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SUMMARY

The principal objectives of this work were: i) to examine the absorption properties of
ibuprofen in a range of different buffer solutions; ii) to study the absorption properties
and mechanisms of ibuprofen, ketoprofen and naproxen; and iii) to determine the
effect that coupling the ibuprofen molecule to a range of simple amino acids has on

its absorption properties and gastrointestinal irritation.

Preliminary studies involved the examination of eight different buffers that had been
previously used in absorption/perfusion studies as reported in the literature. The
solubility of ibuprofen acid in each system varied six-fold over the range of buffers
and was related to the buffer pH. Ibuprofen formed poorly soluble salts with calcium
ions in Krebs’ buffer and became solubilised in fed state simulated intestinal fluid
(FeSSIF). Buffer capacity varied significantly over the eight systems.

Buffer composition was found to significantly affect the absorption properties of
ibuprofen. This appeared to be primarily due to differences in net water flux/solvent

drag across the intestinal mucosa as a consequence of different buffer osmolarities.

No significant differences were seen between the absorption properties of ibuprofen,
ketoprofen and naproxen. The absorption properties of ketoprofen were examined at
different concentrations and no changes in permeability coefficient with increasing
concentration were observed. Comparison of NSAID permeability coefficients with
that of the more hydrophilic compound, Gly-Sar, suggested that the passive
absorption of ibuprofen, ketoprofen and naproxen occurs principally by transcellular
diffusion, with transport via the paracellular route occurring simultaneously but to a

much lesser extent.

The alanine, glycine and phenylalanine derivatives of ibuprofen, showed significantly
lower intestinal absorption in the rat. This could be attributed to differences in their
polar surface areas. In turn, the L-arginine derivative was significantly less well
absorbed than the other three amino acid derivatives of ibuprofen as well as ibuprofen
itself. This could be explained by its relatively large polar surface area and relatively
low Log P value. When their permeability coefficients in rats were converted to

fraction absorbed values in humans, no significant differences were observed between

viil



the alanine, glycine and phenylalanine derivatives, and ibuprofen. These were all

significantly larger than the L-arginine derivative.

Ibuprofen and the four amino acid derivatives of ibuprofen appeared to bind non-
specifically to peptide transporters involved in the uptake of the dipeptide, Gly-Sar, in
situ and in cell culture. The extent of this binding varied with the compound. In
addition to the passive absorption of these compounds, active transport processes by

peptide transporters may also be involved in their absorption.

A two compartment pharmacokinetic model with constant input and first order output
was shown to best describe the plasma data for ketoprofen, naproxen, ibuprofen and
its amino acid derivatives. There was a good correlation between disappearance from
the gut and appearance in the plasma. The rate of elimination of ketoprofen from the
blood appeared to decrease with increasing dose. Both the rate of elimination from
the blood and the volume of distribution of the phenylalanine derivative of ibuprofen

were significantly different from ibuprofen and the other amino acid derivatives.

The parent compound, ibuprofen, was not released by these amino acid derivatives,
suggesting that they were not being metabolised by the rat. It is possible they are

excreted unchanged.

The amino acid derivatives of ibuprofen were significantly less toxic to the
gastrointestinal mucosa than ibuprofen, ketoprofen and naproxen. Elimination or
reduction of the direct contact effect of the acidic carbonyl group appeared to be the
reason for this reduced toxicity. Increasing the concentration of ketoprofen in the
perfusion solution significantly increased the level of gastrointestinal irritation within

the concentration range of 0.5-2.0 mg ml™.

The pH values of the perfusate samples shifted over the course of the perfusion
experiments. The direction and extent of this pH change was dependent on the initial
pH of the perfusion solution and indicated that the intestinal microclimate buffering
system attempts to maintain the intestinal contents at pH 6 and reaches a steady-state

after 40 minutes.



ORIGIN AND SCOPE

In addition to their traditional role in the treatment of pain and inflammation, as newer
clinical applications of NSAIDs begin to emerge, such as their potential roles in the
treatment/prevention of Alzheimer’s disease and colon cancer (Katori and Majima, 2000;
Aisen, 2002; Kaza et al., 2002), the need to develop safer forms of NSAIDs is becoming
more important. In this regard, an understanding of the mechanisms of NSAID absorption
and toxicity in the gastrointestinal tract would be useful. This information could serve as
a starting point and a reference for newly synthesised amino acid derivatives of
ibuprofen, with different physicochemical and absorption properties to the parent
compound. Additionally, the ability of these compounds to bind to peptide transporters is
of interest as this could potentially provide a means of selective delivery of the
compounds to particular tissues, such as the intestinal and tumour selective delivery via

H"/oligopeptide transporters for peptide mimetic drugs as reported by Tsuji (1999).

In situ intestinal absorption studies in the rat and in vitro cell culture studies were carried
out using alanine, glycine, phenylalanine and L-arginine derivatives of ibuprofen.
Fagerholm et al. (1996) reported a linear correlation of intestinal permeability and
fraction of dose absorbed between humans and rats. Consequently, rats, as an animal
model for drug absorption, appear to reasonably predict the extent of drug absorption in
humans and, accordingly, were used in all in situ drug absorption studies. When carrying
out all in situ absorption studies, a 33.3 cm length of proximal jejunum was used,
beginning 1 c¢m distal to the stomach. This section of intestine was chosen as the ratio of
surface area to length of intestine is greatest in this region (DeSesso and Jacobson, 2001)
and the small intestine is considered to be the major site for drug and nutrient absorption.
However, for some drugs (e.g. metoprolol and theophylline) the large intestine is also an
important absorption site, in spite of the lower surface area available for absorption
(Abrahamsson et al., 1996; Yuen et al., 1993). Passive transcellular diffusion, instead of
paracellular and carrier mediated mechanisms, appears to be the principal means of drug
absorption in the large intestine due to the small paracellular pore size and low activity of

carrier mediated transport (Hardy et al., 1985). Considering these factors, together with



fact that the intestinal peptide transporters, such as PepT1, are expressed predominantly
in the jejunum and duodenum (Walter et al., 1996; Gonzalez et al., 1998), the proximal
jejunum was selected as the area of the intestine to be perfused. Capan-2 cells were used
for cell culture studies as they express a range of transport proteins at high levels

(Gonzalez et al., 1998).

Essentially, the rationale for studying the alanine, glycine, phenylalanine and L-arginine
derivatives of ibuprofen was that by attaching an amino acid moiety to the ibuprofen
molecule it would reduce the gastrointestinal toxicity and release the parent ibuprofen in
the plasma by the action of esterases in the blood. One of the reasons why these simple
amino acids were chosen as a derivatisation approach is because they are safe, and
innocuous and offer opportunities for covalent drug attachment due to the presence of
different functional reactive groups (Franssen et al., 1992). The polar nature of these
same functional groups might also serve to increase the solubility of the derivative
relative to the parent compound. Finally, amino acids might utilise specific carrier
mechanisms for their uptake, and by attaching them to a drug molecule, the resulting

compound might also be a substrate for these carrier mechanisms.
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Chapter 1. Non-steroidal anti-inflammatory drugs

1.1 INTRODUCTION

Non-steroidal anti-inflammatory drugs (NSAIDs) are the principal form of treatment
of inflammatory diseases, and despite their renal (Schiff and Whelton, 2000) and
gastric (MacDonald et al., 1997) side effects they are one of the most widely used
groups of drugs worldwide (Garner, 1992). The first NSAID with clinical benefits
was aspirin, which has now been used for more than 100 years. Even today this
substance is one of the most commonly used drugs. It has been estimated that 1-2% of
the world population consumes at least one aspirin tablet per day (Lichtenberger,
2001), with an average yearly consumption of 30g per person in industralised

countries (Roth and Calverley, 1994).

1.2 THE INFLAMMATORY PROCESS

Inflammation is a normal and essential response to any noxious stimulus that
threatens the host and may vary from a localized response to a more generalized one

(Hamor, 1989). The inflammation sequence can be summarised as follows:

(1)  initial injury causing release of inflammatory mediators (e.g. histamine,
serotonin, leukokinins, lysosomal enzymes, lymphokinins, and
prostaglandins).

(i1) vasodilation.

(iii) increased vascular permeability and exudation.

(iv) leukocyte migration, chemotaxis and phagocytosis.

(v) proliferation of connective tissue cells.

The most common sources of chemical mediators include neutrophils, basophils, mast
cells, platelets, macrophages and lymphocytes (Hamor, 1989). The etiology of
inflammatory and arthritic diseases has received a great deal of attention and the
currently accepted pathogenesis of these disorders can be summarised as follows: an
unknown antigen gains access to the patient’s tissues and combines with an antibody
in the joint, thus activating the complement sequence. An antigen-complement-
antibody immune complex then precipitates in the synovial and joint fluid, generating

the release of chemical mediators which subsequently cause the migration of
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numerous polymorphonuclear leukocytes phagocytising the immune complexes.
Lysosomal membranes become unstable and discharge hydrolytic enzymes from the
leukocytes and synovial cells. This results in tissue damage with continuing
inflammation, tissue destruction and the loss of physical properties of the connective
tissue and joints. Anti-inflammatory agents may therefore act at any one of these

stages.

1.2.1 Biosynthesis of eicosanoids

Prostaglandins (PGs) contribute to a variety of physiological and pathophysiological
functions and, along with thromboxanes, prostacyclin and leukotrienes, belong to a
class of compounds called eicosanoids. The eicosanoids are derived from membrane
phospholipids and are found in almost every area of the body and their biosynthesis is

summarised in Figure 1.1.

Phospholipids
l Phospholipase A,

Arachidonic acid

Lipoxygenase-Pathway
Cyclooxygenase
COX-Reaction

Lipoxygenase-Pathway
PGG, poxyg Y

Cyclooxygenase
Peroxidase-Reaction

PGH;

ThromboxansynthV Nostacyclinsymhase
Thromboxan A, Prostacyclin (PGI5)
(TXAz)

l Isomerase l
PGD; \Re ductase/ PGE;
PGFZ(}
Figure 1.1 Arachidonic acid cascade.
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The initial step is the phospholipase A, catalysed liberation of arachidonic acid (AA)
from the phospholipids of the cell membrane. The next step is the biotransformation
of AA by cyclooxygenase (COX) into the unstable PGG, (or into leukotrienes via the
5-lipoxygenase (5-LOX) pathway) which is then immediately converted into PGH,
by the same enzyme in a peroxidase reaction. PGH, is then converted into
thromboxanes, prostacyclin (PGI,) or the prostaglandins PGD,, PGE, and PGF,,
(Vane, 1971; Vane and Botting, 1992).

1.2.2 Pathophysiological roles of prostaglandins and other
eicosanoids

PGs are produced by most cells around the body and result in a broad spectrum of
physiological effects. Under basal conditions, PGs are produced in nearly all tissues
including the colon, kidney, spleen, stomach, liver, lung, heart and brain. The first
eicosanoids produced in the arachidonic acid cascade are PGG; and PGH,. Both are
chemically unstable but may themselves be able to mediate pain and act as
vasoconstrictors , as well as acting as precursors for the other eicosanoids. PGE; is a
stimulator of smooth muscle in the gastrointestinal (GI) tract, can elevate body
temperature and is a potent vasodilator while also possessing vasoconstrictor effects
at certain sites. Many of these properties are shared by PGF,,. PGE, also causes
relaxation of bronchial and tracheal smooth muscle, while PGF,, and PGD, cause its
contraction. Alternatively, non-prostanoids can be formed from PGH, as it is also a
substrate for thromboxane synthase which converts it into thromboxane A, (TxA;).
Similarly, prostacyclin synthase converts PGH; into prostacyclin (PGI;). TxA, acts as
a vasoconstrictor and stimulates platelet aggregation. In contrast, PGI, acts as a
vasodilator and inhibitor of platelet aggregation. Thromboxane synthase is principally
found in platelets, while prostacyclin synthase is mainly expressed in endothelial
cells.

Despite their widespread effects and distribution around the body, their most
important physiological roles are their cytoprotective properties in the GI tract and the
control of renal functions in the kidney. Under physiological conditions, they act as
vasodilators at both of these sites. In the kidney they help to maintain renal plasma
flow and glomerular filtration during periods of systemic vasoconstriction. Similarly,

in the gastric antrum, local vasodilation appears to be critical in maintaining mucosal
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defences. Also, as part of the AA cascade, COX in platelets generates thromboxane
which plays a key role in mediating platelet aggregation (Crofford, 1997).

PGs also mediate a number of characteristic features of the body’s response to tissue
injury or inflammation (rubor, calor, tumor, dolor and functio laesa), and in this
respect, PGE, is the most important. Dilation of small blood vessels due to the action
of PGE, initiates the development of redness and heat, and the increase in vascular
permeability causes the characteristic swelling of tissues. It also sensitises peripheral
nerve endings and nociceptors to transmit pain signals to the brain and the spinal

cord.

1.2.3 Mechanism of action of the NSAIDs

NSAIDs had been used for decades to treat pain and inflammation without their
mechanism of action being fully understood. It was not until the 1970s that Vane
made a scientific breakthrough by elucidating that NSAIDs produce their therapeutic
and unwanted effects by blocking the biosynthesis of PGs by inhibiting the COX
enzyme (Vane, 1971). This was a major advancement in the understanding of the
inflammatory process. However, it also became apparent that administration of
NSAIDs leads to a lack of the PGs required for physiological functions.

As a consequence, long-term NSAID users suffer from a high incidence of GI
irritation or, in the worst case, from the development of life threatening GI ulcers and
bleeding. These lesions can lead to increased morbidity in patients (Beck et al., 1990;
MacDonald at al., 1997).

Administration of NSAIDs may also lead to renal disorders and have hypertensive
effects due to reduced production of PGs, such as PGI, and PGE,, the regulation of
renal blood circulation and the rate of glomerular filtration is reduced. This is of
importance in patients with reduced renal function, as it leads to retention of water,
hypertension and, in some cases, to renal failure (Clive and Stoff, 1984).

The inhibition of COX in thrombocytes results in decreased production of TxA,. This
phenomenon prolongs bleeding time and leads to inhibition of platelet aggregation.
Additionally, a severe side-effect of NSAIDs is bronchoconstriction, leading to
asthmatic events. This is caused by a reduced amount of bronchodilating PGE; and a
shift in the metabolic pathway from the COX pathway to the 5-LOX pathway (Kuel
et al., 1984). The latter pathway metabolises ‘overflow” AA which cannot be
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transformed by the blocked COX pathway. The resulting leukotrienes act as

bronchoconstrictors (Samuelsson et al., 1987).

1.2.4 The discovery of COX-2 and its distribution

The identification of two isoforms of COX, termed COX-1 and COX-2 (Vane et al.,
1994; Xie et al., 1999) resulted in a major conceptual advance with the initial theory
that COX-1 was a constitutive ‘house-keeping’ enzyme that produced protective PGs,
whereas COX-2 was an enzyme upregulated by inflammatory mediators that
produced harmful PGs at the site of inflammation and damage (Needleman and
Isakson, 1997; Geiss et al., 1998). This theory is now thought to be rather simplistic
as it subsequently became apparent that the functions of COX-1 and COX-2 are more
complex. Recent findings have suggested a broader spectrum of biological activity of
COX-2 (Katori and Majima, 2000) and apart from its induction in inflammatory cells,
COX-2 is known to be induced in the kidney in response to sodium depletion or in
hyperfiltration states, and in colon adenoma and carcinoma cells. This opens a new

spectrum for therapy with COX-2 inhibitors (Lipsky, 1999).

1.2.5 Characterisation of COX-1 and COX-2

The COX isoenzymes are membrane-bound enzymes in the endoplasmic reticulum.
The main difference between the two seems to be the much larger binding site in
COX-2 to NSAIDs (Kurumbail, et al., 1996). Lipophilicity has been shown to be an
important physicochemical parameter for the efficacy of NSAIDs. The different
binding sites of the two isoenzymes and the interaction of drugs with the protein
structure of COX-1 and COX-2 are responsible for the drug specificity.

From X-Ray crystal structure analysis of COX-1 and COX-2 as well as complexes
formed with NSAIDs such as flurbiprofen, the COX active site has been characterised
(Picot et al., 1994; Kurumbail et al., 1996). The active site (also the site of NSAID
binding) is created by a long hydrophobic channel which contains areas of high
electron density that interact with the aromatic system of flurbiprofen. The carboxylic
group is directed towards the mouth of the channel and lies in a favourable position

for interacting with the guanidinium group of arginine 120 (ARG 120). Glutamic acid
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524 (GLU 524) is located near ARG 120, and these two residues may form a salt
bridge thus blocking the mouth of the enzyme.

The differences between COX-1 and COX-2 have been elucidated. COX-2 contains a
valine at position 523, which is exchanged for a relatively bulky isoleucine residue in
COX-1 at the same position. This structural modification in the COX-2 enzyme
allows access to an additional side pocket, which is a pre-requisite for COX-2 drug
selectivity. A further exchange of valine/isoleucine at position 434 is responsible for
the formation of a ‘gate’. In COX-2 the less bulky valine is able to ‘swing’ like a gate
because of less steric hindrance and offers enough space for the entry of compounds
with room-filling substituents.

Studies of the static 3D structure of the enzyme have been very helpful in the process
of understanding the enzyme inhibition mechanisms and in the design of selective
compounds, but dynamic factors such as enzyme flexibility and rearrangement of the

hydrogen-bonding network at the entrance of the active site must also be considered.

1.3  HISTORY OF NSAID DEVELOPMENT

The development of NSAIDs is very closely linked to advancements in the
understanding of the inflammatory process and the enzymes involved. Like many
therapeutic agents, the NSAIDs have their origin in the historical recognition that
certain plants were observed to produce therapeutic effects in certain conditions.
Salicylate-containing plants, such as the bark of the willow, were used by ancient
Egyptians and Romans to relieve pain in childbirth and gout, and in the middle ages
there are written records of these plants being used to treat wounds, inflammation and
pain. Pure salicylic acid was obtained from plants in the early 19" century and in the
1890s Felix Hoffman while working for Bayer synthesised acetylsalicylic acid in
commercial quantities. It was subsequently marketed as aspirin (Vane et al., 1990).
This marked the beginning of the development of NSAIDs. Aspirin was initially used
in the treatment of headaches and fever associated with colds and influenza, and was
eventually recognised as the standard for the treatment of pain and inflammation in
rheumatoid arthritis up until the mid 1970s. In the decades following the discovery of
aspirin there was very little development in the treatment of rheumatic diseases until

the 1950s, partly because the mechanisms underlying the disease development were
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little understood. In the 1950s-1960s, the drugs available for the treatment of pain and
inflammation in rheumatic diseases included aspirin (and the other salicylates),
aminophenols (phenacetin) and pyrazolones (discovered in the early 1900s),
phenylbutazone (originally used to solubilize aminopyrine and accidentally
discovered to have anti-inflammatory properties), and the corticosteroids (discovered
in the 1950s). Gold salts had been discovered in the 1930s to have disease-modifying
activity in rheumatic diseases, but by the 1950s they were regarded as very toxic.
Consequently, the need was identified for a more potent drug than aspirin that would
not produce the potentially fatal side-effect of agranulocytosis seen with
phenylbutazone or the serious side-effects seen with corticosteroids (Rainsford,
1999).

The 1960s saw greater understanding of the inflammatory process and the
involvement of PGs and other lipid soluble mediators. This provided a basis for
developing NSAIDs to control the reactions involved, and was facilitated by the
development of animal models that could be used to screen compounds for analgesic
and anti-inflammatory activity. Therefore, during the years 1955-1970 the earlier
NSAIDs such as ibuprofen and indomethacin were developed. By the beginning of
the 1990s, a large range of NSAIDs were available forming a chemically diverse
group of compounds that share a variety of pharmacological actions and adverse
effects. They can be grouped chemically into the salicylates, pyrazolones, fenamic
acids, arylalkanoic acids, and oxicams. The salicylates and pyrazolones have a long
history of clinical use but during the years 1955-1970 they began to fall out of favour

due to the development of the early NSAIDs such as ibuprofen and indomethacin.

1.301 Prodrugs of NSAIDs

The introduction of indomethacin in the mid-1960’s (Shen et al., 1963) had a
significant impact on arthritis therapy and its success led to the proliferation of
NSAID development. Ibuprofen and naproxen were introduced in the 1970’s along
with sulindac, a prodrug of indomethacin (Shen and Winter, 1977). Sulindac was
developed as an agent with less side-effects than indomethacin and reduced GI
toxicity. It was the first NSAID prodrug and is itself an inactive compound that
undergoes two major biotransformations in the lumen of the GI tract. It can be

irreversibly oxidised to an inactive sulfone metabolite, or it can be reversibly reduced
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to an active sulfide metabolite which inhibits COX activity (Figure 1.2). However, GI
toxicity with sulindac was shown to be similar to those of the other NSAIDs (Henry
et al., 1996).
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Figure 1.2 Chemical structures of sulindac and its sulfide and sulfone metabolites.

Nabumetone is another NSAID prodrug that is used clinically. It was developed as a
non-acidic prodrug in an attempt to reduce the GI toxicity seen with traditional
NSAIDs like indomethacin and ibuprofen. Its active metabolite, 6-methoxy-naphthyl
acetic acid (6-MNA) is formed by side-chain oxidation of nabumetone and shows
greater anti-inflammatory activity than the parent compound (Figure 1.3) (Nunn and
Chamberlain, 1982). It is a weak inhibitor of PG synthesis and this is presumed to be
the reason for its low GI toxicity (Mangan, 1987).

0
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——
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Nabumetone 6-Methoxy-2-naphthylacetic acid
Figure 1.3 Chemical structures of nabumetone and its active metabolite, 6-MNA.
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Fenbufen is another NSAID prodrug which is metabolised in the liver to the active
metabolites, 4-biphenylacetic acid and 3-(4-biphenylhydroxymethyl)propionic acid
(Figure 1.4) (Child et al., 1977).
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Figure 1.4 Chemical structures of fenbufen and its active metabolites.

1.3:2 Arylalkanoic acids

These all belong to the largest group of NSAIDs, the arylalkanoic acids, of which
there are two subgroups: the heterocyclic acetic acids (e.g. indomethacin and
sulindac) and the propionic acids (e.g. fenbufen, ibuprofen, ketoprofen and

naproxen). The structures of these compounds are given in Figure 1.5.
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Figure 1.5 Chemical structures of some commonly used arylalkanoic acids.

They all possess a centre of acidity that is generally located one carbon atom adjacent
to a flat surface such as an aromatic or heteroaromatic ring. The distance between
these centres is critical for activity, with an increase to two or three carbon atoms
generally causing a decrease in activity. The aromatic ring system appears to correlate
with the double bonds at the 5- and 8- positions of arachidonic acid (Figure 1.5)
thereby mimicking the natural COX substrate (Borne, 1995).

10
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1.4 NEW DEVELOPMENTS IN NSAID THERAPY

Many of the traditional NSAIDs described above cause GI side-effects (Rainsford
and Quadir, 1995). The most common of these are NSAID-induced GI ulceration and
bleeding which have been reported to be present in 15-30% of chronic NSAID users
(Gabriel et al., 1991). Several strategies have been introduced to reduce their GI
toxicity: COX-2 selective inhibitors, nitric oxide (NO)-releasing NSAIDs, dual
inhibitors of COX and LOX enzymes, NSAIDs coupled to zwitterionic
phospholipids, chiral NSAIDs and trefoil peptides.

1.4.1 Selective COX-2 Inhibitors

As described in section 1.2.2, PGs have a dual role in physiology and pathogenesis
and are important components of the gastroprotective process: they stimulate mucus
and bicarbonate secretion, increase mucosal blood flow, and inhibit acid secretion
(Feldman, 1990). The discovery that there are two isoforms of the COX enzyme- a
constitutive isoform (COX-1) that performs housekeeping functions including
gastroprotection, and an inducible form (COX-2) which is involved in the
inflammatory response- suggested that differential inhibition of these isoforms could
account for the variable toxicity of NSAIDs (Vane, 1994). It is generally accepted
that inhibition of COX-2 contributes to NSAID efficacy whereas inhibition of COX-
1, combined with the corrosive effect of its acidic moiety while in the GI tract,
contributes to its GI toxicity.

The development of various in vitro assays to test for COX-specific inhibition
(Mitchell et al., 1993; Pairet et al., 1998), as well as information on the structural
differences between the two isoforms, have resulted in more than 500 COX-2
inhibitors being described over the past few years, of which the two most successful
are celecoxib (Celebrex”™) and rofecoxib (Vioxx®) (Figure 1.6). These belong to a
group of compounds called vicinal diaryl heterocycles and this class of COX-2
inhibitors has seen the greatest amount of research. Another approach has been the
structural modification of known NSAIDs. Indomethacin, aspirin and flurbiprofen
have been successfully converted into selective COX-2 inhibitors by introducing
larger substituents to fit into the active site volume of COX-2 (Bayly et al., 1999).

11
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One feature that is generally common to them all is that, unlike the classic NSAIDs
they lack a carboxylic group, thereby leading to COX-2 affinity by a different
orientation within the enzyme without formation of a salt bridge in the hydrophobic

channel of the enzyme.
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Figure 1.6 Chemical structures of selective COX-2 inhibitors, celecoxib and rofecoxib.

1411 Side-effects of selective COX-2 inhibitors

The clinical results of selective COX-2 inhibitors such as celecoxib and rofecoxib are
promising. However, the tendency to search for more specific inhibitors has provoked
critical reaction. Certainly selective COX-2 inhibitors reduce the risk of GI side-
effects, but COX-2 is not only a proinflammatory inducible enzyme, it also has a
number of physiological functions which means that it is constitutively expressed to a
high degree in the human body (Katori and Majima, 2000).

COX-2 is constitutively expressed in the developing kidney (playing a role in its
maturation and function) and seems to be involved in the regulation of the renin-
angiotensin system (Morham et al., 1995; Harris et al., 1994). It also possesses
vasoactive and anti-atherogenic properties and is constitutively expressed in the
developing brain (Yamagata et al., 1993). Moreover, the hormonal induction is
important for ovulation and, at the end of pregnancy, high uterine levels of COX-2
are necessary for the onset of labour (Morham et al., 1995). It stands to reason that
the use of COX-2 inhibitors will block these physiological functions and lead to side-
effects. There is evidence that the use of COX-2 inhibitors can lead to thrombotic

cardiovascular events by tipping the balance of PG/thromboxane in favour of TxA,,

12
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which promotes platelet aggregation and acts as a vasoconstrictor (Mukherjee et al.,
2001). Another major issue is the concern for their potential to delay ulcer healing
(Halter et al., 1997) as well as their ability to exacerbate the effects of irritants on the
gastric mucosa (Gretzer et al., 1998) and the inhibition of other features of COX-2
that are important in GI physiological and inflammatory functions (Wallace, 1999). In
light of this, the prospects for highly selective COX-2 inhibitors having the benefits
of sparing the GI mucosa from injury in the long term may not be as striking as
originally thought. This may be a basis for developing new NSAIDs, such as dual
COX-LOX inhibitors. Balanced COX-1/COX-2 inhibitors could also be further

investigated.

1.4.1.2 COX-2 and new therapeutic targets

Apart from its role in inflammatory sites, COX-2 is involved in other
pathophysiological roles and there is a growing body of evidence that COX-2 may be
involved in the development of colon cancer (Lipsky, 1999).

The formation of new blood vessels (angiogenesis) to provide a blood supply is a
major requirement for the growth of many tumours. While mature blood vessels
express COX-1, new angiogenic cells express inducible COX-2 (Hanahan and
Folkman, 1996). It has been hypothesized from this that tumour-derived growth
factor promotes angiogenesis by inducing the production of COX-2-derived PGE,.
This is supported by the fact that PGs are known to be pro-angiogenic molecules and
contribute to tumour growth by inducing the newly formed blood vessels that sustain
tumour cell viability and growth.

COX-2 expression is normally strictly regulated but may be upregulated at certain
sites including colon tumours and this seems to be important in colon carcinogenesis.
In cultured human colonic fibroblasts it was shown that growth factors such as
hepatocyte growth factor are involved in the progression of tumours and that COX-2
mediated PG synthesis is responsible for hepatocyte growth factor expression (Reddy
et al., 2000).

In addition to the well known peripheral role of COX-2 in inflammation and the
growing body of evidence of its role in the development of colon cancer, recent
results indicate an important role in the central nervous system (CNS).

COX-2 in the CNS may have a function in the brain as the expression of COX-2 is
associated with brain development (Halliday et al., 2000). COX-2 is constitutively

13
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expressed in neurons and is upregulated in degenerative brain regions in Alzheimer’s
disease (AD) such as the microglia of the cognitive centres within the hippocampus
and cortex. Enhanced COX-2 expression in the brain may be associated with beta-
amyloid protein (a protein deposited in senile plaques) deposition in the neuritic
plaques of AD. This protein and its peptide precursors are thought to be produced as
part of an inflammatory cascade in which microglia (a rich source of prostanoids)
probably participate. The role of activated microglia, which express COX-2 in
cerebral inflammatory processes has been demonstrated in the rat (Bauer et al., 1997).

The fact that COX-2 mRNA is elevated in areas related to memory (hippocampus,
cortex) and that the amount of COX-2 correlates with the deposition of beta-amyloid
protein represents a possible therapeutic benefit and a hopeful new strategy in the
prevention or treatment of AD (Tocco et al., 1997).

This emerging evidence suggests that COX-2 has a variety of physiological and
pathophysiological functions. In addition to its physiological roles described in
section 1.4.1.1 and its role in inflammation, evidence is emerging of its roles in AD
and colon cancer development. These conditions may become important new

therapeutic targets for selective COX-2 inhibitors.

1.4.2 Nitric oxide-releasing NSAIDs (NO-NSAIDs)

Like PGs, nitric oxide (NO) plays a dual role in physiology and pathogenesis. NO is a
free radical produced constitutively or induced by a family of isoenzymes known as
nitric oxide synthases (Palmer et al., 1988). Three main types have been identified:
two are expressed in the endothelium of blood vessels (eNOS or type-3 NOS) and
neurons in the brain (nNOS or type-1 NOS). These two isoforms synthesise small
amounts of NO in response to various agonists that increase Ca’* concentration. The
Ca**-independent isoform (iNOS or type-2 NOS) is induced by lipopolysaccharides
and a number of cytokines in different cell types, such as macrophages, neutrophils,
endothelial and smooth muscle cells. Once expressed this isoform generates

nanomolar amounts of NO for hours or days (Knowles and Moncada, 1994).

1.4.21 Role of nitric oxide in the body
The role of NO in the body is still not completely understood but it has been proposed
that small fluxes of NO, generated by eNOS and nNOS, cause regulatory/anti-

14
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inflammatory effects, whereas high concentrations of NO, like that generated by
INOS, are mainly involved in pro-inflammatory effects (Grisham et al., 1999). It has
also been suggested that the pro-inflammatory effects are mediated by reactive
nitrogen species (such as nitrites). These are derived from the interaction between NO
and the superoxide anion (O;) and act as potent oxidizing agents (Beckman and
Koppenol, 1996). This hypothesis is supported by the anti-inflammatory action of
antioxidants which decrease nitrite levels without affecting NO levels (Sandoval et

al., 1997).

1.4.2.1.1 Regulatory / anti-inflammatory effects of NO

Some of the regulatory/anti-inflammatory effects of NO include an important role in
gastric cytoprotection, possibly by increasing mucosal blood flow, and mucous/fluid
secretion by the gastric epithelial cells. It has been suggested that NO and PGs act
synergistically to protect the mucosa (Wallace, 1996). In addition, NO counteracts the
thrombotic effects of thromboxane by inhibiting platelet aggregation (Bing et al.,
1999).

1.4.2.1.2 Pathophysiological effects of NO
NO may be involved in the pathogenesis of colon cancer where its effect is thought to
be two-fold:
a) NO suppresses tumour growth and metastasis (Pipili-Synetos et al., 1995)
b) NO can also mediate DNA damage (Wink et al., 1998). The expression
and activity of iNOS is increased in human colon adenomas, and
consequently excessive NO production in ‘bursts’ by iNOS is thought to
be genotoxic in such high local concentrations and also to contribute to the
transition of colon adenoma to carcinoma (Ambs et al., 1998).
NO may also be implicated in AD as microglia (the resident macrophages in the
CNS) can express iNOS in response to bacterial toxins and cytokines. The generation
of NO from these activated cells has been demonstrated to produce neuronal cell
injury in culture (Chao et al., 1992) and there is a theory that this may be linked to the
development of AD.

15



Chapter 1. Non-steroidal anti-inflammatory drugs

1.4.2.2 Effect of NSAIDs on NO production and its therapeutic relevance
Aeberhard et al. (1995) have shown that NSAIDs inhibit the activity of iNOS. More
recently, Stratman et al. (1997) have shown that the potency of ibuprofen for
inhibiting PGE, formation is comparable to its potency of inhibition of iNOS activity
in cell culture, suggesting it is likely that ibuprofen would decrease iINOS activity in
vivo.

The daily administration of NSAIDs for the treatment of arthritic disorders has been
shown to delay the onset and/or decrease the risk of AD (Anderson et al., 1995). It
was originally thought that the therapeutic effect of NSAIDs was due to inhibition of
COX enzymes and, subsequently, reducing synthesis of PGs (Vane, 1971). However,
the recent evidence of their ability to inhibit iINOS and the role of NO in neuronal
injury in brain disorders associated with inflammation (e.g. AD) suggest that this may
be an additional mechanism of action.

Also, the role of INOS and NO in the progression of colon cancer helps to further

explain the beneficial effects seen from the use of these agents in this disease.

1.4.2.3 Rationale for NO-NSAID development

The development of NO-NSAIDs was based on the observation that NO produced by
eNOS and nNOS possesses some of the same cytoprotective effects as PGs within the
gastric mucosa. Coupling a NO-releasing moiety to an NSAID might deliver NO to
the site of NSAID-induced damage, thereby compensating for gastric PG reduction
induced by NSAIDs, and decreasing gastric toxicity. In this respect, NO-NSAIDs
may become a group of safer and perhaps more effective alternatives to traditional

NSAIDs (Wallace et al., 1994).

1.4.24  Structure and metabolism of NO-NSAIDs

NO-NSAIDs consist of a traditional NSAIDs linked to a NO-releasing group via a
chemical spacer. The three key structural components of any NO-NSAID are: i) the
traditional NSAID moiety; ii) the spacer molecule; iii) the NO-releasing group.

They are rapidly metabolised in vivo in the liver, and hydrolysis of the ester bond
linking the —-NO, group to the spacer is catalysed by various esterases (Wallace et al.,
1999; Cuzzolin et al., 1996).

The intestinal wall also possesses esterases, which are responsible for some of the

metabolism. Such hydrolysis occurs in the gastrointestinal fluid or the gastrointestinal
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wall. This dissociation is metabolic and not a spontaneous process. This allows
discrete amounts of NO to be produced that do not interfere with other processes such
as regulation of blood pressure. This would explain the effectiveness of these agents
in maintaining mucosal integrity by modulating local blood flow and mucous

secretion.

The NO-releasing derivative of aspirin, NCX-4016, is one of the best-studied NO-
NSAIDs. It is a nitroxybutylated derivative of acetylsalicylic acid and its structure is
given in Figure 1.7. Several studies suggest that it is more effective than traditional
aspirin: it has more pronounced antithrombotic activity than aspirin, likely due to the
NO-releasing moiety in inhibiting neutrophil adherence (Momi et al., 2000);
significant neuroprotective effects against ischaemic brain injury in rats (Fredduzzi et
al., 2001); and greater cardiac protection in rabbit hearts subjected to low flow
ischaemia reperfusion, also likely mediated by NO donation (Rossoni et al., 2000). /n
vitro studies on its effects on platelet aggregation and vascular tone demonstrated that

it acts through a double mechanism: by releasing NO in platelets and vascular smooth

muscle cells and by inhibiting COX (Minuz et al., 1995).
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Figure 1.7 Chemical structure of NCX-4016.

A major drawback of the use of traditional NSAIDs is their side-effects. NO-NSAIDs
appear to have satisfied the expectation of higher safety although, so far, most of the
data come from animal studies. Fiorucci et al. (1999) have demonstrated the GI safety

of NO-aspirin in rats.

17



Chapter 1. Non-steroidal anti-inflammatory drugs

1.4.25 Therapeutic targets of NO-NSAIDs

Like the traditional and COX-2 selective NSAIDS, the NO-NSAIDs also have a role
in colon cancer prevention. The chemopreventive effect of traditional NSAIDs
against colon cancer has been documented by nearly twenty studies and this has
provided the impetus to develop safer and/or more efficacious compounds, including
NO-NSAIDs. To date, findings on the chemopreventive potential of NO-NSAIDs,
although limited to preclinical studies, appear quite promising. Both cell culture
(Williams et al., 2001; Qiao, et al., 2001) and animal studies (Bak et al., 1998) have
been reported.

The beneficial effect of NO-NSAIDs in colon cancer prevention is two-fold. Firstly,
they produce a low flux of NO to tissues (Wallace et al., 1999; Cuzzolin et al., 1996)
and there is no evidence of high concentrations in any tissue compartments including
the colon. This sustained low level of NO is thought to suppress tumour growth and
metastasis (Pipili-Synetos et al., 1995). This is in contrast to the high levels of NO
that are generated in bursts by iNOS and are thought to be genotoxic and contribute to
the disease progression (Ambs et al., 1998; Wink et al., 1998). Secondly, the NO-
NSAIDs also have an ability to strongly inhibit the induction and expression of iNOS
which is responsible for the NO ‘burst’.

1.4.2.6 Appropriate use of NO-NSAIDs and NOS inhibitors

The appropriate use of NOS inhibitors or NO donors seems to be dependent on the
time of their administration and the type of disease. NOS inhibitors appear to be
beneficial if administered when there is a sustained release of NO due to iNOS
expression. For example in chronic inflammation (such as arthritis), the inhibition of
NO release is appropriate (Grisham et al., 1994; Miller at al., 1993). On the other
hand, in other situations, where there is a functional loss of NO, such as acute
intestinal inflammation due to NSAID therapy, the appropriate therapy is the
administration of NO donors (Lefer and Lefer, 1999).
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1.4.3 Dual inhibitors of COX and 5-lipoxygenase (5-LOX)

In addition to PGs, arachidonic acid can also be converted into leukotrienes (LTs).
The LTs are formed from AA by the action of 5-LOX as shown in the AA cascade in
Figure 1.1. There is a whole family of LTs, of which LTC4, LTD4 and LTE, are
potent bronchoconstrictors (Bisgaard, 1984). LTB, is a potent chemotactic agent for
leukocytes and it has been reported to play an important physiological role in the
development of gastrointestinal ulcers (Asako et al., 1992) and other inflammatory
diseases (Lewis et al., 1990). COX inhibitors are known to induce adverse reactions
in patients with asthma either due to shunting of LT synthesis due to increased
availability of AA to the 5-LOX pathway (Kuel et al., 1984) or because of a reduction
in the vasodilatory PGs such as PGE, and PGI, that have been shown to protect the
airways (Birnbaum et al., 1981). For this reason, developing compounds that will
inhibit COX and 5-LOX at the same time could lead to an enhanced anti-
inflammatory effect and reduce undesirable side-effects.

An example of one of these is a new compound called S-4274 which shows potent
inhibitory effects on both COX-2 and 5-LOX as well as production of IL-1 in in-vitro
assays (Figure 1.8). It has been selected as an anti-arthritic drug candidate and is now

under clinical investigation (Inagaki et al., 2000).
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Figure 1.8 Chemical structure of the novel COX-2 and 5-LOX inhibitor, S-2472.

1.4.4 Zwitterionic phospholipids

Zwitterionic phopsholipids are phospholipids that have both a positive and a negative
charge and the association of an NSAID with one of these molecules is another
approach to improving their safety. The rational of this approach is based on the
ability of NSAIDs to reduce the protective effect of the gastric mucosa. By

preassociating the NSAID with a phospholipid it reduces or prevents the interaction
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between the NSAID and the mucosa (Lichtenberger et al., 1995). Studies so far have
been promising showing reduced GI injury compared to the parent compounds
(Lichtenberger et al., 1996). They represent a unique approach to producing safer
NSAIDs.

1.4.5 Chiral NSAIDs

Many of the commonly used NSAIDs, such as ibuprofen and ketoprofen, are racemic
mixtures of two enantiomers, designated R and S. Both have identical physical and
chemical properties but differ in their activities as the S-enantiomer inhibits PG
synthesis to a greater extent than the R-enantiomer (Carabaza et al., 1996). Chiral
conversion from R to S can occur in vivo, and consequently it is possible that a
stereochemically pure R-enantiomer could act as a prodrug for the S-enantiomer and
reduce GI side-effects. However, Davies et al. (1996) have shown that both
enantiomers increase intestinal permeability suggesting no difference in toxicity

between the forms.

1.4.6 Trefoil peptides

Trefoil peptides are a family of proteins expressed in the GI tract that show stability
in a wide range of pH values, resistance to protease degradation, and induction and
localisation during gastric damage. This suggests they have a role in gastroprotection
(Hanby et al., 1993). Babyatsky et al. (1996) have shown that oral administration of
trefoil peptides protected rats against indomethacin-induced gastric damage. The
exact mechanisms involved are still not fully understood, but a PG independent

process appears to be involved (Babyatsky et al., 1996).
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Figure 1.9 Flow chart showing some of the recent developments in NSAID therapy.

1.4.7 Future developments

The use of prodrugs to temporarily mask the acidic group of NSAIDs has been
postulated as an approach to decrease the gastrointestinal toxicity due to the direct
contact effect (Bundgaard and Nielsen, 1988; Rainsford and Whitehouse, 1976;
Whitehouse and Rainsford, 1980). Ester and amide prodrugs of ibuprofen and
naproxen have been assessed for anti-inflammatory activity and gastrointestinal
toxicity (Shanbhag et al., 1992) with promising results. This may be a promising
approach to reducing the gastrointestinal side-effects seen with the traditional
NSAIDs.

21



Chapter 2
The prodrug approach and derivatisation of NSAIDs




Chapter 2. The prodrug approach and derivatisation of NSAIDs

2.1 INTRODUCTION

A prodrug is an inactive pharmacological derivative of an active parent compound which
undergoes a spontaneous or enzymatic transformation within the body resulting in the
release of the free drug, and which has improved delivery properties over the parent drug
compound (Albert, 1958). A compound with optimal physico-chemical properties for
eliciting the desired therapeutic response at its target site does not necessarily possess the
best properties for delivery to its point of action. The oral bioavailability of many drugs is
limited by their rapid degradation/metabolism and/or poor intestinal permeability and
consequently, only a minor fraction of doses administered may reach the target area
(Steffansen et al., 1999). Also, since most drugs interact with non-target sites as well, this
may result in side-effects. Bioreversible, chemical derivatisation (i.e. prodrug formation)
is a means to improve the physicochemical properties of a drug and optimise its delivery

to the site of action. A schematic illustration of the prodrug approach is shown in Figure
2

Pro-moiety

Figure 2.1 Diagram of the prodrug approach in drug delivery.
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TYPES OF PRODRUGS

Prodrugs can be classified in several ways. In some cases, drugs are not designed as

prodrugs but after clinical testing are discovered to undergo a metabolic activation and

consequently act as prodrugs. However, in most cases it is a drug design strategy, as a

specific modification is made to the drug and is designed so that it will be appropriately

metabolized after administration. This approach to prodrug development is termed ‘drug

latentiation’ (Harper, 1959). This term has been further refined into two classes of

prodrugs called (a) carrier and (b) bioprecursor prodrugs (Wermuth, 1983).

a)

b)

Bioprecursor prodrugs are compounds that are similar in structure to the active
compound and are converted to the active species on metabolism. Unlike carrier
prodrugs, a bioprecursor contains a different structure to the active species which

cannot be converted simply by cleaving a group from the prodrug.

A carrier prodrug contains an active drug that is linked to a nontoxic, biologically
inactive carrier group via a bond which is sufficiently labile (such as an ester or an
amide linkage) to allow the active drug to be released efficiently in vivo. The overall

process is summarised by:

Carrier + Drug __ synthesis S Carrier prodrug _  Metabolism Carrier + Drug

Carrier prodrugs can be further subdivided into (i) bipartate, (ii) tripartate and (iii)

mutual prodrugs.

i Bipartate prodrugs consist of the drug being linked to the carrier directly
through a functional group.

ii Tripartate prodrugs are those in which the carrier is linked to the drug by a
separate linker arm. In these prodrugs the carrier is removed by an enzyme-
controlled metabolic process and the linker arm is removed by either an

enzyme system or a chemical reaction.
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iii A mutual prodrug is a bipartate or tripartate prodrug in which the carrier is a
synergistic drug of the drug to which it is linked. Essentially it consists of two

drugs attached to each other and each drug acts as the carrier for the other.

2.3 PROPERTIES OF AN IDEAL PRODRUG

The characteristics of an ideal prodrug have been described by Wermuth et al. (1996) and
Thomas (2000) and although these are the ideal properties, a particular prodrug seldom

meets them all. The ideal characteristics are:

a) The drug and the transport moiety should be linked via a covalent bond.

b) In vivo cleavage of this bond with optimal kinetics of release should ensure
effective drug levels at the site of drug action that are maintained within the
therapeutic window.

c) The prodrug should be biologically inactive or be significantly less active than the
parent drug.

d) The prodrug should be less toxic than the parent drug and the metabolites from the
carrier should also be non-toxic or have a low degree of toxicity.

e) The prodrug should have an improved bioavailability if administered orally.

f)  The prodrug should be site-specific.

24 REASONS FOR DEVELOPING PRODRUGS

Prodrugs are designed to overcome pharmaceutical and/or pharmacokinetic problems
associated with the parent molecule that would otherwise limit the clinical usefulness of
the drug (Bundgaard, 1992). Examples of these problems include incomplete absorption,
poor systemic bioavailability, too rapid absorption or too rapid excretion, toxicity, poor
site-specificity, and formulation problems (Testa, 1995; Friis and Bundgaard, 1996; Testa
and Caldwell, 1996).

24



Chapter 2. The prodrug approach and derivatisation of NSAIDs

2.4.1 Solubility

If a drug has such poor aqueous solubility to the extent that it will not dissolve
sufficiently in the intestinal contents to allow absorption of a therapeutic dose then a
water soluble group could be attached which could be metabolically released after

absorption.

2.4.2 Absorption and distribution

The ability of a drug to pass through a membrane is dependent on its relative solubilities
in water and lipid. If the drug is too water soluble it will not enter the lipid and ifit is too
lipid soluble it will enter but not leave the membrane. Consequently, if a drug is not
absorbed and transported to the target site in sufficient concentration, it can be made
more hydrophilic or lipophilic, depending on the desired site of action. Once absorption
has occurred or when the drug is at the appropriate site of action, the hydrophilic or
hydrophobic group is removed enzymatically.

The most common prodrug strategy to improve oral drug absorption is to increase
lipophilicity by masking hydrophilic groups such as carboxylic acids, alcohols,
phosphates and other charged groups by forming esters. The reason this approach is
widely used is due to the ease of synthesis of esters, the wide range of carboxylic acids
and alcohols available to combine to form esters and the numerous esterases present in
vivo that convert the ester prodrugs to the parent compounds (Sinkula and Yalkowsky,
1975). The variety of esters that can be synthesised allows precise control of the degree
of lipophilicity of the prodrug (Ghosh and Mitra, 1991) as well as regulation of the
degree of hydrolysis.

The opposite can also apply as prodrugs have been employed to increase the water
solubility of the parent compund. This has traditionally been used in the development of
parenteral products of poorly soluble drugs but has recently become a strategy to improve
the oral absorption of poorly soluble drugs (Fleisher et al., 1996). The rationale for this
approach is that the prodrug’s high solubility produces a high intestinal lumen
concentration that provides the driving force for absorption. The prodrug then gets
reconverted to the parent compound at the mucosal membrane and the parent

compound’s higher lipophilicity facilitates absorption across the membrane.
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2.4.3 Site specificity

When a drug is absorbed it is not just transported to its site of action but is distributed to
all the available body compartments. Consequently it is necessary to use a higher
concentration than necessary <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>