicle 

was 65.6 k 12.3 U/mg, sigruficantly greater than in healthy rats (3.4 f 0.8 U/mg; 

pc0.01). Treatment of colitic rats with nitrofenac at 1.5 mg/kg sigruficantly 

reduced the colitic MPO activiw when compared to a comparable dose (1 

mg/kg) of diclofenac (35.3 k 14.9 U/mg versus 89.8 & 15.7 U/mg, respectively; 

p=0.036). Comparisons amoung the remaining groups were not possible due to 

the small number of rats surviving until the end of the study. 

Strcdies bi Colitic Rats: (c) colonic prostaglandin sy~rthesis. Figure 3.9 shows the 

effect of treatment with diclofenac and nitrofenac on colonic PGEz synthesis. 

Prostaglandin Ez synthesis in rats receiving the vehicle averaged 1889 + 392 

pg/mg tissue. Both compounds produced a dose-dependent decrease in 

prostaglandin synthesis. Prostaglandin synthesis was significantly inhibited 

(pc0.01) by both drugs at all doses tested, but there were no sigruficant 

differences between the levels of suppression achieved with corresponding doses 

of diclofenac and nitrofenac. 



Time (days) 

Figure 3.2. Effect of twice-daily treatment with diclofenac or nitrofmac on the 

sitmival of healthy rats. Rats (n=10 per group) received orally either diclofenac 

(10 mg/kg) or  nitrofenac (15 mg/kg) at 12 hour intervals over a 14 day period. 



Time (Days) 

Figure 3.3. Changes in body zueight in healthy rats treated twice-daily with 

diclofeiac or nitrofenac. Rats (n=10 per group) received either diclofenac (10 

mg/kg) or nitrofenac (15 mg/kg) orally at 12 hour intervals over a 14 day period. 



Figure 3.4. PPho togrnp kic and histological represents tion of the ulcera ti011 

produced by diclofenac administration in the small intestine of a healthy rat. 

Panel A depicts a 10 cm section of ileum obtained from a rat which had been 

orally gavaged with 2 doses of diclofenac (10 mg/kg). Ulcers were focal in 

nature and appeared along the anti-mesenteric border. Panel I3 confirms 

histologically that the damage seen in panel A are true ulcers. Ulceration 

extended through the mucosa to the level of the muscularis externa. 
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Figure 3.5. Effect of the number of doses of diclofewac or nitrofenac on small 

brtestinal nracroscopic damage. Damage was assessed in 10 cm sections of ileum 

taken 12 hour following the final dose of test drug. Data are expressed as the 

percent area of ulceration for the 10 cm section and was determined by 

computerized planimetry. Significance: * pe0.05, * p<0.01 versus vehicle-treated 

group- 
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Figure 3.6. Effect of diclofetrac and ritrofmac on platelet tlrromboxane 

synthesis in healthy rats. Rats (n=1-5 per group) received a single orally dose of 

diclofenac (10 mg/kg) or nihofenac (15 mg/kg). Twelve hours following drug 

administration, whole blood thromboxane Br synthesis was determined. 

Significance: * pcO.05 versus vehicle-treated group. 
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Figure 3.7. Eflect of twice-daily dosing wi th  diclofmac (Panel A) or nitrofetzuc 

(Panel B) on the survival of rats with TNBS-induced colitis. Colitis was induced 

on day I and rats were administered the test drugs on days 1 through 7. 
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Figure 3.8. Eflect of twice-daily dosing with diclofenac (Panel A) or ritrofenac 

(Pa~rel B) o n  clzanges in body weight of rats with TNBS-induced colitis. Colitis 

was induced on day 1 and rats were administered the test drugs on days 1 

through 7. 
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Figure 3.9. E#ects of twice-daily dosing zuitli diclofenac or ttitrofenac on colonic 

prostaglandin E2 synthesis. Colitis was induced in rats by the intracolonic 

administration of TNBS. Rats were treated for 3.5 days (total of 7 doses) with 

diclofenac or nitrofenac following the induction of colitis. Six hours following 

the final dose, colonic tissue was obtained from an area of macroscopically 

visible idammation and the capacity of the tissue to produce prostaglandin E2 

was determined. Sigruficance: p<0.01 versus vehicle-treated group. Differences 

between the diclofenac and nitrofenac groups were not sigruficant at ail doses 

tested. 



3.4 Discussion 

In the present study, it has been confirmed that diclofenac produces 

sigruficant small intestinal injury in the rat. Small intestinal damage was seen 

following 2 doses of diclofenac and was characterized bv focal ulcers along the 

mesenteric border. Continued twice-dailv dosing with diclofenac at 10 mg/kg 

resulted in the death of all ten rats after 6-8 days of treatment. On the other 

hand, nitrofenac, which is a diclofenac derivative that includes a nitric oxide- 

releasing moiety similar to that found in many organic nitrates (238), did not 

produce significant small intestinal injury, o r  cause mortality over a two-week 

period of twice-daily dosing. 

As well as causing small intestinal injury, NSAIDs can exacerbate 

inflammation and ulceration in the large intestine. There have been numerous 

clinical reports of exacerbation of inflammatory bowel disease by NSAIDs, and it 

has been previously demonstrated that indomethacin and naproxen exacerbated 

experimental colitis in the rat (178). In the present study, administration of 

diclofenac, like these other NSAIDs, resulted in death as a consequence of colonic 

perforation. Nihofenac was again found to be better tolerated in the colitic rats, 

with no mortality or exacerbation of colitis observed with the 1.5 or 7.5 mg/kg 

doses. With the highest dose tested (15 mg/kg), one third of rats died prior to 
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completion of the study, a rate of mortality similar to that observed with the 1 

mg/ kg dose of diclofenac. 

The ability of NSAIDs to induce small intestinal injuw has been well 

documented both clinically (18,237) and experimentally (126,135), although the 

mechanism through which these agents produce the injurv remains unclear. 

There is strong evidence for a contribution of luminal bacteria to the 

development of small intestinal injurv (121,125), and it has been suggested that 

some NSAIDs in combination with bile can exert cytotoxic effects on intestinal 

enterocytes (126). It is not clear through what mechanism nitrofenac spares the 

intestine of injury, since it has been shown in previous studies to retain the 

ability of the parent NSAID to inhibit prostaglandin synthesis and suppress 

inflammation (223). In the present study, the abiliw of nitrofenac to suppress 

platelet thromboxane synthesis and colonic prostaglandin synthesis was 

confirmed. In addition, it was found that diclofenac and nitrofenac suppressed 

platelet thromboxane synthesis to a comparable extent 12 hours after their 

administration, an d in z7ih.o studies have demonstrated that diclofenac and 

nitrofenac are equipotent as inhibitors of cyclooxygenase 1 and 2 (239). This 

latter observation suggests that nitrofenac is not a prodrug. It is conceivable 

that the topical irritant properties of the compound were reduced by the 

substitution of a nitroxybutyl moiety at the carboxylic acid residue. On the other 

hand, it is also possible that the generation of nitric oxide subsequent to the 
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absorption of nitrofenac reduced the injury normdl y caused by the diclofenac 

moiety. Nitric oxide has been shown to reduce intestinal permeability (240) and 

to be capable of protecting the intestinal epithelium and microcirculation in 

endotoxic shock (241). Further studies are required to clarify the mechanism 

responsible for the intestine-sparing properties of nitrofenac. 

In summary, nitrofenac is a novel NSAID derivative previously shown to 

spare the gastric mucosa, while still exerting anti-inflammatory and anti- 

thrombotic actions. The present study demonstrates that even with twice-daily 

administration for two weeks, nitrofenac does not cause sigruficant intestinal 

injury in healthy rats. In rats with colitis, nitrofenac was signihcantly better 

tolerated than diclofenac. Whether the intestine-sparing characteristics of 

nitrofenac are attributable to its abilitv to generate nitric oxide or to the other 

properties of this compound remains to be determined. 



Chapter 4 

DICLOFENAC-INDUCED SMALL INTESTINAL INJURY IN RATS: ROLE 

OF EPITHELIAL PERMEABILITY, ENTERIC BACTERIA AND 

ENTEROHEPATIC CIRCULATION 

4.1 Introduction 

Over the past decade, there has been increasing recognition of the 

damaging effects of NSAIDs on more distal regions of the small intestine. In this 

regard, the clinical consequences of NSAID use include reduced hematocrit, 

elevated epithelial permeability and, in a small percentage of NSAID users, small 

intestinal "diaphragm-like" strictures (18,242,243). While the clinical impact of 

this damage is not fully appreciated, and indeed, difficult to quantify, NSAID- 

induced elevations in small intestinal permeability have been suggested to 

contribute to the pathogenesis of, and/or morbidity associated with a number of 

inflammatory disorders, including rheumatoid arthritis and Crohn's disease 

(l8,2U,245). 

A number of factors have been implicated in the pathogenesis of NSAID- 

enteropathy, including impaired epithelial barrier function (ID), bile (126,128), 

luminal bacteria (124423, and enterohepatic circulation of the MAID (129). It 
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remains unclear which of these factors are primary versus secondary in the 

pathogenesis of NSAID-enteropathv. Moreover, there remains no clear 

consensus on the importance of the suppression of prostaglandin synthesis by 

NSAIDs to the pathogenesis of small intestinal injury caused by these agents 

(100,123,127,135,246). Part of the reason for the poor understanding of the 

relative importance of each of these factors is the difficulty in designing 

appropriate experiments to isolate any single factor. For example, ligation of the 

bile duct has been shown to greatly reduce the abilih. of NSAIDs to cause small 

intestinal damage in the rat (129), but it is not clear if this is attributable to the 

removal of bile as a potentially damaging factor, alone or in combination with 

the NSAID, or if it is due to impairment of enterohepatic circulation of the 

NSAID. Similarly, the role of bacteria in the pathogenesis of NSAID-enteropathy 

has been investigated through the use of antibiotics such as metronidazole 

(126,127,247), but questions have been raised as to whether the reduction of 

damage with these agents are attributable to their antimicrobial effects or to its 

free radical scavenging or anti-inflammatory properties (1 26,127). 

Wallace et d. (222,223) recently described a series of NSAID derivatives 

that have greatly reduced damaging effects in the stomach and intestine, despite 

inhibiting prostaglandin synthesis in these tissues to the same extent as the 

parent compounds. These "NO-NSAIDs", so named because they consist of an 

NSAID with an attached nitric oxide-releasing moiety, also show equivalent 
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inhibitory effects on cykooxygenase types 1 and 2 in in ritro preparations (239). 

Moreover, nitrofenac and diclofenac exhibit comparable anti-inflammatorv (223) 

and anti-py retic activities (230). Given that the NO-NSAID nitrofenac has 

structural similarity to its parent NSAID, diclofenac, as well as similarities in 

terms of biological activity, but does not cause small intestinal damage (see 

Chapter 3), it was postulated that it would be a very useful tool to evaluate the 

roles of a number of factors implicated in the pathogenesis of NSAID- 

enteropathy. Specifically, this chapter will attempt to determine the relative 

importance of changes in epithelial permeability, enteric bacterial load and 

enterohepatic circulation in the pathogenesis of NSAID-induced small intestinal 

injury. 



4.2 Methods and Materials 

Treatment Protocol. Male, Wistar rats (200-250 g) received either diclofenac (10 

mg/kg), nibofenac (15 mg/kg; equimolar dose) or vehicle orally at 12 hour 

intervals for a total of 1, 2 or 1 doses (n=bll  per group). Both test drugs were 

initiallv solubilized in dimethylsulfoxide (DMSO) and then diluted in 0.5% 

carbox~methyIcellulose (final concentration of 5% DMSO). The total volume 

administered was 0.1 mL per 100 g body weight. Except where noted, all 

assessments described below were performed 12 hours after the final dose of the 

test drugs. 

Epithelial Permeability. Epithelial permeability was assessed by measuring 

urinary excretion of jlCr-EDTA (EDTA = ethylenediaminetetraacetic acid) 

following its oral administration. Animals received either diclofenac, nitrofenac 

or vehicle as described above. Fifteen minutes following the final administration 

of the test drugs or vehicle, the rats were given 100 ~tCi of Wr-EDTA (in 0.75 mL 

distilled water) by orogastric gavage, and were then placed into metabolic cages. 

Urine was collected for the following 12 hour period. Animals were allowed 

access to tap water but not food during the collection period. The level of 

radioactivity in the urine samples was then determined by counting on a gamma 

spectrometer (Wallac, Finland). Data are expressed as fractional excretion of the 
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radioactive marker, since the total amount of radioactive marker that had been 

administered was known. 

To determine the relative contribution of changes in gastric permeability 

to any observed change in Tr-EDTA absorption, a separate series of 

experiments were performed in which the radioactive marker was administered 

intraduodenallv. Rats were divided into 3 groups (n=-1-6) and received a single 

oral dose of either diclofenac (10 mg/kg), nitrofenac (15 mg/kg) or vehicle. 

Fifteen minutes following the administration of test drug or vehicle, the rats were 

anesthetized with halothane, a laparotomy was performed and the duodenum 

was exteriorized. jKr-EDTA (100 pCi in 0.25 mL sterile saline) was injected into 

the proximal duodenum via a 30 gauge needle. The duodenum was then 

carefully returned into the peritoneal cavity and the incision was closed. The rats 

were allowed to recover from the anesthetic and were then placed into metabolic 

cages. Urine was collected for the following 12 hour period and analyzed as 

described above. 

Enteric Bacte-1 Numbers. Twelve hours following the final dose, rats were 

sacrificed by cervical dislocation and a laparotomy was performed using aseptic 

technique. Tissue samples (-300 mg) were obtained from the ileum 

(approximately 10-15 cm proximal to the ileocecal junction), placed into tubes 

containing sterile phosphate buffered saline (pH 7-43 and weighed. This region 

was studied because in pilot studies it was found to be the most consistent region 
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of ulcer development following NSAID administration. In some experiments, 

tissue samples were also taken from the cecum and from the proximal jejunum 

for assessment of enteric bacterial numbers. The tissues were then homogenized 

(Polytron homogenizer, Brinkmam Instruments, Rexdale, ON, Canada) and 

plated onto blood agar, MacConkey agar or trypiticase soy agar (BBL media). 

Blood agar plates were incubated for 48 hours in a standard anaerobic chamber. 

MacConkey agar and trypticase sov agar plates were incubated at 37YC for 24 

hours under aerobic conditions. Plates containing between 20-200 colony 

forming units were analvzed to determine enteric bacterial numbers. 

In a separate group of animals (n=5 per group), the effects of aspirin (100 

mg/kg) and nabumetone (75 mg/kg) on enteric flora were determined. Rats 

received either vehicle, aspirin or nabumetone every 12 hours for a total of 1 

doses. Twelve hours following the final administration of the test drug or 

vehicle animals were sacrificed and a tissue sample was collected aseptically 

from the ileum region. Tissue samples were processed and analyzed as 

described above. These doses of nabumetone and aspirin were selected because 

they have been shown to exert anti-inflammatory effects in previous studies, and 

are in the range necessary for suppression of gastrointestinal prostaglandin 

synthesis (112,248). 

Gastric Acid Secretion. Effects of the test drugs on enteric bacterial numbers 

could be attributable to effects on gastric acid secretion. To determine whether 
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or not the test drugs affected gastric acid secretion, rats were deprived of food, 

but not water for 18 hours after either a single or multiple (4 doses) 

administration of diclofenac (10 mg/ kg), nitrofenac (15 mg/kg) or vehicle (n=5-7 

per group). Three hours after the final dose of test drug or vehicle, the rats were 

anesthetised with urethane (25% v/v; 6 mL/kg) and the pylorus was ligated. 

Two hours later the animals were sacrificed by cervical dislocation and the 

esophagus was clamped prior to excising the stomach. The contents of the 

stomach were drained into test tubes and the volume of fluid was recorded. 

Acid content was determined by back titration with sodium hydroxide (10 mM 

NaOH) using an automated titrator (Brinkmann Instruments, Rexdale, ON, 

Canada). 

Bile Flow Rates. The dosing protocol was identical to that in the gastric acid 

secretion studies. Two hours after the final dose of test drugs or vehicle, rats 

(n=4-5 per group) were anesthetized with SornnotoP (sodium pentobarbital 65 

mg/kg i.p.) and bile was collected for the following hour (see Section 2.4). The 

volume collected was determined gravimetrically (denistv of bile -1.0 g/mL). 

The bile samples were stored at -20°C for subsequent drug analysis (see below). 

Small Intestinal Transit. Following a modified procedure of Chin el RZ. (219), 

small intestinal transit was determined using the radioactive marker sodium 

chromate (NaPCr04). The dosing protocol was identical to that used in the 

gastric acid secretion and bile flow rate experiments. Forty-five minutes prior to 
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sacrifice, rats received the transit marker, which consisted of 5 pCi NaPCrOa 2 

mL of liquid replacement meal (BoosP, Mead Johnson Canada, Belleville, ON). 

Rats (n=4 per group) were sacrificed with an overdose of SomnotoP (sodium 

pentobarbital 65 mg/kg i-p.) 3 hours after the final dose of vehicle or test drug. 

A midline laporatomy was performed and ligatures were placed at the lower 

esophageal sphincter, pyloric sphincter, ileocecal junction, cecal-colonic junction 

and the rectum. The digestive tract was then removed and the small intestine 

was divided into 16 equal sections of approximately 4 cm in length. Each portion 

of the gut was then placed into a scintillation vial and the amount of 

radioactivity in each portion was determined by counting on a gamma 

spectrometer. The extent of transit was expressed as the geometric centre. The 

geometric centre identifies the distribution of radioactivity by segment number 

and therefore, has no units. The geometric centre was calculated using the 

following equation: 

Geometric Centre = X(Counts per segment x segment No.) 
Total Counts in Intestine 

Phannacokiwetic Studies. Rats (n=5 per group) received a single oral dose of 

either diclofenac, nitrofenac or vehicle at the doses stated previously. Blood was 

collected from the jugular vein via an indwelling catheter at various times over 
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the following 24 hours (see Section 2.4). Bile samples collected during bile flow 

rate experiments were used to determine the concentrations of diclofenac and 

nitrofenac in bile. Samples were stored at -20°C until analysis was performed. 

The serum and bile samples were analvzed using reverse-phase HPLC. 

The procedures used for the preparation of samples and standards, as well as the 

conditions of analysis are described in %tion 2.4. 

Statistical Analysis. Comparisons among experimental groups were performed 

using a one-way analysis of variance followed by a Student-Newman-Keuls 

post-hoc test. 

Ma teria 1s. Aspirin and nabumetone were obtained from Sigma Chemical 

Company (St. Louis, MO). jlCr-EDTA and 51Cr-sodiun~ chromate were 

purchased from DuPont Canada Inc. (Mississauga, ON). Materials used in the 

p harmaco kinetic studies were detailed in Section 2.10. 



4.3 Results 

Epithelial Permeability. The fractional excretion of orally administered jlCr- 

EDTA in vehicle-treated rats averaged approximately 3 %. A single 

administration of diclofenac or nitrofenac resulted in significant increases in jlCr- 

EDTA excretion, indicative of elevated gastrointestinal permeability (Figure 4.1). 

The elevation in STr-EDTA excretion did not differ between diclofenac and 

nitrofenac after a single dose. However, following two or four doses, jlCr-EDTA 

excretion progressively increased in the diclofenac-treated rats, while no further 

increase was observed in the nitrofenac-treated rats. Following four doses of 

diclofenac, SlCr-EDTA excretion had increased to approximately 10-fold the 

levels seen in control rats (Figure 4.1). =Kr-EDTA excretion in nitrofenac-treated 

rats after two or four doses was sigruficantly lower than that observed in the 

diclofenac group. 

Intraduodenal administration of "Cr-EDTA following a single dose of 

diclofenac or nitrofenac resulted in similar results to those obtained following 

oral adminisha tion of the permeability marker (Table 1.1). These results indicate 

that the permeability change detected by orally administered Tr-EDTA 

occurred distal to the pylorus. 

Enteric Bacterial Counts. In vehicle-treated rats, the numbers of total gram 

negative bacteria within the lumen varied from -lW CFU/g in the proximal 
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jejunum and ileum to -106 CFU/g in the cecum. A single administration of 

diclofenac did not signihcantly affect gram negative bacterial numbers compared 

to the vehicle-treated control g o u p  (Figure 4.2). However, following two or four 

doses of diclofenac, gram negative bacterial numbers increased sigruhcantly. 

After two doses of diclofenac, bacterial counts in the ileum had increased by 

approximately 100-fold, while after four doses an increase of approximately 

10,000-fold was observed (Figure 4.2). Similar increases in numbers of gram 

negative bacteria were observed in the proximal jejunum and cecum (data not 

shown). In contrast, nitrofenac administration (up to four doses) had no effect on 

enteric gram negative bacterial numbers (Figure 4.2). 

Anaerobic bacterial numbers within the ileum were not sigruf icantl y 

affected by treatment with diclofenac or nitrofenac. For example, following four 

doses of diclofenac and nitrofenac, the mean anaerobic bacterial counts were 1.79 

x lo9 (k 8.4 x 108) and 3.0 x 108 (k 1.2 x 108) CFU/g, respectively. These did not 

differ significantly from the 5.6 x 109 (+ 1.7 x 105) CFU/g observed in vehicle- 

treated rats. 

Among the possible mechanisms that could account for diclofenac- 

induced increases in enteric gram negative bacterial numbers are decreased 

gastric acid secretion, decreased bile secretion and decreased small intestinal 

transit, since each of these can act as endogenous bactericidal/bacteristatic 

mechanisms. However, as shown in Table 4.2, neither diclofenac nor nitrofenac 
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significantly affected rates of gastric acid secretion, bile flow or small intestinal 

transit. 

Plrannacokinetics. Diclofenac was detectable in bile at concentrations averaging 

approximately 26 pg/ mL two hours following its oral administra lion (Figure 

4.3). When similar measurements were carried out on bile collected 2 hours after 

a fourth dose of diclofenac, the average concentration in bile was approximately 

36 pg/mL (Figure 4.3). Following oral administration of nitrofenac, this 

compound was undetectable in bile. Even after four doses of nitrofenac, the 

intact compound was not detectable in bile. However, diclofenac was detectable 

in bile at concentrations of approximatelv 6-9 pg/mL following one or four doses 

of nitrofenac. 

Marked differences in the pharrnacokinetics of diclofenac and nitrofenac 

were also evident when serum samples were subjected to HPLC analysis of the 

levels of these compounds. As shown in Figure 4.4 (Panel B), oral administration 

of diclofenac resulted in a rapid increase in serum levels of this compound, 

reaching a maximum at 1 h and declining thereafter. By 12 h after 

administration, diclofenac levels in serum were almost undetectable. In sharp 

contrast, oral administration of nitrofenac resulted in rapid increases in plasma 

levels of nitrofenac itself, with only very small amounts of diclofenac being 

detected (Figure 4.4, Panel A). Nitrofenac was still detectable in serum 24 hours 

after its administration. 
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EJIects of Aspirin and Nuburnetone. Neither aspirin nor nabumetone caused 

detectable small intestinal damage when administered up to four times to rats. 

Moreover, these drugs had no effect on ileal gram negative bacterial counts 

(Table 4.3). 



Table 4.1. Effects of route of administration of j1Cr-EDTA on the measurement 

of epithelial permeability following diclofmac and nitrofmac administration. 

Fractional Excretion (%) 

Treatment 

Vehicle 

Oral =Cr-EDTA 

Data are presented as the mean + SEM, with 4 to 6 rats per group. There were no 

significant differences between the fractional excretion of "Cr-EDTA following 

oral versus intraduodenal administration. Sigruficance: *p<0.05 compared to the 

correponding vehicle-treated group. 

Intraduodenal Wr-EDTA 
1 

17.19 + 2.68* Diclofenac 

Ni trofenac 

2.90 + 0.30 

13.81 + 3.60" 

5.48 + 0.91 

10.72 k 1-80" 

I 

13.44 + 1.54" 



Table 4.2. Efiects of diclofmac and nitrofenac on gastric acid secretion, bile 

flow and small intestinal transit. 

I Treatment I Gastric~cid 

I (number of doses) I Secretion 

L 
I 

Vehicle 

Diclofenac 

20.61 + 5.78 

18.89 k 4.80 

(1) 

Nitrofenac 22.525 t 4.40 

DicIofenac 

Transit 

(Geometric Centre) 

18.75 -t 8.84 

(4) 

Nitrofenac 

There were no sigruficant effects of treatment with diclofenac or nitrofenac, 

versus vehicle, in terms of gastric acid secretion, bile flow rates or small intestinal 

transit. 

14.27 + 4.90 



TABLE 4.3. Eflects of aspirin and nabumetone on intestinal ulcertation and 

Grant negative entetir bacterial numbm. 

Treatment 

Extent of Intestinal / Gram Neg. Enteric 

Ulceration 

I Diclofenac 

Vehicle 

1 Nabumetone 

O + O  

Aspirin 

Intestinal ulceration is expressed as the percent of the total surface area of a 10 

cm long segment of ileum exhibiting macroscopically detectable ulceration. 

Enteric aerobic bacterial counts were performed by culturing homogenates of the 

ileal region, with results expressed as the log of the number of colony forming 

units (CFU) per gram of tissue. The test drugs were administered at 12 hour 

intervals, and the tissues were examined 12 h after the 4th dose. Each group 

consisted of 5 rats. Sigruficance: *p<O.Ol, -p<0.001 compared to the vehicle- 

heated group. 
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Figure 4.1. Effect of diclojmac and nitrofenac on epithelial permeability in 

healthy rats. Changes in intestinal permeability were measured by urinary 

excretion of jTr-EDTA following its oral administration. Sigruficance: *p<0.05, 

6 *p<0.01 compared to the vehicle-treated rats. pC0.05 compared to the 

diclofenac-treated group. Each group consisted of 4-6 rats. 



Number of Doses 

Figure 4.2. Eflect ofdiclofenac and nitrofennc on gram segative enteric bacterial 

wmbers in the ileum region of the small intestine in healthy rats. The number 

of Gram negative bacteria in the ileum was determined 12 hours following 1-4 

doses of diclofenac or nitrofenac. Results are expressed as the log of the number 

of colony forming units (CFU) per gram of tissue. Significance: -p<0.001 

compared to the vehicle-treated group. Each group consisted of at least 5 rats. 



Figure 4.3. Concentration of diclofenac in bile of healthy rats treated orally 

with either diclofenac or nitrofenac. Rats (n=5 per group) were treated with 

either a single or multiple (4 doses) oral administrations of diclofenac (10 mg/kg) 

or nitrofenac (15 mg/kg). Three hours following the final dose of drug, biliary 

concentration of diclofenac was determined by HPLC. Significance: *p<0.05 

compared to the diclofenac-treated group. 
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Figure 4.4. Concentration of diclofmac and nitrofenac itr serum of ltealtliy rats 

at  various times following drug administration. Panel A shows serum 

diclofenac and nitrofenac levels following oral administration of nitrofenac (15 

mg/ kg). Panel B shows serum levels of diclofenac following oral administration 

of this compound (10 mg/kg). Each group consisted of 5 rats. 



4.4 Discussion 

A relationship between the enterohepatic circulation of the NSAID 

flufenamic acid, and its ability to cause intestinal damage in the rat, was 

previously suggested by Wax et nl. (129). Changes in enteric bacterial numbers in 

rats receiving NSAIDs have also previouslv been described (125,126). Together 

with the observations that certain antibiotics could reduce the severity of NSAID- 

induced enteropathy in rats (125-127), and that germ-free rats were sigruficantly 

less susceptible to NSAID-induced small intestinal injury (124), these 

observations suggested a key role for enteric bacteria in the pathogenesis of this 

injury. Changes in intestinal permeability following NSAID administration have 

also been extensively characterized and have been suggested to be of primary 

importance in the production of more pervasive mucosal injury (123). The 

mechanism responsible for the permeability alterations, and whether or not these 

changes occur prior to or subsequent to the changes in enteric bacterial counts, 

have not previousiy been examined. The results of the present study suggest 

that: 1. enterohepatic circulation of an NSAID is of paramount importance to its 

ability to produce small intestinal damage; 2. early changes in permeability do 

not necessarily translate into sigruficant mucosal injury; 3. elevated enteric 

bacterial numbers, which occur only with NSAIDs that undergo enterohepatic 

circulation, likely amplifies the initial injury caused by the NSAID; 4. systemic 
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suppression of prostaglandin svnthesis does not necessarily give rise to 

ulceration. 

Nitrofenac was used as a pharmacological tool in the present study. 

Nitrofenac bears close structural similarity to diclofenac and also exhibits many 

similar biological effects, including suppression of cyclooxygenase types 1 and 2 

(239), reduction of fever (230) and reduction of inflammation (223). However, as 

demonstrated in the previous chapter, nitrofenac does not cause sigruficant small 

intestinal damage, whereas diclofenac causes frank ulceration and, if twice-daily 

dosing is continued beyond a few davs, perforation of the intestine leading to 

death. While a single dose of nitrofenac caused similar changes in intestinal 

permeability to those seen with diclofenac, the permeability did not further 

change as additional doses of nitrofenac were given. Moreover, changes in 

enteric bacterial counts were not observed in rats treated with nitrofenac. These 

results are consistent with the hypothesis that the changes in bacterial numbers 

occurred as a consequence of damage to the intestinal epithelium, as reflected by 

the elevated permeability to Tr-EDTA, and that the elevated bacterial numbers 

exacerbated this damage. This would account for the progressive increase in 

epithelial permeability observed in rats treated with multiple doses of diclofenac, 

in contrast to the lack of a further increase in permeability in rats treated with 

nitrofenac. This hypothesis is also supported by the previously reported ability 

of antibiotics to attenuate intestinal damage caused by NSAIDs, and by the 
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observation that in germ-free rats, indomethacin-induced small intestinal 

damage is greatly reduced, but not completely prevented (154). 

The changes in enteric bacterial numbers observed with diclofenac 

administration appear to be related to the enterohepatic circulaton of this 

compound. Nitrofenac, while only slightly different in structure from diclofenac, 

did not undergo enterohepatic circulation to the same extent as its parent drug. 

As suggested previously, the repeated exposure of an NSAID to the intestinal 

epithelium may cause repeated damage to these cells (123,126,129). Moreover, 

the combination of an NSAID with bile appears to be much more cytotoxic in the 

small intestine than either component alone (126). The observation that neither 

aspirin nor nabumetone elevated enteric bacterial numbers supports the 

hypothesis that enterohepatic circulation of NSAIDs is of paramount importance 

in the pathogenesis of small intestinal injury. Aspirin is a potent inhibitor of 

cyclooxygenase, but has a short half-life (-15 min) in plasma and is not excreted 

in bile. Nabumetone has very weak inhibitory activity on cyclooxygenase, but 

following absorption from the gastrointestinal tract it is rapidly metabolized by 

the liver to 6-methoxynaphthylacetic acid (6-MNA), which is a potent 

cyclooxygenase inhibitor (210). Neither nabumetone nor 6-MNA is excreted in 

bile in the rat (159). Thus, these two cyclooxygenase inhibitors which do  not 

undergo enterohepatic circulation failed to cause changes in enteric bacterial 

numbers and failed to cause detectable small intestinal damage. Together with 
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the observation that nitrofenac failed to cause small intestinal damage, these 

observations suggest that inhibition of cyclooxygenase is not a major component 

of the mechanism underlying small intestinal damage caused by NSAIDs. 

The findings of this study, if extendable to man, may have important 

implications in terms of strategies for the development of GI-sparing NSAIDs. If 

suppression of prostaglandin synthesis is not a major component of the 

mechanism underlying small intestinal damage induced by these agents, 

selective inhibitors of COX-2, which are designed to spare gastrointestinal 

prostaglandin synthesis, would not necessarilv have reduced damaging effects in 

the small intestine. It should be noted, however, that a number of moderately 

selective inhibitors of COX-2 have been developed (e-g. etodolac) that have been 

shown not to cause sigruficantly less small intestinal damage than standard 

NSAIDs. However, based on the findings of the present study, it would suggest 

that this lack of damage is more attributable to the lack of enterohepatic 

circulation of these compounds (139,250) than to their selectivity for COX-2. 

The intestinal-sparing effects of nitrofenac were originally attributed to 

the nitric oxide-releasing moiety of this compound (see Section 3.1). Nitric oxide 

is a potent vasodilator which can maintain mucosal blood flow, inhibit 

neutrophil adherence to the vascular endothelium and stimulate mucus release 

(1 17,222,223,251,252)- The pharmacokinetic data in the present study 

demonstrate that nitrofenac does not undergo extensive enteroheptic circulation, 
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and this is the most likely reason for the reduced intestinal toxicitv. As 

neuh-ophil influx into the mucosa in response to the initial tissue injury and the 

elevated numbers of enteric bacteria may contribute to NSAID-induced intestinal 

injury (149,247, a contribution of nitric oxide derived from nitrofenac to the 

reduced intestinal toxicity of this compound cannot be excluded. Moreover, if 

ischemia contributes to the pathogenesis of intestinal damage induced by 

NSAIDs, as appears to be the case for NSAID-induced gastric damage (101), it is 

possible that nitric oxide released from nitrofenac counteracts this effect through 

its well documented vasodilator properties. In the stomach, nitrofenac does not 

cause a reduction in gastric blood flow, while diclofenac, at doses causing a 

comparable suppression of gastric prostaglandin synthesis, does (223). NSAIDs 

have been reported to cause microcirculatory disturbances in the rat small 

intestine (253), but the extent to which these disturbances are linked to 

suppression of prostaglandin svnthesis has not been firmly established. 

In conclusion, NSAID-induced small intestinal injury in the rat is 

dependent to a large extent on the degree to which the NSAID undergoes 

enterohepatic circulation. Initial changes in epithelial permeability, likely due to 

a topical irritant action of the NSAID, do not necessarily lead to frank ulceration. 

With repeated exposure of the intestine to the NSAID, as it is excreted in bile, 

further epithelial injury is induced which is exacerbated by elevated numbers of 

Iurninal bacteria. The elevation of enteric bacterial numbers occurs only with 



100 

NSAIDs that undergo enterohepatic circulation. Systemic suppression of 

prostaglandin synthesis by the NSAID does not appear to play an important role 

in the pathogenesis of small intestinal ulceration. These findings may have 

important implications for the future development of intestine-sparing NSAIDs. 



Chapter 5 

PHOSPHODIESTERASE INHIBITORS PREVENT NSAID-INDUCED 

SMALL INTESTINAL INJURY: LACK O F  A ROLE FOR TUMOUR 

NECROSIS FACTOR* 

5.1 Introduction 

The incidence of NSAID-induced small intestinal injury has been 

suggested to be equivalent to, if not greater than, that of NSAID-gashopathy. 

Bjamason and colleagues (18) estimated that 60-702 of chronic NSAID users 

exhibit some degree of enteropathy, which is generally characterized by low- 

grade blood and protein loss. Additional studies conducted in rheumatoid 

arthritis patients using NSAIDs demonstrated that approximately 40% had small 

intestinal lesions or ulcers (121,122). Furthermore, the incidence of lower bowel 

hemorrhage or perforation was two-fold greater in patients taking anti- 

inflammatory drugs than in patients receiving other types of medications (254). 

Although research has been conducted to determine potential factors 

responsible for NSAID-induced small intestinal injury, the mechanism has yet to 

be elucidated. The majority of knowledge gained has been obtained primarily 

through the use of animal models. It is likely that the initial injury produced by 

NSAIDs is due to their topical irritant properties, and in the longer term this 
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injury is exacerbated by enteric bacteria (126,255). The role for enteric bacteria in 

NSAID-induced small intestinal injury has been substantiated by the 

observations that NSAID administration results in increased enteric bacterial 

numbers within the lumen of the gut and that the administration of broad 

spectrum antibiotics reduces the severity of damage (125,126,255). Furthermore, 

germ-free rats have been found to be less susceptible to NSAID-induced injury 

than rats raised in conventional housing conditions (124,158) The mechanism 

responsible for the initial intestinal injury has not been determined, but the 

topical irritant properties of NSAIDs and recurrent exposure of the intestinal 

mucosa to the drug through enterohepatic circulation are likely to be important. 

Evidence in support of this notion includes: (a) NSAIDs which do not undergo 

enterohepatic circulation do not cause small intestinal injury (142,255), @) 

interruption of the enterohepatic circulation either by bile duct ligation or by 

cholestyrarnine administration significant1 y attentuates intestinal injury 

(1 26,128,129) and (c) when isolated intestinal segments (Thiry loops) are created 

the loops are spared of damage while the anastornosed intestine is not (128). 

However, Yamada et nl. (126) have suggested that the presence of an NSAID in 

the lumen of the intestine is not in itself sufficient to produce damage. They 

found that the NSAID must be associated with bile or a component found in bile 

in order to be toxic to cultured intestinal epithelial cells (126). 
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Jackson and colleagues (256,257) have demonstrated that the cytokine 

tumour necrosis factor-a (TNF-a) is a constitutive protein found in bile of 

various species, including rats. TNFa may represent the biliary component that 

helps to potentiate NSAID-induced small intestinal injury. TNFa has already 

been demonstrated to play a critical role in experimental NSAID-gastropathy 

(1 14,115) and recent1 y, a correlation between increased TNF-a levels and 

indomethacin-induced small intestinal injury has been demonstrated (144). 

Therefore, this study was conducted to determine if T N F a  plays an  important 

role in mediating NSAID-induced small intestinal injury. This study was also 

undertaken to establish if bile is the key source of TNF-a, and if so, if TNF-a 

represents the component of bile which combines with NSAIDs to produce the 

initial injury in the small intestine following NSAID administration. To answer 

these questions, the effect of various TNF-a inhibitors, including 

phosphodiesterase inhibitors and thalidomide, and an anti-TNF-a antibody on 

NSAID-induced small intestinal injurv was examined. Finally, the effect of 

NSAID administration on bile and small intestinal tissue levels of TNF-a was 

also determined. 



5.2 Methods and Materials 

NSAID-Induced Small Intestinal Injury. Small intestinal injury was induced in 

rats (200-250 g) by orogastric administration of diclofenac (10 mg/ kg; *lo). 

Diclofenac was administered at 12 h intervals for two days (i.e., total of 4 doses). 

The NSAID was initially dissolved in dimethyl sulfoxide ( D m ;  5% by final 

volume) and then diluted in 0.5% carboxymethylcellulose (CMC). Twelve hours 

following the final dose of diclofenac, the rats were killed by cervical dislocation 

and the entire small intestine was removed. The intestine was opened along the 

anti-mesenteric border and scored for damage by an observer unaware of the 

treatment the rats had received. Scoring consisted of measuring the area of all 

the ulcers with digital calipers and summing the areas to give a final damage 

score. I t  has previously been shown by light microscopy that the damage 

produced in this model are ukers that penetrate through the muxularis mucosae 

(see Chapter 3). 

To determine the effects of TNF-a blockade on diclofenac-induced small 

intestinal injury, rats were pre-treated with various inhibitors of T N F a  synthesis 

30 minutes prior to each dose of diclofenac. Groups of rats (n=1-7) received an 

intra peri toneal injection of either pentoxifylline (50, 100 or 200 mg/ kg), 

theophylline (50 mg/kg), rolipram (0.3, 1 or 3 mg/kg) or thalidomide (10, 20 or 

50 mg/kg) 30 minutes prior to each dose of diclofenac. All of the drugs have 



previously been shown to inhibit TNF-a release and/or synthesis to prevent 

NSAID-induced gastrointestinal injury at the doses used (115.258,259). 

To further examine the role of TNF-a in diclofenac-induced small 

intestinal injurv, rats (n=5) were pre-treated with 2.5 mL/kg of rabbit anti- 

recombinant mouse TNF-a antiserum (i-p.). The antiserum has previously been 

shown to imrnunoneutraiize rat TNF-a at the dose used (115.260-262). Control 

rats received (n=4) normal rabbit serum (NRS) which was heat inactivated ( 56C  

for 1 hour) and adjusted to a protein concentration equivalent to that of the anti- 

TNF-a antiserum. The anti-TNFa antibody or NRS were administered 4 hours 

prior to each dose of diclofenac (4 doses a t  12 h intervals) and the rats were killed 

12 hours after the final dose of diclofenac. Small intestinal damage was assessed 

as described above. 

Bile and Tissue Levels of 77VF-a Groups of rats (n=47) received either a single 

or multiple doses (4 doses at 12 h intervals) of vehicle, diclofenac (10 mg/kg) or 

nitrofenac (1 5 mg/ kg). Ni trofenac is a nitric oxide-releasing derivative of 

diclofenac which has previously been shown not to produce gastrointestinal 

injury despite maintaining its inhibitory effects on cyclooxygenase (see Chapter 

3). Nitrofenac was used to permit a comparison between ulcerogenic and non- 

ulcerogenic NSAIDs and their effects on bile and tissue levels of TNF-a. Three 

hours following the final dose of vehicle or test drugs the rats were anesthetized 

with SornnotoI@ (sodium pentobarbital 65 mg/ kg) and the common bile duct was 
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camdated (see Section 2.4). Bile was collected for one hour and then stored at - 

7 K  for subsequent determination of TNF-a levels by a commercially available 

ELISA kit (Cytoscreen, Biosource Int., Camarilio, CA). 

Following an identical treatment protocol as described above, groups of 

rats (n=5-11) were killed by cervical dislocation 3 hours following the final dose 

of vehicle or test drug and the entire small intestine was removed. Tissue 

samples (-100 rng per sample) were obtained from 5 regions: (1) ligament of 

Treitz, (2) 1/ 4 distance to ileocecal junction, (3) 1/2 distance to ileocecal junction, 

(4) 3/1 distance to ileocecal juction, and (5) 10 cm proximal to ileocecal juction. 

Samples were immediately frozen in liquid nitrogen and stored at - 7 K .  

Samples were prepared for determination of TNF-a levels following a method 

similar to that described bv Ribbons et nl. (263). Briefly, frozen samples were 

ground to a fine powder with a mortar and pestle pre-chilled with liquid 

nitrogen. Isotonic saline was then added to the ground tissue (1 pL/mg wet 

tissue weight) and the suspensions were vortexed. The samples were 

centrifuged at 10 000 g for 20 minutes at 40C. Supernatants were collected and 

stored at - 7 K  until TNFa and protein concentration levels were determined. 

Inhibition of T1M-a Synthesi&telease. The ability of the phosphodiesterase 

inhibitors (pentoxifylline, theophylline and rolipram) and thalidomide to inhibit 

TNF-a synthesis/release in r7izira was determined by stimulating TNFa 

production in rats via administration of lipopolysaccharide (LPS). Stirnula tion of 
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TNF-a synthesis/release by LPS was utilized because diclofenac administration 

was found not to produce a consistent increase in TNF-a levels in bile or in small 

intestinal tissue. These inconsistencies made it difficult to assess the extent of 

suppression of TNF-a synthesis/release produced by the various 

phosphodiesterase inhibitors and thalidomide. Administration of LPS provided 

a consistent, reproducible and simple method to increase T N F a  

synthesis/release and to determine the abilitv of the inhibitors to suppress the 

resultant increase. 

LPS (5 mg/kg; E. coli serotype 0127:B8) was administered to rats (n=+14 

per group) by an intraperitoneal injection 30 minutes following the 

administration of either vehicle (DMSO or saline), pentoxifylline (50 or 200 

mg/kg), theophylline (50 mg/ kg), rolipram (0.3,1,3 mg/kg) or thalidomide (10, 

20 or 50 mg/kg). Three hours after LPS the rats were anesthetized with 

SomnotoP (sodium pentobarbital 65 mg/kg) and 1 mL of blood was drawn from 

the descending aorta into a syringe containing sodium citrate (100 PL of 3.8% 

w/v in saline). The blood was transferred into plastic Eppendorf tubes and 

centrifuged at 16 000 g for 2 minutes. Supernatants were collected and stored at - 

700C for subsequent determination of plasma T N F a  levels by ELISA. 

TNF-a mRNA Expression. TNF-a mRNA expression was measured using 

reverse transcriptase polymerase chain reaction (RT-PCR). Samples of the small 

intestine (full thickness) were taken from rats treated with either a single 
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administration of LPS (5 mg/kg) or with single or multiple doses of vehicle or 

diclofenac (10 mg/kg). Rats which received multiple doses of diclofenac to 

induce intestinal injury had tissue samples obtained from sites which exhibited 

macroxopically visible damage. Intestinal samples were obtained horn a similar 

location in the rats without macroscopic damage (i-e., rats treated with vehicle, 

L E  or single dose of diclofenac). The tissue sarnples were immediately frozen in 

a 50% (w/v) guanidinium solution containing 26.4 mrnol/L sodium citrate (pH 

7.0), 0.528% sarcosyl, and 0.0072% P-mercaptoethanol. For each 100 mg of tissue, 

1 mL of the guanidinium solution was used. Total RNA was isolated using the 

acid guanidinium isothiocyanate method, as described previously (244). 

RT-PCR was carried out following a previously established method (262). 

TNF-a RT-PCR products were made using primers designed according to the 

published rat TNF-a sequence (265). The TNF-a primer sequences were as 

follows: upstream, 9'-CCA CCA CGC TCT TCT GTC TAC T-3'; downstream, 5'- 

CCA CAC TTC ACT TCC GGT TCC T-3'. The expected length of this PCR 

product was 1000 base pairs. The GAPDH RT-PCR product was made using 

primers described previously (266). Cvcie tests indicated that amplification of 

TNF-a with GAPDH was optimal if the TNF-a gene was amplified for 31 cycles 

and the GAPDH gene were amplified for 18 cycles (data not shown). GAPDH 

upstream and downstream primers were therefore added to the PCR mixture 

during the hot start of cycle 14. 
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PCR products were run on a 1.65% agarose gel containing ethidium 

bromide and a Polaroid picture of the gel was taken under U V  light. The level of 

TNF-a mRNA expression was determined using a densitometer and NIH 

software. Quantities of TNF-a were normalized to control levels of GAPDH and 

expressed as percent of control. 

Biliary Excretion of Diclofmac. Bile samples were collected from rats which had 

been inha peritoneall y pre-treated with either saline or pentoxifylline (200 

mg/kg) 30 minutes prior to receiving either a single or multiple (1) doses of 

diclofenac (10 mg/kg p-0.). Bile was collected via cannulation of the common 

bile duct (see Section 2.4) over a 1 hour period at 1, 3, 6 and 12 hours after 

diclofenac administration. Samples were stored at - 2 K  for subsequent analysis 

by HPLC. Bile samples were prepared and analyzed following the procedure 

outlined in Section 2.4. 

Sta tis tical analysis. Comparisons between two experimental groups were 

performed using Student's t tests. Comparison among three or more 

experimental groups were performed using a one-way analysis of variance 

followed by a Dunnett's Multiple Comparison test or a Bonferroni post test. 

Materials. Pentoxifylline and theophylline were obtained from Sigma Chemical 

Co. (St. Louis, MO, USA). Thalidomide and rolipram were obtained from 

Research Biochemicals International (Natick, MA, USA). The anti-TNF-a serum 

was kindly provided by Dr. Steven L. Kunkel (University of Michigan, Ann 
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Arbor, MI). All other products were obtained from VWR Canlab (Mississauga, 

ON, Canada). Materials used in the HPLC analysis have been stated previously 

in Section 2-10. 



5.3 Results 

Bile and Tissue Lmels of TNF-a, TNF-a levels in bile of rats treated with a single 

dose of either diclofenac or nitrofenac were not sigruficantly different than those 

of vehicle-treated rats (Figure 5.1). However, following multiple administrations 

of diclofenac, a sigruficant increase in the levels of T N F a  in bile were found. 

Diclofenac-treated rats exhibited TNF-a levels more than twice those of the 

vehicle-treated group (p<0.01). Rats treated with multiple doses of nitrofenac 

had TNF-a levels in bile which were not different from the vehicle group. 

Similar results were obtained when small intestinal tissue TNF-a levels 

were measured (Figure 5.2). Multiple doses of diclofenac, but not nitrofenac, was 

found to cause a doubling of TNF-a levels in the small intestine when compared 

to the vehicle group. In addition, indomethacin (also known to produce 

extensive small intestinal injury at the dose used) caused a sigruficant (p<0.01) 

increase in tissue levels of TNFa 12 hours following a single subcutaneous 

administration of 10 mg/kg (192.2 + 23.9% of control levels). 

S~nall  Intestinal Tissue T N F - a  mRNA Expression. Alterations in tissue TNFa 

mRNA expression were determined using semiquantitative RT-PCR. Figure 5.3 

shows the TNF-a mRNA expression for small intestinal tissue taken from rats 

treated with either a single or multiple doses of diclofenac. No changes were 

seen in mRNA expression in tissue obtained from rats receiving a single dose of 
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diclofenac or from tissue which appeared macroxopicallv normal following 

multiple doses of diclofenac. Despite increased TNF-a levels in bile and tissue, 

no sigmficant changes in rnRNA expression were seen in damaged tissue taken 

from rats treated with multiple doses of diclofenac. As a positive control, a 

separate group of rats was given LPS (5 mg/kg i.p.) and small intestinal tissue 

was collected one hour later. LPS markedly increased small intestinal tissue 

TNF-a mRNA expression over control levels (p<0.001). 

Inhibition of TNF-a Synthesi&Zelease. Multiple oral doses of diclofenac 

consistently resulted in extensive small intestinal injury, with an average damage 

score of 277 k 36 (Figure 5.4, Panel A). Rats receiving only the vehicle for 

diclofenac did not develop any small intestinal damage. Pre-treatment with the 

phosphodiesterase inhibitors pentoxifylline and theophy lline significantly 

attentuated the damage produced by diclofenac (Figure 5.4, Panel A). 

Pentoxifylline dose-dependently inhibited diclofenac-induced small intestinal 

injury, with a sigruficant reduction in damage scores seen at doses of 100 mg/kg 

and 200 mg/ kg (p<0.05). Rats pre-heated with theophylline (50 mg/ kg) also 

ex hi bi ted significantly less small intestinal damage than the vehicle-treated 

group (p<O.Ol). 

To ensure that the doses of pentoxifylline and theophylline used were 

sufficient to inhibit TNFa synthesis in zGz70, rats were treated with LPS (5 mg/kg 

i.p.) to induce a sigruficant in plasma TNF-a levels. LPS administration elicited 
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an increase in plasma levels of TNF-a to 838 f 254 pg/mL from plasma levels of 

less than 10 pg/mL in untreated rats. Pentoxifylline at 200 mg/kg (225 k 22 

pg/mL, p~0.05), but not at 50 mg/ kg (583 f 182), sigruficantly attenuated (-70% 

inhibition) the increase in plasma T N F a  levels induced by LPS (Figure 5.4, Panel 

B). Plasma TNFa levels in the theophylline pre-treated group were 130 k 25 

pg/rnL (p<0.05), representing a reduction in TNF-a levels of greater than 80%. 

Thus, pentoxifylline and theophylline only reduced diclofenac-induced intestinal 

damage at the doses that also sigruficantly inhibited T N F a  synthesis. 

In addition to examining the effect of pentoxifylline on LPSinduced 

increases in plasma TNF-a, its ability to inhibit the increase in bile m F - a  levels 

following diclofenac administration was also determined (Figure 5.5). 

Administration of diclofenac produced a significant increase in bile TNF-a levels 

compared to controls (p<O.O5). Pre-treatment with pentoxifylline at 200 mg/kg, 

but not a t  100 mg/kg, was able to signthcantly reduce the TNF-a levels (Figure 

5.5). 

Figure 5.6 depicts the effects of various doses of rolipram, a specific type 

IV phosphodiesterase inhibitor (267), on intestinal damage (Panel A) and L P S  

induced plasma levels of TNF-a (Panel B). Rolipram significantly attenuated 

LPSinduced increases in plasma TNF-a at all doses tested (Figure 5.6, Panel B; 

pc0.05). Rolipram administered a t  doses of 0.3, 1.0 and 3.0 mg/kg reduced 

plasma TNF-a levels to a similar extent (75 to 78%). Although all three doses of 
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rolipram were able to sigruficantlv inhibit TNF-a svnthesis, only the higher two 

doses (1 -0 and 3.0 mg/kg) protected the small intestine from diciofenac-induced 

damage (Figure 5.6, Panel A). 

To further establish if T N F a  blockade was required to afford protection 

against diclofenac-induced intestinal damage, two other studies were performed. 

Thalidornide is a well characterized inhibitor of TNF-a which is structurally 

u mela ted to the phosp hodiesterase inhibitors (268). Thalidornide, at all doses 

tested (10, 20 and 50 mg/kg i-p.), had no protective effect in the diclofenac- 

induced small intestinal injury model (Figure 5.7, Panel A). However, this 

compound was able to sigruficantly inhibit LPSinduced increases in plasma 

TNF-a at the two higher doses (Figure 5.7, Panel B). 

Similar results were obtained using an anti-TNFa antibody (Figure 5.8). 

Rats pre-treated with the antibody developed intestinal injury that was not 

significantly different, in terms of severity, from that produced in the group pre- 

treated with normal rabbit serum. 

B i l i a y  excretion of diclofmac. The protection afforded by the 

phosphodiesterase inhibitors could have been attributable to decreased 

diclofenac absorption and/ or biliary excretion. To test this hypothesis, the 

concentration of diclofenac in bile was determined in rats pre-treated with either 

saline or pentoxifylline (200 mg/kg). As shown in Figure 5.9 (Panel A), pre- 

treatment with pentoxifylline resulted in decreased absorption of diclofenac 



115 

following a single dose of drug. The area under the curve in the pentoxifylline 

pre-treated group was approximately one-half that of the saline-treated group. 

The major difference in excretion profiles occurred during the first 3 hours, with 

the biliary levels being signihcantlv lower (pc0.01) at the 3 hour time point 

(Figure 5.9, Panel A). Although a sigruficant difference occurred between the 

two groups following a single dose of drug, this difference was not seen when 

bile was collected following administration of multiple doses of diclofenac 

(Figure 5.9, Panel 8). The two diclofenac excretion profiles were very similar, 

with no sigruficant differences between the two groups a t  any of the time points 

examined. 
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Figure 5.1. 

0 Vehicle 

250 3 0 0 ~  Dicbfenac Nitrofenac 
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Eflect of NSAlD administration on T N F - a  levels in rat bile. 

Diclofenac (1 0 mg/ kg) and nitrofenac (1 5 mg/ kg; equimolar) were administered 

orally at 12 hour intervals and bile was collected 3 hours following either a single 

or multipie (1) doses. Results are expressed as percent of control of the vehicle- 

treated group (n=47 per group). Significance from vehicle-treated group: * 

pco .Ole 
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Figure 5.2. Effect of NSAlDs on small intestinal tissue levels of TNF-a. Vehicle, 

diclofenac (10 mg/kg) or nitrofenac (15 mg/kg) were administered orally at 12 

hour intervals for a total of 1 doses and ileal tissue samples were obtained 3 

hours following the find dose. A separate group of animals received a single 

subcutaneous administration of indomethacin (10 mg/kg) 12 hours prior to 

tissue collection. Data are expressed as percent of control of the vehicle-treated 

group. Significance: * pC0.05, p<0.01 versus vehicle-trea ted group. 
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Figure 5.3. Eflect of single or  multiple (4) doses of diclofenac (10 mfl@ on the 

express ion of TNF-a mRNA in small intestinal tissue. Ileal tissue was collected 

2 hours following the final dose of diclofenac. A separate group of rats was 

treated with LPS (5 mg/kg i-p.) as a positive control and tissue was collected 1 

hour later. Results are represented as a percent of the vehicle-treated group. 

Significance versus vehicle-treated group: - p<0.001. 



Figure 5.4. Effect of pliosphodiesterase inhibitors o n  (A) d iclo fmac-induced 

small intestinal injury and (B) plasma lwels of RVF-a following LPS 

adminis ha tion. The phosphodiesterase inhibitors pentoxify lline (50-200 mg/ kg 

i.p.) and theophylline (50 mg/kg i.p.) were administered 30 minutes prior to 

diclofenac (10 mg/kg p.0.) or LPS (5 mg/kg i.p.). Data are expressed as mean + 

SEM. Sigruficance: * pe0.05, * p<0.01 versus saline-treated group. 
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Figure 5.5. Effect of pentoxi!lline on T N F - a  levels in bile following diclofenac 

administration. Diclofenac (10 mg/kg p.0.) was administered at 12 hour 

intervals for a total of 4 doses. Pentoxifylline (100 - 200 rng/kg i.p.) was given 30 

minutes prior to each dose of diclofenac. Data shown as percent of control 

(saline/vehicIe group) and expressed as mean k SEM. Sigruficance: * p<0.05 

versus saline/vehicle group and 6 p<0.05 versus saline/diclofenac group. 
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Figure 5.6. Effect of rolipram on (A) diclojmuc-induced srnall intestinal injury 

a d  (B) plasma levels of 7'NF-a following LPS adnrinistratioa. Rolipram (0.3-3.0 

mg/ kg i.p.) was administered 30 minutes prior to diclofenac (10 mg/ kg p.0.) or 

LPS (5 mg/kg i-p.). Data are expressed as mean k SEM. Significance: * p<0.05, * 

p<0.01 versus vehicle-treated group. 



Figure 5.7. Eflect of thalidomide on (A) diclofmac-induced small intestina 1 

injury and (B) plasma levels of T N F - a  following L PS adminisha tion. 

Thalidomide (10-50 mg/kg i.p.) was administered 30 minutes prior to diclofenac 

(10 mg/kg p.0.) or LPS (5 mg/kg i.p.). Data are expressed as mean k SEM. 

Significance: * pcO.05 versus DMSO-treated group. 
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Figure 5.8. Eflect of an anti-TNF-a antibohj on diclofm;ac-induced small 

brtestinal injury. The antibody was given 4 hours prior to each dose of 

diclofenac (10 mg/kg p.0.). Small intestinal damage was scored 12 hours 

following the final dose of diclofenac. Data are expressed as mean f SEM- 

Significance: * peO.05 and * p<0.01 versus normal rabbit serum (NRS)/vehicle 

group- 
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Figure 5.9. Effect of pentoxify lline (200 m@-g imp.) on biliury levels of diclojmac 

following either a single (Panel A) or multiple (Panel B) doses of the NSAZD. 

Saline or pentoxifylline was administered 30 minutes prior to each dose of 

diclofenac. Bile was collected at 1, 3, 6 and 12 hours after a single or multiple (4 

doses) doses of diclofenac. Results are shown as mean k SEM (1124 per time 

point). Significance: * p<0.01 versus pentoxifylline pre-treated group. 



5.4 Discussion 

Santucci et nl. (114) and Appleyard et nl. (115) provided compelling 

evidence for a causal link between TNF-a and NSAID-induced gastric damage in 

rats. Recently, TNFa has been postulated to plav a role in NSAID-induced small 

intestinal injury. Bertrand and colleagues (144,269) demonstrated that small 

intestinal tissue levels of TNF-a increased in rats treated with either 

indomethacin or flurbiprofen. In addition, no increase in small intestinal tissue 

levels of TNF-a were found in animals treated with a nitric oxide-releasing 

derivative of flurbiprofen, which was found not to produce small intesinal 

injury. These authors also reported that the intestinal damage produced by 

indomethacin could be sigruficantly attenuated by pre-treatment with the 

specific type IV phosphodiesterase inhibitor R O  20-1724. From the above 

evidence, Bertrand et nl. (144,269) concluded that TNF-a plays a critical role in 

NSAID-induced small intestinal injurv. 

The results of the present study confirm, to some extent, the findings of 

Bertrand et nl. (141,269). The present study also found that rats treated with 

either indomethacin or diclofenac developed severe intestinal injury that was 

associated with a significant increase in small intestinal tissue levels of T N F s .  

Furthermore, administration of nitrofenac (NO-diclofenac) did not produce small 

intestinal injury (as previously shown; see Chapter 3) or an increase in intestinal 
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tissue levels of TNF-a. FinaIlv, sigruficant attenuation of diclofenac-induced 

small intestinal damage could be achieved by pre-treatment with the 

phosphodiesterase inhibitors pentoxifvlline, theophvlline or rolipram. However, 

the intestine was not protected from NSAID-induced injury if the rats were pre- 

treated with another inhibitor of TNF-a synthesis, thalidomide, or with an  

antibody directed against TNF-a. These results could not simply be explained 

on the basis of an ineffective dose of drug having been used. Thalidomide at  

doses of 20 and 50 mg/kg was able to inhibit T N F a  synthesis induced by the 

administration of LPS. The dose of the antibody used in the present study has 

previouslv been shown to effectively imrnunoneutralize TNF-a in the rat 

(1 15,261,262). Furthermore, the lowest dose of rolipram (type IV 

phosphodiesterase inhibitor) was unable to attenuate diclofenac-induced small 

intestinal damage, despite inhibiting TNF-a synthesis as effectively as the doses 

that did afford protection (see Figure 5.6). Davies et nl. (228) have previously 

demonstrated that rats treated with a nitric oxide-releasing derivative of 

naproxen have increased plasma levels of TNFa,  but did not develop gastric or 

intestinal injury. Taken together, these findings suggest that T N F a  does not 

plav a critical role in the pathogenesis of NSAID-induced small intestinal injury. 

Both the results of the present study and those of Bertrand et nl. (144) 

suggest that the increases in tissue levels of TNF-a occurred in parallel with the 

development of damage. In the present study, increased levels of T N F a  in both 
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bile and tissue were only seen following four doses of diclofenac; that is, when 

extensive intestinal damage was evident. In the study of Bertrand and 

colleagues (144), indomethacin produced a signihcant increase in intestinal tissue 

levels of TNF-a 8 hours following its administration; the same amount of time 

required to see a sigruficant increase in intestinal damage. A feasible explanation 

for the increase in TNFa  levels in intestinal tissue, and possibly bile, is that the 

cytokine is produced as a consequence of the damage, rather than contributing to 

the initiation of the damage. 

Phosphodiesterase inhibitors have many effects besides inhibition of TNF- 

a synthesis that might account for the beneficial effects in experimantal NSAID- 

enteropathy. Indeed, there is renewed clinical interest in phosphodiesterase 

inhibitors because of their ability to act as vasodilators, antithrombotics, anti- 

inflammatory and immunosuppressive agents (267,270). The vasodilatory 

properties of phosphodiesterase inhibitors may be of particular relevance in the 

context of NSAID-enteropathy. There have been various accounts of 

microcirculatory changes within the intestine of rats treated with NSAIDs 

(253,271,272). NSAID administration has been associated with intestinal villus 

shortening, decreased blood flow and subsequent ulceration (253,271). It is 

possible that the phosphodiesterase inhibitors are able to prevent the early 

ischemic event induced by NSAID administration. Phosphodiesterase inhibitors 

are known to be potent vasodilators and of clinical benefit in the treatment of 
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occlusive vascular diseases (270). In addition, pentoxifvlline has been shown to 

preserve and restore intestinal microvascuIar blood flow associated with 

hemorrhagic shock and bacteremia (273,274). It appears that this effect is 

accomplished via a cyclic adenosine monophosphate (CAMP)-dependent 

pathway. Studies utilizing others agents (opiate antagonists or P agonists) which 

increase CAMP levels have also been found to afford protection against 

indome thacin-induced small intestinal injury (271,275). 

In conclusion, TNF-a does not appear to play a critical role in the 

pathogenesis of NSAID-induced small intestinal injury. Phosphodiesterase 

inhibitors, but not thalidornide or an anti-TNF-a antibodv, were able to afford 

protection against diclofenac-induced small intestinal damage. The results of the 

current study also suggest that the increase in TNF-a levels (both tissue and 

biliary) occur as a consequence of the injury and the ensuing inflammatory 

reaction. 



Chapter 6 

PROSTAGLANDINS PRODUCED BY CYCLOOXYGENASE-2 ARE ANTI- 

INFLAMMATORY IN TNBS-INDUCED COLITIS 

6.1 Introduction 

The ability of no~tero ida l  anti-inflammatory drugs (NSAIDs) to cause 

gastroduodenal ulceration and to promote the bleeding of pre-existing ulcers is 

well established (99). At least in the case of gastric ulceration, there is very 

convincing evidence that this action of NSAIDs is directly linked to their ability 

to suppress prostaglandin synthesis, by inhibiting the activitv of the enzvme 

cyclooxygenase (COX). The discovery of two distinct isoforms of COX, one of 

which is cons ti tu tivel y expressed in the gastrointestinal tract (COX-1) and one 

which is induced at sites of inflammation (COX-2), has led to the proposal that 

selective inhibitors of COX-2 will spare gastrointestinal prostaglandin synthesis, 

and therefore also spare the gastrointestinal tract of damage (209,210,276-279). 

As these compounds would inhibit prostaglandin synthesis at  sites of 

inflammation, they would be effective as anti-inflammatory drugs (209,210,276- 

279). The vast majority of NSAlDs presently marketed show greater selectivity 

for COX-I than COX-2 (209,210). Thus, at concentrations that are required to 
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inhibit prostaglandin synthesis at  sites of inflammation (i-e., COX-2 activity), 

marked suppression of prostaglandin synthesis in the gastrointestinal tract (i-e., 

COX-I) occurs. 

There are now considerable data from experimental models supporting 

the concept that selective COX-2 inhibitors spare the gastrointestinal tract. These 

agents have been shown to be effective in reducing inflammation while causing 

significantly less gastrointestinal damage than standard NSAIDs (71,278,279). 

Moreover, some NSAIDs (e.g. nabumetone, etodolac) that have been introduced 

over the past decade and have been shown to produce lower rates of 

gastrointestinal ulceration than more established NSAIDs (280,281) have 

subsequently been shown to exert some degree of selectivity for COX-2 over 

COX-I (276,282). Whether or not this selectivity for COX2 accounts for the 

lower ulcerogenicity of these compounds has not yet been established. 

Despite the evidence supporting the hypothesis that selective COX-2 

inhibitors will be gashointestinal-sparing, there remains a concern that in 

situations in which the mucosa is inflamed, COX-2 is likely be expressed and 

might be responsible for producing the prostaglandins that contribute to ulcer 

healing and down-regulation of the inflammatory response. Ulcers in the 

gastrointestinal tract, including those associated with Heiicobncter pylon' infection 

and inflammatory bowel disease (IBD), are associated with mucosal 

inflammation. NSAIDs can delay peptic ulcer healing and can exacerbate IBD 
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(99,283,281). It is possible that these effects of NSAIDs are attributable to 

suppression of the production of prostaglandins from COX-2. If so, selective 

COX-2 inhibitors might exert dehimental effects in circumstances in which the 

gastrointestinal mucosa is inflamed. Such a scenario has recentlv been described 

in rodent models of chronic ulcer healing (214.215). !khmassrnam et nl. (215) 

demonstrated that COX-2 protein expression is significantly upregulated in areas 

adjacent to the ulcer. They, as well as others, also demonstrated that inhibition of 

COX-2 with selective inhibitors resulted in delayed ulcer healing (214,215). 

Furthermore, Gretzer and colleagues (285) showed that selective inhibitors of 

COX2 abolish the adaptive cytoprotection induced bv a mild irritant (i-e., 20% 

ethanol) in the rat stomach. The extent to which COX-2 contributes to colonic 

prostaglandin synthesis in IBD or in experimental models of colitis has not yet 

been reported. 

Wallace et nl. (178) have previously used a rat model of colitis to examine 

the mechanism underlying the exacerbation of IBD by NSAIDs. In these animals, 

NSAIDs were found to significantly increase colonic damage, in many cases 

leading to perforation of the colon and death. The exacerbation of colitis 

appeared to be related to the ability of the NSAIDs to suppress colonic 

prostaglandin synthesis (178). In the present study, this model has been used to 

determine if COX-2 expression (protein and mRNA) is altered in the inflamed 

colon, to determine the contribution of COX-2 to colonic prostaglandin synthesis 
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before and after induction of colitis and to determine if selective inhibitors of 

COX-2 would cause exacerbation of idammation-associated colonic injury, as is 

seen with standard NSAIDs. 



6.2 Methods and Materials 

Induction of Colitis and Treatment Protocol. Colitis was induced in rats 

weighing 175-200 g by inhacolonic instillation of the hapten TNBS (see Section 

2.5). 

Beginning 3 h prior to induction of colitis and continuing every 12 h 

thereafter for up to 7 days, the rats were treated orally with one of the following 

drugs suspended in a vehicle of 0.5% carboxymethylcellose (CMC) and dimethyl 

sulfoxide ( D m ;  concentration of 5% by find volume): diclofenac (10 mg/kg), 

naproxen (5 mg/kg), aspirin (100 mg/kg), nabumetone (25 or 75 mg/kg), 

etodolac (10 or 50 mg/kg), L745.337 (1 or 5 mg/kg). Control rats received only 

the vehicle. Diclofenac, naproxen and aspirin are commonly used NSAIDs that 

inhibit both COX-I and COX-2 when given at anti-inflammatory doses 

(209,210,282). Nabumetone and etodolac are moderately selective inhibitors of 

COX-2 over COX-I (7- and 10-times, respectively) (210,282). L745,337 is a highly 

selective inhibitor of COX-2, being approximately 400-times more active on this 

isoform than on COX-I (279). The doses of each test drug used were selected 

because they have been shown to exert significant anti-inflammatory effects in 

the carrageenan-induced paw edema model (142,223,279). At the dose used, 

diclofenac has been shown to cause small intestinal damage in the rat (286), but 

the other test drugs do not cause sigruhcant small intestinal injury (142,212). 
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Each treatment group consisted of at least 10 rats, with the exception of the 

group treated with the 1 mg/kg dose of L745,337, which consisted of 5 rats. 

Assessment of Macroscopic Damage. Rats were monitored at least twice-a-day 

throughout the 7-day dosing period and for a further 7 days thereafter. When 

deaths occurred, necropsy was performed as soon afterwards as possible. Rats 

that survived until the end of the study period were sacrificed and the distal 10 

cm of colon was removed and pinned out on a wax block for assessment of the 

severity of damage (see Section 2.6). 

A separate series of studies was performed to determine the ability of a 

number of test drugs to influence the severity of colonic damage and granulocyte 

infiltration, as measured by tissue mveloperoxidase (MPO) activity- Groups of 5 

rats each were treated orally with vehicle, diclofenac (10 mg/kg), L745,337 (5 

mg/kg) or nabumetone (75 mg/kg) 3 h prior to receiving TNBS intracolonically. 

The drugs were given thereafter at 12 h intervals for three days (i-e. total of 7 

doses of the drugs were given), and the rats were sacrificed 12 h after the final 

dose. A blood sample was drawn from a tail vein for determination of 

hematocrit. The rat was then killed by cervical dislocation, the colon was excised 

and the severity of colonic damage was scored, as described in Section 2.6. A 

sample (-200 mg) of distal colon was excised and immediately frozen on dry ice 

for subsequent measurement of MPO activity (see Section 2.7). The remaining 

tissue was fixed in neutral buffered formalin. A 1 cm section of colon from each 
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rat was processed by routine techniques for light microscopy. The slides were 

coded to avoid observer bias. The percent of each section exhibiting ulceration 

was then determined. 

Eicosanoid Measurement. Groups of 5 rats each were given TNBS, as described 

in Section 2.5, to induce colitis. Seventy-two hours later, the rats were orally 

treated with vehicle, diclofenac (10 mg/kg), or L745,337 (1 or 5 mg/kg). Two 

hours later the rats were anesthetized with SomnotoP (sodium pentobarbital 65 

mg/ kg i-p.) and in ztiz7o colonic dialysis was performed, as described previously 

(287). One hour after inserting a dialvsis tube intrarectallv and instilling 1 mL of 

dialysis buffer, the tube was withdrawn and the dialysate transferred to an 

Eppendorf tube. Volume was measured gravimetrically and the sample was 

frozen at - 2 K  until the assay for 6-keto PGFI, was performed. Immediately 

after removing the dialysis tube, a laparotomy was performed and a blood 

sample was drawn from the descending aorta for determination of whole blood 

thromboxane synthesis (see Section 2.8). As platelets are the predominant source 

of thromboxane synthesis, and only contain the COX-I isoform (210,276), this 

assay served as an index of inhibitory effects of the test drugs on COX-I activity. 

Levels of 6-keto PGFl, in the colonic dialysates and serum thromboxane Bz were 

measured using a specific ELISA (Cayman Chemical Company, Ann Arbor, MI). 
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In separate experiments, in z?iza  colonic dialysis was performed using 

healthy rats, and the effects of pretreatment with diclofenac (10 mg/kg) or 

L745,337 (5 mg/ kg) versus vehicle were determined (n=6 per group). 

COX mRNA Determinations. Colonic COX-I and COX-2 mRNA expression was 

measured using reverse tranxriptase polymerase chain reaction (RT-PCR). 

Samples of the distal colon (full thickness) were taken from rats at 24 h, 72 h, 1 

week and 2 weeks after intracolonic administration of saline or TNBS. 

Additional experiments were performed using rats 72 h after induction of colitis 

(n=6) and healthy control rats (n=6) in which the tissue samples were divided 

along the submucosa, thereby yielding a "mucosal" sample and a "muscuIaris" 

sample. The tissue samples were immediately frozen in a 50% (w/v) 

guanidinium solution containing 26.4 mmol/L sodium citrate (pH 7.0), 0.528% 

sarcosyl, and 0.0072% 0-mercaptoethanol. For each 100 mg of tissue, 1 mL of the 

guanidinium solution was used. Total RNA was isolated using the acid 

guanidinium isothiocyanate method, as described previously (264). 

In order to address the problems associated with substrate competition 

while simultaneously monitoring multiple mRNAs within the same sample, the 

primer-dropping method was employed (266). The gene for glyceraldehyde 3- 

phosphate dehydrogenase (GAPDH) was used as an internal control (266). 

Briefly, 1 pg of RNA from each sample was reverse transcribed at 42°C using 

Superscript RNase H Reverse Tranwriptase and the appropriate reaction mixture 
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(containing 2 10X PCR buffer, 2 10 mmol/L d m  stock, and 2 pl N6 random 

hexamer stock). The enzyme was then deactivated by heating the samples to 

95°C for 10 min. After the reaction, 2 pI of cDNA was mixed with 2 pl of 2 

rnmol/L dNTP stock and 2 pl 10X PCR buffer. 2 pl of the upstream primer (-1 

pmol) and 2 pl of the downstream primer (-1 pmol) for rat COX-I or COX-2 

were then added to each tube. 

DNA amplification was carried out under the following conditions: 

denaturation at 94OC for 1 min, annealing at  55OC for 30 sec, and extension at 

72°C for 1 min. To ensure complete denaturation of the DNA with no 

background polymerase activity, Taq DNA polymerase was added to the PCR 

mixture during the hot start of cycle 1. Preliminary trials indicated that 

coamplification of COX-1 and COX-2 with GAPDH was optimal if the COX-I  

gene was amplified for 29 cycles, the COX2 gene for 30 cycles and the GAPDH 

gene were amplified for 20 cycles (data not shown). Hence, the GAPDH 

upstream and downstream primers were added to the PCR mixture during the 

hot start of cycle 10 for COX- I  reactions and during the hot cycle of cycle 11 for 

COX-2 reactions. 

After separation of the PCR products on a 2% agarose gel containing 

ethidium bromide, a Polaroid picture of the gel was taken under UV light. Using 

a densitometer and NIH software, quantities of each product were normalized 

according to control levels of GAPDH, and expressed as densitometry units. 
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The COX-I and COX-2 RT-PCR products were made using primers 

designed according to the published sequence for the rat enzymes (288-290). The 

COX4 primer sequences were as follows: upstream, 5'CCITCT 

CCAACGTGAGCTACTA-3'; downstream, 5'-TCCITCTCTCCTGTG AACTCCT- 

3'. The expected length of this PCR product was 1036 base pairs. The COX-2 

primer sequences were as follotvs: upstream, 5'- 

AG ACAG ATCATA AGCGAGG AC-3'; downstream, 5'-C ACTTGCATTG A 

TGGTGGCTGT-3'. The expected length of this PCR product was 1158 base pairs. 

The GAPDH RT-PCR product was made using primers described previously 

(266). 

COX Irnmunobistoclremishy. Tissues from control (n=3) and colitic (n=3) rats 

were fixed by immersion in Zamboni's fixative overnight at 40C. After fixation 

they were washed in phosphate buffered saline (PBS, pH 7.1) and processed for 

indirect irnrnunofluorescence as either whole-mount preparations of 

longitudinal-muscle/myenteric plexus or submucosa (whole-mounts) or as 

cryostat sections (12 pm). Sections or whole-mounts were incubated in primary 

antibodies for 48 h at 40C. Primary antibodies raised in rabbit against a peptide 

sequence from the human COX-I or human COX-2 enzymes (291) were used 

alone (1:500) or after pre-incubation with 100-2000 ng/mL of recombinant 

human COX-1 or COX-2 as preabsorption controls. After washing (PBS, 3 x 10 

min) tissues were incubated for l h  at room temperature with sheep anti-rabbit 
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IgG conjugated to CY3 (1:200; Sigma). Tissues were then washed again (PBS, 3 x 

10 min) and mounted in bicarbonate-buffered glycerol (pH 8.6). Tissues were 

viewed under epWuorescence with a Zeiss Axioplan microscope and 

photographed using Kodak TMax 100 ASA black and white film. 

Statistical Analysis. Comparisons among groups of data were made using a 

one way analysis of variance followed by a Student-Newman-Keuls test. Rates 

of mortality among treatment groups were compared using the Fisher's Exact 

test. 

Materials. Reagents for the ELISA of 6-keto PGFI, and TXB2 were obtained from 

Cayman Chemical Company (Ann Arbor, MI). Diclofenac sodium, nabumetone, 

naproxen, etodolac, the reagents for the MPO assay, sarcosyl and isopropanol 

were obtained from Sigma Chemical Company (St. Louis, MO). P- 

mercaptoethanol was obtained from BioRad Laboratories Inc. (Mississauga, ON, 

Canada). Sodium acetate and diethyl pyrocarbonate were obtained from BDH 

(Edmonton, AB, Canada). Guanidinium was obtained from VWR (Edmonton, 

AB, Canada). PCR buffer and dNTP stock were obtained from Pharmacia 

Biotech Inc. (Mississauga, ON, Canada). Sodium citrate, phenol and superscript 

RNase H reverse tranxriptase were obtained from Gibco BRL (Gaithersburg, 

MD). L745,337, recombinant human COX-I and -2 and the antibodies directed 

against COX-I and -2 were generously provided by Drs. C.C. Chan and I. Rodger 

of Merck-Frosst Therapeutic Research Centre (Montreal, QC, Canada). COX-I, 
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COX-2 and GAPDH primers were synthesized by University Core DNA Services 

(University of Calgary, Calgary, AB, Canada). 



6.3 Results 

The colitis induced by TNBS has been described in detail previously 

(W,287), and the macroscopic and histological appearance of the colitis induced 

in this study were similar to these previous descriptions. Briefly, transmural 

inflammation of the distal colon with ulceration extending to the depth of the 

muscularis propria was consistently observed. Granulocyte and Iymphocy te 

infiltration was extensive, with granulocytes (primarily neutrop hils) being 

heavily concentrated in the tissue surrounding sites of ulceration. This 

infiltration was evident at all time points studied (24 h to 2 weeks post-TNBS), 

with the greatest infiltrate observed at the 72 h time point, corresponding to the 

previously reported peak in tissue m~eloperoxidase activity (234,287). 

COX-I and COX-2 mRNA Expression. Following induction of colitis, COX4 

mRNA expression was not sigruficantly altered relative to controls at anv of the 

time points examined (24 h to 2 weeks post-TNBS). On the contrary, COX-2 

mRNA expression was sigruficantly elevated at all four time points examined 

(Figure 6.1). The highest levels of expression were observed at the earlier time 

points (24 h and 72 h), where COX-2 mRNA expression was elevated &to 6-fold 

over control levels. COX-2 mRNA expression decreased thereafter. 

At 72 h after induction of colitis, the expression of COX-2 mRNA occurred 

predominantly in the mucosal layer (386.9 + 66.8% of control levels; pe0.01). 
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However, expression of COX-2 mRNA in the muscularis propria was also 

sigruficantly elevated above control levels (173.1 f 17.5%; pc0.05). 

COX-I and COX-2 I~nmunohistochemisty. As the greatest change in COX-2 

mRNA expression occurred at 72 h after induction of colitis, 

imrnunohis tochemical studies were focused at that time point. Liquid-phase 

preabsorption with 100-500 ng/mL of human recombinant COX-1 or COX-2 

completely abolished staining of resident or infiltrating cells immunoreactive for 

these enzymes. Muscle staining with COX-2 was virtually abolished at 500 

ng/ mL and completely abolished at 2000 ng/mL. These results suggest that the 

localization of the enzymes was specific and that different tissues have variable 

amounts of the enzymes. In no cases was staining observed in colonic epithelial 

cells, or enteric nerves with either antibody. 

In tissues from control rats, COX-1-immunoreactivity was found only in a 

population of cells in the lamina propria of the colonic mucosa (Figure 6.2). No 

staining was observed in muscle or blood vessels. The labelled cells were 

distributed and had a density similar to that of mucosal mast cells, however, 

further studies would be required to confirm these as the source of COX4 in the 

normal colon. In inflamed tissues, there was some diffuse staining in the 

submucosa, associated with the marked infiltration of inflammatory cells (Figure 

6.2). There was also intense labelling in very small, punctate cells in the colonic 

lumen and attached to the mucosal surface. Based on their size and location, 
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these cclls appeared to be bacteria. However, subsequent studies in which RT- 

PCR for COX-2 was performed on samples of bacteria harvested from the colonic 

lumen yielded negative results, suggesting that either the immunoreactive cells 

were not bacteria, or that the staining of bacteria with anti-COX-2 was non- 

specific. 

In tissues from control rats, no specific COX-2-irnmunoreactivity was 

observed (Figures 6.2 and 6.3). In inflamed tissues, intense COX-2- 

immunoreactivity was observed in both sections and whole-mounts in 

longitudinal and circular smooth muscle, infiltrating cells in the submucosa, 

blood vessels and bacteria associated with the inflamed mucosa (Figures 6.2 and 

6.3). With respect to the blood vessels, staining was apparent in the endothelial 

lining as well as cellular exudates containing leukocytes (Figure 6.2). The nature 

of the infiltrating cells in the submucosa was not fully determined. However, at  

least some were macrophages based on double-labeling irnrnunohistochemistry 

with an anti-macrophage monoclonal antibody (data not shown). Double 

labelling with a specific neuronal marker (protein gene product 9.5) revealed that 

COX-2-irnmunoreactivity was not found in nerves within the rat colon. 

lmrnunohistochemical staining was also performed using tissues taken a t  

later times after induction of colitis. At 7 days post-TNBS, COX-2 

immunoreactivity was still evident, but at  lower intensity that seen a t  3 days. By 
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14 days after induction of colitis, staining for COX5 was not apparent in sections 

or whole-mounts. 

Colonic Prostaglandin Synthesis: Effects of Selective COX-2 Inhibition. Basal 

colonic synthesis of 6-keto PGF,, as measured by in ziiza colonic dialysis, 

averaged 1.8 + 0.3 ng/mL in healthy control rats. Prior administration of the 

selective COX-2 inhibitor, L7-15337 (5 mg/ kg), had no sigmficant effect on basal 

colonic prostaglandin synthesis (1.7 k 0.7 ng/ mL). However, pretreatment with 

diclofenac (10 mg/kg) reduced basal colonic prostaglandin synthesis by -50% 

(0.9 + 0.2 ng/mL; pe0.05). 

In rats with colitis, colonic bketo PGh, synthesis was elevated 

approximately 25-fold above that observed in healthy rats (Figure 6.4, panel A). 

A single oral administration of diclofenac (10 mg/kg) or L745,337 (5 mg/kg) 

resulted in sigruficant reductions in colonic 6-keto PGh, synthesis (39% and 

53%, respectively), while a lower dose of L715,337 (1 mg/ kg) had no significant 

effect (data not shown). 

Measurement of whole blood thromboxane synthesis from the same 

animals used in the colonic dialysis studies provided an index of COX-I 

suppression. L745,337 did not significantly affect thromboxane synthesis (Figure 

6.1, panel B), indicating that it did not affect COX-I at the doses tested. In 

contrast, diclofenac inhibited thromboxane synthesis by >92% (p<0.001). 
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Eflects of COX Inhibitors o n  Colonic Damage and Mortality. The mortality rate 

in colitic rats treated twice-daily with vehicle 13% (4 of 30 rats died). In each 

case, necropsy revealed perforation of the distal colon with peritonitis. in rats 

treated twice-daily with diclofenac, mortality was not observed over the first 6 

days of the study, but thereafter, deaths occurred frequently (Figure 6.5, panel 

A). By the end of the two-week study period, 86% of the rats in this group had 

died (p<0.0001 compared to the mortality rate in the vehicle-treated rats). 

Invariably, necropsy revealed perforation of the distal colon, peritonitis and, in 

many cases, massive adhesions between the colon and other abdominal tissues. 

A significant increase in mortality, related to colonic perforation, was also 

observed in the rats treated with naproxen. Mortality in rats treated with aspirin 

(20%) did not differ significantly from that observed in vehicle-treated rats. 

Treatment of colitic rats with the moderately and highly selective COX-2 

inhibitors also resulted in sigruficant increases in rates of mortality. As shown in 

Figure 6.5 (panel B), the majority of rats treated with nabumetone (25 mg/kg), 

etodolac (10 mg/kg) or L715337 (5 mg/kg) died prior to completion of the 14- 

day study period. With these doses of etodolac and L715,337, the rates of 

mortality reached 100%. The lower dose of L745,337 (1 mg/kg) did not increase 

mortality above that seen in vehicle-treated rats (1 of 5 died), while in rats treated 

with nabumetone at 75 mg/kg or etodolac at 50 mg/kg, the rates of mortality 
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were 47% and loo%, respectively. Again, the deaths of rats in these groups was 

invariably associated with perforation of the distal colon. 

The low number of animals surviving until the end of the studv period 

precluded a comparison of the severie of colonic damage among the treatment 

groups. For this reason, a separate series of studies was performed in which the 

rats (n=5 per group) were sacrificed after 3 days of drug administration and the 

colonic damage was scored (macroscopically and histologically). For these 

studies, only vehicle, diclofenac (10 mg/kg), L715,337 (5 mg/kg) and 

nabumetone (75 mg/kg) were compared. As shown in Figure 6.6 (panel A), all 

three of the test drugs sigruficantlv increased the colonic damage score above 

that observed in vehicle-treated rats. No deaths occurred over the course of this 

study. Figure 6.6 (panel B) summarizes the results of the histological evaluation, 

which demonstrated that all three test drugs significantly increased the extent of 

ulceration. 

In addition to increasing the severity of colonic injury, the incidence of 

diarrhea increased from 10% (2/5) in the vehicle-heated group to 100% in the 

groups treated with diclofenac, L745,337 and nabumetone. Hematocrit was 

significant1 y reduced in diclofenac-treated rats relative to vehicle-treated (25.8 + 

1.6 vs. 47.0 f 0.4, respectively; p<0.001), but not in the other groups (L745,337: 

19.6 k 1.5; nabumetone: 51.2 + 1.2). Granulocyte infiltration into the colon (tissue 

MPO activity) was not sigruficantly affected by any of the test drugs (vehicle: 
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26.1 + 2.9 U/mg; diclofenac: 15.4 + 3.4 U/mg; L76337: 25.9 k 4.9 U/mg; 

nabumetone: 19.3 f 4.2 U/mg). 
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Figure 6.1. Expression of COX-I and COX-2 mRNA in the rat colon a t  various 

times following induction of colitis. The results are expressed as a percent of the 

expression observed in healthy control rats (the open rectangle represents the 

mean k SEM expression in healthy controls). Each group consisted of 4-6 rats. 

Sigruficance: CLp<O.Ol, -p<0.001 compared to the healthy control rats sacrificed 

on the same day as the colitic rats. Figure produced and kindly provided by Mr. 

Samuel Asfaha. 



Figure 6.2. Expression of immunoreactive COX4 and COX-2 protein in sections 

of colon )?om healthy and colitic rats. COX-1-immunoreactivity was observed 

in a population of cells in the lamina propria (arrow) of the colonic mucosa (m) 

in healthy rats (panel A), and in bacteria (arrow) in colitic rats (panel B). Weak 

COX4 -immunoreactivi ty was also observed in infiltrating cells (arrowhead) in 

the submucosa (sm) in colitic rats. COX-2-immunoreactivity was not observed in 

healthy control rats (panel C). After induction of colitis, COX2 was expressed in 

the smooth muscle of the muscularis externa (arrowhead), in infiltrating cells in 

the submucosa (sm), in submucosal blood vessels (arrow) and bacteria (double 

arrowhead) (panel D). m, mucosa; sm, subrnucosa; an, circular muscle. Scale 

bar: 50 prn. Figure was produced and kindly provided by Dr. Keith A. Sharkey. 





Figure 6.3. Expressioti of irnmunoreactive COX-2 protein in whole-mount 

preparations porn healthy and colitic mts. COX-2-immunoreactivity was not 

observed in control rats (panels A and C). After induction of colitis, COX-2 was 

expressed in smooth muscle cells (panel B), and in infiltrating cells in the 

submucosa (panel D). Scale bar: 50 pm. Figure was produced and kindly 

provided by Dr. Keith A. Sharkey. 



Figure 6.4. Effects of diclofenac and L745,337 on colonic prostaglandin synthesis 

(panel A) and whole blood thromboxane synthesis (panel 8). Colonic 

prostaglandin synthesis was estimated by measuring 6-keto prostaglandin FI, 

concentrations in colonic dialysates. Thromboxane synthesis by whole blood 

was measured as an index of the inhibition of COX-1 by the test drugs. These 

studies were performed using rats (n=5 per group) 72 h after induction of colitis. 

Dialysis was performed over a 1 h period beginning 2 h after administration of 

the test drugs. Blood was taken for thromboxane measurement at the end of the 

dialysis period. Sigruhcance: *p<0.05, -p<0.001 compared to the vehicle-heated 

group- 





* Ve hick - Agirin 
* Naproxen - Oicloknac 

Days After WBS 

Figure 6.5. Effect of twice-daily administrution of standard NSAIDs (panel A) 

and selective COX-2 inhibitors (panel B) on the survival of rats with TNBS- 

induced colitis. The rates of mortality were sigruhcantly greater with all test 

drugs, except aspirin, than that observed with vehicle (p<0.01; Fisher's Exact 

test). Colitis was induced on day 1. The test drugs were administered on days 1 

through 7. 
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Figure 6.6. EfJects of treatment with standard NSAIDs and selective COX-2 

inhibitors on colonic macroscopic (Pattel A) and histological damage (Panel B) 

in rats with 7NBS-induced colitis. The test drugs were administered 3 h before 

and every 12 h after induction of colitis. The rats were killed 72 h after induction 

of colitis for assessment of colonic damage. Each bar represents the mean + SEM 

for 5 rats per group. Significance: *p<0.05, *p<0.01 compared to the vehicle- 

treated group. 



6.4 Discussion 

In this study it has been demonstrated that in experimental colitis there is 

a marked elevation of the expression of mRNA for COX-2 but not COX-I, an 

increase in the levels of COX-2 (but not COX-I) enzyme within the colonic tissue 

and an increase in prostaglandin svnthesis bv the colon which appears to be 

largely derived via COX-2. Furthermore, the prostaglandins derived from COX- 

2 appeared to play a key role in the maintenance of mucosal integrity, since 

administration of three drugs with moderate to high selectivity for inhibiting 

COX-2 sigruficantly exacerbated the severity of colonic injury in experimental 

colitis. Continued twice-daily administration of these compounds for a week 

resulted in perforation of the colon leading to death in a substantial portion of 

the animals. 

While first suggested to exist as long ago as 1972 (65), an inducible 

isoform of cyclooxygenase was only identified in 1991 (46). Since that time, a 

considerable amount of evidence has been generated to support the hypothesis 

that COX-2 is expressed at sites of inflammation and is a major contributor to the 

prostaglandin synthesis occurring at those sites (71,277279). While COX-I  is 

constitutively expressed in many tissues, it can also be induced under certain 

conditions, including in response to interleukin-l (96). On the other hand, COX- 

2 is expressed in non-inflammatory conditions in some tissues (e.g. cerebral 
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cortex, endometrium, fetal tissue) (292-294). The focus of the present study was 

the possibility that COX-2 expression would be elevated in the colon after 

induction of an inflammatory response. While there are low levels of mRNA for 

COX-2 detectable in the normal colon of the rat, COX-2 protein could not be 

detected. Moreover, COX-2 did not appear to contribute to basal prostaglandin 

synthesis by the colon of normal rats, since administration of the highly selective 

COX-2 inhibitor, L745,337, had no effect on prostaglandin generation in this 

situation. These results are consistent with those of DuBois et nl. (295) and 

Gustaffson-Svard et d. (296), who showed COX-I and COX-2 mRNA expression 

in the normal rat colon (the latter at low levels). Low or undetectable levels of 

COX-2 mRNA expression in human colon have also been reported (296-298). 

Interestingly, elevated expression of COX-? in the colon has been demonstrated 

in human colorectal cancer and in experimental models of colonic 

adenocarcinoma (295-298). While there have been recent preliminary reports of 

elevated COX-2 mRNA expression in experimental colitis (299,300) and human 

IBD (216), it is believed that the present study represents the first report of 

increased COX-2 protein and COX-2-derived prostaglandin synthesis in the 

context of colitis. 

Highly selective inhibitors of COX-1 activity in oizw are not yet available, 

so it is difficult to determine the precise contribution of COX-I versus COX-2 to 

prostaglandin synthesis by a tissue. However, from the data on suppression of 
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colonic prostaglandin synthesis by diclofenac and L745337 presented in the 

present study, it is possible to deduce that the majority of prostaglandins 

produced by the colon in rats with colitis was derived from COX-2. The highly 

selective COX-2 inhibitor, L745337, had no effect on COX-1 at the dose used, as 

demonstrated bv its failure to inhibit thromboxane synthesis. The failure of 

L745,337 to affect basal prostaglandin synthesis bv the colon suggests that COX-I 

accounted for all of this synthesis, consistent with the immunohistochemisb-y 

demonstrating no detectable COX-2 expression, along with the RT-PCR data 

showing only trace expression of COX-2 mRNA. The 53% reduction of 

prostaglandin synthesis in colitic rats by L715,337 suggests that at least this 

proportion of inflammation-associated prostaglandin synthesis was derived from 

COX-2. This deduction is consistent with the demonstration of marked up- 

regulation of COX-2 protein and rnRNA expression, with little or no change in 

COX-I expression. I t  is interesting that the same dose of L745,337 produced a 

comparable percent reduction of carrageenan-induced paw edema in the rat, and 

this was attributed by the authors of that study to suppression of COX-2 by the 

compound (279). 

The ability of moderate to highly selective C O X 2  inhibitors to 

significantly exacerbate colonic injury in the TNBS model suggests that 

prostaglandins derived from COX-2 are beneficial in the setting of colonic 

inflammation. There is a strong body of evidence to suggest that prostaglandins 
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do exert anti-inflammatory and mucosal protective effects in experimental colitis. 

For example, exogenous prostaglandins can reduce the severity of colitis in the 

TNBS model and in other models of colitis (188,189,287). Prostaglandins are 

capable of reducing the production of reactive oxygen metabolites (199) and a 

number of inflammatory mediators suggested to contribute to the pathogenesis 

of human IBD and experimental colitis, including leukotriene 8 4  and TNFa 

(116,196). In a previous study using this model it has been reported that the 

exacerbation of colonic injury by NSAIDs was not accompanied by elevated 

production of leukotriene B4, nor was it prevented by inhibition of leukotriene 

synthesis (178). While NSAIDs have been shown to elevate TNFa release (116), 

the contribution of this cytokine to NSAID-induced exacerbation of colonic 

damage has not been examined. However, given the considerable evidence 

supporting a role for TNFa in the pathogenesis of human IBD, particularly 

Crohn's disease (301,302), this question warrants further study. Prostaglandins 

can also reduce leukocyte adherence to the vascular endothelium, while NSAIDs 

have been shown to increase such adhesive interactions in the mesenteric 

microcirculation (108). However, administration of standard NSAIDs or 

selective COX-2 inhibitors did not sigruhcantly affect the extent of mucosal 

granulocyte hfil tra tion, as measured by tissue myeloperoxidase activity, so it 

seems unlikely that this is the underlying mechanism for exacerbation of injury 

by these agents. 
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Much of the mortality observed in this studv occurred subsequent to 

cessation of treatment with NSAIDs or COX-2 inhibitors. This is consistent with 

the time-frame of mortality in previous studies utilizing other NSAIDs (178,286), 

and is likely related to the continued presence of the NSAID in serum for many 

hours or days after treatment was ceased. Also, it is possible that suppression of 

prostaglandin synthesis initiated a chain of events that led to perforation of the 

colon and death, but once initiated, this chain of events was irreversible even 

though NSAlD administration had been discontinued. The observation that the 

drugs with selectivity for COX-2 induced mortality at higher rates than was 

observed with standard NSAIDs (which are more selective for COX-I than COX- 

2) suggests that inhibition of COX-2 may have been the underlying cause of the 

exacerbation of injury and the mortality. In the future, the availability of highly 

selective inhibitors of COX-I may help to clarifv whether or not this is the case. 

Given that the inflammatory infiltrate in the TNBS model of colitis is 

transmural, it is not surprising that mRNA for COX-2 would be elevated in both 

the mucosa and the muxularis propria, nor that there would be a greater 

increase in the former than the latter. However, we did not anticipate such 

strong expression of COX-2 protein in the muxularis propria of the inflamed 

colon as was observed in this study. As prostaglandins have well characterized 

effects on smooth muscle, it is possible that prostaglandins produced from COX- 



163 

2 expressed in the muscularis contribute to the altered motility that occurs in 

colitis. 

These results, if extendible to humans, bring into question the proposal 

that high1 y selective inhibitors of COX-2 will be "gastrointestinal sparing". 

While in experimental models involving healthy animals these compounds have 

proven to cause markedly less gastrointestinal injurv than standard NSAIDs 

(71,278,279), no previous study has examined the effects of these compounds in a 

setting of preexisting intestinal inflammation. Until such a time as selective 

COX-2 inhibitors have been adequatelv assessed in human conditions 

characterized by mucosal inflammation (e.g. IBD, Helicobncter pylori-associated 

peptic ulcer), caution should be exercised in regarding these compounds as 

"gastrointestinal-safe" . 



Chapter 7 

R-ENANTIOMERS OF CHIRAL NSAIDS ARE BETTER TOLERATED IN T H E  

TNBS MODEL OF COLITIS 

7.1 Introduction 

The detrimental effects of nonsteroidal anti-inflammatory drugs (NSAIDs) 

on the upper gastrointestinal tract have been well documented. In recent years, 

it has become evident that NSAIDs also have pronounced adverse effects on the 

small and large intestine. For example, NSAIDs have been reported to cause 

colitis de nor70 and to induce reactivation of quiescent inflammatow bowel 

disease (IBD) (18,172,284). 

Initially, prostaglandins were thought to play a role in perpetuating the 

inflammatory process in IBD (180,181,303). More recently, however, 

prostaglandins have been suggested to be important in down-regulating 

inflammation and stimulating repair. (184). Animal studies have confirmed that 

NSAIDs, which suppress prostaglandin synthesis by inhibiting the enzyme 

cyclooxygenase (COX), exacerbate colitis (178,286,304). In the previous chapter, 

the so-called "inducible" isoform of cyclooxygenase, or COX-2, was highly 

expressed in the inflamed colon of the rat and was the principal source of 
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prostaglandins synthesized in this condition. Selective inhibition COX2 resulted 

in exacerbation of colitis leading to perforation and death. 

The above studies suggest that prostaglandins play a key role in the repair 

of tissue injury in colitis. It was therefore postulated that NSAIDs which do not 

inhibit or weakly inhibit prostaglandin synthesis should be better tolerated in an 

experimental model of colonic injury. To examine this possibility the 

trinitrobenzene sulfonic acid (TNBS) model of colitis was used. The effects of 

two chiral NSAIDs, flurbiprofen and etodolac, were tested in the above model. 

While Senantiomers of chiral NSAIDs have been shown to inhibit prostaglandin 

synthesis similarly to the racernic mixtures, the R-enantiomers are much weaker 

COX inhibitors (305,306). If prostaglandins play a protective role in experimental 

colitis, then the administration of the R-enantiomers of flurbiprofen and etodolac 

should be better tolerated than the S-enantiomers or the racemates. On the other 

hand, it is possible that NSAIDs exacerbate damage in the colon through 

prostaglandin-independent effects, in which case the R-enantiomers may exhibit 

similar toxicity to the Senantiomers and racemates. 



7.2 Methods and Materials 

Induction of Experimental Colitis and Treatment Protocol. Colitis was induced 

in male, Wistar rats (175-200 g) by the intracolonic administration of TNBS as 

described in Section 2.5. Groups of 5 rats each were treated orally with one of 

the following: vehicle (0.5 % carboxymeth y lcellulose), racemic flurbiprofen (5 

mg/ kg), R-flurbiprofen (5 mg/ kg), Eflurbiprofen (5 mg/kg), racernic etodolac 

(20 mg/ kg), R-etodolac (10 mg/kg), and Setodolac (10 mg/kg). All drugs were 

administered orally 3 hours prior to and every 12 hours after the induction of 

colitis for 7 days. The rats were sacrificed on the 1 - P  day after induction of 

colitis and the distal colon was removed to assess macroscopic damage (see 

Section 2.6). 

Cyclooxygenase Activity. Groups of 5 rats per group were treated with the same 

test drugs as described above. Vehicle or NSAIDs were given orally 3 hours 

prior to and everv 12 hours after the induction of colitis for 3.5 days (i.e., a total 

of 7 doses). Six hours following the 7th dose of NSAID or vehicle the rats were 

anesthetized with SomnotoP (sodium pentobarbital 65 mg/ kg imp.) and whole 

blood COX activity was determined following the procedure outlined in Section 

2.8. 

Biliay Excretion of Flurbiprofen and Etodolac. Colitis was induced as described 

above, and 72 h later the rats received a single oral dose of either racemic 
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flurbiprofen, R-flurbiprofen, Sflurbiprofen, racemic etodolac, R-etodolac or S 

etodolac at the same doses as above. As described in Section 2.4, bile was 

collected beginning 3 h following the administration of vehicle or NSAID. 

Biliary levels of flurbiprofen and etodolac were determined by HPLC 

(250,307). A 100 PL sample of bile was deconjugated by the addition of 50 VL of 2 

mol/ L sodium hydroxide, then neutralized bv adding an equivalent amount of 2 

mol/L hydrochloric acid. Finally, the pH of the sample was lowered to 

approximately 4.5 by adding 250 PL of 1 mol/L potassium phosphate 

(monobasic). Indomethacin (25 PL; 100 pg/mL in methanol) was utilized as an  

internal standard for the measurement of flurbiprofen. The drugs were extracted 

with 3 mL of an isooctane:isopropanol solution (955, voIume/volume). Samples 

were then centrifuged for 30 minutes at ZOO0 g and the organic layer was 

transferred to clean glass tubes. The organic layer was evaporated to dryness 

then reconstituted in mobile phase consisting of acetonitrile and 0.02 mol/L 

potassium phosphate (40:60). A 100 PL aliquot was injected onto the HPLC 

system, consisting of a Hewlett-Packard 1050 HPLC with a 5-mm CIS analytical 

column (HP Spherisorb ODSZ, 125 X 4 rnm; Hewlett-Packard, Palo Alto, CA, 

USA). All analvses were performed at ambient temperature and at a flow rate of 

1 mL/min. Flurbiprofen and indomethacin were measured at a detection 

wavelength of 250 nm and had retention times of 6 and 7.5 minutes, respectively. 
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Concentration of flurbiprofen was determined by interpolation from calibration 

curves. 

Biliary levels of etodolac were determined using an identical protocol as 

stated above. Etodolac was measured at a wavelength of 225 run. Ibuprofen was 

chosen as the internal standard and was also detected at 225 nm. Etodolac and 

ibuprofen had retention times of 7 and 11.5 minutes, respectively. 

In pilot studies, we observed that this HPLC method was able to equally 

detect the R- or S-enantiomers of both NSAIDs used. 

Statistical Analysis. Comparisons among experimental groups were performed 

using a Bonferoni test. 

Materials. Racernic flurbiprokn and etodolac were purchased from Sigma 

Chemical Co. (St. Louis, MO, USA). Enantiomers of flurbiprofen and etodolac 

were synthesized by Laboratorios Menarini, S.A. (Barcelona, Spain). All solvents 

for the pharmacokinetic studies were of HPLC grade and were obtained from 

VWR Canlab (Edmonton, AB, Canada). 



7.3 Results 

Exacerbation of TNBS-Induced Colitis. Intracolonic administration of TNBS 

resulted in severe colitis characterized by ulceration of the distal colon and 

extensive transmural infiltration of granulocytes, monocy tes and lymphocytes. 

Ail 5 rats treated with vehicle over the two-week study period survived. The 

mean macroscopic damage score in this group was 4.7 + 1.5. Treatment with 

either racemic flurbiprofen or etodolac resulted in marked exacerbation of the 

colitis, and produced a mortality in 40% (2/5) and 100% (5/5), respectively. In 

both groups, the majority of deaths occurred between day 8 and 9 after induction 

of colitis, and were invariably attributable to the consequences (e-g., sepsis) of 

perforation of the colon. In the 3 surviving rats in the flurbiprofen group, the 

mean macroscopic damage score was 11.07 + 1.27 ( ~ ~ 0 . 0 5  compared to the 

vehicle group). 

Twice-daily dosing of the enantiomers of flurbiprofen revealed that the R- 

enantiomer was much better tolerated than the S-enantiomer. All rats treated 

with R-flurbiprofen survived until the end of the study and had damage scores 

not significantly different from those in the vehicle-treated group, while in the S 

flurbiprofen group there was an 80% mortality rate (see Figure 7.1, Panel A). 

Similar findings were obtained with the enantiomers of etodolac. R-etodolac was 

better tolerated, with only 1 of 5 rats not surviving the two-week study period (in 
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the survivors, colonic damage did not differ in severity from the vehicle-treated 

group). Of the 5 rats treated with Setodolac, only 2 survived the two-week 

study period. (see Figure 7.1, Panel 8). Colonic damage in the 2 surviving rats 

was 12.71 + 0.16 (p<0.05 versus the vehicle-heated group). 

Idribition of Cyclooxygenase Activity. Figure 7.2 shows the effects of 

administration of flurbiprofen, etodolac and their respective enantiomers on 

whole blood COX activity. TXBr synthesis in the vehicle-treated group averaged 

1175 1 9 ng/ mL. R-flurbiprofen inhibited whole blood thromboxane synthesis 

by -68% (p<0.001), while racernic flurbiprofen and S-flurbiprofen almost 

completely abolished thromboxane synthesis (pc0.001). Racemic etodolac and its 

S-enantiomer (140.2 + 37.0 ng/mL) similarly inhibited COX activity (i-e. by 

>85%). R-etodolac, on the other hand, had no significant effect. 

Biliary Excretion. Three hours after a single oral dose of R/Sflurbiprofen, R- 

flurbiprofen, or Sflurbiprofen, bile from colitic rats was found to contain 4.5 f 

0.7, 3.7 k 0.2 and 5.3 + 1.5 ~ g / m L  of flurbiprofen (enantiomeric separation was 

not performed). Biliary levels of etodolac following the administration of R/S 

etodolac or Setodolac did not differ signihcantly (68.1 + 21.7 pg/mL versus 51.3 

+ 17.3 pg/mL, respectively). In contrast, there was sigruficantly less biliary 

excretion of etodolac following oral administration of the R-enantiomer (7.5 + 2.0 

pg/ mL)- 
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Figure 7.1. EfjCect of jlurbiprofen and etodolac enantiomen on the suruival of 

rats wi th TNBS-induced colitis. Racemic flurbiprofen, R-flurbiprofen, and S- 

flurbiprofen (panel A; each at 5 mg/kg) or racemic etodolac, R-etodolac, and S 

etodolac (panel B; each at 10 mg/kg) were administered twice-daily for the first 7 

days after induction of colitis. 



Figure 7.2. Effect of fzurbiprofen, etodoluc and their respective ena~tionters on 

cyclooxygenase-l activity. Flurbiprofen (racemate (R/S), R-enantiorner (R) or S 

enantiomer (S) at 5 mg/kg) or etodolac (racemate, R-or Senantiomer at 10 

mg/ kg) were administered orally 3 hours prior to and every 12 hours after the 

induction of coiitis for 3.5 days (i.e., total of 7 doses). Veh = vehicle. 

Cyclooxygenase-1 activity was determined by measuring whole blood 

thromboxane 8 2  synthesis. Blood was drawn 6 hours following the 7" dose of 

NSAID. * p<0.001 compared to the vehicle-treated group. 8 p<0.001 compared 

to the corresponding R / S  and S groups. 
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7.4 Discussion 

The ability of NSAIDs to exacerbate preexisting colonic inflammation has 

been well documented in both humans (18,284) and animals (178,286,304). In the 

present study, similar results were obtained with the chirai NSAIDs flurbiprofen 

and etodolac. Both drugs increased damage to the colon and, with continued 

administration for a week, resulted in perforation of the colon and subsequent 

death in a sigruficant number of the rats. However, such effects were only 

observed when the racemate or the Senantiomer of each of the test drugs were 

given. The R-enantiomers of flurbiprofen and etodolac did not exacerbate colitis 

or significantly increase mortality. 

The results obtained in the current study support previous conclusions 

that prostaglandins play a protective role in TNBSinduced colitis. The two R- 

enantiomers had weaker activity in terms of exacerbation of colitis, and also had 

weaker activity in inhibiting cyclooxygenase activity. However, inhibition of 

cyclooxgenase activity by NSAIDs does not completely explain their detrimental 

effects in colitis. For example, the racemic and Senantiomer of flurbiprofen both 

completely suppressed cyclooxygenase activity, yet the Senantiomer caused a 

greater increase in mortality. In the case of etodolac, it was the racemate that 

caused greater mortality than the Senantiomer, even though they had equivalent 

effects on cycloox ygenase activity. I t  is possible that another factor contributing 
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to the reduced toxicity of R-etodolac may be the low level of biliary excretion of 

this compound. It has previously been reported that biliary excretion of an 

NSAID is a primary determinant of whether or not it will cause injury to the 

small intestine (255). The difference in biliarv excretion also raises the possibility 

that the enantiomers have distinct pharmacokinetic profiles, which could 

influence their ability to exacerbate colitis. The inhibitory activity of R- 

flurbiprofen on cyclooxgenase may have been due to bioinversion of this 

compound to the Sfom,  as has been reported by others (170,306). Further 

studies of the relative activities of R- and S-enantiomers of chiral NSAIDs are 

required to better understand the differences observed in terms of their toxicity 

in a rat model of colitis. 



Chapter 8 

GENERAL DISCUSSION 

Over the past two decades it has become increasingly evident that 

NSAIDs are able to significantly injurv the lower gastrointestinal tract and that 

this phenomenon occurs both in humans and in laboratory animals. These drugs 

can directly damage the intestine and can exacerbate pre-existing intestinal 

injury. This dissertation was undertaken in an attempt to further clarify the 

mechanisms underlying NSAID-induced intestinal toxicity. The work presented 

in this dissertation is divided into two broad categories: 1. studies concerned 

with the de nooo production of small intestinal injury by NSAIDs (see Chapters 1 

and 5) and 2. studies examining the ability of NSAIDs to exacerbate colitis in an 

experimental model (see Chapters 6 and 7). 

8.1 NSAID-Induced Small Intestinal Injury 

Like the stomach, the small intestine is very susceptible to injury from the 

use of NSAIDs. This has been clearly demonstrated both in humans 

(18,121,122,237) and in laboratory animals (126,135). However, unlike 

experimental NSAID-gastropathy, the injury produced in the small intestine 

generally required chronic treatment with NSAIDs and was less dependent on 
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the ability of drugs to suppress prostaglandin synthesis. In the studies described 

in this dissertation, diclofenac was used to induce small intestinal injury. 

Consistent and extensive intestinal injury only occurred following repeated 

administration of the d m g  (i.e., 4 times at 12-hour intervals; see Figure 3.5). The 

nature of the damage produced by diclofenac did not differ from that produced 

by indomethacin, which is the most commonly used NSAID in models small 

intestinal injury. Indomethacin is able to induce small intestinal injury following 

a single administration, and can cause a chronic, persistent inflammation if 

administered twice at twenty-four hour intervals (126). The need for additional 

dosing with diclofenac to achieve similar levels of injurv to indomethacin may be 

due to differences in potency and metabolism of these drugs in rats (150). 

In addition to demonstrating the damaging effects of diclofenac on the 

small intestine, the effects of an NO-releasing derivative of this drug, nitrofenac, 

were also assessed. Nitrofenac was found to produce little, if any small intestinal 

injury. Indeed, rats could be treated twice-daily for a period of two weeks with 

no significant damage or deaths (unlike diclofenac, which produced 100% 

mortality after 8 days). The differences in the gastrointestinal tolerability of these 

two drugs was not attributable to differences in their abilities to suppress 

cyclooxygenase activity. Both diclofenac and nihofenac were found to suppress 

platelet thromboxane synthesis to an equivalent level, and in both cases the 

suppression persisted for 22 hours following their administration. Additionally, 
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both drugs have previously been found to suppress PGE2 levels in both gastric 

tissue and at  a peripheral site of inflammation (223). Nitrofenac was also found 

to be as  potent as diclofenac in the blockade of PGE? synthesis by the colonic 

mucosa obtained from rats with TNBSinduced colitis (see Figure 3.9). Thus, the 

safetv profile of nitrofenac is not attributable to reduced inhibitory effects on 

cyclooxygenase. This finding also serves to further support and validate the 

suggestion that NSAIDs produce small intestinal injurv through a mechanism 

that is not primarily dependent on prostaglandin synthesis inhibition. It is 

noteworthy that other NSAIDs (eg., aspirin and nabumetone), that possess 

potent inhibitory effects on c yclooxygenase do not produce small intestinal 

injun: in the rat (100,142,308) and human (140,281). In addition, an NO-releasing 

derivative of naproxen was found to produce substantially less gastric and small 

intestinal injury in the rat, despite being able to suppress prostaglandin synthesis 

as effectively as its parent compound (228). 

Chapter 4 examined the role played by enteric bacteria, intestinal 

epithelial permeability and bile in the development of diclofenac-induced small 

intestinal injury. Although the factors examined were not novel (i.e., all had 

already been postulated to a play a critical role), the results obtained did further 

the understanding of the pathogenic mechanism involved in NSAID-induced 

small intestinal injury. Previous studies have simply looked at changes in enteric 

bacterial numbers at time points well after damage had been established 
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(125,126) or the effect of antibiotics or of germ-free states on this type of injury 

(1 24,l25,lZ9,l52,l54,l55). The results of the present study have extended the 

findings of Yamada et al. (126) that enteric bacteria do not initiate the damage, 

but are capable of exacerbating the injury to produce the profound inflammation 

seen at later time points. The enteric bacterial load did not increase until after 

small intestinal damage had been established. This was demonstrated by the fact 

that rats heated with diclofenac only displaved an increase in enteric bacterial 

load following two doses of drug, the same time point at which a statistically 

sigruficant increase in small intestinal damage was observed, but subsequent to 

the first significant change in intestinal permeability. Furthermore, nihofenac, 

aspirin and nabumetone all failed to produce small intestinal injury and all did 

not elicit an increase in bacterial numbers. The current study only detected an 

increase in aerobic bacteria, unlike the study of Kent et nl. (125) where a specific 

increase in mainly anaerobic bacteria was observed (see Chapter 4, Section 4.3). 

The fact that no increase in anaerobic bacterial numbers was found is most likely 

due to the methods employed. Use of an anaerobic chamber was not possible, so 

the initial isolation was carried out in aerobic conditions prior to the agar plates 

being placed into the anaerobic chamber and incubator. The initial isolation in 

aerobic conditions could have resulted in the death of all strict anaerobes and 

most likely explains the discrepancy between the results reported in the present 

study and those of Kent et nl. (125). 
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The altered epithelial permeability following nihofenac administration 

demonstrated that early changes, and even prolonged increases in permeability, 

did not necessarily translate into the development of intestinal damage. In other 

words, alterations in small intestinal permeability are not a requirement for the 

initiation of NSAID-induced small intestinal injury, as was originally proposed 

bv Bjarnason and colleagues (130,131). The ability of nihofenac to cause an 

increase in small intestinal permeability but not to induce damage is not unique. 

Davies et nl. (139) have shown that nabumetone administration to rats also 

produces a sigdicant increase in small intestinal permeability, but this does not 

progress to small intestinal ulceration. These findings raise questions about the 

validity of using epithelial permeability markers as measures of small intestinal 

damage. Clearly, elevated permeability can occur in the absence of overt 

damage and is not predictive of the development of intestinal ulceration. 

The changes in epithelial permeability that were observed in this study 

may have occurred as a direct consequence of inhibition of prostaglandin 

synthesis. Both diclofenac and nitrofenac produced a sigruficant and similar 

increase in small intestinal permeability following a single administration. As 

both compounds suppress prostaglandin synthesis to an equivalent degree, these 

data could be interpreted as an indication that prostaglandins regulate epithelial 

permeability. However, this subject is very controversial and the data currently 
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available in the literature are mixed in terms of the role played by prostaglandins 

in this respect (see Section 1.4). 

As outlined in chapter 4, the extent to which an NSAID undergoes 

enterohepatic circulation is paramount in terms of its ability to produce small 

intestinal injury. Although a similar conclusion has been suggested by various 

authors before, the current study is one of the few to include measurements of 

the amount of drug being excreted in bile. Nihofenac was not detected and only 

low levels of the parent compound (i.e., diclofenac) could be detected in the bile 

of rats treated with either a single or multiple (i.e., 1 doses at 12 hour intervals) 

doses of nitrofenac. When diclofenac was administered, it was found in 

sigruficantlv higher levels in the bile at both time points. In addition to their 

different biliary excretion profiles, the two compounds also have different serum 

profiles. Nitrofenac reached its peak serum level later and persisted longer than 

those of diclofenac (see Figure 4.4). The differences in pharmacokinetics suggest 

that the drugs are metabolized and/or distributed differently in the rat. These 

differences in pharmacokinetic profiles reinforce the notion that direct exposure 

of the intestinal epithelium to the drug is a requirement for the generation of 

small intestinal injury. The intestine was exposed to a similar level of the drug 

systemically, but was not exposed to the same levels of drug topically. 

Additional evidence in support of this hypothesis is provided by the in vitro 

studies conducted by Yamada et nl. (126), who examined the effects of bile and 



indomethacin on rat intestinal epithelial cells. The authors clearly demonstrated 

that both the NSAID and bile must be present for epithelial damage to occur. 

Other investigators have suggested that NSAIDs alone only can damage 

epithelial cells, but this required far greater concentrations than that can be 

detected in bile following administration of doses that cause small intestinal 

injury. Allen and colleagues showed that a variety of NSAIDs, including 

indomethacin, were onlv toxic towards a human intestinal epithelial cell line at 

concentrations well in excess of 2 rnrnol/L (>700 pg/mL). In comparison, 

Yamada et nl. (126) demonstrated that indomethacin at a concentration of 

approximately 0.3 rnrnol/L (-100 &mL) was cvtotoxic when combined with 

bile. Thus, the addition of bile sig-ruficantly enhances the cytotoxicity of 

indornethacin. Bile also appears to be essential for the initiation of small 

intestinal injury. Reduction of free bile in the intestine by the co-administration 

of cholestyramine (bile sequestering agent) results in sigruficantly less intestinal 

damage being produced by NSAIDs (128,129). However, bile is a mixture of 

various components, and therefore, exactly which component of bile is 

responsible for inducing small intestinal injuw in the presence of an NSAID 

remains to be determined. 

In an attempt to answer the above question, the role of the cytokine TNF-a 

in NSAID-induced small intestinal damage was examined. T N F a  was examined 

because it represents a protein found constitutively in bile (167) and has been 
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shown to play a role in NSAID-induced gastric damage (111,115). Despite being 

found in increased levels in both bile and small intestinal tissue, TNF-a does not 

appear to play a role in the initiation of NSAID-induced small intestinal injury. 

In particular, its does not appear to be the component of bile that combines with 

NSAIDs to produce damage for two main reasons. Firstly, its normal level in 

bile is approximately 750-1000 pg/mL. For a cytokine, this is already an 

extremely high level and is equivalent to or in excess of the levels that were 

produced in plasma by the administration of LPS (see Figure 5.4). Secondly, the 

dose of the TNF-a inhibitor pentoxifylline required to sigmficantly attenuate bile 

levels of TNF-a was double that required to decrease small intestinal injury (i-e., 

200 mg/kg versus 100 mg/kg, respectively). Furthermore, only the 

phosphodiesterase inhibitors provided protection, while thalidomide and the 

anti-TNF-a antibodv did not. Thalidomide has been shown to protect the gastric 

mucosa from NSAID damage at a dose of 10 mg/kg (115). Doses as high as 50 

mg/kg were unable to provide protection in the small intestine (see Figure 9.7). 

Thus, the phosphodiesterase inhibitors appear to mediate their protective effect 

through a mechanism independent of T N F a  synthesis inhibition. 

Exactly how these drugs provide protection to the small intestinal mucosa 

is not known. Phosphodiesterase inhibitors have anti-inflammatory effects 

themselves (270,309) and have been shown to of benefit in the treatment of 

arthritis in both humans (310) and laboratory animals (311,312). They are also 
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potent vasodilators (270) and have been shown to preserve and restore intestinal 

microvaxular blood flow (273,271). This ability to maintain or restore intestinal 

blood flow may be the mechanism through which phosphodiesterase inhibitors 

protect the small intestinal mucosa. The damage seen in the small intestine was 

located on the mesenteric border and may be indicative of an ischemic event. 

Anthony and colleagues (271,272,313) have demonstrated that indomethacin 

administration to rats produces microvascular injury in the jejunum. These 

authors have also shown that the early microvascular injury and the ensuing 

mucosal damage can be prevented by pre-beatrnent with a P-adrenoceptor 

agonist. Since prostaglandins, phosphodiesterase inhibitors and P-adrenoceptor 

agonists are all vasodilators and mediate their effects through CAMP, it raises the 

possibility that maintenance of small intestinal mucosal blood flow plays a 

critical role in preventing the exacerbation and promoting the healing of small 

intestinal ulcers. Along with reduced enterohepatic circulation, the ability of the 

NO-releasing derivative of diclofenac to maintain mucosal blood flow, as has 

been demonstrated in the stomach (223), may also underlie its low ulcerogenic 

effects in the small intestine. 

In terms of which component of bile combines with NSAIDs to initiate the 

small intestinal mucosal damage, bile acids seem the most likely. Bile salts are 

known to produce injury to the mucosa of the small and large intestine (314-316). 

In the colon, NSAIDs have been shown to augment the injury produced by bile 
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salts (316). Furthermore, indomethacin has been shown to alter the composition 

of bile acids secreted in rats. Indomethacin treatment has been shown to increase 

secretion of deoxycholic acid and hyodeoxycholic acid (317). Deoxycholic acid 

has also been demonstrated to damage the ileal mucosa of rats (318). Normally, 

bile acids are sequestered by phosphatidylcholine, a major constituent of bile, to 

form mixed rnicelles (166,318). Barrios and Lichtenberger (318) have 

hypothesized that NSAID-induced small intestinal injury is initiated by the 

NSAID competing for and interacting with phosphatidylcholine, hence, 

increasing the concentration of free bile salts to damage the intestinal mucosa. 

These authors have demonstrated that the damaging effects of deoxycholic acid 

could be reversed by the application of phosphatidylcholine, and that the 

addition of indomethacin resulted in the elimination of this protective effect. 

Overall, damage produced in the small intestine by NSAIDs occurs 

through a rather different mechanism than NSAID-gastropathy. NSAID-induced 

enteropathy is highly dependent on the topical irritant properties of NSAIDs, the 

presence of bile or one of its components, and enteric bacteria. Prostaglandins 

and TNF-a do not appear to play a critical role in the initial phases of NSAID- 

enteropathy. However, prostaglandins may be involved in preventing the 

exacerbation of the initial injury and in the healing process. In contrast, NSAID- 

gashopathy is linked to the ability of NSAIDs to suppress prostaglandin 

synthesis and to promote the increased adherence of neutrophils in the gastric 
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microcirculation. TNF-a has also been shown to play a critical role in 

experimental NSAID-gashopathy. 

8.2 NSAIDs and Exacerbation of Colitis 

NSAIDs are known to exacerbate inflammatory bowel disease in both 

humans (18,170) and in laboratory animals (178,179). The results of this 

dissertation further confirm the detrimental effects of NSAIDs in experimental 

models of inflammatorv bowel disease. None of the NSAIDs examined in this 

dissertation were found to have a beneficial effect in the rat model of TNBS 

induced colitis (see Chapters 3, 6 & 7). In fact, the majority of NSAIDs tested, 

including the highly selective COX-2 inhibitor, L-745,337, profoundly 

exacerbated the injury produced by TNBS, often resulting in perforation of the 

colon and death of the animal. The wide variety of NSAIDs studied in this 

dissertation, along with the NSAIDs previously reported to exacerbate TNBS 

induced colitis in the rat (178), suggest that prostaglandins play a critical role in 

downregulating this inflammatory condition. To further test this hypothesis, the 

effect of the enantiomers and racemates of two chiral NSAIDs, flurbiprofen and 

etodolac, were examined in TNBSinduced colitis (see Chapter 7). Chiral 

NSAIDs were used because the ability of the enantiomers to suppress 

prostaglandin synthesis differs dramatically. The Senantiomers of chiral 
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NSAIDs inhibit prostaglandin svnthesis as well as the racemic mixtures, while 

the R-enantiomers are much weaker at suppressing COX activity (305,306). The 

R-enantiomers of both flurbiprofen and etodolac were found to be better 

tolerated (i-e., produced less mortaliw and did not exacerbate colonic damage) 

than the Senantiomers and the racemic mixtures (see Chapter 7). In terms of 

their ability to suppress COX activity, the Senantiomers and racemic mixtures of 

flurbiprofen and etodolac almost completely blocked the ability of whole blood 

to generate TXBz. The R-enantiomer of etodolac had no effect on TXB2 

production. R-flurbiprofen did sigruficantly inhibit TXBz synthesis, but not as 

effectively as the Senantiomer or racemic mixtures (see Figure 7.2). The 

inhibition of M B z  synthesis by R-flurbiprofen may have been due to 

bioinversion of this compound to Sflurbiprofen, as has been previously been 

reported by others (170,306). These studies therefore demonstrate a good 

correlation between the ability of an NSAID to suppress cyclooxygenase activity 

and their ability to exacerbate TNBSinduced model of colitis. 

However, the inhibition of cyclooxygenase activity by NSAIDs does not 

completely explain their detrimental effects in colitis. For example, the NO- 

releasing derivative of diclofenac (nihofenac) was found to inhibit colonic 

prostaglandin synthesis as effectively as its parent compound (diclofenac), but 

was much better tolerated by the colitic rats (see Chapter 3). Exactly why 

nitrofenac is better tolerated than its parent compound dicloknac is not known. 
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One possibility is that the nitric oxide being released by the compound exerted 

effects that compensated for the reduced mucosal prostaglandins. Nitric oxide 

and prostaglandins exert similar effects in the gastrointestinal tract, modulating 

several components of mucosal defence. Both nitric oxide and prostaglandins 

are able to increase mucosal blood flow, stabilize mast cells, inhibit granulocyte 

activation and increase mucus secretion (2,319). 

Another possible explanation for the increased tolerability of nitrofenac 

versus diclofenac may be related to the differences in their enterohepatic 

circulation. Interestingly, the R-enantiomer of etodolac undergoes signihcantly 

less enterohepatic circulation than the Senantiomer or the racemic mixture and 

was better tolerated by the colitic rats (see Chapter 7). Aspirin, which does not 

undergo enterohepatic circulation, was also well tolerated by the colitic rats. In 

fact, of all the standard NSAIDs examined in this model, aspirin exhibited one of 

the best safety profiles (see Figure 6.5). On the other hand, nabumetone does not 

undergo enterohepatic circulation in the rat, but was not well tolerated by rats 

with colitis. Nabumetone administration resulted in a high mortality rate (-60%) 

and exacerbation of colonic injury (see Figures 6.5 & 6.6). 

The suggestion that prostaglandins are protective in the rat model of 

TNBSinduced colitis raised additional questions as to which isoform of COX 

was responsible for their generation. The study outlined in chapter 6 

demonstrated that in this model of colitis, COX-2 was elevated at both the 
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mRNA and protein level, and that it was the isoform predominately responsible 

for the generation of prostaglandins. The prostaglandins derived from COX-2 

also appeared to be responsible for the maintenance of mucosal integrity, since 

the administration of drugs with moderate (eg., nabumetone and etodolac) to 

high (eg., L-745,337) selectivity for COX-2 resulted in exacerbation of colitis and 

mortalitv (see Figure 6.5 & 6.6). Subsequent studies have demonstrated that 

COX-2 is expressed in inflamed colon samples from both humans (216,320) and 

laboratory animals (299,300). The present study was therefore the first account of 

COX-2-derived prostaglandins plaving a protective role in an idammatory 

condition. Moreover, subsequent extended our findings to the stomach, where 

inhibitors were found to impair the rate of gastric ulcer healing in rodents 

(211,215). COX-2 was recently described to play a beneficial role in a model of 

pleurisy (217). If the present studies are predictive of the actions of COX-2 

inhibitors in humans, then COX-2 inhibitors should not be used in patients with 

inflammatorv bowel disease and pre-existing gastric and duodenal ulcers. 

Moreover, referring to these COX-2 selective inhibitors as being "gastrointestinal 

sparing" is misleading and potentially very dangerous. 

Although the studies presented in chapters 6 and 7 have demonstrated 

that prostaglandins play a critical role in down-regulating TNBSinduced colitis 

in the rat, and that these prostaglandins are derived from COX-2, exactly how 

prostaglandins mediate their protective effects has not been clarified. 
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Prostaglandins influence a variety of functions in the gastrointestinal tract, but 

their ability to suppress the activity of immune cells may best explain their 

beneficial effects in colitis. Numerous studies have demonstrated that 

administration of prostaglandins sigtuhcantly reduces the severity of colitis 

induced by acetic acid or hinitrobenzene sulphonic acid in the rat (188-190,321). 

The decrease in severity of colonic damage was associated with a marked 

reduction in neutrophil infiltration into the lamina propria and a reduction in the 

production of pro-inflammatory eicosanoids (i.e., leukotrienes) (188,190). These 

data suggest that prostaglandins may mediate their beneficial effects in 

experimental models of ulcerative colitis by suppressing the activation of 

neutrophils. Neutrophils are known to play a critical role in the pathogenesis of 

experimental colitis, since interference with the recruitment of neutrophils into 

the colonic mucosa sigruhcantly attenuates the degree of epithelial injury 

produced by trinitrobenzene sulphonic acid or ace tic acid (193,194). 

Furthermore, a variety of the drugs currently used to treat ulcerative colitis in 

humans are capable of interfering with the adhesion of neutrophils to the 

vascular endothelium, and hence the infiltration of these cells into the lamina 

propria (201). Neutrophils are also capable of generating and releasing a variety 

of agents that can contribute to tissue injury, including Ieukotrienes, reactive 

oxygen metabolites and proteases. 



Leukotxienes are found in increased levels in the colonic mucosa of 

humans (322) and laboratory animals (321,323,324) with colitis. LTBa has been 

postulated to be the primary chemotactic agent for neutrophils in human 

inflammatory bowel disease and may therefore aid in the amplification of the 

inflammatory condition (325). Wallace and Keenan (326) showed that LTB4 

administration to rats caused a 3-fold increase in the severity of ethanol-induced 

colonic injury. Furthermore, these authors demonstrated that an inhibitor of 

leukotriene synthesis (MK-886) was able to accelerate the healing process in 

TNBSinduced colitis (287). Zingarelli et d. (323) and Wallace et nl. (321) 

demonstrated a beneficial effect of other leukotriene synthesis inhibitors 

(zileu ton and L651392, respectively) in the same animal model. A1 though 

neutrophils are thought to be the primary source of L T B  (192,326,327), mast cells 

represent another source of Ieukotrienes (192). Pre-treatment with drugs that can 

stabilize mast cells and prevent their degranulation, such as ketotifen, have been 

found to sigruficantly reduce the severity of colitis induced by acetic acid or 

TNBS in rats (324). The beneficial effect of ketotifen was attributed to its ability 

to prevent the increase in tissue LTB4 levels, as well as the increased release other 

inflammatory mediators (321). Many of the drugs currently used in the 

treatment of IBD, such as sulphasalazine, 5-ASA and corticosteroids, are capable 

of inhibiting the formation of a variety of inflammatory mediators (328). Because 

prostaglandins are potent inhibitors of the synthesis/release of leukotrienes and 
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other inflammatory mediators from neutrophiis (196-199) and mast cells (206), it 

is possible that NSAIDs exacerbate colonic inflammation by suppressing 

prostaglandin synthesis, thereby allowing for the increased generation of 

leukotrienes and other mediators. In fact, it has been proposed that the blockade 

of prostaglandin synthesis by NSAIDs may result in the shunting of arachidonic 

acid into the 54ipooxygenase pathway and therefore the over-production of 

leukotrienes (176,179,245)- However, this does not appear to occur in TNBS- 

induced colitis. Wallace et nl. (178) showed that the treatment of colitic rats with 

either naproxen or indomethacin did not result in an increase in colonic LTB4 

generation, despite the fact that both NSAIDs sigruhcantly reduced colonic 

prostaglandin levels and exacerbated the inflammatory condition. 

8.3 Future Directions 

NSAID-Induced Small Intestinal Injury. The studies conducted into the 

mechanism responsible for NSAID-induced small intestinal injury have left two 

major questions unanswered. First, exactly what component of bile is involved 

in this type of injury, and second, through what mechanism do 

phosphodiesterase inhibitors provide protection against NSAIDs. To answer the 

first question, it would be best to use an in zlitro system, since too many 

additional variables exist in r7iza. A good model system has already been 
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established by Yamada et nl. (126). These authors used cultured intestinal 

epithelial cells (IEC-18 cells) to demonstrate that both bile and NSAIDs were 

required to cause cellular damage. IEC-18 cells were employed because they are 

a non-transformed cell line from the ileum region of the rat, an area often 

associated with NSAID-induced injury. Using the same model system it would 

be interesting to examine the effects of an NSAID (eg., indomethacin) on these 

cultured cells, in the presence of different bile acids. As stated in the discussion 

(see Section 8.1), bile acids are able to harm the small intestinal mucosa, and 

some evidence already exists to implicate them in NSAID-induced enteropathy. 

The bile acids studied should include deoxychoiic acid and hyodeoxycholic acid, 

since they have been found in increased proportion in the bile of rats treated 

with indomethacin (317). Similarly, the bile acids ursodeoxycholic acid and 

taurochenodeoxycholic acid have been found to be protective in indomethacin- 

induced enteropathy (168,169), and what effects they have when combined with 

NSAIDs on IEC-I8 cell viability should be established. It would aiso be 

interesting to examine the reverse situation; that is, examine the effects of 

different NSAIDs in the presence of nsve rat bile. The NSAIDs examined 

should include those that are known to produce small intestinal injury (eg., 

indomethacin and diclofenac) and those that do not (eg., aspirin, nabumetone or 

its active metabolite). If the presence of NSAID in bile is crucial to the 

development of injury, then in an b z  r?iho system all NSAIDs should be cytotoxic 
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to epithelial cells in the presence of bile. For these studies, the effect of bile 

collected from rats treated with the different NSAIDs employed should also be 

determined. Theoretically, the NSAIDs known not to produce damage do not 

undergo enterohepatic circulation, and therefore, bile collected from animals 

treated with these compounds should exhibit minimal cytotoxicity. The reverse 

should occur with NSAIDs such as indomethacin (already described by Yamada 

et nl (126)) and diclofenac. These studies should clarify how NSAlDs initiate 

their detrimental effects on the small intestine, both in the terms of mechanism 

and the definitive role of the enterohepatic circulation of the drug. 

The protective effects of phosphodiesterase inhibitors still requires 

clarification as to whether they are mediated via a CAMP-dependent pathway. 

This could be answered directly by examining the effect of pre-treatment with a 

CAMP analogue, such as dibutryl CAMP, on diclofenac-induced small intestinal 

injury. The study could be conducted in a similar similar to the 

phosphodiesterase inhibitor studies outlined in chapter 5. The effects of NSAIDs 

on mesenteric blood flow in the small intestine should also be closely examined. 

I t  is possible that the protective effects of the phosphodiesterase inhibitors were 

mediated by their ability to maintain or increase blood flow to the small 

intestinal mucosa. Phosphodiesterase inhibitors potent vasodilators, as are 

prostaglandins of the E and I series. It is possible that in the latter stages of 

NSAID-induced small intestinal injury, decreased blood flow to the mucosa 
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contributes to the proportion of the injury, as is the case in NSAID-induced 

gastric damage. 

An additional study of interest would be to examine which isoform of 

COX predominates during NSAID-induced small intestinal injury and whether 

the COX-2 selective drugs would exacerbate the injury already established by 

either diclofenac or indomethacin. These studies may help to determine if 

prostaglandins play a critical role in the healing of NSAID-induced small 

intestinal injury and if they were also derived from COX-2, as  was seen in the 

TNBSinduced colitis model. There are some preliminary data to suggest that 

this is the case. In studies using mice in which the gene for COX-2 was 

disrupted, Wallace et d. (329) noted that indomethacin caused severe small 

intestinal injury, sometimes leading to perforation and death. In contrast, wild 

type mice did not exhibit small intestinal damage when given the same dose of 

indomethacin. 

Exacerbation of Experimental Colitis by NSAIDs. To further clarify the role of 

prostaglandins derived from COX-I versus COX-2 in down-regulating 

experimental colitis, it would be worthwhile testing the effects of a selective 

COX-I inhibitor, such as SC-560 (Searle (330)) in TNBSmodel. A selective COX- 

1 inhibitor would also be useful in confirming that the predominant source of 

prostaglandins in the inflamed colon was COX-2. I t  would allow for a more 

direct measurement of COX-1-derived prostaglandins in the colon tissue, as 
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opposed to deducing the level of contribution from individual assays conducted 

in tissue and blood. 

Given the fact that nitrofenac was well tolerated by rats with colitis 

despite markedly suppressing prostaglandin synthesis, an additional study of 

interest would be to examine the effects of nitric oxide donors in experimental 

colitis. The nitrofenac studies suggest that low levels of NO may have beneficial 

effects in the inflamed colon. NO has been shown to protect the stomach against 

such damaging agents as ethanol (120) and NSAIDs (119). NO donors can 

suppress neutrophil adherence to the vascular endothelium, and therefore 

reduce neutrophil influx into the mucosa. On the other hand, NO has been 

suggested to contribute to the tissue injury in colitis. For example, various 

inhibitors of NO synthesis have been shown to reduce the severity of 

experimental colitis (331-333) and NO production has been shown to be 

markedly increased in human IBD and in animal models of colitis (334-337). 

Nevertheless, a recent study suggests that a derivative of 5-ASA that slowly 

releases NO is capable of substantially reducing tissue injury in the TNBS model 

of colitis in rats (338). Thus further studies to substantiate a beneficial role of NO 

in colitis and to better define the mechanism of action are warranted. 
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