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SUMMARY

The principal objectives o f this work were: i) to examine the absorption properties o f 

ibuprofen in a range o f different buffer solutions; ii) to study the absorption properties 

and mechanisms o f ibuprofen, ketoprofen and naproxen; and iii) to determine the 

effect that coupling the ibuprofen molecule to a range o f simple amino acids has on 

its absorption properties and gastrointestinal irritation.

Preliminary studies involved the examination o f eight different buffers that had been 

previously used in absorption/perfusion studies as reported in the literature. The 

solubility o f ibuprofen acid in each system varied six-fold over the range o f 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 o f 

ibuprofen. This appeared to be primarily due to differences in net water flux/solvent 

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

No significant differences were seen between the absorption properties o f ibuprofen, 

ketoprofen and naproxen. The absorption properties o f ketoprofen were examined at 

different concentrations and no changes in permeability coefficient with increasing 

concentration were observed. Comparison o f NSAID permeability coefficients with 

that o f the more hydrophilic compound, Gly-Sar, suggested that the passive 

absorption o f ibuprofen, ketoprofen and naproxen occurs principally by transceUular 

diffusion, with transport via the paracellular route occurring simultaneously but to a 

much lesser extent.

The alanine, glycine and phenylalanine derivatives o f 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 o f 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



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 o f ibuprofen appeared to bind non- 

specifically to peptide transporters involved in the uptake o f the dipeptide, Gly-Sar, in 

situ and in cell culture. The extent o f 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 fi'om 

the gut and appearance in the plasma. The rate o f elimination of ketoprofen fi'om the 

blood appeared to decrease with increasing dose. Both the rate o f elimination fi'om 

the blood and the volume o f distribution o f the phenylalanine derivative o f ibuprofen 

were significantly different fi'om 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 o f ibuprofen were significantly less toxic to the 

gastrointestinal mucosa than ibuprofen, ketoprofen and naproxen. Elimination or 

reduction o f the direct contact effect o f the acidic carbonyl group appeared to be the 

reason for this reduced toxicity. Increasing the concentration o f ketoprofen in the 

perfusion solution significantly increased the level o f gastrointestinal irritation within 

the concentration range o f 0.5-2.0 mg ml *.

The pH values o f the perfusate samples shifted over the course o f the perfusion 

experiments. The direction and extent o f this pH change was dependent on the initial 

pH o f 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 o f pain and inflammation, as newer 

clinical applications o f NSAIDs begin to emerge, such as their potential roles in the 

treatment/prevention o f 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 ofNSAlD 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 o f 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 o f ibuprofen. 

Fagerholm et al. (1996) reported a linear correlation of intestinal permeability and 

flection o f dose absorbed between humans and rats. Consequently, rats, as an animal 

model for drug absorption, appear to reasonably predict the extent o f 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 cm distal to the stomach. This section o f intestine was chosen as the ratio of 

surface area to length o f 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 o f the lower surface area available for absorption 

(Abrahamsson et al., 1996; Yuen et al., 1993). Passive transcellular diffiision, instead of 

paracellular and carrier mediated mechanisms, appears to be the principal means o f 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 PepTl, are expressed predominantly 

in the jejunum and duodenum (Walter et al., 1996; Gonzalez et al., 1998), the proximal 

jejunum was selected as the area o f  the intestine to be perfused. Capan-2 cells were used 

for cell culture studies as they express a range o f  transport proteins at high levels 

(Gonzalez et al., 1998).

Essentially, the rationale for studying the alanine, glycine, phenylalanine and L-arginine 

derivatives o f  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 o f  esterases in the blood. One o f  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 o f 

different functional reactive groups (Franssen et al., 1992). The polar nature o f  these 

same functional groups might also serve to increase the solubility o f  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 I. 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 (Gamer, 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:

(i) initial injury causing release of inflammatory mediators (e.g. histamine, 

serotonin, leukokinins, lysosomal enzymes, lymphokinins, and 

prostaglandins).

(ii) 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

1



Chapter I. Non-steroidal anti-inflammatory drugs

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 o f physical properties o f the connective 

tissue and joints. Anti-inflammatory agents may therefore act at any one o f these 

stages.

1.2.1 Biosynthesis of eicosanoids

Prostaglandins (PGs) contribute to a variety o f physiological and pathophysiological 

functions and, along with thromboxanes, prostacyclin and leukotrienes, belong to a 

class o f compounds called eicosanoids. I  he eicosanoids are derived from membrane 

phospholipids and are found in almost every area o f the body and their biosynthesis is 

summarised in Figure 1.1.

Phospholipids

Phospholipase A2

Arachidonic acid

Cyclooxygenase
COX-Reaction

Lipoxygenase-Pathway 

Leukotrienes
PGG2

Cyclo oxygenase 
Peroxidase-Reaction

PGH2
Thromboxansynth, Prostacyclinsynthase

Thromboxan A2 

(TX A2)
Prostacyclin (PGI2)

Isomerase

Reductase

PG F 2„

Figure 1.1 Arachidonic acid cascade.
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The initial step is the phospholipase A2 catalysed liberation o f arachidonic acid (AA) 

from the phospholipids o f the cell membrane. The next step is the biotransformation 

o f AA by cyclooxygenase (COX) into the unstable PGG2 (or into leukotrienes via the 

5-lipoxygenase (5-LOX) pathway) which is then immediately converted into PGH2 

by the same enzyme in a peroxidase reaction. PGH2 is then converted into 

thromboxanes, prostacyclin (PGI2) or the prostaglandins PGD2, PGE2 and PGp2a 

(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 resuh 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 PGG2 and PGH2. 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. PGE2 is a 

stimulator o f 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 o f these properties are shared by PGp2a- PGE2 also causes 

relaxation o f bronchial and tracheal smooth muscle, while PGp2a and PGD2 cause its 

contraction. Alternatively, non-prostanoids can be formed from PGH2 as it is also a 

substrate for thromboxane synthase which converts it into thromboxane A2 (TXA2). 

Similarly, prostacyclin synthase converts PGH2 into prostacyclin (PGI2). TxA2 acts as 

a vasoconstrictor and stimulates platelet aggregation. In contrast, PGI2 acts as a 

vasodilator and inhibitor o f 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 o f renal functions in the kidney. Under physiological conditions, they act as 

vasodilators at both o f these sites. In the kidney they help to maintain renal plasma 

flow and glomerular filtration during periods o f systemic vasoconstriction. Similarly, 

in the gastric antrum, local vasodilation appears to be critical in maintaining mucosal

3



Chapter I. Non-steroidal anti-inflammatory drugs

defences. Also, as part o f  the AA cascade, COX in platelets generates thromboxane 

which plays a key role in mediating platelet aggregation (Crofford, 1997).

PGs also mediate a number o f  characteristic features o f  the body’s response to tissue 

injury or inflammation (rubor, calor, tumor, dolor and functio laesa), and in this 

respect, PGE2 is the most important. Dilation o f  small blood vessels due to the action 

o f  PGE2 initiates the development o f  redness and heat, and the increase in vascular 

permeability causes the characteristic swelling o f  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 o f 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 o f  PGs by inhibiting the COX 

enzyme (Vane, 1971). This was a major advancement in the understanding o f  the 

inflammatory process. However, it also became apparent that administration o f  

NSAIDs leads to a lack o f  the PGs required for physiological functions.

As a consequence, long-term NSAID users suffer from a high incidence o f  GI 

irritation or, in the worst case, from the development o f  life threatening GI ulcers and 

bleeding. These lesions can lead to increased morbidity in patients (Beck et al., 1990; 

MacDonald at al., 1997).

Administration o f  NSAIDs may also lead to renal disorders and have hypertensive 

effects due to reduced production o f  PGs, such as PGI2 and PGE2 , the regulation o f  

renal blood circulation and the rate o f  glomerular filtration is reduced. This is o f 

importance in patients with reduced renal function, as it leads to retention o f  water, 

hypertension and, in some cases, to renal failure (Clive and Stoff, 1984).

The inhibition o f  COX in thrombocytes results in decreased production o f  TxA2 . This 

phenomenon prolongs bleeding time and leads to inhibition o f  platelet aggregation. 

Additionally, a severe side-effect o f  NSAIDs is bronchoconstriction, leading to 

asthmatic events. This is caused by a reduced amount o f  bronchodilating PGE2 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 o f two iso forms 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 o f 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 o f COX-1 and COX-2 are more 

complex. Recent findings have suggested a broader spectrum o f 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 NSAlDs (Kurumbail, et al., 1996). Lipophilicity has been shown to be an 

important physicochemical parameter for the efficacy o f NSAIDs. The different 

binding sites o f the two isoenzymes and the interaction o f drugs with the protein 

structure o f COX-1 and COX-2 are responsible for the drug specificity.

From X-Ray crystal structure analysis o f 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 o f NSAID 

binding) is created by a long hydrophobic channel which contains areas o f high 

electron density that interact with the aromatic system o f flurbiprofen. The carboxylic 

group is directed towards the mouth o f the channel and lies in a favourable position 

for interacting with the guanidinium group o f arginine 120 (ARG 120). Glutamic acid
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524 (GLU 524) is located near AE.G 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/iso leucine 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 helpfial in the process 

o f 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 fi-om 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-efifect of agranulocytosis seen with 

phenylbutazone or the serious side-eflFects 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 

eflects. 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.

1.3.1 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-eflfects 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

7



Chapter I. Non-steroidal anti-inflammatory drugs

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).

CHXOOHCHXOOH

CH. CH,

Reduction Oxidation
Oxidation

H3CHX,

CH3

3L||fj(je Sulindac (Sulfoxide) Sulfone

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 Gl 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 o f PG synthesis and this is presumed to be 

the reason for its low GI toxicity (Mangan, 1987).

CM O ' 
3

Nabumetone

'C H , Oxidation

C H O

6-Methoxy-2-naphthylacetic acid

Figure 1.3 Chemical structures of nabum etone 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-biphenylhydroxymethyI)propionic acid 

(Figure 1.4) (Child et al., 1977).

Fenbufen

O

CH^Ch^COOH

OH

C CH CH COOH
I 2  2

3-(4-biphenylhydroxymethyl)propionic acid

4-biphenylacetic acid

CH COOH
2

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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H XO
CHXOOH

Cl

Indomethacin

CH

COOH

Ibuprofen

CH

COOH

CH

COOH

Ketoprofen Naproxen

8 5
COOH

Arachldonic acid

Figure 1.5 Chemical structures of som e 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).
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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 iso forms of the COX enzyme- a 

constitutive iso form (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).
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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 o f  a salt bridge in the hydrophobic 

channel o f  the enzyme.

H

CF

H,C

Celecoxib Rofecoxib

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

1.4.1.1 Side-effects of selective COX-2 inhibitors

The clinical results o f  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 o f  GI side- 

elTects, but COX-2 is not only a pro inflammatory inducible enzyme, it also has a 

number o f  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 o f  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 o f pregnancy, high uterine levels o f  COX-2 

are necessary for the onset o f  labour (Morham et al., 1995). It stands to reason that 

the use o f  COX-2 inhibitors will block these physiological functions and lead to side- 

effects. There is evidence that the use o f  COX-2 inhibitors can lead to thrombotic 

cardiovascular events by tipping the balance o f  PG/thromboxane in favour o f  TxA2,
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which promotes platelet aggregation and acts as a vasoconstrictor (Mukheijee et al., 

2001). Another major issue is the concern for their potential to delay ulcer healing 

(Halter et al., 1997) as well as their abUity to exacerbate the effects o f  irritants on the 

gastric mucosa (Gretzer et al., 1998) and the inhibition o f  other features o f  COX-2 

that are important in GI physiological and inflammatory functions (Wallace, 1999). In 

light o f  this, the prospects for highly selective COX-2 inhibitors having the benefits 

o f  sparing the 01 mucosa fi'om 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 o f  evidence that COX-2 may be 

involved in the development o f  colon cancer (Lipsky, 1999).

The formation o f  new blood vessels (angiogenesis) to provide a blood supply is a 

major requirement for the growth o f 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 o f  COX-2-derived PGE2. 

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 o f  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 o f  COX-2 in inflammation and the 

growing body o f  evidence o f  its role in the development o f  colon cancer, recent 

results indicate an important role in the central nervous system (CNS).

COX-2 in the CNS may have a fimction in the brain as the expression o f  COX-2 is 

associated with brain development (Halliday et al., 2000). COX-2 is constitutively
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expressed in neurons and is upregulated in degenerative brain regions in AJzheimer’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 amoimt 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 flinctions. 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 iso forms 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).

1.4.2.1 Role of nitric oxide in the body

The role of NO in the body is stiU not completely understood but it has been proposed 

that small fluxes of NO, generated by eNOS and nNOS, cause regulatory/anti-
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inflammatory effects, whereas high concentrations o f 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 (O2’) and act as potent oxidizing agents (Beckman and 

Koppenol, 1996). This hypothesis is supported by the anti-inflammatory action o f 

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 o f the regulatory/anti-inflammatory effects o f 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 o f 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 o f 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 o f 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 o f 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 

o f 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 o f AD.
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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 o f iNOS. More 

recently, Stratman et al. (1997) have shown that the potency o f ibuprofen for 

inhibiting PGE2 formation is comparable to its potency o f inhibition o f iNOS activity 

in cell culture, suggesting it is likely that ibuprofen would decrease iNOS activity in 

vivo.

The daily administration o f NSAIDs for the treatment o f arthritic disorders has been 

shown to delay the onset and/or decrease the risk o f AD (Anderson et al., 1995). It 

was originally thought that the therapeutic effect o f NSAIDs was due to inhibition o f 

COX enzymes and, subsequently, reducing synthesis o f PGs (Vane, 1971). However, 

the recent evidence o f their ability to inhibit iNOS and the role o f 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 o f iNOS and NO in the progression of colon cancer helps to fiirther 

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

1.4.2.3 Rationale for NO-NSAID development

The development o f NO-NSAIDs was based on the observation that NO produced by 

eNOS and nNOS possesses some o f the same cytoprotective effects as PGs within the 

gastric mucosa. Coupling a NO-releasing moiety to an NSAID might deliver NO to 

the site o f 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 o f safer and perhaps more effective alternatives to traditional 

NSAIDs (Wallace et a l, 1994).

1.4.2.4 Structure and metabolism of NO-NSAIDs

NO-NSAIDs consist o f a traditional NSAIDs linked to a NO-releasing group via a 

chemical spacer. The three key structural components o f 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 o f the ester bond 

linking the -N O 2 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 o f 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 o f NO to be produced that do not interfere with other processes such 

as regulation o f blood pressure. This would explain the effectiveness o f these agents 

in maintaining mucosal integrity by modulating local blood flow and mucous 

secretion.

The NO-releasing derivative o f aspirin, NCX-4016, is one o f the best-studied NO- 

NSAIDs. It is a nitroxybutylated derivative o f 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). In 

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).

OCOCh^

NCX-4016

Figure 1.7 Chemical structure of NCX-4016,

A major drawback of the use o f traditional NSAIDs is their side-eflfects. NO-NSAIDs 

appear to have satisfied the expectation o f higher safety although, so far, most o f the 

data come from animal studies. Fiorucci et al. (1999) have demonstrated the GI safety 

o f NO-aspirin in rats.
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1.4.2.5 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 a l, 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 o f 5-LOX as shown in the AA cascade in 

Figure 1.1. There is a whole family o f LTs, o f which LTC4 , LTD4 and LTE4  are 

potent bronchoconstrictors (Bisgaard, 1984). LTB4 is a potent chemotactic agent for 

leukocytes and it has been reported to play an important physiological role in the 

development o f 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 o f LT synthesis due to increased 

availability o f AA to the 5-LOX pathway (Kuel et al., 1984) or because o f a reduction 

in the vasodilatory PGs such as PGE2 and PGI2 that have been shown to protect the 

airways (Bimbaum 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 o f one o f these is a new compound called S-4274 which shows potent 

inhibitory effects on both COX-2 and 5-LOX as well as production o f 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).

CH
HO

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 o f an NSAJD with one o f these molecules is another 

approach to improving their safety. The rational o f this approach is based on the 

ability o f NSAIDs to reduce the protective effect o f 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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Arachidonic acid
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Figure 1.9 Flow chart showing som e of the recent developm ents 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.
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2.1 INTRODUCTION

A prodrug is an inactive pharmacological derivative o f  an active parent compound which 

undergoes a spontaneous or enzymatic transformation within the body resulting in the 

release o f  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 o f  action. The oral bioavailability o f  many drugs is 

limited by their rapid degradation/metabolism and/or poor intestinal permeability and 

consequently, only a minor fraction o f  doses administered may reach the target area 

(Steflfansen 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 o f  a drug and optimise its delivery 

to the site o f  action. A schematic illustration o f the prodrug approach is shown in Figure 

2 . 1 .

Drug Drug Pro-moiety

Enzymatic or 
y  non-enzymatic

:------—  - ►  1 Pro I j  DrugPro Drug

Figure 2.1 Diagram of the prodrug approach in drug delivery.

22



Chapter 2. The prodrug approach and derivatisalion o f NSAIDs

2.2 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 ftirther refined into two classes of 

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

a) 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 difi'erent structure to the active species which 

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

b) 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 ^  Carrier prodrug ^  Metabolism ^  Carrier + Drug

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

mutual prodrugs.

i Bipartate prodrugs consist o f 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 o f the drug to which it is linked. Essentially it consists o f  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 o f 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 o f  this bond with optimal kinetics o f  release should ensure 

effective drug levels at the site o f  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 fi’om the 

carrier should also be non-toxic or have a low degree o f  toxicity.

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

f) The prodrug should be site-specific.

2.4 REASONS FOR DEVELOPING PRODRUGS

Prodrugs are designed to overcome pharmaceutical and/or pharmacokinetic problems 

associated with the parent molecule that would otherwise lim it the clinical usefialness o f 

the drug (Bundgaard, 1992). Examples o f 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).
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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 o f 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 o f  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 if it 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 o f  action. Once absorption 

has occurred or when the drug is at the appropriate site o f  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 o f synthesis o f  esters, the wide range o f  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 o f  esters that can be synthesised allows precise control o f  the degree 

o f  lipophilicity o f  the prodrug (Ghosh and Mitra, 1991) as well as regulation o f  the 

degree o f hydrolysis.

The opposite can also apply as prodrugs have been employed to increase the water 

solubility o f the parent compund. This has traditionally been used in the development o f 

parenteral products o f  poorly soluble drugs but has recently become a strategy to improve 

the oral absorption o f  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 

com pound’s higher lipophilicity facilitates absorption across the membrane.

25



Chapter 2. The prodrug approach and derivatisation o f NSAIDs

2.4.3 Site specificity
When a drug is absorbed it is not just transported to its site o f  action but is distributed to 

all the available body compartments. Consequently it is necessary to use a higher 

concentration than necessary to achieve a therapeutic eflFect. The result o f  this is an 

increased possibility o f  side-eflFects. Specificity for a particular organ or tissue can be 

achieved i f  there are high concentrations of, or a uniqueness o f  enzymes present at that 

site which can cleave the prodrug moiety and unmask the biologically active drug.

2.4.4 Instability
A drug may be rapidly metabolized and inactivated prior to when it reaches the site o f  

action. A  prodrug moiety can be attached to block the metabolism until the drug is at the 

desired site.

2.4.5 Prolonged release
It may be desirable to have a low, constant concentration o f  drug released over a long 

period o f  time. Prodrugs may be used to prolong the duration o f action by providing a 

prolonged release mechanism for the drug which is often facilitated by the slow 

hydrolysis o f  amide- and ester-linked fatty acid carriers. Hydrolysis o f  these groups can 

release the drug over several hours to several weeks. An example o f  this is the use o f  

glycine as a carrier for the anti-inflammatory, tolmetin sodium. This increases the

duration o f its peak concentration fi"om about one hour to nine hours because o f  the slow

hydrolysis o f  the prodrug amide linkage (Persico et al., 1988).

CĤ

CO CKCONHCKCOOH

Figure 2.2 Chemical structure of tolmetin-glycine prodrug.

26



Chapter 2. The prodrug approach and derivalisalion o f NSAIDs

2.4.6 Toxicity

A drug may be toxic in its active form and may have a greater therapeutic index when 

administered in a nontoxic, inactive form that is converted to the active form only at the 

site o f  action. An example o f  this is aspirin, which is perhaps the earliest prodrug 

(Sinkula and Yalkowsky, 1975). It was developed by Bayer in order to reduce the gastric 

irritation and bleeding seen with salicylic acid. The conversion o f  salicylic acid to its 

prodrug aspirin by acetylation o f the phenolic hydroxy group o f  salicylic acid reduces the 

degree o f  stomach irritation as aspirin is mainly converted to salicylic acid by esterases 

after absorption from the GI tract.

2.4.7 Poor patient acceptability

An active drug may have an unpleasant taste or odour or produce gastric irritation after 

oral administration. The structure o f  the drug can be modified to alleviate these problems, 

but once administered, the altered drug can be metabolized to the active drug. Palmitic 

acid and other long-chain fatty acids are often used as carriers as they usually form 

prodrugs with a bland taste (Sinkula et al., 1973).

2.4.8 Formulation problems

If the drug is a volatile liquid, it would be more desirable to prepare it in a solid form so 

that it may be formulated as a tablet. An inactive solid derivative could be prepared 

which would be converted in the body to the active drug.
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2.5 MECHANISMS OF PRODRUG ACTIVATION

The mechanisms by which prodrugs are converted to the active drug principle vary with 

the type o f  prodrug depending on whether it is a carrier linked or a bioprecursor prodrug.

2.5.1 Carrier prodrugs

The most common reaction involved in the activation o f  carrier prodrugs is hydrolysis 

and the type o f bond involved depends on the fiinctional groups involved.

2.5.1.1 Alcohols and carboxylic acids
Drugs containing alcohol or carboxylic acid functional groups are usually converted to 

esters if a prodrug is needed. This is because it is possible to prepare an ester with almost 

any degree o f  lipophilicity or hydrophilicity and a range o f  stabilities in the ester can be 

obtained by altering electronic and steric factors. Additionally, esterases are widespread 

around the body which facilitates release o f  the active moiety.

Alcohol-containing drugs can be acylated with aliphatic or aromatic carboxylic acids to 

decrease water solubility or with carboxylic acids containing amino or additional 

carboxylate groups to increase water solubility (Bundgaard, 1985). Conversion to 

sulphate or phosphate esters also increases water solubility. By using these approaches a 

wide range o f solubilities can be achieved that will influence the absorption and 

distribution properties o f the drug.

/
Drug— OH ------------ ► Drug— O— C

R

Formation of ester derivatives of alcohols.

One problem with the use o f  this prodrug approach is that in some cases the esters are not 

very good substrates for the endogenous esterases and so may not be hydrolysed at a 

rapid enough rate. When this occurs, a different ester can be investigated or the rate o f 

hydrolysis can be accelerated by attaching electron withdrawing groups (for basic
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hydrolysis) or electron donating groups (for acid hydrolysis) to the carboxylate side o f 

the ester (Reynolds, 1983).

When carboxylic acids are converted to prodrugs, they are often esterified and the 

reactivity o f  the prodrug can be altered by appropriate structural manipulations. If a 

slower rate o f  ester hydrolysis is desired, long-chain aliphatic or sterically hindered esters 

can be used. If hydrolysis is too slow, addition o f  electron withdrawing groups on the 

alcohol part o f  the ester can increase the rate.

2.5.1.2 Amines

N-acylation o f  amines to give amide prodrugs is not widely used due to the stability o f 

amides towards metabolic hydrolysis. However, activated amides or amides o f  amino 

acids are more susceptible to enzymatic cleavage. Although carbamates in general are too 

stable, phenyl carbamates are rapidly cleaved by plasma enzymes and can be used as 

prodrugs (Bundgaard, 1987).

Drug— NH2 -----------► Drug— NH— R

D eriva tisa tion  o f  a m in e s .

2.5.1.3 Carbonyl compounds

The principal forms o f prodrugs o f  aldehydes and ketones are oximes, acetals, enol esters, 

oxazolidines, thiazolidines and Schiff bases (Silverman, 1992).

Drug Drug X
C = 0   ► C

r /  r /  \

D eriva tisa tion  o f  carb on y l c o m p o u n d s .

2.5.2 Bioprecursor prodrugs

Bioprecursor prodrugs generally use oxidative or reductive activation reactions which 

alter the chemical structure o f the compound and convert it into the active species 

(Silverman, 1992).
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2.6 PRODRUGS OF NSAIDs

The toxicity o f  NSAIDs to the mucosa o f  the gastrointestinal tract is a significant 

problem associated with their clinical use and is one o f  the most challenging problems in 

medicinal chemistry. As described in Section 1.3.1, sulindac was the first NSAID 

prodrug to be used clinically and was developed in an attempt to produce an NSAID with 

fewer GI side-eflFects, and was followed by nabumetone and fenbufen. This G1 toxicity is 

attributed to direct and/or indirect effects (Cioli et al., 1979; Bundgaard and Nielsen, 

1988). The direct effect is due to a local irritation produced by the acidic group o f  the 

NSAID and local inhibition o f  PG synthesis in the GI tract. The indirect mechanism is 

due to a generalised systemic action occurring afi^er absorption. A possible approach to 

solve these delivery problems may be derivatisation o f the carboxylic function o f  the 

NSAIDs to produce prodrug forms with adequate stability at the acidic pH o f the 

stomach. This derivatisation should ideally prevent the local irritation on the stomach 

mucosa and be capable o f  releasing the parent drug spontaneously or enzymatically in the 

blood following absorption. Several prodrugs and structural analogues o f  NSAIDs have 

been synthesised and tested for their anti-inflammatory activity and gastrointestinal 

toxicity.

2.6.1 Macromolecular prodrugs
A considerable amount o f  research has been focused on the use o f  macromolecular 

prodrugs in order to improve the delivery o f  a wide range o f drug compounds (Azori, 

1987; Friend and Pangbum, 1987; Ghose and Blair, 1987). A number o f  polysaccharides 

have been tested as possible transport moieties for drug molecules, o f  which dextran is 

probably the most prominent due to its physicochemical properties and lack o f toxicity 

(Larsen and Johansen, 1985).

A range o f  polysaccharides have been tested as carriers for naproxen (Larsen, 1989) 

including dextran, soluble starch and hydroxyethyl starch through ester linkages. 

Hydrolysis o f  the prodrugs was found to be base catalysed and slow, with the half-lives 

for these reactions being 183 hours for the dextran, 800 hours for the soluble starch and 

1600 hours for the hydroxyethyl starch derivative. These relatively long half-lives made

30



Chapter 2. The prodrug approach and derivatisation o f NSAIDs

them ideal candidates for sustained release prodrugs o f naproxen but were unlikely to be 

used as such due to their low aqueous solubilities.

Jaksic et al. (1996) carried out studies on a macromolecular ketoprofen prodrug and 

reported that the stability o f these types o f prodrugs towards different enzymatic systems 

was probably caused by steric hindrance preventing the enzymes from hydrolysing the 

covalent link. This encouraged the development of prodrugs with a prolonged distance 

between the main chain and the NSAID that would make enzyme-substrate interaction 

more favourable (Zovko et al., 2001). Examples o f these include the attachment of 

fenoprofen to polyhydroxy aspartamide-type polymers such as poly[a,P-(A^-2- 

hydroxyethyl-DL-aspartamide)] (i.e. PHEA) and poly[a,P-(A^-3-hydroxypropyl-DL- 

aspartamide)] (i.e. PHPA) by amide and ester bonds through different non-toxic spacers 

(Figure 2.3).
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Figure 2.3 Chemical structures of some PHEA- and PHPA-fenoprofen conjugates.

31



Chapter 2. The prodrug approach and derivalisalion o f NSAIDs

Zovko et al (2001) synthesised these conjugates to enable the easier approach o f  enzymes 

which would theoretically facilitate cleavage o f the covalent bonds between drug and 

spacer. However, this assumption still remains to be confirmed.

2, 6.2 Glycolamide and other esters of aspirin

Nielsen and Bundgaard (1989) evaluated the ability o f  glycolamide and other esters o f 

aspirin to act as true prodrugs. It emerged that a significant problem with some o f  these 

compounds was the lability o f  other groups in the molecule. For example, aspirin ester 

prodrugs could convert into aspirin, as intended, or alternatively could convert into the 

salicylic acid ester, with both finally forming salicylic acid (Figure 2.4).

O

OR

O—C-CH

OR

OH

+

CHg—CĈ H

OH

O—C-CH, 
II ^

+ ROH

OH

OH
+

CHg-CC^H + ROH

Figure 2.4 Chemical structures of the aspirin ester prodrug, 2-acetoxybenzoic acid (1) and 
its various metabolites: aspirin (2), the salicylic acid ester (3), and salicylic acid (4).
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2.6.3 2-formylphenyl ester derivatives
Abordo et al. (1998) succeeded in synthesising 2-formylphenyl esters o f  indomethacin, 

ketoprofen and ibuprofen (Figure 2.5) which acted as true prodrugs by yielding the parent 

NSAID and acylphenol on hydrolysis, while maintaining anti-inflammatory activity.

OHC

H X O
c —o

CH3

OHCCH.

C— O

OHCCH

C— O

Figure 2.5 Chemical structures of the 2-formylphenyl esters of (1) indomethacin, (2)
ketoprofen and (3) ibuprofen.

2.6.4 Aspirin derivatives

Work carried out by Baneijee and Amidon (1981a, 1981b, 1981c) reported attempts to 

synthesise aspirin derivatives based on enzyme substrate specificities, that would reduce 

the local gastric irritation and bleeding associated with aspirin therapy. This culminated 

in the development o f three derivatives: (1) aspirin phenylalanine ethyl ester; (2) aspirin 

phenylalanine amide; and (3) aspirin phenylacetic ethyl ester (Figure 2.6).
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,H N O C — C H ------COOC^ 1-̂
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A spirin p h e n y la la n in e  e thyl e s te r

Figure 2.6 Chemical structures of the aspirin esters  studied by Banjeree et ai. (1981).

The target reconversion sites for the prodrugs were the proteolytic enzymes a -  

chymotrypsin and carboxypeptidase A. The aspirin derivatives were designed so that 

after an initial cleavage o f the terminal ethyl ester or amide linkage by a-chymotrypsin, 

carboxypeptidase A would liberate aspirin in vivo.

Their results showed that aspirin phenylalanine ethyl ester was the best substrate for a -  

chymotrypsin as it showed the highest rate o f  hydrolysis. The best substrate for 

carboxypeptidase A was aspirin phenyllactic acid (produced from the action o f  a -  

chymotrypsin on aspirin phenyllactic ethyl ester).
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From these studies the authors were able to show that the aspirin derivatives could be 

successfully converted into aspirin in  vivo  but did not report i f  they offered any real 

advantage over the parent compound in terms o f their side-effect profiles.

2.6.5 Ester and amide prodrugs of ibuprofen and naproxen
Shanbhag et al. (1992) synthesised and evaluated the anti-inflammatory activity and 

gastrointestinal toxicity o f ester and amide prodrugs o f  ibuprofen and naproxen. Their 

results supported the existence o f a direct contact effect and a systemic action o f 

gastrointestinal irritation. Additionally, they showed that the direct contact effect was 

more important than the systemic effect in gastrointestinal irritation, and within the direct 

contact effect itself, inhibition o f PG synthesis was more significant than the effect o f the 

fi^e carboxylic acid group o f the NSAID.

2.6.6 Mutual prodrugs
Sheda et al. (2002) produced a mutual prodrug o f naproxen by coupling it to 

propyphenazone through an ester linkage (Figure 2.7). Propyphenazone is a non-acidic 

pyrazole drug that has good analgesic and antipyretic activity with no anti-inflammatory 

activity (Bume, 1986). The rationale o f  the mutual prodrug approach was to have a 

compound with a synergistic analgesic effect Irom the two moieties with reduced GI 

irritation. They showed that the prodrug had improved GI toxicity compared to the parent 

compounds while maintaining anti-inflammatory and analgesic activity.
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9 H 3 o 9 H3

CH3
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3

Figure 2.7 Chemical structure of naproxen-hydroxyacetam idopropyphenazone.

2 .6.7  Oligoethylene ester derivatives

In a study o f  esters o f  indomethacin (De Caprariis et al., 1994) the parent acid was 

conjugated to oligoethylene groups, producing ester prodrugs employing oligoethylene 

glycols o f molecular weight 106-282. All were cleaved rapidly in human plasma, were 

stable at pH 7.4 and 2.0 and exhibited anti-inflammatory activity equivalent to the parent 

drug, but were much less ulcerogenic, even at higher doses.

2 .6.8 Morpholinoalkyl ester derivatives

The widely used NSAIDs indomethacin, naproxen (Tamarra et al., 1993) and diclofenac 

(Tammara et al., 1994) were derivatised to produce morpholinoalkyl esters (ethyl, propyl, 

butyl) as their HCl salts (Figure 2.8).

Figure 2.8 General chem ical structure of the morpholinoalkyl ester derivatives.

Cl

NSAID

O

R: alkyl group
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The morpholino esters were chosen because o f their balance o f  improved water solubility 

and lipophilicity relative to the parent carboxylic acid. All the prodrugs were highly 

water-soluble and partition coefficients (as free base) increased markedly. Hydrolysis 

was slow in simulated gastric juice or phosphate buffer (pH 7.4), but rapid in rat plasma 

and in vivo. The ethyl prodrug was not as irritating as the parent drug and increased oral 

bioavailability by approximately 30%.

2. 6.9 Flurbiprofen derivatives

Tsunematsu et al. (1995) synthesised a range o f flurbiprofen-basic amino acid ethyl esters 

(Figure 2.9) and examined the release o f  the optically active flurbiprofen enantiomers 

from the racemic flurbiprofen prodrugs by tiypsin and two carboxypeptidases. The 

rationale for this was that flurbiprofen is used clinically as a racemate even though its 

therapeutic activity is due mainly to the S-enantiomer (Caldwell et al., 1988). To 

minimise the side-effects associated with flurbiprofen therapy it was postulated that it 

might be beneficial to develop water-soluble prodrugs o f  flurbiprofen from which the 

active S-enantiomer can be selectively released by enzymes. Their results showed 

stereoselective enzymatic hydrolysis o f  the flurbiprofen derivatives. They were not 

utilised as a flurbiprofen prodrug however, as the active S-enantiomer was not 

predominantly released by the carboxypeptidases.
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C H— C O — NH— C H — COOC^ H^

R ;  CH — NH C — NH , .
2 3 II ( A r g i n i n e )

NH

(CH^)^— NH2 (Lysine)

NH

CH^— (/  \ ) —NH— C— NH2 (Guanidino-L-phenylalanine)

Figure 2.9 Chemical structures of ethyl esters of flurbiprofen L-arginine, flurbiprofen L-lysine 

and flurbiprofen p-guanidino-L-phenylalanine.

Another approach to developing a flurbiprofen prodrug has been reported by Ohmukai 

(1996). In this approach flurbiprofen axetil (Figure 2.10) was prepared by esterification 

o f flurbiprofen. This makes the compound more lipophilic and soluble in lipid 

microspheres. The flurbiprofen-axetil was incorporated into lipid microspheres which 

could be administered intravenously without causing irritation at the site o f  injection. 

Once administered the prodrug was rapidly hydrolysed to the active parent compound 

which then exerted a therapeutic effect.

CH, CHg
I I

CH—C O -C H O —C—CHg
II IIo o

Figure 2.10 Chemical structure of flurbiprofen axetil.
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2.6.10 Cyclic amide derivatives
Omar (1998) and Mahfouz et al. (1999) developed cyclic amide derivatives o f aspirin, 

ibuprofen, naproxen and indomethacin (Figure 2.11) as potential prodrugs and reported 

rapid conversion to the parent NSAIDs in rabbit plasma and significantly less irritation to 

the gastric mucosa than the parent NSAIDs.

R = aspirin, ibuprofen, naproxen or indomethacin.

Figure 2.11 Chemical structures of N-hydroxymethylphthalimide (1) and N- 
hydroxymethylsuccinimide (2) derivatives of aspirin, ibuprofen, naproxen and indomethacin.

2.6.11 Nitric oxide (NO)-reieasing NSAIDs
Another approach to counteracting the GI side-effects o f  NSAIDs, as mentioned in 

Section 1.4.2, has been to attach a NO-releasing moiety to standard NSAIDs (Wallace et 

al., 1994; del Soltado et al., 1997), the rationale being that NO plays a similar role to 

prostaglandins in gastric mucosal defence. A wide variety o f  NO-NSAlDs have been 

developed including nitroxybutly esters o f  flurbiprofen (Arena and del Soltado, 1997) 

and naproxen (del Soltado, 1998) with the nitroxy groups providing NO by metabolic 

transformation (Artz et al., 1996). S-nitrosothiol derivatives o f  NSAIDs have also been 

reported (Garvey et al., 2000) in which NO is released by S-N bond cleavage. Another 

approach by Saavedra et al. (1999) involved the use o f  a molecular linking unit, with 

ibuprofen linked to a NO-releasing group via a piperazine unit. Similarly, Ingram et al. 

(1998) investigated the use o f  glycerol as a molecular linking unit to join the NO and 

NSAID moieties as glycerol allowed variation in the relative number o f  NSAID and NO 

groups incorporated into the prodrugs. More recently, Ingram et al. (2001) reported the
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development o fa  diester o f  ibuprofen and glycerol-1-nitrate (glycerol-1,2-diibuprofenate- 

3-nitrate) (Figure 2.12).

CH
CH

CH.
CH

H3C

CH3ONC^

Figure 2.12 C hem ical structure  of glycerol-1,2-diibuprofenate-3-nitrate.

Ingram et al. (2001) showed that this ibuprofen derivative underwent hydrolysis to the 

parent compounds in a simulated gastric model, although their results suggested that 

there may be only partial hydrolysis o f  the compound over a normal 2-hour gastric 

emptying period and they did not examine the metabolism o f the nitrate ester to NO.

A problem with all o f  these NO-NSAlDs is the concept that they actually donate NO in 

vivo following absorption from the GI tract is unproven (Rainsford, 2001). Also, it has 

been reported that the GI toxicity profiles o f  these derivatives are no better than for other 

carboxyl ester derivatives o f NSAIDs and that their anti-inflammatory activity is similar 

to their parent compounds (Rainsford, 2001). Consequently, despite the number ofN O - 

NSAlDs that have been developed, none are currently in clinical use and further 

investigations are warranted to determine if  chemical modifications o f  the NO-donor 

group would achieve more selective delivery o f  the NO moiety.
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3.1 INTRODUCTION

One o f the most important aims o f  the pharmaceutical industry, during the 

development o f  systemically acting drugs intended for oral administration, is the 

optimisation o f  bioavailability (Fagerholm et al., 1996). Bioavailability indicates both 

the quantity o f  the active component absorbed from the pharmaceutical form reaching 

the blood circulation, and the rate o f  this process. This implies that the molecule 

crosses one or several biological membranes before reaching the blood circulation. 

Many factors influence a drug’s extent and rate o f  absorption after oral dosing 

(Aungst and Shen, 1986; Rozman and Klaassen, 1996). These can be categorised into 

properties relating to either the drug substance or the biological membranes. The 

physicochemical properties o f  the drug substance are considered to be the most 

important o f  these as they have been well established to influence passive drug 

absorption across the gastrointestinal (GI) wall. The most important o f  these are the 

drug’s lipophilicity, degree o f  ionisation, and molecular size (Chan and Stewart, 

1996; Navia and Chaturvedi, 1996; Kramer, 1999). However, it is rather simplistic to 

consider only these properties, as for a number o f  molecules there is no correlation 

between lipophilicity and oral bioavailability (Rubas and Cromwell, 1997; Lee et al., 

1997) due to other factors which relate to the physiology o f  the GI tract.

3.2 PHYSICOCHEMICAL FACTORS AND THEIR IMPACT ON 

BIOAVAILABILITY

Physicochemical properties o f  a drug provide a good insight into how it will behave 

in the environment o f  the GI tract and for this reason they are often used as predictors 

o f  intestinal absorption. The most significant o f  these are lipophilicity, pKa and 

molecular size.

3.2.1 Lipophilicity

A measure o f  a drug’s lipophilicity is generally one o f  the first approximations in 

assessing its ability to cross biological membranes, particularly by passive diffusion 

(Stewart et al., 1997). Lipophilicity is not a single defined parameter, but the sum o f 

different physicochemical characteristics and is traditionally expressed as the n -  

octanol-water partition coefficient (P). This is the concentration ratio o f  the
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compound between «-octanol and an aqueous phase at equilibrium as shown in 

Equation 3.1. It describes the ability of a drug molecule to partition into the lipophilic 

phase, octanol, which is assumed to have a lipophilicity comparable to the cell 

membrane.

A .V
P = — — — Equation 3.1

A-K

where P is the partition coefficient, Jo and are the amounts of drug in the n- 

octanol and aqueous phases respectively, is the volume of aqueous phase and Vo

is the volume of «-octanol phase.

P is the true partition coefficient of one molecular species, such as of one ionisation 

species. The presence of more than one species results in an average partition 

coefficient called the apparent partition coefficient or distribution coefficient D, 

which is pH dependent in the case of ionisable compounds (Hogben et al., 1959). 

This is called the pH-partition hypothesis which suggests that partitioning of a 

molecule into a lipid environment or membrane is not only dependent on the so- 

called intrinsic partition coefficient of the uncharged compounds (P), but also on the 

degree of ionisation. The apparent distribution coefficient (D) is defined in Equation 

3.2 (Leahy et al., 1989).

Log D = Log P + Log /„ = Log P + Log (I - f , )  Equation 3.2

where /„ is the fi'action unionised and f i  is the fraction ionised. The correction terms/„ 

and (/-//) describe the pH dependence of Log D and are different for mono acids, 

mono bases, diacids, dibases, etc. (Avdeef, 1996).

Different correction terms were derived, such as Equations 3.3 and 3.4 for mono acids 

and mono bases respectively (Scherrer and Howard, 1977; Van de Waterbeemd and 

Testa, 1987), by neglecting partitioning of ionic forms into the organic phase for the 

different substance groups.

acid : Log D = Log P - Log (7 + Equation 3.3
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base: Log D = Log P - Log{l + Equation 3.4

As well as the shake flask method for the determination of partition coefficients, they 

can also be determined by potentiometric titration (Avdeef, 1993).

A study conducted by Kramer et al. (1999) compared the potentiometrically 

determined Log D of a range of compounds with their apparent permeability 

coefficient across Caco-2 cell monolayers and with the fraction absorbed in humans 

after oral administration. The study confirmed that compounds with a Log D values 

<-1.5 or >4.5 are poorly absorbed (permeability coefficient less than 20 nm sec'*), 

whereas compounds with Log D between 0-3 are highly permeable (permeability 

coefficient greater than 100 nm sec '). This supported the findings of Komiya et al. 

(1980) who demonstrated that for a group of steroids in the rat, a sigmoidal 

relationship exists between the permeability of the GI barrier to the steroid and the n- 

octanol-water partition coefficient of the drug. The permeability of the intestinal 

epithelium increases roughly with the lipophilicity of the drug molecule until it 

reaches a plateau at a Log P value of approximately 2 (Martin, 1981). Drugs with Log 

P values close to 2 are generally predicted to be completely absorbed in humans. 

However, for Log P>4, the permeability starts to decrease (Wils et al., 1994) as very 

lipophilic drugs generally have low aqueous solubilities and, as a result will partition 

at slower rates from the cell membranes to the aqueous extracellular fluids (Raub et 

al., 1993).

Studies have shown that in general Log P is a rough predictor of transcellular 

absorption of drugs in vivo and in vitro (Taylor et al., 1985; Buur et al., 1996). 

Considering that octanol is a relatively simple organic solvent and the cell membrane 

is a complex lipid bilayer, it is unusual that there is such agreement in the behaviour 

of drug molecules between the two different systems. However, Franks et al. (1993) 

have shown that hydrated octanol molecules are arranged in roughly spherical 

aggregates with a polar centre and a non-polar outer region, with a polar/non-polar 

interface between them. This suggests that hydrated octanol consists of a range of 

localised environments mimicking the more complex lipid bilayer and provides a 

possible explanation as to how Log P values can be used to predict passive 

transcellular absorption.
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The transcellular route is the main route for drug absorption. Transcellular diffusion 

requires dehydration o f the compound and entry into the lipid bilayer o f the ceU 

membrane. From the outer lipid layer the compound has to switch to the inner layer 

and then travel from the apical side o f the cell to the basolateral side, either through 

the cytoplasmic aqueous phase or along the lipid membranes o f the cell, such as the 

inner plasma membrane leaflet or the endoplasmic reticulum and Golgi vesicles. At 

the basolateral side o f the cell, the compound needs to cross the ceU membrane again 

to exit. It is clear that transcellular diflftision must depend on the lipophilicity o f the 

compound as the solute requires a certain affinity for lipid structures in order to enter 

the cell membrane.

3.2.2 Dissociation constant, pKa
The dissociation constant (pKa) o f a drug and the pH at the absorption site often 

determine the absorption characteristics o f a drug throughout the gastrointestinal 

tract. From the pH-partition hypothesis described above, the absorption o f a weak 

electrolyte drug will be determined by the extent to which the drug exists in its 

unionised form at the site o f absorption. The extent to which a weakly acidic or 

weakly basic drug with a single ionisable group ionises is described by the 

Henderson-Hasselbach equation (Equation 3.5)

- \Base\
Log T 4 = p H  - pKg Equation 3.5

[Acid]

where pKa is the negative logarithm o f the acid dissociation constant o f the drug and 

[Base] and [Acid\ are the respective concentrations o f the base and acid forms o f the 

drug, which are in equilibrium and in solution in either the gastric fluid or the blood. 

According to the pH partition hypothesis, drugs such as weak acids will be well 

absorbed from the stomach as they will be predominantly unionised in the acidic 

environment o f the stomach. Conversely, weakly basic drugs will be poorly absorbed 

from the stomach as they will be predominantly ionised. The pH o f the small 

intestinal fluids is less acidic than that o f the stomach and thus the absorption o f weak 

bases generally tends to be favoured over weak acids. However, weak acids are still

44



Chapter 3. Drug absorption and gastrointestinal physiology

quite well absorbed from the small intestine. This is due to the much larger surface 

area o f the small intestine when compared to the stomach, as well as the microclimate 

pH, which is lower than the bulk pH in the small intestine.

3.2.3 Molecular size

Diffusion o f molecules through biological membranes has been shown to be 

dependent on molecular size (Xiang and Andersson, 1994). There are two aspects to 

this. Firstly, a relationship has been established between Log P and molecular size 

(Testa and Seiler, 1981) indicating that, in general, as molecular size increases so too 

does lipophilicity which is a determinant o f membrane permeability. Secondly, 

despite passive transcellular diffiision through the membrane lipids, some compounds 

may go through the paracellular pathway. This route is limited by molecular size in a 

process called the ‘sieving effect’ (Leahy et al., 1989). Sietsema (1989) has shown 

that molecular weight reasonably substitutes molar volume or molecular size. The 

upper limit o f molecular weight for paracellular transport varies in the literature from 

200 (Lennemas, 1995) to 400-500 (Artursson et al., 1993) and is dependent on the 

flexibility and shape o f the drug molecule.

An alternative to molecular weight is the molecular polar surface area (PSA), which 

is defined as the area occupied by nitrogen and oxygen atoms and the hydrogen atoms 

attached to these heteroatoms (Palm et al., 1997). PSA has been shown to be an 

excellent predictor o f drug absorption and can be used to identity drugs that may be 

poorly absorbed at an early stage o f the drug discovery process. A study carried out 

by Palm et al. (1997) showed that there is a sigmoidal relationship between PSA and 

fraction absorbed (FA). The sigmoidal relationship indicates that drugs with a PSA < 

63 will be completely absorbed (FA>90%) while drugs with a PSA >139 will 

be <10% absorbed. A more recent development in this area is the topological polar 

surface area (TPSA) which has been shown to agree closely with PSA absorption 

predictions, though requiring significantly less time to calculate (Ertl et al., 2003).
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3.2.4 Biopharmaceutics Classification Scheme
The Biopharmaceutics Classification Scheme (BCS) (Amidon et al., 1995) is a useful 

way o f dividing drug molecules into four classes (Table 3.1) on the basis o f their 

aqueous solubility and their ability to permeate the mucosa o f the gut ixom the apical 

to the basolateral side.

Table 3.1 Definitions o f  the four Biopharmaceutic Drug Classes.

Class Aqueous solubility Membrane Permeability

I High High

II Low High

III High Low

IV Low Low

It is essentially a classification o f drugs based indirectly on their physicochemical 

properties, as these properties impact on the criteria that are most important to oral 

drug delivery, namely membrane permeability and aqueous solubility.

3.3 ANATOMY AND PHYSIOLOGY OF THE SMALL INTESTINE 

AND ITS IMPACT ON DRUG ABSORPTION

The small intestine is the principal site for digestion and the absorption o f nutrients, 

water and electrolytes. It is divided lengthways into three unequally sized sections: 

the duodenum, the jejunum and the ileum. These comprise approximately 5, 50 and 

45% o f the length respectively (Ganong, 1995). Most absorption occurs in the 

duodenum and the proximal half o f the jejunum and approximately 90% of all 

absorption in the GI tract occurs over the length o f the small intestine (Ganong, 

1995). The major mechanisms o f absorption are passive difiusion, facilitated 

diSusion, active transport, pinocytosis, and solvent drag (as water moves through 

membrane pores in response to an osmotic gradient, small solutes are ‘dragged’ 

through with the flow o f water) (Chhabra and Eastin, 1984; Hoensch and Schwenk, 

1984; Granger et al., 1985; Pappenheimer and Reiss, 1987). The absorption o f water 

and electrolytes also occurs in the large intestine. Substances that are candidates for
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absorption but fail to do so in the ileum, and substances formed by bacterial 

metabolism are absorbed in the large intestine. Most nutrient processing that occurs 

here is due to bacteria and not intestinal mucosal/secretory activity as in the small 

intestine.

3.3.1 Structure of the intestinal wall

The GI tract is lined along its length with a mucous membrane (mucosa) the primary 

function o f which is to act as a barrier to the entry o f materials into the body. The 

mucosa can be divided into three distinct layers which are shown in Figure 3.1:

i Muscularis mucosa

ii Lamina propria

iii Layer o f epithelial cells

The lamina propria and the layer o f epithelial cells are the most important with regard 

to absorption. The lamina propria is a thin layer o f loose connective tissue that 

contains both blood and lymphatic vessels and it is contained by a continuous sheet of 

single layered epithelial cells. The lamina propria has a number o f important 

functions including its immunological function and structural support for the 

intestinal epithelial cells. It also contains the blood and lymphatic vascular channels 

for the initial transport o f material absorbed by the epithelium.

The muscularis mucosa is a continuous thin sheet o f smooth muscle three to ten cells 

thick that separates the mucosa from the submucosa. Its function appears to be related 

to the rhythmic movements o f the villi that agitate the layer o f intestinal secretions 

and chyme in contact with the epithelium, thereby helping to promote absorption.
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Figure 3.1 Schematic diagram of two sectioned villi and a crypt illustrating the histologic 
organisation of the mucosa of the small intestine.

Although the mucosa is present along the entire length o f the GI tract, there are 

macroscopic differences between regions which may affect the ability o f drug 

substances to reach the blood or lymph vessels.

In the stomach, the epithelial layer consists o f mainly mucus secreting cells. There is 

little augmentation o f the surface area and this limits drug uptake. This reflects its 

digestive rather than absorptive function and, despite the fact that from a 

physicochemical point o f view there may be ideal conditions for drug absorption, 

transmucosal movement consists mainly o f water and ion secretion (Macheras et al., 

1995).

In contrast to the stomach, the small intestinal mucosa has a large surface area 

compared to the volume that it occupies. In humans, the surface area o f the stomach 

is 0.053 m  ̂ and the surface area o f the small intestine is 200 m  ̂ (Snyder et al., 1975). 

This large increase in surface area in the small intestine is produced by three levels o f 

surface area enhancement, each one adding to the effect o f the other: circular folds, 

villi and microvilli.
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The circular folds triple the surface area o f the small intestine, and protruding from 

these folds are the villi (Figure 3.1). Villi are finger-like projections approximately 

0.5-1.5 mm in height that contain a core o f lamina propria which is contained by a 

layer o f epithelial cells. This epithelial layer can be split into two parts: the villous tip 

epithelium and the crypt epithelium. The tips o f the villi are primarily concerned with 

nutrient absorption and consequently epithelial cells in this area are mainly absorptive 

cells called enterocytes, with a small number o f goblet cells. The crypts o f the villi 

contain undifferentiated cells, goblet cells and endocrine cells, reflecting their role in 

epithelial cell renewal and ion, water and endocrine secretion. Enterocytes, perhaps 

the most important cells in the small intestine, are columnar epithelial cells that are 

bound to their neighbours at the epithelial surface by tight junctions which limit direct 

contact between the contents o f the lumen and the intercellular space. The luminal 

side o f their cell membrane possesses numerous microvilli (estimated at 3000-7000 

per cell in the small intestine). This further increases the surface area available for 

absorption by approximately 14-40 fold (Brown, 1962). Situated within the cell 

membrane o f the microvilli are glycoprotein molecules which consist o f a protein and 

a carbohydrate chain. The protein is embedded in the membrane while the 

carbohydrate chain protrudes from the cell membrane into the lumen. Collectively 

these carbohydrate chains form the glycocalyx (Trier, 1969) and in transmission 

electron micrographs this glycocalyx appears to consist o f numerous fine filaments 

extending perpendicularly from, and attached directly to, the membrane o f the 

microvilli. These glycoproteins mainly function as enzymes but may also act as 

carriers for the transfer o f molecules across the membrane. They are thought to form 

passages called ‘aqueous pores’ as they behave as microscopic water-filled channels 

which allow small ions to selectively pass through.
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3.3.2 Transport of substances across the intestinal epithelium

Absorption of a drug molecule from the lumen involves passage through several 

barriers: the epithelium, a portion o f the lamina propria and the walls o f the blood or 

lymph vessels. To pass through the epithelium, the substance can either pass through 

the epithelial cells by a number o f mechanisms, or through the jimctions between 

them (Pappenheimer and Reiss, 1987). These are represented diagrammatically in 

Figure 3.2.

2/3

Figure 3.2 Potential modes of transport of molecules across the intestinal epithelium: (1) 
passive transcellular transport; (2/3) carrier-mediated transport; (4) endocytosis; (5) 

paracellular transport; (6) P-glycoprotein.

3.3.2.1 Passive T ranscellular T ransport

The process o f passive transcellular transport is essentially a passive diffusion 

process. Initially it involves partition o f a drug between the aqueous fluids in the GI 

tract and the apical cell membrane o f the epithelial cells. The drug in solution in the 

membrane then diffuses across the membrane followed by a second partition o f drug 

between the membrane and the aqueous fluids within the epithelial cells. The drug 

then traverses the basal cell membranes in a similar fashion and enters the blood of 

the capillary network in the lamina propria. In order for a molecule to diffuse through 

the membrane, it must be sufficiently hydrophobic to interact with the lipid bilayer o f 

the cell membrane. The transcellular route is considered to be the main route o f drug 

transport from the GI fluids to the blood and lymphatic systems as the cell membrane
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surface area makes up more than 99% o f the total surface area o f the intestine. Also, 

it is an efficient route for a compound to traverse the intestinal epithelium along its 

entire length, unlike some carrier transport mechanisms that are localised within 

specific regions o f the intestine (e.g. bile acid transporter in the ileum). For highly 

efficient absorption, the passive transcellular route is the preferred pathway because it 

is not as likely to be influenced by inter-population/genetic differences as carrier- 

mediated transport pathways, and it is not a saturable pathway. This permeation 

process, being passive in nature is mainly controlled by the concentration o f drug 

remaining to be transported from one side o f the membrane to the other. Most 

compounds obey this principle with the exception o f highly branched molecules 

(Macheras et al., 1995) which are generally less permeable than theoretically 

expected. This is due to their permeation into the lipid layer being physically hindered 

as they produce a greater disturbance in the arrangement o f the lipid bilayers. 

Additionally, passive transcellular transport o f a compound is affected by its degree 

o f ionisation, as the pH-partition hypothesis claims that only the non-ionised form of 

the compound permeates the cell membrane. Consequently, the ability o f a compound 

to use the passive transcellular route depends on its pKa, the pH on the luminal side o f 

the membrane, and the lipophilicity o f the non-ionised form o f the compound.

3.3.2.2 Passive Paracellular Transport

When epithelial cells in the small intestine are viewed by electron microscopy they 

appear to be in such tight contact that the membrane seems continuous. However, the 

sites o f contact, known as tight junctions, are permeable to water, electrolytes and 

small molecules. These junctions behave as aqueous channels and access to them is 

restricted by the presence o f tight junctional elements at the apical pole o f the 

epithelial cells. These are controlled within individual cells by a wide variety o f 

physiologically relevant signals (Anderson and Van Itallie, 1995). The barrier varies 

in tightness by several orders o f magnitude between so-called tight and leaky 

epithelia, shows a slight cation selectivity and the estimated pore radius is in the 

range 8-20 A (Powell, 1981; Reuss, 1991).

By defining the characteristics o f paracellular transport, tight junctions help define the 

overall transport characteristics o f each epithelia. There have been attempts to 

enhance the permeability o f the intestinal epithelium by regulation o f the tight 

junctions, but this has been met with limited success (Swenson and Curatolo, 1992),
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particularly as this pathway accounts for less than 1% o f the surface area o f the 

intestinal epithelium. In general, delivery o f a compound through the paracellular 

pathway will only be successful if the compound has a low therapeutic dose and has a 

size appropriate to allow passage through the junctional complex.

3.S.2.3 Carrier-Mediated Transport

As previously mentioned, most drugs are absorbed from the GI tract by passive 

diffusion. However, carrier-mediated transport has been the focus o f much recent 

research and it is now thought this may play a more important role in drug transport 

than was previously envisaged (Tsuji and Tamai, 1996). For example, benzoic acid 

was originally thought to be absorbed exclusively by transcellular passive diffusion in 

accordance with the pH-partition hypothesis, but it is now known that it relies mainly 

on the H^-monocarboxylate transporter (MCT) for absorption (Tsuji et al., 1994). 

These carrier-mediated transporters may be dependent (active) or independent 

(passive) on adenosine triphosphate (ATP) for optimal function and involve 

participation o f a carrier in the cell membrane, which may be an enzyme or some 

other component o f the cell membrane. Most o f these carriers are coupled to either 

Na^ or ions and are driven by transmembrane ion gradients. The ions are 

cotransported with substrates and the downhill movement o f the ions is energetically 

coupled with the uphill movement o f the substrates. The ion-coupled transport 

systems are activated by their respective coupling ions due, in most cases, to the 

ability o f the ions to increase the affinity o f the transport systems for their substrates 

by producing conformational changes in the transporters (Brandsch et a l, 1997). A 

whole range o f these transporters have been identified in the intestine and include 

monocarboxylate transporters (Takanaga et al., 1994), organic cation transporters 

(Lauterbach, 1987), nucleoside transporters (Hung et al., 1993), and peptide 

transporters (Tsuji and Tamai, 1996).

i The monocarboxylate transporter (MCT) has been reported to transport 

monocarboxylate drugs such as salicylic acid by a H^-dependent carrier-mediated 

mechanism in the intestine and Caco-2 cells (Takanaga et al., 1994).

ii The organic cation transporters are knowTi to transport cationic compounds 

across epithelia at several sites in the body including the intestine (Lauterbach, 1987)
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and the liver (Klaassen and Watkins, 1984) by carrier-mediated organic cation (OC) 

transport processes. Many endogenous amines (e.g. dopamine) and some drug 

substances exist as cations at physiological pH and act as substrates for these 

transport processes. Two types of these OC transport processes have been identified: 

(a) a facilitative carrier-mediated system that is driven by an inside-negative 

membrane potential difference (Moseley et al., 1996); and (b) an energy-dependent 

OCVH^ exchange mechanism that is driven by an inwardly directed proton gradient 

generated by efflux via Na /̂H"  ̂antiport and/or -ATPase (Ott et al., 1991).

i i i  Nucleosides are known to be transported by Na^-dependent systems in intestinal 

(Hung et al., 1993) and other epithelia around the body. The Na’̂ -dependent systems 

consist of four major subtypes: N l, N2, N3 and N4. They vary in their location and 

nucleoside specificity and both Nl and N2 have been found in intestinal epithelia. Nl 

is found in bovine and rat renal (Williams and Jarvis, 1991) and intestinal epithelial 

cells (Hung et al., 1993) and exhibits selectivity for purine nucleosides and uridine. 

N2 is found in the brush border of bovine and murine renal (Williams and Jarvis, 

1991) and intestinal epithelial cells (Vijaylakshmi and Belt, 1988) and is selective for 

pyrimidine nucleosides and adenosine.

i v  The dipeptide transporter, PepTl, is a H^-coupled transporter protein and has 

been the subject of much recent research in intestinal drug delivery. Its density 

increases fi'om the duodenum to the ileum (Tanaka et al., 1998), and at the villus level 

it is most abundant at the tip, decreasing towards its base (Ogihara et al., 1999). It has 

a relatively wide substrate specificity (Dantzig and Bergin, 1990; Liang et al., 1995) 

including di- and tri-peptides, p-lactam antibiotics, angiotensin converting enzyme 

inhibitors (Smith et al., 1993), and even compounds without an obvious peptide bond, 

such as 6-amino-levulinic acid (Temple et al., 1998). Compared to other intestinal 

transporters it has a robustness to adverse environmental conditions in the intestine 

(Tanaka, et al., 1998) and this raises the possibility that drugs targeted towards PepTl 

may be less susceptible to wide variations in intestinal absorption than those drugs 

targeted towards other drug transporters.
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V Carrier-mediated transport processes can also be involved in efflux 

mechanisms. An example o f this is P-glycoprotein which is an active transporter that 

is expressed in a broad range of tissues, some o f which include the oesophagus, 

stomach, jejunum and colon (Fojo et al., 1987). It was first characterised as the 

transporter responsible for the efflux o f chemotherapeutic agents from resistant 

cancer cells (Gottesman and Pastan, 1993). Substrates for P-glycoprotein cover a 

broad range o f structures with diverse therapeutic indications. There are no clear 

structural features that define P-glycoprotein substrates, but they tend to be large and 

contain one or more aromatic rings (Benet et al., 1999). The expression o f this 

transporter at the apical membrane o f enterocytes in the small intestine has been 

demonstrated to be an important mechanism for limiting the absorption o f a variety of 

therapeutic agents (Hunter et al., 1993). The implications o f this for drug absorption 

are that the transepithelial permeability o f a drug-substrate for the transporter will be 

dependent not only on its passive permeability, but also on its affinity for P- 

glycoprotein contained in the apical membrane.

S.3.2.4 Endocytosis
Endocytosis involves a folding o f the cell membrane and inclusion o f the molecule in 

the resulting vesicle. This absorption mechanism is mainly associated with M cells 

which are specialised epithelial cells found at restricted sites throughout the GI tract. 

They over-lie mucosal lymphoid follicles and their function is to absorb antigens 

from the mucosa by endocytosis and transport them to the lymphoid tissue (Ermak et 

al., 1998).

Endocytosis can be further subdivided into fluid-phase endocytosis, receptor- 

mediated endocytosis and transcytosis. Fluid-phase endocytosis involves the uptake 

o f small droplets o f extracellular fluid by membrane vesicles. The efficiency o f this 

process is low (Steinman et al., 1976). Receptor-mediated endocytosis involves the 

binding o f ligands to receptors on the plasma membrane. The resulting complexes 

cluster in clathrin-coated pits that subsequently invaginate and pinch off from the 

membrane to form coated vesicles (Ermak et al., 1998). Once inside the cytoplasm 

the clathrin-coated vesicles lose their coat and release their contents to endosomes 

(prelysosomal vesicles). In transcytosis the endosomes carrying a ligand or ligand- 

receptor complex bypass the lysosomes and migrate towards the basolateral 

membrane and release the ligand to the extracellular space.
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Generally, this mechanism o f transport is rare and is only important in the case o f 

macromolecular absorption (Daugherty and Mrsny, 1999).

3.3.2.S Aqueous pore transport

In situations where the permeation o f small hydrophilic molecules does not correlate 

with the pH and the partition coefficient, it is believed that the transport o f the drug 

molecule to the interior o f the enterocyte mainly occurs through the aqueous pores or 

channels formed by proteins located in the cell membrane (glycoproteins) (Figure 

3.3). The radii o f the pores in the human small intestine are estimated to be 

approximately 0.7 nm in the jejunum and 0.3 nm in the ileum. It is generally 

considered that for a compound to be a candidate for uptake through the aqueous 

pores, it must have a molecular weight below about 300 (Macheras et al., 1995).

LUMEN

protein^

CYTOSOLPhospholipid

Figure 3.3 Transfer process of a small water-soluble molecule (S) to the interior of the
cell through the aqueous pores.

3.3.3 The unstirred water layer

The unstirred water layer (UWL) is a stagnant layer o f water, mucus and glycocalyx 

that lies adjacent to the intestinal wall. It is formed as it is almost impossible to 

agitate the contents o f the lumen so that complete mixing occurs right up to the apical 

surface o f the intestinal epithelial cells (Thomson and Dietschy, 1984). In order for a 

compound to be absorbed from the intestinal lumen and enter the blood or lymphatic
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system, it must first diffuse through this unstirred water layer. The eflfect o f this layer 

on the absorption o f a compound is considered to be related to its ability to permeate 

the cell membrane (Thomson and Dietschy, 1984). For a compound with low 

membrane permeability, the rate limiting step in its transmucosal movement is the 

transport across the apical membrane and not difilision through the UWL. 

Consequently, the UWL can be considered as a negligible barrier to the uptake o f 

slowly absorbed drugs (Thomson and Dietschy, 1984). Conversely, if the compound 

has a high membrane permeability (apparent intestinal permeability coefScient, Papp > 

2 X 10"*cm s'*), (Lennemas, 1994), then the UWL is thought to provide the main 

resistance to intestinal absorption (Levitt et al., 1984; Winne, 1987; Thomas and 

Dietschy, 1984). Since the compound is rapidly absorbed across the membrane, and it 

is only slowly replaced by molecules from the luminal contents due to the slow 

diffusion across the UWL, this creates a concentration gradient between the luminal 

side o f  the UWL and the intestinal wall. The effective thickness o f the UWL (6) is 

described by this concentration difference (Winne, 1984). The 8 value is not a true 

value o f the layer thickness, but is a representative value o f the distance fi"om the 

apical membrane to the point where the compound’s concentration gradient reaches 

the homogenous concentration o f the well-stirred bulk phase. It follows that 

compounds that have high membrane permeabilities wiU have the same Papp values, if 

their diffusion coefficients across the UWL are the same.

A number o f studies have been carried out to evaluate the thickness and impact o f the 

UWL on drug absorption, and the most common way to do this has been to determine 

the Papp or intestinal absorption rates at different perfusion flow rates in laboratory 

animals for highly permeable compounds (Winne, 1979; Levitt et al., 1987). Values 

o f 300-800 |j,m have been reported. More recently, this figure has been re-evaluated to 

about 30-100 ^m based on absorption data in humans and in vivo studies in 

unanaesthetised animals. These revised values are lower due to consideration o f the 

increased gut motility/luminal stirring in the conscious in vivo animal compared to the 

anaesthetised animal (Andersson et al., 1988; Levitt et al., 1990; Levitt et al., 1992a; 

Levitt et al., 1992b).

Even more recently, it has been suggested by Fagerholm and Lennemas (1995) that 

the resistance o f the UWL to the intestinal absorption o f highly permeable 

compounds has been previously overestimated. They have proposed that intestinal
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absorption in humans is membrane controlled for both low and high permeability 

compounds, irrespective of the transport mechanism. These proposals have been 

based on experimental results using two rapidly absorbed compounds, D-glucose and 

antipyrine, that showed no significant differences in either Pgpp or 5 between the 

lowest and highest flow rates. They estimated the thickness of the UWL in humans to 

be 83-188 nm. This contradicts the previously reported and widely accepted values 

where an increased perfusion flow rate significantly reduced the 5 value, and 

increased Papp for rapidly absorbed solutes (Winne, 1979 and Levitt et al., 1987).

3.3.4 Intestinal fluid flux

Water flux across intestinal membranes is a passive process that is probably driven by 

an osmotic gradient across the intestinal mucosa. This osmotic gradient might be a 

consequence of either active transport mechanisms (Tripathi and Boulpaep, 1989) 

and/or a Na^ countercurrent multiplier (Jodal and Lundgren, 1986). The exact 

mechanism(s) involved in transmucosal fluid movement are still unclear, even though 

it is well known to occur by either the transcellular and/or paracellular routes. The 

paracellular route has been reported to be of major importance in the transmucosal 

flow of water and electrolytes. In animal studies it has been suggested that up to 85% 

of the transmucosal electrolyte flow is by this route (Madara and Pappenheimer, 

1987). However, other research groups have suggested that the transport (in the 

mucosal to serosal direction) might occur through specialised channels present in the 

cell membrane (aqueous pores) (Tripathi and Boulpaep, 1989). This has been 

supported by the elucidation of the molecular structure of this transport channel (van 

Os et al., 1994).

It has been suggested that the upper part of the villus is the region of fluid absorption 

and the crypt is the region of fluid secretion (Chang and Rao, 1994). The major 

purpose of fluid secretion is to provide a suitable aqueous medium for proper 

digestion in the intestinal lumen. Additionally, it assists in the delivery of secretory 

immunoglobulins and helps flushing the crypts of infectious agents and noxious 

stimuli (Chang and Rao, 1994).

This movement of fluid across the intestinal mucosa has been shown to influence the 

absorption of drugs and other compounds both in vitro and in situ (Kitazawa et al..
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1975; Madara and Pappenheimer, 1987). The elfect of transmucosal flow on 

membrane transport, a phenomenon called solvent drag, was first reported in 1957 by 

Andersson and Ussing. The eifect has been quantitatively estimated (Kedem and 

Katchalsky, 1958) but the contribution of this effect to quantitative drug absorption in 

vivo in humans is controversial (Nilsson et al., 1994). Another hypothesis for 

explaining increased intestinal permeability values during fluid absorption status, 

relates to the increased concentration gradient close to the intestinal wall. This is a 

consequence of water absorption and might work to increase the net passive diffusion 

across the cell membrane (Fagerholm and Lennemas, 1995). This concentration 

gradient might also be reinforced by the washout flow of drug molecules within the 

enterocyte. This should then decrease the drug concentration in the cell cytosol, 

especially at the interior side of the apical ceU membrane.

3.3.5 Intestinal pH

Fluid in the lumen of the small intestine is considered to have a pH in the range of 5- 

8, and in general this will vary Irom a pH of 5-7 in the duodenum to about pH 7-8 in 

the lower ileum (Florence and Atwood, 1988; Gruber et al., 1987). When discussing 

intestinal pH, a distinction is made between the pH of the environment at the 

membrane surface (microclimate pH) and the pH of the luminal contents.

Lucas et al. (1975) first demonstrated the presence of an acidic microclimate layer in 

the close vicinity of the cell surface of rat jejunum in vitro. Subsequently, Lucas’ 

group and other researchers disclosed important properties of this pH layer. From 

these studies it has become clear that H^ secretion by the intestinal epithelial cells and 

the presence of the surface mucus are of significant importance in the formation and 

maintenance of the acid microclimate, although there are many other factors affecting 

it. Studies have shown that there is a gradient of more than one pH unit in the upper 

jejunum of the rat, the gradient becomes smaller along the lower intestine. This 

gradient is augmented by glucose in the lumen and maintained by the mucus layer 

over the surface of the intestinal epithelium (Lucas et al., 1980; Shiau et al., 1985). 

Rapid reactions occur at the membrane surface resulting in a dynamic surface pH 

which is constantly changing, and among the mechanisms of H^ secretion by the 

intestinal epithelial cells, the Na^/H^ antiport has been shown to be the most 

important. Lucas and Blair (1978) first showed that the microclimate pH was
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sensitive to the presence o f sodium in the luminal medium, and Shimada (1987) 

confirmed the role o f the Na^/H^ antiporter in the formation o f the acid microclimate. 

Shimada (1987) also measured the microclimate pH and estimated the lowest value to 

be around 6.0 and the thickness o f the microclimate layer to be around 600-700 |j,m. 

Studies have shown that the acidic microclimate pH layer that is maintained in the 

normal small intestine can exert important effects on the absorption o f weak acids or 

weak bases as suggested by Hogben et al. (1959). The microclimate pH will influence 

the ionisation o f a drug at the membrane surface affecting the ratio o f non-dissociated 

and dissociated species present and affecting the absorption of the drug via lipoidal or 

aqueous pathways, as shown by Ho et al. (1983) who reported that the surface pH 

significantly affected the intestinal absorption o f weak acids.

Studies carried out by Shimada (1987) on changes in the microclimate pH in the 

presence and absence o f dipeptides confirmed that dipeptides are co-transported with 

H^ across the intestinal brush-border membrane. Changes in the content o f the 

luminal fluid (particularly Na^ and glucose concentrations) produced significant 

changes in the microclimate pH.

The changes in bulk luminal pH with time for different buffer systems perfused 

through the rat intestine were examined by Desai (1977). The pH o f buffer systems, 

initially at pH 4.5, 6.5 and 9.5 respectively, all tended towards pH 6.5 with time as a 

result o f the buffering actions o f secretions, the rate o f change depending on the 

degree o f agitation and the buffer. Desai observed that, within the bulk lumen, a flux 

o f relatively non-absorbable buffer species exists along with a constant flux o f 

intestinal secretion o f buffers which are mainly bicarbonates.

3.3.6 Buffer capacity of the intestine

Little data is available in the literature on the buffer capacity o f the gastrointestinal 

contents under either fed or fasted conditions. It has been well established that the 

concentration o f buffer in the dissolution media can have an influence on the 

dissolution rate o f ionisable drugs (Higuchi et al., 1958; Mooney et al., 1981; 

McNamara and Amidon, 1988; Ozturk et al., 1988).

During in situ perfusion studies, a drug solution is perfused through a fixed length of 

intestine and its uptake is measured. In this situation, the buffer capacity o f the 

perfusion solution may be o f importance as it is apparent that the intestine has its own
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intrinsic buffering ability (Desai, 1977). If  the drug is a weak acid or base, any 

changes in the pH o f the perfusion solution could have a significant effect on its 

degree o f ionisation, and consequently on its absorption. From this perspective it is 

desirable to know the buffer capacity o f the perfusion solution.

Buffer capacity (P), the ability o f a solution to resist attempts to change its pH (Butler 

1998), can be expressed numerically as the number o f equivalents o f strong base 

needed to change the pH value by one unit (Van Slyke, 1922). It can be calculated 

experimentally using Equation 3.6.

p = ------  Equation 3.6
Ap//

where AB  is the amount o f acid or base added and A/?// is the pH change it produces. 

Once the composition o f the buffer is known, its buffer capacity can be calculated 

using Equation 3.7 for a buffer based on a monoprotic acid (or a variation o f it for di- 

or tri-protic systems).

where C is the concentration o f buffer salt in moles and Ka is the dissociation constant 

o f the buffer salt. This shows that buffer capacity depends on the value o f Ka, the 

concentration o f the buffer and the pH (H^ concentration). The buffer capacity o f a 

particular system is at its maximum when the pH is equal to the pKa o f the buffer 

species.

Ka values are normally quoted at 25 °C and consequently if a buffer is being used at 

room temperature or at 37°C, a correction is necessary. Also, Ka is affected by the 

ionic strength o f the buffer, and this eflFect is described by the Deybe-Huckel 

relationship:

p K , = p K , + ( 2 z , . l ) -
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where Za is the charge on the conjugate acid species, I  is the ionic strength and A is a. 

temperature dependent constant with a value o f approximately 0.5.

3.3. 7  Gastric emptying and intestinal transit

The absorption o f a compound from the small intestine is influenced by the time the 

drug is in contact with the intestinal surface. This will in turn be influenced by the 

gastric emptying and the intestinal transit, and consequently this is a controlling step 

in drug absorption. Gastric emptying is dependent on the gastric contents, but in 

general the gastric transit time for a meal is four hours (Granger et al., 1985). Gastric 

emptying is increased or decreased by a number o f factors. Factors known to 

accelerate emptying include hunger, moderate physical exercise and drugs like 

metoclopramide. In the fasting state the stomach displays a complex temporal pattern 

o f motor activity with alternating periods o f quiescence and moderate contraction of 

varying frequency, culminating in an intense contraction, “the housekeeping wave”, 

that propels all gastric contents into the small intestine. In the presence o f food, 

however, the irregular housekeeping waves are replaced by regular and more gentle 

contractions that continuously mix the gastric contents. Other factors also decrease 

gastric emptying such as emotion, pain, intensive physical exercise or certain drugs, 

for example anticholinergics.

Chyme traverses the human small intestine at a rate o f 1-4 cm min'' (Granger et al., 

1985). This rate o f transport is faster at the proximal portions o f the small intestine 

(duodenum and proximal jejunum) and decreases as it approaches the Ueum. On 

average, chyme traverses the entire small intestine in 3-4 hours. This relatively high 

rate o f transit is o f significance for the absorption o f certain drugs where: (a) it 

penetrates the mucosa very slowly (e.g. acyclovir); (b) it has a slow dissolution rate or 

is in an extended release formulation; (c) it is absorbed selectively at a particular 

location in the intestine (e.g. lithium carbonate is absorbed by the small intestine but 

not by the colon). Transit time in the large intestine is considerably slower. 

Depending on the amount o f fibre or other insoluble materials in the diet, transit time 

through the large intestine is 2-4 days (Granger et al., 1985). This relatively long 

transit time is an advantage when an extended release formulation is targeted to the 

large intestine. However, it is a disadvantage if the drug is incompletely absorbed on
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its passage through the small intestine and is degraded by the colonic flora {e.g. 

indomethacin) (Macheras et al., 1995).

3.3.8 Mucus
Mucus is a complex visco-elastic layer that provides a protective covering over the 

epithelial surfaces o f organs exposed to the external environment. The principal 

component o f mucus is a high molecular weight glycoprotein, mucin, which is 

responsible for the viscous and gel-forming nature o f mucus (Allen and Snary, 1972). 

Non-mucin components o f mucus include lipids, water, sloughed epithelial cells, 

electrolytes and bacteria (Rathbone and Hadgraft, 1991) but the proportions o f these 

may vary depending on the site o f secretion. In the intestine, mucus is secreted by 

goblet cells that line the intestinal epithelium.

Mucin is found in two forms: soluble secretory mucin and membrane bound mucin 

(Filipe, 1979). Secretory mucins form viscous gels due to their high molecular 

weights and their ability to form intermolecular disulfide bridges. Membrane-bound 

mucins differ from secretory mucins as they contain a hydrophobic anchor holding 

the molecules in the plasma membrane and they lack intermolecular bonds. The 

carbohydrate chains o f both types vary from 2 to 15 sugars in length and may be 

branched (Oates et al., 1974). These glycoproteins contain sulphate and sialic acid 

residues which have a pKa o f 2.6 (Johnson and Rainsford, 1972) which results in 

mucin having an overall negative charge at physiological pH. The repulsion between 

these anionic sialic acid and sulphate residues places the mucin glycoproteins in a 

stretched conformation. This expanded nature o f the mucin network facilitates 

interpenetration o f the glycoprotein molecules giving mucin a meshed structure. This 

mesh network of glycoproteins traps and immobilises water and produces the gel-like 

structure o f mucus.

In addition to its roles in protection against mechanical damage and foreign bodies, 

preventing tissue water depletion, maintaining cellular integrity and acting as a 

lubricant to ease the transit o f intestinal contents, various studies have indicated that it 

can also act as a potential barrier to drug absorption. The mucus layer promotes the 

formation o f the UWL through which a drug must first difllise before it can be 

absorbed across the epithelium (Thomson and Dietschy, 1977). The mesh of 

glycoproteins provide a physical barrier. Additionally, mucus can slow down or
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reduce the absorption o f some molecules by creating hydrogen or ionic bonds with 

the drug molecule (Bhat et al., 1995; Wikman-Larhed et al., 1997). This can occur 

particularly with low molecular weight, positively-charged drugs such as gentamicin, 

tobramycin and some |3-lactam antibiotics (Niibuchi et al., 1986). However, the 

conformation o f the mucin macromolecule is sensitive to its environment. Slight 

changes in pH, ionic strength, and the presence o f drugs may significantly affect the 

extent o f drug binding to mucus.

Despite the obstacle that mucus provides to drug delivery, it presents a unique 

opportunity for the sustained delivery o f certain drugs via the development o f 

mucoadhesive dosage forms (Longer et al., 1985). Over the past twenty years 

bioadhesives have been investigated as potential drug delivery systems for oral 

administration (Helliwell, 1993), and it is hoped that a delay in gastrointestinal transit 

brought about by an intimate and extended contact between bioadhesive and mucus 

lining will improve drug bioavailabilty.

3.3.9 Intestinal blood and lymph flow

The vessels o f both the blood and lymphatic vascular systems supplying the intestine 

are contained in the lamina propria and are arranged in the villi as shown in Figure 

3.4. The blood capillaries form a network that is located beside the basement 

membrane of the enterocytes. The density o f this network varies with the region of 

the GI tract (Warwick and Williams, 1973) with the density decreasing from the 

proximal to the distal end o f the small intestine. Not only are the vessels located close 

to the epithelia, but there are also openings in the endothelial cells o f the blood 

vessels o f approximately 500 A in diameter that appear to facilitate the absorption o f 

water and various water-soluble materials (Bloch and McCuskey, 1973).

The relationship between intestinal blood flow and absorption, secretion and 

metabolic activity o f the intestinal mucosa is not very clear. It has been shown that 

reduced blood flow rates lead to reduced absorption rates. It has been suggested that 

this occurs by: (a) decreasing the effective concentration gradient across epithelial 

cells for passively absorbed solutes by not rapidly carrying the solute away, (b) 

lowering the oxygen supply to the absorptive cells which is needed to maintain the 

active transport mechanism and (c) causing metabolic changes which compromise the 

integrity o f the membranes.
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The lymphatic channels in the lamina propria consist o f single sac-like vessels called 

lacteals that are located deeper in the lamina propria than the blood capillaries. They 

occupy the centres o f the villi and their walls are composed o f a single endothelial 

layer, but without fenestrations. They are permeable to even the largest chylomicrons 

(approximately 6000 A in diameter) (Granger et al., 1985) due to the presence of 

permeable spaces between endothelial cells (Weiss, 1973).

Figure 3.4 Arrangement of blood and lymphatic vesse ls  within the villi.

Both vascular systems return their contents to the systemic circulation, but their 

routes o f return vary. Blood from the small intestine flows directly to the liver where 

metabolism o f drug molecules may occur in a process known as the first-pass effect. 

In contrast, lymphatic fluid from the small intestine eventually drains, via the thoracic 

duct, into the venous blood returning to the heart, and this allows drug molecules that 

are lymphatically absorbed to by-pass the liver and potential first-pass metabolism.
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3.3.10 Intestinal secretions

The contents of the small intestine consist of, among other things, intestinal 

secretions, pancreatic enzymes and bile. These enzymes work to digest 

carbohydrates, proteins and fats into readily absorbed molecules. Others are involved 

in the metabolism of drug compounds which may be oxidised, hydrolysed and 

conjugated with large polar molecules in order to facilitate their excretion. From a 

digestion point of view, the most important secretions into the small intestine come 

from the pancreas and contain a range of enzymes responsible for digestion. These 

are listed in Table 3.2.

Table 3.2 Enzymatic contents of pancreatic juice and their role in digestion.

Secretion/Enzyme Digestive Function

Bicarbonate Keeps enteric contents at optimal pH for digestive 

enzymes

Amylase Polysaccharides ^  di/oligosaccharides

Trypsin Protein small peptides

Chymotrypsin Protein ^  small peptides

Elastase Protein ^  small peptides

Carboxypeptidase Cleaves amino acids from carboxy terminus of peptides

Lipase Triglycerides — monoglycerides and free fatty acids

Phospholipase A2 Cleaves a free fatty acid from a phospholipid

Cholesterol esterase Hydrolyses esters of cholesterol. Vitamin A and Vitamin D

Ribonuclease Ribonucleic acids ^  oUgoribonucleotides

Deoxyribonuclease Deoxyribonucleic acids ^  oligodeoxyribonucleotides

The presence and activity of these enzymes may vary with age and sex, along the 

length of the digestive tract and the height of the villus, with time of day and diet, and 

among individuals (Chhabra and Eastin, 1984; Hoensch and Schwenk, 1984; 

Kaminsky and Fasco, 1992).
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3.4 MODELS FOR STUDYING GASTROINTESTINAL DRUG 

ABSORPTION

Gastrointestinal permeability is one o f the fundamental parameters controlling the 

rate and extent o f drug bioavailabilty and this can be studied using in vitro and in situ 

models. Examples o f in vitro absorption models include Ussing chambers (Ussing 

and Zerahn, 1951), cell culture models {e.g. the Caco-2 ceil line established by Fogh 

et al., 1977), and everted gut sac technique (Wilson and Wiseman, 1954). The most 

common example o f in situ absorption models is the in situ intestinal perfusion model 

(Komiya et al., 1980).

3.4.1 Cell culture models

The most commonly used cell culture models are obtained from immortalised cell 

lines. They can be obtained from a number o f different tissues, and for intestinal 

permeability studies, cell lines derived from human colon cancers are the most 

commonly used. These cell lines have the capacity to differentiate and to become 

polarised in culture. There are three major intestinal cell models obtained from 

human colon cancer: Caco-2, HT-29 and T84, and o f these the most widely used are 

Caco-2 monolayers. This cell line was established in 1974 (Fogh et al., 1977), and it 

is an immortal cell line derived from a human colon carcinoma that can be grown as a 

single layer on porous support. These cells morphologically resemble small intestine 

enterocytes with a well-defined brush border on the apical face expressing typical 

small intestine hydrolases, and well-formed tight junctions between the cells. The 

Caco-2 model enables both apical to baso-lateral and baso-lateral to apical transport 

to be studied, with the apical compartment mimicking the intestinal lumen and the 

basal compartment mimicking the blood stream. The two transport mechanisms 

(transcellular and paracellular) can be studied with this model (Gan et al., 1993; Inui 

et al., 1992; Boulenc et al., 1993). Several groups have demonstrated the presence o f 

P-glycoprotein activity on the Caco-2 monolayers (Burton et al., 1993; Hunter et al., 

1993). Thus the model can be useful to screen a large number o f compounds likely to 

be P-glycoprotein substrates and in defining the limits produced by P-glycoprotein on 

the absorption o f some drugs (Gan and Thakker, 1997). The Caco-2 model has also 

been used to evaluate the effects o f a wide range o f absorption enhancers (Anderberg
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et al., 1992; Hovgaard and Bronstead, 1995). However, the Caco-2 junctions are 

tighter than those between normal small intestinal epithelial cells. Consequently, the 

effects o f absorption promoters on the paraceUular route (by opening tight junctions) 

will be exaggerated by this model and probably do not reflect the real effect o f the 

potential enhancers at the small intestinal level in vivo. Another problem associated 

with the use o f Caco-2 monolayers for the study o f drug absorption is that they are a 

cancer-derived line and therefore have properties which differ from normal cells. 

Mature intestinal epithelial cells are highly developed biochemically, 

morphologically and functionally. There is a gradient o f differentiation from the crypt 

regions o f the small intestine to the main site o f absorption at the villus tips. Also, the 

monolayers are devoid o f mucin-producing goblet cells, so the impact o f the mucus 

layer found on the intestinal epithelium cannot be evaluated. The main advantage o f 

Caco-2 cells is that they are a human cell line and so do not suffer from the 

interspecies differences likely to be a factor when using animal models.

Cell lines that express specific transporters may be useful in transport or uptake 

studies o f various drugs. An example o f one o f these is the Capan-2 cell line which 

has been derived from a pancreatic cancer (Oikawa et al., 1994) and which has been 

shown to express peptide transporters, and in particular the PepTl transporter 

(Gonzalez et al., 1998). It can be used to study drug uptake by the peptide transporters 

and provides a convenient technique for the elucidation o f new substrates, as well as 

for assessing compounds for the treatment o f pancreatic cancer.

3.4.2 In situ perfusion studies

In situ experiments for studying intestinal drug uptake were first introduced in the late 

1960s. Segments o f the intestine o f anaesthetised animals are cannulated and 

perfused by a solution o f a drug and the amount o f the drug which is taken up from 

the perfusate is calculated. Input o f the drug compound can be closely controlled in 

terms o f concentration, pH, osmolarity, intestinal region and flow rate. It is a good 

model o f the in vivo system and is useful for producing kinetic data, particularly as 

the blood supply, innervation and clearance capabilities o f the animal remain intact. 

In situ methods can also be used for regional absorption studies, and observing the 

gross effects o f enhancers (Park and Mitra, 1992). The basic experimental procedure 

has been described by Komiya et al. (1980) and has been employed in several
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intestinal drug absorption studies (Le Corre et al., 1998; Oguri et al., 1999; Perez et 

al., 2002). Rats are fasted for at least 12 hours, anaesthetised and then an intestinal 

segment is isolated and cannulated. This segment is rinsed with an isotonic solution 

before being constantly perfused with a solution o f the compound o f interest. The 

perfusate is then collected at pre-determined intervals. If needed, marker molecules 

can be used to indicate that the viability o f the intestinal tissue is maintained during 

the experiment. These are usually high molecular weight polyethylene glycol (PEG) 

molecules {e.g. PEG 4000) or phenol red and are used due to their lack o f absorption 

from the intestine under physiological conditions (Fagerholm et al., 1996; Sutton and 

Rinaldi, 2001). Any drop in their intestinal concentration may indicate intestinal 

damage. They can also be used to monitor intestinal fluid flux (Raoof et al., 1998; 

Sutton and Rinaldi, 2001).

The measurement o f the rate o f decrease o f the drug concentration in the perfixsate 

does not always represent the rate o f arrival o f the drug in the vessels, in particular if 

pre-systemic or intracellular metabolism occurs. This problem can be overcome if 

measurements are made o f the plasma drug concentration. Another disadvantage of 

these models is the large number o f animals required compared with the rapid in vitro 

models. Also, studies are most often carried out on anaesthetised small animals and, 

recently it was shown that anaesthesia and surgical manipulation have pronounced 

effects on the absorption o f some compounds. Uhing and Kimura (1995) showed that 

in a chronically catheterised rat model, the surgical manipulation o f the intestine 

combined with anaesthesia caused an 86% decrease in the absorption rate o f 3-0- 

methyl-glucose. Moreover, surgical manipulation and anaesthesia decreased the 

degree o f intestinal flow and changed the distribution o f intestinal blood flow, both 

parameters known to decrease intestinal absorption (Yuasa et al., 1993). Also, the in 

situ intestine is fiilly distended and the lumenal hydrostatic pressure increases. This 

distension may affect the intestinal permeability or absorptive clearance (Chiou, 

1994).
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Figure 3.5 Schem atic diagram of the in situ perfusion method of studying intestinal

absorption.

Compared to in vitro systems {e.g. using chambers), the viability o f the intestine is 

not such an issue as the in situ model maintains intact neural and endocrine 

environments as well as an intact blood and lymphatic supply. This ensures greater 

biological control o f paracellular pathways (Lu et al., 1992). This model also allows 

access to the intestinal lumen which permits an estimate o f intestinal drug metabolism 

that is not directly available from in vivo blood levels (Hui et al., 1994). This system 

also allows for sampling from both the intestinal lumen and the plasma compartment 

so that some evaluation o f mass balance can be made.
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3.5 MATHEMATICAL MODELS DESCRIBING GASTROINTESTINAL 

ABSORPTION

When drug absorption studies have been carried out using the in situ perfusion model 

described above, the results can be described mathematically by fitting them to one of 

two commonly used mathematical models. The first relates to non-steady-state fluid 

flow and absorption (Ni et al., 1980) and the second relates to steady-state drug 

absorption (Komiya et al., 1980). Both models consider the intestinal epithelium to be 

lipoidal in nature, perforated by a series o f aqueous pores, to be in series with the 

UWL (or aqueous boundary layer) on the luminal side and with the blood/lymph 

vessels on the other, and any drop in perfusate drug concentration is due to 

absorption.

3.5.1 Non-steady-state model

As a drug in solution in the stomach flows into the intestine, a non-steady state 

concentration gradient occurs along the intestinal tract.

The following non-steady state expression describes the simultaneous effects o f 

longitudinal spreading, fluid flow and drug absorption on the concentration o f drug at 

any point ‘x’ along the intestine at time “t” (Ni et al. 1980).

— —  =  — ------------------------- --- ---------------- T  „  Equation 3.9
at dx ax

where C(x,t) is the concentraion o f drug at any distance x  along the intestine at time t
3 * * • 2 1(mg c m '), a is the longitudinal spreading coefficient (cm s e c '), y is the linear flow 

velocity (cm sec'‘) and r  is the apparent first order absorption rate constant (sec'')

The linear flow velocity (y) which represents fluid flow can be further defined as 

follows by Equation 3.10:

Q
— j  Equation 3.10

%r

j  -1where Q is the bulk fluid flow rate (cm s e c ') and r is the effective radius o f the 

intestinal lumen (cm).
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The apparent first order constant (t ) can also be fiirther defined:

z = 2 * P e /r  Equation 3.11

where Pe is the apparent permeability coefficient for the absorption process.

The differential equation (first equation above) represents a general statement o f  the 

processes in the stomach and small intestine during simultaneous fluid flow and 

absorption. It thus provides a fi-amework to quantify physiological, physical and 

physiochemical factors affecting bioavailability.

For an infinite drug reservoir with a constant infusion rate. Equation 3.9 can be 

simplified and solved using the Laplace transformation method (Ni et al., 1980), and 

the resulting equation can be expressed as follows:

F=100*Exp(B*X/(2*A))/2*(Exp(-W ) *erfc(Y-Z)+Exp(W) *erfc(Y+Z))

Equation 3.12

where:

t = time (sec)

F = fi-action o f  drug unabsorbed 

De = diffusion coefficient (cm^ sec*')

Q = flow rate (cm^ sec'') 

r = intestinal radius (cm)

Pe = permeability coefficient (cm sec‘‘) 

X = length o f  intestine (cm)

A = De
B = Q / ( 3 .1 4 1 6  * r )̂ 

G =  2 * (Pe/r)

E =

W = x*V(E/A) 

Y =x/(2*V (A *T )) 

Z=V (E *t)
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3.5.2 Steady state model

At the steady state, Equation 3.12 above reduces to Equation 3.13 (Ni et al., 1980).

Equation 3.13

where Papp is the apparent permeability coefficient (cm sec’’), Co is the input 

perfiisate drug concentration, Ci is the outlet perfusate drug concentration, r is the 

effective lumen radius (cm), Q is the perfiisate flow rate (ml sec'*), and / is the length 

o f intestinal segment (cm).

Komiya et al. (1980) used this model to establish the interplay o f flow rate, aqueous 

boundary layer and membrane permeability, solute lipophilicity and intestinal length 

within an in situ intestinal perfusion model using a series o f steroids. This study 

provided the experimental results to confirm the principles o f gastrointestinal 

absorption described above.

The study utilised seven steroids ranging in three orders o f magnitude in n-octanol / 

water partition coefficients. Flow rates varied from 0.1 to 4.2 ml min"'. In the case of 

the membrane permeability (Pm) of the drug being much greater than the permeability 

o f the aqueous boundary layer (Paq) the experimental permeability coefficient Papp 

will approximate Paq. In the case o f absorption being membrane controlled the value 

o f Papp will approximate Pn,. Absorption o f the most lipophilic steroids was found to 

be aqueous boundary layer controlled. This study provided experimental evidence of 

the sigmoidal relationship between the rate o f absorption and lipophilicity o f the 

diffusing species.
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4.1 MATERIALS

Material Manufacturer

Acetic acid (analytical grade) (CH 3 COOH) Scharlau

Acetonitrile (CH 3 CN) Scharlau

Buffer solution pH 4.0 Merck

Buffer solution pH 7.0 Scharlau

Calcium chloride (CaCl2 .6 H2 0 ) Riedel-de-Haen AG

Citric acid (C6 H 8 O 7 .6 H2 O) Merck

D-Glucose Riedel-de-Haen AG

Deionised water Purite Prestige

Euthanal® (pentobarbitone sodium 200mg/ml) Rhone Merieux

Filter holders, 13 mm, plastic Gelman Sciences Inc.

Supor®-200 membrane filters (0.2 ^m, 13 mm) Gebnan Sciences Inc.

Supor®-450 membrane filters (0.45 |am, 13 mm) Gelman Sciences Inc.

Supor®-200 membrane filters (0.2 |xm, 47 mm) Gelman Sciences Inc.

Glycylsarcosine Sigma Chemical Co.

^H-Glycylsarcosine Moravek Biochemicals

Hanks Balanced Salt Solution Sigma Chemical Co.

Heparin injection BP (1000 Units ml'') Leo Laboratories Ltd.

Ibuprofen acid Sigma Chemical Co.

Ibuprofen-alanine Dept, o f  Pharmaceutics

Ibuprofen-glycine Dept, o f  Pharmaceutics

Ibuprofen-L-arginine Dept, o f  Pharmaceutics

Ibuprofen-phenylalanine Dept, o f  Pharmaceutics

Ketoprofen acid Sigma Chemical Co.

Latex examination gloves Shermond Surgical Supplies

Lipoid E PC phosphatidylcholine (lecithin) Lipoid GMBH

Liquid scintillation vials LIP Equipment Services

Magnesium sulphate (M gS 0 4 .7 H2 0 ) BDH Chemicals Ltd.

Methanol (HPLC grade) Labscan Ltd.

Naproxen acid Sigma Chemical Co.

Omnifix 5 ml syringes B. Braun
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Omnifix-F 1 ml syringes 

Orthophosphoric acid

Plastibrand® gilson pipette tips (50-1000|iL) 

Plastibrand® gilson pipette tips (2-200|aL) 

Plastibrand® microcentrifiige tubes (1.5 ml) 

Polyethylene glycol 4000  

'"'C-Polyethylene glycol 4000  

Potassium acid phosphate (KH2PO4) 

Potassium chloride (KCl)

Sagatal® (pentobarbitone sodium 60 mg ml ') 

Sodium acid phosphate (NaH2P0 4 .2H2 0 ) 

Sodium bicarbonate (NaHCOs)

Sodium chloride (NaCl)

Sodium hydroxide (NaOH)

Sodium phosphate (Na2HP0 4 . 12H2 0 ) 

Specimen glass vials (10 ml)

Sterican needles, 25G, 16 mm 

Taurocholic acid (C26H44N07SNa)

Tolmetin sodium salt (C i5H |4N 03Na.2H2 0 ) 

Ultima Gold liquid scintillation cocktail 

BD Vacutainers, 2 ml EDTA  

Whatman fiher paper no .l (qualitative)

B.Braun

BDH Chemicals Ltd.

Brand

Brand

Brand

Riedel-de-Haen AG  

Amersham Life Science 

BDH Chemicals Ltd.

BDH Chemicals Ltd. 

Rhone Merieux 

Merck

BDH Chemicals Ltd. 

Merck

Sigma Chemical Co.

Merck 

Samco 

B.Braun

Sigma Chemical Co.

Sigma Chemical Co. 

Packard

Becton, Dickinson and Co. 

Whatman
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4.2 INSTRUMENTATION

Instrument Manufacturer

Buchi vacuum system B-169 Buchi

Diode Array Spectrophotometer Model 8452A Hewlett Packard

Electrothermal stirrer / hotplate Electrothermal

Gallenkamp Economy Incubator (fan size 1) Sanyo Gallenkamp PLC

Gilson pipetman, P-200 Gilson

Gilson pipetman, P-1000 Gilson

Heidolph Stirrer RZRl Heidolph

Heto Temperature Controlled Water Bath Heto

Mettler Toledo MTS Electronic Balance Mettler Toledo

Omnifix-F 1ml syringes B. Braun

Orion 250A pH meter Orion

ROSS® semi-micro pH electrode Orion

Perflisor® V perfusion pump B. Braun

Plastibrand® microcentriflige tubes Lab. Equip. Manuf.

PGT Spirit Energy Dispersive X-ray Analyser Princeton Gamma-Tech Inc.

Reciprocal Shaking Water bath Model 25 Precision

Laborota 4000 Rotary Evaporator Heidolph

Shimadzu LC-1 OAT liquid chromatograph Shimadzu Corporation

Shimadzu SPD-lOA UV-VIS detector Shimadzu Corporation

Shimadzu SCL-lOA system controller Shimadzu Corporation

Shimadzu CLASS-VP Ver.6.1 software Shimadzu Corporation

Shimadzu SIL-IOAD auto injector Shimadzu Corporation

Sorvall RT 6000B refrigerated centrifuge Du Pont

Standard vial varisette sample holders Packard

Sterican needles 25G x 5/8” B. Braun

Titrino 702 SM autotitrator Metrohm

Tri-carb 2100TR Liquid Scintillation Analyzer Packard

Vortex Scientific Equipment

Waters Spherisorb® 5 |am, C8, 4.6 x 250 mm Labquip Ltd.
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4.3 COMPUTER SOFTWARE 

Software

cLog P for Windows® version 2.0.0b

Microsoft® Excel 2000

Microsoft® Word 2000

Minitab® Statistical Software version 13.1

Scientist® Experimental Data Fitting Programme

Sigma Plot® 8.0

Supplier

BioByte Corporation 

Microsoft Corporation 

Microsoft Corporation 

Minitab Inc. 

Micromath Scientific 

SPSS Science, UK
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4.4 METHODS

4.4.1 Buffer Systems

The compositions o f the various buffer systems studied are given in Tables 4.1 to 4.3. 

The majority o f the buffers were prepared by sequentially dissolving the individual 

components, in order o f increasing concentration, in deionised water. The exceptions 

to this were: i) Hank’s balanced salt solution (HBSS) which was supplied ready for 

use and ii) Fasted state simulated intestinal fluid (FaSSIF) and fed state simulated 

intestinal fluid (FeSSIF) which were prepared as described in Sections 4.4.1.1 and 

4.4.1.2. respectively.

Table 4.1 Compositions o f Sorensen’s phosphate buffering systems (PBS) (pHs 7.4, 
6.8, 6.0 and 5.0) (Pharm. Handbook, 1980).

Buffer

Component
PBS pH  7.4 PBS pH  6.8 PBS pH  6.0 PBS pH  5.0

NaH2P0 4 .2 H2 0 13.46 mM 33.33 mM 53.20 mM 76.60mM

Na2HP0 4 . 1 2 H2 0 53.31 mM 33.23 mM 13.40 mM 1.40 mM

NaCl 75.28 mM 82.14 mM 87.27 mM 71.87 mM

Table 4.2 Compositions offasted state simulated intestinal fluid (FaSSIF) and fed  state 
simulated intestinal fluid (FeSSIF) (Galia et at., 1998).

Buffer Component FaSSIFpH6.5 FeSSIFpHS.O

'2012'rmM

15.00 mM 

3.75 mM 

101.00 mM and q.s. pH 5.0 

144.11 mM
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KCl 103.29 mM

KH2PO4 28.66 mM

Sodium taurocholate 3.0 mM

Lecithin 0.75 mM

NaOH 13.85 mM and q.s. pH 6.5
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Table 4.3 Compositions o f Fagerholm’s (Fagerholm et a l, 1996), M cllvaine’s (Pharm.
Handbook, 1980) and Krebs’ (Pharm. Codex, 1994) buffers and Hank’s balanced salt

solution (HBSS).

Buffer Component Fagerholm’s Buffer Mcllvaine’s Buffer Krebs' Buffer HBSS

NaH2P0 4 2 H2 0 43.00 mM
Na2HP0 4 l2 H2 0 28.00 mM 126.21 mM 0.34 mM

NaCl 48.00 mM 118.07 mM 136.89 mM

KCl 5.40 mM 4.69 mM 5.37 mM

D-Glucose 10.00 mM 10.09 mM 5.05 mM

Citric acid 36.64 mM

MgS04.7H20 1.18mM 0.81 mM

KH2PO4 1.18 mM 0.44 mM

NaHCOs 24.97 mM 4.17 mM

CaCl2.2H20 2.52 mM 1.26 mM

4.4.1.1 FaSSIF

This was prepared by dissolving the sodium hydroxide, potassium acid phosphate and 

potassium chloride in deionised water. The pH was adjusted to 6.5 using HCl or 

NaOH and the volume adjusted to 1 litre with deionised water. 0.825 g of sodium 

taurocholate was dissolved in approximately 125 ml of the pH 6.5 buffer and 2.95 mis 

o f a 100 mg ml'' solution of lecithin in chloroform was added to this. The chloroform 

was then evaporated using a rotary-evaporator with the water bath at 40°C. Any 

remaining chloroform was blown off using a nitrogen stream. The final volume was 

adjusted to 500 ml using pH 6.5 buffer.

4.4.1.2 FeSSIF

This was prepared by dissolving the potassium chloride, acetic acid and sodium 

hydroxide in deionised water. The pH was adjusted to pH 5.0 using HCl or NaOH 

and the volume was adjusted to 1 litre with deionised water. 4.125 g of sodium 

taurocholate was dissolved in approximately 125 mis of the pH 5.0 buffer and 14.77 

ml of a 100 mg ml * solution of lecithin in chloroform was added to this. The 

chloroform was evaporated using a rotary-evaporator as before and any remaining 

chloroform was removed using a nitrogen stream. The final volume was adjusted to 

500 ml using pH 5.0 buffer.
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4.4.2 Solubility studies

4.4.2.1 Drug solubility in buffer

The solubility o f a drug in a particular buffer was determined by the method o f Chiou 

and Kyle, (1979). Excess drug was added to 50 ml o f  the buffer at 37°C in a jacketed 

vessel and the mixture was stirred at a rate o f 300 rpm by an overhead stirrer. The 

temperature was maintained using a water bath connected to a Heto thermostat 

pumping motor. 3 ml samples were removed at regular time intervals over a two- 

hour time period. The samples were filtered through 0.2 |xm membrane filters into 

glass vials. The filtrate was diluted immediately with buffer to prevent precipitation 

of the drug. After filtration and dilution, the samples were assayed 

spectrophotometrically using HPLC. All syringes, pipettes, filters, vials and needles 

used were preheated to 37°C in an oven. The solubilities quoted at each time point 

are an average o f two determinations. The pH o f both the mixture and filtrate was 

measured at each sampling point using an Orion 250A pH meter. In all cases, the pH 

of the mixture was reported as the pH values o f a particular mixture and its 

corresponding filtrate were not significantly different.

4.4.2.2 pH-solubility profiles

Excess drug was added to 15 ml o f deionised water at 37°C in a jacketed water vessel 

and the mixture was stirred at a rate o f 300 rpm by an overhead stirrer. The 

temperature was maintained using a water bath connected to a Heto thermostat 

pumping motor. A 1 ml sample o f the saturated solution was removed and filtered 

through 0.2 ^m membrane filters into a glass vial. An appropriate quantity o f the 

filtrate was diluted immediately with deionised water to prevent precipitation o f the 

drug. The pH o f the system was raised or lowered as appropriate by dropwise 

addition o f 2M NaOH or 2M HCl respectively. The medium was allowed to 

equilibrate for at least 30 minutes and samples taken as before at different pH values. 

The pH o f both the mixture and filtrate was measured at each sampling point using an 

Orion small volume electrode connected to an Orion 250A pH meter. The diluted 

samples were assayed by the appropriate HPLC method and the concentration o f drug 

in solution was determined by reference to an appropriate calibration curve. pH 

solubility profiles were obtained in duplicate. All syringes, pipettes, filters, vials and 

needles used were preheated to 37°C in an oven.
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4.4.3 High performance liquid chromatography (HPLC)

A modification of the HPLC method described by Healy and Corrigan (1992) for the 

quantitation of ibuprofen in solution was used. HPLC analysis of all compounds was 

performed using a Spherisorb® 5|im C8, 4.6 x 250 mm analytical column. The other 

components of the HPLC system were a Shimadzu LC-IOAT liquid chromatograph, a 

Shimadzu SPD-lOA UV-VIS detector and a Shimadzu SCL-lOA system controller. 

For all compounds, the mobile phase used was methanol : 1% o-phosphoric acid 

(70:30) run at ambient temperature with a flow rate of 1.0 ml min'* and a sample 

injection volume of 20 |xL.

The wavelength of uv detection depended on the compound being assayed. Ibuprofen 

and its amino acid derivatives were detected at 222 nm. Ketoprofen was detected at 

258 nm and naproxen was detected at 262 nm.

Peak area was used for quantitation. A calibration curve was produced each day the 

HPLC was run, using at least four standard solutions of the compound under assay.

4.4.4 Ibuprofen-calcium salt

4.4.4.1 Preparation of ibuprofen-calcium salt in Krebs buffer

Ibuprofen sodium was added to 25 ml of Krebs buffer in 10 mg increments with

continuous stirring until a visible precipitate was formed and the pH of the system 

was measured. The precipitate was isolated by filtration through a 0.2 |j.m membrane 

filter, rinsed with methanol, dried at 37°C and analysed by energy dispersive X-ray 

analysis (Section 4A.4.2) and assayed for ibuprofen (Section 4.4.4.3).

4.4.4.2 Energy dispersive X-ray analysis of ibuprofen-calcium precipitate

Samples were mounted on aluminium slabs and subsequently analysed by energy 

dispersive x-ray analysis to provide information on the elemental composition of the 

samples.

4.4.4.3 Assay of ibuprofen-calcium precipitate for ibuprofen

A known amount of ibuprofen-calcium precipitate was dissolved in HPLC mobile

phase and the quantity of ibuprofen in the sample was determined by HPLC (Section 

4.4.3) against a standard ibuprofen acid solution.
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4 .4.5 Buffer capacity

Buffer capacity was measured by titrating 25 ml samples o f buffer with 0.2M HCl or 

0.2M NaOH in aliquots o f 100 )aL using an auto-titrator, while continuously stirring. 

The titration with both acid and base was performed in duplicate. The pH o f the 

solution was recorded after the addition o f each aliquot and the buffering capacity (fi) 

(expressed as equivalents/litre/pH unit) at each pH value was calculated using 

Equation 3.6:

where AB  is the amount o f acid or base added that produced the change in pH, ApH.

The buffer capacity for a monoprotic acid system is given by Equation 3.7:

where C is the concentration o f buffer salt in moles and Ka is the dissociation constant 

o f the buffer salt. Buffer capacity was plotted versus pH and best-fit profiles were 

generated by fitting the experimental data to variations o f Equation 3.7 (depending on 

whether the buffer concerned contained salts that were mono-, di-, or triprotic, and on 

the number o f buffer species present; Appendices 1 -4) using the Scientist curve fitting 

programme.

A buffer should show greatest buffer capacity {i.e. p = pmax) vvhen its pH is equal to 

the pKa o f the buffer salt (i.e. when [H^] = Ka). Between pH 3-11, Equation 3.7 can 

be reduced to Equation 4.1 to predict reasonably the maximum buffer capacity.

Equation 3.6

2.303* Equation 3.7

4
Equation 4.1

where C is the concentration o f buffer salt in moles.
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4.4.6 Purification of ibuprofen-amino acid derivatives

4.4.6.1 Ibupofen-alanine, ibuprofen-glycine and ibuprofen-phenylalanine

To purify further a batch o f ibuprofen-amino acid derivative after its synthesis, it was 

dissolved in deionised water and the mi?rture was made alkaline by the drop-wise 

addition o f IM NaOH to precipitate the basic impurities. The mixture was heated to 

37°C and stirred for one hour to dissolve the drug. The mixture was then filtered 

through a 0.45 |im membrane filter to remove any undissolved impurities. The filtrate 

was cooled and acidified by the drop-wise addition o f concentrated HCl to precipitate 

the drug. The drug was collected by filtration through filter paper and dried on a hot

plate at 37°C. A sample o f the drug was assayed by HPLC using the method 

described in Section 4.4.3 to assess its purity.

4.4.6.2 Ibuprofen-L-arginine

To purify further the ibuprofen-L-arginine after its synthesis the compound was 

added to deionised water and the mixture was made alkaline by the drop-wise 

addition o f 1 M NaOH to precipitate the basic impurities. The mixture was then 

filtered through a 0.45 |j,m membrane filter to remove any undissolved impurities. 

The filtrate was neutralised using 1 M HCl. The water in the filtrate was evaporated 

off using a rotary evaporator leaving behind the ibuprofen-L-arginine and sodium 

chloride. These two compounds were separated by dissolving the ibuprofen-L- 

arginine in methanol and removing the NaCl by filtration through a 0.45 |xm 

membrane filter. The methanol was evaporated from the filtrate using a hot-plate and 

the ibuprofen-L-arginine remained in the beaker. A sample o f the drug was assayed 

by HPLC using the method described in Section 4.4.3 to assess its purity.

4.4.7 In situ rat intestinal perfusion study

In situ absorption studies were carried out according to the single pass perfusion 

method described by Komiya et al. (1980) and is shown in Figure 3.5.

Male Wistar rats (280-320g) were used throughout the experiment and were fasted 

for 18-24 hours prior to the experiment but were allowed free access to water.

The rats were anaesthetised by an intraperitoneal injection o f pentobarbitone sodium 

(50 mg kg''). A midline abdominal incision was made, and the small intestines were
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removed from the body cavity, taking care to avoid disturbing the circulatory system. 

The proximal jejunum was cannulated with a glass L-shaped cannula which had an 

internal diameter o f 2 mm and an outer diameter o f 4 mm. The cannula was 

connected to an infusion pump and the intestine was perfused with buffer which had 

been preheated to 37°C. The small intestine became distended and the 33.3 cm 

required for the infusion was measured along the distended intestine using thread. 

The distal end o f the intestine was then cannulated by a glass cannula o f the same 

dimensions. The intestine was rearranged in a uniform multi-S arrangement in order 

to ensure a degree o f uniform hydrodynamics. Perfusion o f the segment with buffer 

was continued until the perfiisate was clear.

The body temperature o f the rat was kept as close as possible to normal using a 

heating mat placed under the animal and by means o f an overhead lamp. The 

intestines were kept moist throughout the experiment using tissue which had been 

soaked in saline at 37°C.

The drug solution to be perfused (also heated to 37°C) was transferred to the infusion 

pump. The solution was then advanced through the cannula to the proximal 

cannulation point. At the start o f the experiment (to) the pump was switched to a flow 

rate o f 0.2 ml min'*.

Perfusate samples were collected at ten minute intervals for a period o f 120 minutes. 

Sample vials were weighed prior to use and after perfusate collection in order to 

monitor flow rate and to determine any variation in the volume o f liquid collected. 

Blood samples were taken at 30 minute intervals and centrifuged to separate the 

plasma. Both perfusate and plasma samples were frozen until analysis could be 

carried out.

The animals were sacrificed at the end o f the experiment with an injection o f an 

overdose o f pentobarbitone sodium.

4.4.8 Radiolabelled marker molecules

4.4.8.1 Preparation of ^H-Glycylsarcosine (Gly-Sar) solutions

The ^H-Gly-Sar was supplied as a solution in 40% ethanol. The solution had a 

radioactive concentration o f 1 mCi per ml. 0.35 |^L o f this solution was included in 

each ml o f perfusion solution. A 1.0 mM solution o f ‘cold’ Gly-Sar was prepared in
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deionised water and 10 |o,L o f this solution was also included in each ml o f perfusion 

solution.

4.4.S.2 Preparation of ^^C-PEG 4000 solutions

The ' “’C-PEG 4000 was supplied as a solution in 3% ethanol. The solution had a 

radioactive concentration o f 50 )j,Ci per ml. 0.1 ml o f this solution was diluted to 10 

ml with deionised water. 40 fxL o f this solution was included in each ml o f perfusion 

solution. 8.4 mg o f ‘cold’ PEG 4000 was also included in each ml o f perfusion 

solution.

4.4.9 Assay of perfusate pH

The pH values o f the perfusate samples were measured prior to sample freezing using 

an Orion small volume electrode connected to an Orion 250A pH meter.

4.4.10 Validation of perfusion pump

Teflon tubing o f internal diameter 2.0 mm and length 33.3 cm was connected 

between the two L-shaped cannulae and the junctions were sealed with Parafilm. The 

pump’s syringe was filled with PBS 6.8 and the flow rate was set to 0.2 ml min‘'. The 

pump was started and the buffer was perfused through the tubing and collected in pre

weighed sample vials at 10-minute intervals. The average sample weight and standard 

deviation were recorded.

4.4.11 Assay of perfusate samples

4.4.11.1 Assay for drug content

Perfusate samples to be assayed for drug content were filtered through a 0.45 |j.m 

membrane filter and appropriately diluted prior to assay by the appropriate HPLC 

method as described in Section 4.4.3.
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4.4.11.2 Assay for ^^C-PEG 4000

Samples were assayed for '"'C-PEG 4000 using a Tri-Carb liquid scintillation counter. 

A 0.1 ml volume o f the sample was pipetted into a liquid scintillation vial and 10 ml 

o f liquid scintillation cocktail (Ultima Gold) were added. This was mixed thoroughly 

and the disintegrations per minute (dpm) o f the mixture were measured by the counter 

over a 10-minute period.

4.4.11.3 Assay for ^H-Gly-Sar

Samples were assayed for ^H-Gly-Sar using a Tri-Carb liquid scintillation counter. A 

0.1 ml volume o f the sample was pipetted into a liquid scintillation vial and 10 ml of 

liquid scintillation cocktail (Ultima Gold) were added. This was mixed thoroughly 

and the disintegrations per minute (dpm) o f the mixture were measured by the counter 

over a 10-minute period.

4 .4.12 Calculation o f the apparent permeability coefficient (Papp)

The fraction o f compound unabsorbed was calculated for each perfusate sample by 

dividing the concentration in the perfusate sample (C/) by the input perfusate 

concentration (Co). At each time point these values were averaged over the number of 

rats studied and fraction unabsorbed against time profiles were plotted. The fraction 

unabsorbed values were converted to permeability coefficients using steady-state data 

and Equation 3.13.

P = ^ * l n  
2;zrl CV ^ o

Equation 3.13

where Co is the input perfusate drug concentration, C/ is the outlet perfusate drug 

concentration, r is the effective lumen radius (0.18 cm), Q, is the perfusate flow rate 

(ml sec'*), and / is the length of intestinal segment (33.3 cm). For a particular system, 

the Papp values for each rat were averaged and a standard deviation calculated.
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4.4.13 Corrections in Papp calculation

4.4.13.1 Alteration of ‘Q’ using perfusate sample weights
Perfusate sample weights were recorded and averaged over the perfiasion experiment 

in each rat. These were then averaged over the number o f rats studied in a particular 

system. This average sample weight could be converted to 'Q ' by assuming that the 

sample weight is equal to its volume and dividing this by time:

/-'t _ Average Sample Weight
^ Ec|uation 4.2

lim e

4.4.13.2 Correcting fraction unabsorbed (CI/CO) for fluid flux
This is based on the method described by Sutton and Rinaldi (2001) and Perez et al. 

(2002) and involves the use o f Equation 4.3 and assumes that perfusate sample weight 

is equal to its volume.

W
C, '=C, * ——  Equation 4.3

W.in

where Wom is the average sample weight, Wj„ is 2.0 g (as the input flow rate is 0.2 ml 

min"' and samples are collected over a 10-minute period), C/ is the concentration o f 

compound in the sample and C/’ is the concentration o f compound in the sample after 

it has been corrected for fluid flux.

4.4.14 Calculation of amount absorbed

The amount o f drug absorbed from the intestine was calculated as follows: 

a The amount o f drug in each perfusate sample was calculated by multiplying 

concentration by volume, 

b These values were averaged at each time point over the number o f rats studied in 

a particular system.

c These average values were summed. This sum was equal to the amount o f drug 

that left the intestine unabsorbed in an average rat for that system.
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d Some drug remained behind in the intestine unabsorbed. This was estimated by

multiplying the volume of the intestine by the steady-state perfusate 

concentration. The volume of the intestine was estimated as the volume of a 

cylinder of length 33.3 cm and radius 0.18 cm. 

e The values from c and d were added to give the amoimt of drug that was

unabsorbed.

f The amount of drug that entered the intestine was calculated by multiplying the

inlet perfusate drug concentration (Co) by the volume perfused {i.e. flow rate 

multiplied by time), 

g The amount absorbed was then calculated by subtracting e from f.

4.4.15 Assay of plasma samples

4.4.15.1 Assay for ibuprofen, ibuprofen-alanine, ibuprofen-phenylalanine or 

ibuprofen-L-arginine

The assay is based on two previously reported methods by Lockwood and Wagner 

(1982) and Lalande et al. (1986). 100 }j.L of the plasma sample was added to a 

centrifuge tube and acidified with one drop of o-phosphoric acid (85% w/v). 1 ml of 

internal standard solution (tolmetin 30 |^g ml'' acetonitrile) was added and the tube 

was sealed with parafilm and vortexed for 15 seconds to ensure thorough mixing and 

denaturation of the plasma proteins. The samples were centrifuged at 5000 G at 4°C 

for 15 minutes using a Sorvall refrigerated centrifuge. The supernatant was pipetted 

into an HPLC autosampler vial without dilution and analysed for drug and internal 

standard by HPLC as described in Section 4.4.3.

4.4.15.2 Assay for ketoprofen and naproxen

This is the same as the plasma assay described in Section 4.4.15.1, with the only

change being the internal standard solution. In this assay ibuprofen (25 |^g ml'* in

acetonitrile) is used due to the similarity in retention times between tolmetin and 

ketoprofen or naproxen.
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4.4.15.3 Assay for ibuprofen-glycine

This is the same as the plasma assay described in Section 4.4.15.1, with the only 

change being the internal standard solution. In this assay ibuprofen-phenylalanine (35 

|xg ml ’ in acetonitrile) is used due to the similarity in retention times between 

tolmetin and ibuprofen-glycine. Ketoprofen and naproxen were also unsuitable as 

internal standards for the same reason.

4 .4 .16 Validation o f plasma assays

The ability of the plasma assays to reliably extract and detect the relevant drug 

compound in plasma samples was validated by assessing their extraction efficiency, 

their precision and the linearity of response.

Extraction efficiency was calculated by comparing the peak areas of freshly prepared 

sample extracts (which had been obtained from plasma samples containing low, 

medium and high concentrations of the drug substance) with the peak areas obtained 

from analysis of corresponding directly injected standards (Campanero et al., 1999). 

Precision was determined both within-day and between-day using the relative 

standard deviation {RSD) of peak areas obtained from replicate analyses of samples at 

appropriate concentrations (Ha et al., 1997). RSD was calculated using Equation 4.4.

s.d. o f peak areas RSD = -------^ --------------100% Equation 4.4
Average peak area

where s.d  refers to conventional standard deviation.

The linearity of the assays were assessed by the r-squared (r^) values of the 

calibration curves.

The limit o f quantitation (LOQ) of each assay was also assessed using a modification 

of the technique described by Paino and Moore (1999). A series of spiked plasma 

samples were prepared with each sample being half the concentration of the previous 

one. Each sample was extracted three times and a RSD value was calculated for each 

sample. The LOQ was taken as the lowest concentration for which the RSD was less 

than 10%.

For ibuprofen, ketoprofen and naproxen, all of these validation techniques were 

employed. Due to the limited availability of the amino acid derivatives of ibuprofen.
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the linearity o f the assays and their LOQ values were the only techniques used. 

Validation results are given in Appendix 14.

4.4.17 Histology

4.4.17.1 Preparation of tissue samples

Tissue samples for histological evaluation were prepared from the perfused intestinal 

segment after the animal had been sacrificed, based on the method described by 

Swenson et al. (1994). The intestinal tissues were fixed in situ by immediately 

perfusing a 20 ml volume of 10% phosphate buffered formalin (pH 7) at a flow rate 

o f 0.2 ml min'‘. The perfused intestinal segment was then removed and immersed in 

the same fixative. Cross-sections were serially sectioned at 5 |xm, stained with 

haematoxylin-eosin and mounted on glass slides.

4.4.17.2 Histological evaluation of tissue samples

Tissue samples were examined using light microscopy by an experienced pathologist 

in a blinded fashion, based on the method described by Swenson et al. (1994). 

Various measures o f histological abnormality were quantitated on an arbitrary scale 

of 0-3 with 0 indicating no effect and 3 indicating an extensive effect. The measures 

o f histological abnormality included the presence o f mucus/debris, villous shortening, 

erosion, swollen epithelial cells, flat epithelial cells and goblet cells.

Mucus/debris refers to the presence o f basophilic material and lysed cells in the 

lumen. Villous shortening refers to apparent retraction o f vUli. Erosion refers to loss 

o f epithelium, exposing the lamina propria without ulceration. Swollen epithelial cells 

are an indication of cytoplasmic fluid gain. Flat epithelial cells refers to cells which 

are short and have spread laterally in an apparent attempt to cover voids in the 

epithelium. Goblet cells refers to the concentration o f goblet cells and is an indication 

o f relative loss o f columnar epithelial cells.

4.4.18 Cell culture drug uptake studies

These were carried out in tissue culture models established by the University o f 

Michigan using a modification o f the method previously described by Gonzalez et al.
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(1998). Capan-2 cells were grown in McCoy’s 5A medium containing 10% heat- 

inactivated foetal bovine serum, 2 mM glutamine and 100 units ml"' penicillin-100 

mg ml ' streptomycin mixture and non-essential amino acids.

Cells were washed twice with transporter buffer (pH 6.0, 1 mM CaCl2, 1 M MgCli, 

150 mM NaCl, 3 mM KCl, 1 mM NaH2P0 4 , 5 mM D-Glucose, 5 mM MES) and 

incubated with 10 ^M Gly-Sar (9.94 jxM Gly-Sar and 0.06 fiM ^H-Gly-Sar) in 1 ml 

transporter buffer for 30 minutes at room temperature. In the drug inhibition study, 

the compound under study was also included in the transporter buffer. After 30 

minutes, the uptake was stopped by the addition o f 0.5 ml ice-cold transporter buffer. 

Cells were washed 3 times with ice-cold transporter buffer, collected in 0.5 ml 1.5% 

Triton X-100, and sonicated 3 times for 10 seconds. Two hundred |xL o f sonicated 

ceil suspension was used for scintillation counting.

Gly-Sar uptake in the presence o f the drug under study was expressed as a percentage 

o f the Gly-Sar uptake in the absence o f drug.

4 .4.19 Statistical techniques used for data analysis

All statistical analyses were performed with the aid o f Microsoft Excel 97 for 

Windows on a PC.

4.4.19.1 Student’s  t-test

Student’s t-tests were applied when comparing two independent samples. The null 

hypothesis was tested using a t-ratio complying with a student’s t-distribution having 

n-1 degrees o f freedom, where n is the sample number for each sample group. AH 

tests were conducted at the 0.05 level o f significance. The t-ratio o f two sample 

means is given by Equation 4.5:

Y 2  -  Y jt = — ---■■■ Equation 4.5[2^

where t is the t-ratio, Y 1 is the mean of sample 1, Y 2 is the mean o f sample 2 and 

is given by Equation 4.6:
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S
s.d.,^ +s.d.2  ̂

2
Equation 4.6

where s.d  / is the standard deviation of sample 1 and s.d. 2  is the standard deviation of 

sample 2.

4.4.19.2 ANOVA

The generalisation of the t-test to permit comparisons of more than two sample means 

is called analysis of variance (ANOVA). This involves the statistical separation of the 

total sum of squares and the total degrees of freedom into i) random variation within 

experiments and ii) variation between experiments. These were performed using 

Minitab Statistical Software version 13.1.

4.4.19.3 Curve fitting

Goodness-of-fit statistics for various models were calculated, where indicated, by 

Scientist (version 2.0) or by Sigma Plot 8.0. These are experimental data fitting 

programs which are capable of fitting data to non-linear curves.

When using Scientist, two statistical parameters were used to determine this 

goodness-of-fit: the model selection criterion (MSC) and the r-squared (r^) (Scientist 

Handbook, 1995). When using Sigma Plot, only the r  ̂ was used. The MSC is 

calculated using Equation 4.7:

where n is the number of data points, Wi are the weights applied to each point, , 

are the observed data points, Yobs the predicted data points, the weighted mean of 

the observed data and p ’ is the number of parameters estimated. The MSC value is

on models with a greater number of parameters, such that, models fitted with different 

numbers of parameters can be compared (Scientist Handbook, 1995). Equal 

weighting was used for all data sets during data fitting.

MSC = \n ^ Equation 4.7
n

affected by the number of parameters being estimated and will place a higher burden
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The for curve fitting is calculated using Equation 4.8:

J=I /=1
Equation 4.8

( = i

where n is the number o f points and w, are the weights applied to each point.

4.4.19.4 R egression analysis

Regression analysis was performed to produce a linear function to predict the value o f  

one o f  the variables, given a new value for the other. Regression equations are 

accompanied by an value, which gives an estimate o f  the level o f  variation o f  the 

experimental data attributed to the regression equation. The remainder o f  the variation 

may be attributable to random effects. Given n pairs o f  variables (Xi, Yi), (X 2 ,

Y2 ) ,......, (X„, Yn) o f  variables X and Y, the correlation coefficent, r, is defined in

Equation 4.9:

r = —--------------------------  Equation 4.9

where Sx and Sy are the standard deviations o f  the samples o f  X  and o f  Y, X  is the 

mean o f  samples X, Y is the mean o f  samples Y, is the coefficent o f  determination. 

A high value o f  r ,̂ approaching 1, would give an indication o f  a strong relationship 

between the variables involved in the regression model.

4.4.20 Calculation ofcLog P
The cLog P value o f  a compound is a calculated Log P value. This was determined 

using the SMILES based program cLog P for Windows version 2.0.0b.
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4.4.21 Calculation of topological polar surface area

The topological polar surface area (TPSA) of a compound was calculated using a 

SMILES based program supplied by Ertl et al., (2003).
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Chapter  5 . Effect o f  buffer composition on the solubility and  absorption o f  ibuprofen

5.1 INTRODUCTION

The key biopharmaceutical characteristics impacting on bioavailability and on the 

likelihood o f obtaining a good in vitro in vivo correlation (IVIVC) are the drug’s 

solubility (Cs) and permeability coefficient (Papp) (Amidon et al., 1995). However 

these properties may be sensitive to experimental medium composition, particularly if 

the drug is ionisable in the medium in which the parameters are determined.

Particularly for ionisable drugs, the dissolution medium pH is important because o f 

the influence o f pH on solubility, dissolution and the level o f sink conditions 

(Mooney et al., 1981; Aunins et al., 1985). Thus media containing HCl, acetate, 

citrate, phosphate or Tris in the pH range 1-7.6 are often used. However, the buffer 

capacity o f such media o f equivalent pH often varies despite evidence that buffer 

capacity at a given pH can substantially influence the dissolution rate o f ionisable 

drugs and excipients (Mooney et al., 1981; Aunins et al., 1985; Ramtoola and 

Corrigan, 1989). In this regard both Prasad et al. (1983) and Skelly et al. (1986) 

studied dissolution rates o f quinidine gluconate products. The dissolution rates o f 

these products were widely different in water, acetate buffer o f pH 5.4 and phosphate 

buffer o f pH 5.4. The results highlighted the importance o f buffer composition as 

well as pH on the dissolution rates.

A variety o f in vitro and in vivo models for studying drug absorption have been 

developed. These include Ussing chambers, everted gut sac techniques, cell culture 

models, in situ perfusions and intestinal perftisions in man (Stewart et al., 1997). 

Using these methods, researchers have employed a variety o f different buffer 

solutions to assess the absorption properties o f drug substances. These range from 

simple phosphate based systems (PBS) at pH 7.4 (Iwanaga et al., 1999) to more 

complex systems containing lipids and surfactants to simulate intestinal contents i.e. 

the fasted (FaSSIF) and fed (FeSSIF) state simulated intestinal fluids (Galia et al., 

1998). Xiang et al. (2002) used Mcllvaine’s citrate-phosphate buffer to study 

transbuccal drug delivery, while Hank’s balanced salt solution (Crowe and Lemaire, 

1998) and Krebs’ buffer (Kim et al., 1994; Leone-Bay et al., 1996) have been 

employed for intestinal absorption studies.

Fagerholm et al. (1996) used a phosphate based buffer system (pH 6.5) to compare 

the Papp values o f a range o f drugs between rat and human jejunum. They obtained a 

high correlation between perfused rat and human jejunum Papp estimates, and
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therefore concluded that the perfused rat model can be used with precision to predict 

in vivo oral absorption in man.

In this section the influence o f a range o f commonly used 'physiological' media on 

ibuprofen Cs and Papp was examined, the latter obtained using the in situ perfiised rat 

model.

5.2 BUFFER SYSTEMS

The buffer systems studied are listed below and their compositions are given in 

Section 4.4.1.

i. Sorensen's Phosphate buffer pH 7.4 (Pharm. Handbook, 1980; Iwanaga et 

al., 1999)

ii. Sodium phosphate perfusion solution (Fagerholm et al., 1996)

iii. Mcllvaine’s buffer (Pharm. Handbook, 1980; Xiang et al., 2002) pH 6.0

iv. Hank’s balanced salt solution (HBSS) (Crowe and Lemaire, 1998)

V. Krebs’ buffer (Pharm. Codex, 1994; Leone-Bay et al., 1996)

vi. Sorensen’s Phosphate buffer pH 6.8 (Pharm. Handbook, 1980)

vii. Fasted state simulated intestinal fluid (FaSSIF) (Galia et al., 1998)

viii. Fed state simulated intestinal fluid (FeSSIF) (Galia et al., 1998)

5.3 SOLUBILITY STUDIES

The solubility o f ibuprofen in a particular buffer was determined by the method of 

Chiou and Kyle (1979) as described in Section 4.4.2.1. The solubilities quoted at each 

time point are an average o f two determinations.

Figure 5.1 shows the best-fit solubility profiles (Scientist®) o f ibuprofen in each o f 

the eight buffer systems.
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Figure 5.1 Ibuprofen concentration versus time profiles in each of the buffer systems.

The solubility o f ibuprofen varied significantly with the buffer, with a six-fold 

difference between HBSS and PBS 7.4. The solubility profiles in Figure 5.1 were 

fitted to Equation 5.1.

Equation 5.1

where C is the concentration at a particular time point t, G  is the saturated solubility 

and k is the rate constant. Saturation was reached within 1 hour. There were slight 

differences in the rate o f attainment o f steady state. The k  values in Table 5.1 indicate 

that ibuprofen in FaSSIF and FeSSIF attained a steady state 3-4 times faster than the 

simple buffer systems. FaSSIF and FeSSIF differ fi-om the other systems as they 

contain sodium taurocholate, which has surfactant properties thus promoting better 

wetting o f the ibuprofen particles which would explain the higher solubility rate.
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T able 5.1 Solubility o f  ibuprofen in each o f  the buffers at 37 ionic strengths (IS), pH
values o f the saturated solutions and buffer osmolarities.

Buffer System
Solubility

C, (mg m l')
s.d.

k

(min‘)
IS

Initial pH 

of buffer

Final

pH

Osmolarity

(milliosmoles/l)

PBS 7.4 6.02 0.10 0.12 0.21 7.21 6.35 337.5

PBS 6.8 4.55 0.04 0.11 0.20 6.72 6.25 330.6

Fagerholm (pH6.5) 3.65 0.09 0.18 0.17 6.56 6.15 286.8

Krebs 3.45 0.09 0.16 0.16 8.22 6.93 317.8

Mcllvaine (pH6.0) 2.99 0.03 0.17 0.37 6.19 6.05 415.3

FaSSIF (pH6.5) 1.56 0.04 0.61 0.15 6.38 5.85 270.0

FeSSIF (pH5.0) 1.16 0.05 0.74 0.32 5.01 4.98 635.0

HBSS 0.97 0.05 0.18 0.15 7.56 5.52 310.7

The eight buffers studied varied in pH over a range o f  3.21 pH units from 5.01 to 

8.22. The final pH values o f  the saturated solutions o f  ibuprofen in each o f  the 

systems and the corresponding solubility values were fitted to Equation 5.2 

(Scientist®) to generate the pH-solubility profile (Figure 5.2):

Cg = C() (/ + ) Equation 5.2

where Co is the intrinsic solubility. The best-fit values for Co and the pK« o f  

ibuprofen are 0.068 mg ml'*(0.33 mM) and 4.43 at 37°C respectively, which when 

corrected for ionic strength gives a pKa o f  4.57. These best-fit values were 

determined in the absence o f  the FeSSIF and Krebs’ data points as they were shown 

to be outliers. These agree closely with previously reported values o f  0.078 mg ml'* 

(0.38 mM) and 4.55 at room temperature by Fini et al. (1995). The slightly higher 

intrinsic solubility determined by these authors may be due to ionic strength. Fini et 

al. (1995) have also shown that in an aqueous medium containing 0.5 M NaCl (ionic 

strength 0.5), the solubility o f  the sodium salt o f  ibuprofen is 42.23 mg ml"' (185 

mM) at 25 °C. The ionic strength, sodium ion concentration and solubility are all 

significantly higher than in any o f  the systems used in this study (Table 5.1), 

indicating that the solubility o f  ibuprofen in the systems studied is not limited by the 

solubility o f  the ibuprofen sodium salt.
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Figure 5.2 pH-solubility profile of ibuprofen acid.

5.3.1 Effect o f sodium taurocholate

The solubility of ibuprofen in FeSSIF is significantly higher than predicted from 

Equation 5.2 even when the pKg is corrected (to 4.43) to account for ionic strength. 

The higher solubility is likely due to the presence of sodium taurocholate (15 mM) 

which is above its critical micellar concentration (Poelma et al., 1990; Staggers et al., 

1990) leading to aggregation with lecithin in the buffer, and mixed micelle formation. 

The hydrophobic nature of the micelle centre allows a higher than expected amount 

of ibuprofen to dissolve in the buffer at pH 4.98 as the ibuprofen partitions into the 

micelle.

5.3.2 Effect of divalent ions

The solubility of ibuprofen in Krebs’ is significantly lower than predicted at pH 6.39 

from Equation 5.2, again using a pKa of 4.43 to account for ionic strength. The 

presence of divalent ions (Ca^^ 2.52 mM; Mg^^ 1.18 mM) in Krebs’ buffer was 

investigated as a possible cause, using the method described in Section 4.4.4.1 which 

involved the gradual addition of excess ibuprofen sodium to Krebs’ buffer.
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After the addition of 90 mg o f ibuprofen sodium to 25 mis o f Krebs’ buffer (13.6 mM 

solution), a precipitate was formed which was collected and examined by energy 

dispersive X-ray analysis. The scan obtained (Figure 5.3) shows two major peaks 

corresponding to carbon (0.3 keV) and calcium (3.6 keV). HPLC analysis o f the 

precipitate quantitated the amount o f ibuprofen in the precipitate (92.69 % w/w).

Ca

Ca
A1 S i

Na

0.0 2.0 4.0 6.0 8.0

keV

Figure 5.3 Energy dispersive X-ray analysis of the ibuprofen-Ca^* precipitate.

From the results o f the energy dispersive X-ray analysis and HPLC determination of 

the ibuprofen present in the precipitate, it can be concluded that the precipitate is a 

salt o f ibuprofen-Ca^^, having a stoichiometric ratio o f 2:1.

Fini et al. (2001) have shown that indomethacin forms a sparingly soluble salt with 

Ca^^ when the molar ratio o f indomethacin/Ca^^ reaches the stoichiometric value 

(2:1). This supports the view that the solubility o f ibuprofen acid in Krebs’ buffer is 

limited by the relatively insoluble salt that it forms with Câ "̂ .
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5.3.3 Buffer osmolality
Water flux across the intestinal mucosa is influenced by the osmotic gradient across 

the intestinal mucosa (Lennemas, 1995), which is in turn dependent on the osmolarity 

of the intestinal contents. In this respect, the osmolarity o f a buffer being used in an 

intestinal perfiision study may influence drug absorption.

The osmolarities o f the eight buffers are given in Table 5.1. The osmolarities o f six o f 

the eight buffers lie within, or close to, the physiological range (280-320 milliosmoles 

litre"'), the exceptions being FeSSIF and Mcllvaine’s buffers.

5.4 BUFFER CAPACITY

Buffer capacity, the ability o f a solution to resist attempts to change its pH (Butler 

1998), can be expressed numerically as the number o f equivalents o f strong base 

needed to change the pH value by 1 unit (Van Slyke, 1922). The buffer capacities o f 

the systems were measured as described in Section 4.4.5.

5.4.1 Effect of varying pH on buffer capacity
The experimentally determined buffer capacity versus pH profiles, together with the 

best-fit curves, for FaSSIF, FeSSIF, HBSS and PBS 6.8, are shown in Figure 5.4, and 

for Mcllvaine’s, Krebs’, Fagerholm’s and PBS 7.4 are shown in Figure 5.5. The best- 

fit profiles for aU eight buffers are compared in Figure 5.6 and the initial pH and 

buffer capacity values are annotated on each profile with the standard deviations at 

the maximum buffer capacities.
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Figure 5.4 Best-fit buffer capacity versus pH profiles with experimental data for 
Mcllvaine, Krebs, Fagerholm and PBS 7.4.
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Figure 5.5 Best-fit buffer capacity versus pH profiles with experimental data for FaSSIF,
FeSSIF, HBSS and PBS 6.8.

101



Chapter 5. Effect o f  buffer composition on the solubility and absorption o f  ibuprofen

0.09 -

0.08

0.07
_ i

0.06 -

o
0 3
Q .m
O

0.05 -

0.04 -
3

CD 0.03 -

0.02 -

0.01 -

92 3 5 6 7 8 104

pH

♦ Fagerholm ♦ FaSSIF •  FeSSIF ♦  HBSS ♦  Krebs ♦ Mcllvaine •  PBS 6.8 PBS 7.4

Figure 5.6 Best-fit buffer capacity versus pH profiles of each of the eight buffers, their 
initial pH and buffer capacities, and standard deviations at maximum buffer capacity.

Table 5.2 shows the buffer capacities o f each o f the buffers at their initial pHs (P). 

There is a 40-fold difference between the lowest (HBSS) and the highest (FeSSIF). 

Also indicated in the table are the maximum buffer capacities (Pmax) and it is apparent 

that all o f the buffers are used at their suboptimal pH, with the exception o f PBS 6.8 

(Figure 5.6). This is o f significance as similar buffer capacities were observed at the 

initial pH values for FeSSIF and Mcllvaine’s. However, for FeSSIF the initial pH is 

on the downward slope o f its profile, while for Mcllvaine’s the initial pH is on its 

upward slope (Figure 5.6). Consequently, it takes a greater amount o f base to shift 

the pH of one litre o f Mcllvaine’s by one pH unit (1.84 millimoles ofNaOH) than for 

FeSSIF (0.94 millimoles o f NaOH).
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Table 5.2 Buffer capacity (P) results.

Buffer

System

Buffer

Type

^onc.

(mM)
pH ‘’P Pmax

Pmax

predicted
''pK a 'p K a’

®Best-fit

pK a

Fagerholm H3PO4 71.00 6.63 0.0381 0.0408 0.0409 7.21 6.84 6.86

FaSSIF H3PO4 29.00 6.53 0.0146 0.0164 0.0167 7.21 6.85 6.82

FeSSIF C H 3C O O H 144.00 5.06 0.0647 0.0742 0.0829 4.76 4.61 4.74

HBSS
H3PO4

H2CO3

0.80

4.20
7.35 0.0016

0.0035

0.0035

0.0005

0.0024

7.21

6.40

6.84

6.25

6.56

6.52

Krebs
H3PO4

H2CO3

1.20

4.20
8.36 0.0025

0.0201

0.0201

0.0007

0.0024

7.21

6.40

6.85

6.25

6.29

6.29

Mcllvaine
H3PO4

C 6Hg0 7

126.00

37.00
6.17 0.0608

0.0807

0.0326

0.0725

0.0213

7.21

6.40*

6.77

5.65

6.72

5.40

PBS 6.8 H3PO4 66.56 6.79 0.0366 0.0368 0.0383 7.21 6.82 6.85

PBS 7.4 H3PO4 66.79 7.37 0.0219 0.0328 0.0385 7.21 6.80 6.80

“Concentration of each  buffer salt (mM); ‘̂ Buffer capacity at the initial pH of the buffer (Eq/L7pH 
unit); “̂ Maximum buffer capacity (Eq/l_/pH unit); “Maximum buffer capacity predicted from the 
formulation using Equation 4.3; “Thermodynamic pKa at 25°C (Beynon and Easterby, 1996; 
Martindale, 1977); 'pKa corrected for ionic strength and temperature; ®Best-fit p l^  using 

Scientist® curve fitting programme.

5.4.2 Effect of temperature and ionic strength
Seven o f the eight buffer systems contain phosphate salts either as the sole buffer 

component or in combination with a second buffer. The buffer capacity versus pH 

profiles show that the pKa (of the second ionisation) o f  phosphoric acid for each o f  

the buffers differ slightly from each other and differ significantly from the 

thermodynamic value o f 7.21. This is due to the effect o f temperature and ionic 

strength. The effect o f ionic strength is described by the Deybe-Huckel relationship:

pK^=pK^+{2z^- l ) - a -41 
1 + 41

- 0.11 Equation 3.8
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where Za is the charge on the conjugate acid species, /  is the ionic strength and 4̂ is a

temperature dependent constant with a value o f  approximately 0.5.

When the thermodynamic value for the pKa o f  the buffer component is corrected for 

temperature and ionic strength there is good agreement with the experimental data 

(Table 5.2).

5.4.3 Effect of concentration

The concentration o f  phosphate in each o f  these buffers varies from 0.0008 M 

(HBSS) to 0.126 M (Mcllvaine’s) and as predicted from Equation 4.1 there is a 

corresponding increase in buffer capacity with an increase in phosphate 

concentration.

Equation 4.1 describes how the maximum buffering capacity is dependent only on the 

concentration o f  the buffering species present. When it is applied to each o f  the 

buffers to predict pmax there is a good agreement with the best-fit P^ax values for all o f  

the buffers, with the exception o f  Krebs’. This may be due to carbon dioxide 

dissolving into the buffer and contributing to the buffer effect o f  the carbonate 

component. This occurrence was not seen to the same extent in HBSS despite its 

similar composition o f  phosphate and carbonate buffer species. A possible reason for 

this is that Krebs’ has a more alkaline pH (8.36) than HBSS (7.35) and this may make 

Krebs’ buffer more likely to dissolve carbon dioxide from the atmosphere than 

HBSS.

5.4.4 Conclusions

The solubility o f  ibuprofen in a particular buffer depends principally on the pH o f  the 

buffer and to  a lesser extent on ionic strength. However it may be reduced by the 

presence o f  divalent metal ions or increased by the presence o f  micelles in the buffer. 

FeSSIF and Mcllvaine’s buffers are hyperosmotic with the remaining six having 

osmolarities close to or within the physiological range.

The majority o f  the buffers are phosphate based and buffer over the same pH range, 

with the exception o f  FeSSIF, which buffers over a lower pH range due to its 

composition o f  acetic acid. The buffer capacity varies significantly between the 

buffers and is due to differences in buffer salt concentrations.
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5.5 IN SITU ABSORPTION STUDIES

In situ absorption studies were carried out on male Wistar rats (280-320 g) according 

to the rat gut perfusion method described by Komiya et al. (1980) and outlined in 

Section 4.4.7. Perfusate samples were collected every 10 minutes for a period o f 120 

minutes and blood samples were taken at 30-minute intervals.

5.5.1 Ibuprofen permeability coefficients

The fraction o f ibuprofen unabsorbed was calculated for each perfusate sample as 

described in Section 4.4.12. At each time point, for a particular buflfer, these values 

were averaged over the number o f rats studied (n > 4). Fraction unabsorbed against 

time profiles were plotted for each buffer (Figure 5.7).

The absorption data was fitted to two models:

i) the non-steady-state model described by Ni et al. (1980) (Appendix 6).

ii) the steady-state model described by Komiya et al. (1980).

Attempts were made to fit the fi’action unabsorbed versus time profiles to the non

steady-state model using Scientist, but the fits were generally poor. The steady-state 

model, as described by Equation 3.13, converts fraction unabsorbed values to 

permeability coefficients (Papp) using steady-state data.

P ^  
2nrl

In Equation 3.13

where Co is the input perfusate drug concentration, C/ is the outlet perfusate drug 

concentration, r is the effective lumen radius (0.18 cm), Q is the perfusate flow rate 

(ml sec"'), and / is the length o f intestinal segment (33.3 cm). The flow rate o f 

perfusate into the intestine was set at 0.2 ml min"'.
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Figure 5.7 Fraction unabsorbed versus time profiles for each of the buffer systems
studied.

The steady-state was taken to be between 100-120 minutes. The ibuprofen Papp value 

was obtained by averaging the Papp values over 100-120 minutes for each perfiision 

experiment. For a particular buffer, the Papp values for each rat were averaged and a 

standard deviation calculated. Tukey and Fisher pair-wise comparisons were 

performed using a one-way analysis of variance (ANOVA) using Minitab^” Statistical 

Software (version 13.1).

5.5.1.1 Impact of fluid flux on Papp calculation

Perfusate samples were monitored by gravimetric analysis and the average sample 

weight was determined for each system. Variation in average sample weights between 

the eight systems was observed. Validation of the perfiision pumps as described in 

Section 4.4.10 showed that they were operating accurately (Table 5.3) and variation 

in average sample weight was not due to pump error.
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T able 5.3 Average flow rates and standard deviations o f  each o f  the perfusion pumps.

Average Flow Rate (ml m in ') s.d.

Pump 1 0.20 0.01

Pump 2 0.20 0.00

This suggested that the variation in average sample weight between the eight systems 

was due to intestinal fluid flux. Several studies have shown that fluid flux occurs 

across the intestinal wall and is probably driven by an osmotic gradient across the 

intestinal mucosa (Kitazawa et al., 1975; 1978). Two approaches were taken to 

correct for fluid flux when calculating Papp:

5.5.1.1.1 Alteration of ‘Q’ using sample weights

The first approach replaces the pump flow rate ‘0 ’ (0.2 ml min'‘) in Equation 5.5 

with a value based on sample weights from gravimetric analysis as described in 

Section 4.4.13.1. These values are shown in Figure 5.8 together with the pump flow 

rate o f 0.2 ml min '.

0.25

0.2

0.15

0.1

0.05

I ~~ ' I Q va lues b a se d  on gravimetric analysis 
...............Rjmp flow rate

f
* *

*

Buffer type

Figure 5.8 Q values (ml mi n ' ) of the eight buffers based on gravimetric analysis.
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The Papp values for ibuprofen in each of the buffers using the Q values based on 

average sample weight for each buffer are given in Table 5.4 and ranged from 

0.93x10-^ to 1.40x10"' cm sec'.

The Papp for HBSS was significantly higher than six other buffers (FaSSlF, FeSSIF, 

Krebs’, Mcllvaine’s, PBS 6.8, PBS 7.4). Fagerholm’s buffer was significantly higher 

than Mcllvaine’s buffer and PBS 7.4. PBS 6.8 was significantly higher than PBS 7.4 

(p<0.05).

T able 5.4 Permeability coefficients (Papp) o f  ibuprofen in each buffer calculated using 
O values based on average sample weight fo r  each system to correct fo r  intestinal flu id flux.

Buffer System Flow Rate (ml min *) s.d. Papp cm sec * xlO ** s.d. n

Fagerholm 0.16 0.01 *1.20 0.14 5

FaSSIF 0.19 0.01 1.10 0.19 5

FeSSIF 0.24 0.01 1.05 0.17 6

HBSS 0.17 0.01 *1.40 0.10 4

Krebs 0.14 0.01 1.01 0.09 5

McIIvaine 0.19 0.02 0.97 0.13 4

PBS 6.8 0.18 0.01 *1.15 0.12 6

PBS 7.4 0.17 0.01 0.93 0.11 4

*Papp values that are significantly different based on ANOVA (p<0.05) using pair-wise 
com parisons a s  indicated in the text.

Although the Q values based on average sample weight vary significantly with the 

buffer used, only that with FeSSIF is significantly higher than all the others as well as 

from 0.2 ml min'* (Figure 5.8). This suggests that water is being secreted into the 

perfusate, contributing to an apparent increased flow rate.
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5.5.1.1.2 Correcting Ci/Co values for fluid flux

The second approach to correct for intestinal fluid flux in the calculation o f Papp 

involves calculating the effect that the fluid flux has on the concentration o f ibuprofen 

in the perfiisate samples, and consequently on the steady-state C|/Co values. This is 

based on the method described by Sutton and Rinaldi (2001) and Perez et al. (2002) 

in Section 4.4.13.2. Any fluid flux that occurs, either by secretion or absorption, will 

alter the concentration o f ibuprofen in the perfusate samples. If uncorrected this 

change in ibuprofen concentration will be assumed to be the result o f absorption and 

lead to an error in Papp. Fluid flux can be measured using a number o f approaches, the 

two most common of which involve non-absorbable markers (e.g. PEG 4000, phenol 

red) or gravimetric analysis. Both methods have been compared in rat single pass 

intestinal perftision studies by Sutton and Rinaldi (2001) and the gravimetric method 

was found to be the most accurate, least variable, easiest and was also not subject to 

the error associated with possible absorption o f the non-absorbable marker (Lane et 

al., 1996).

Experimental fraction unabsorbed values (C|/Co) were corrected for fluid flux by the 

gravimetric method and used in Equation 5.5 to calculate ibuprofen Papp values. The 

flow rate was taken as 0.2 ml min'* as confirmed from validation studies o f the 

perfusion pumps (Section 5.5.1.1). These corrected Papp values are given in Table 5.5.

Table 5.5 Permeability coefficients (Papp) o f  ibuprofen in each buffer calculated using
corrected C/Co values to correct fo r  fluidflux.

Buffer System Papp 
cm sec' xlO' s.d. n

Fagerholm *1.66 0.17 5

FaSSIF 1.17 0.19 5

FeSSIF *0.68 0.14 6

HBSS *1.83 0.12 4

Krebs *1.72 0.12 5

Mcllvaine 1.07 0.14 4

PBS 6.8 *1.40 0.14 6

PBS 7.4 1.30 0.13 4

*Papp va lu es that are significantly different based on ANOVA (p<0.05) using pair-wise 
com parisons a s  indicated in the text.
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Fagerholm, HBSS and Krebs’ are all significantly higher than FaSSIF, FeSSIF, 

Mcllvaine, PBS 6.8 and PBS 7.4. PBS 6.8 is significantly higher than Mcllvaine and 

FeSSIF. FeSSIF is significantly lower than the other seven buffers (p < 0.05).

5.5.1.1.3 Conclusion

The Papp values calculated using the two different correction methods are shown in 

Figure 5.9. Papp values calculated using the second method show more significant 

differences between the buffers than when corrected by flow rate.

a  Papp calculated using Q based on sample weights 

-r □  Papp calculated using Cl/Co corrected for w ater flux

X

0)

E

Q.
Q .
(D

CL

O

Buffer type

Figure 5.9 Papp values for each buffer calculated using a ‘Q’ value based on average 
sample weight and a C|/Co values that have been corrected for fluid flux.

The second method o f correcting for water flux directly reverses the diluting or 

concentrating effect o f the water movement into or out o f the intestine and uses the 

actual flow rate (0.2 ml min ’) in the calculation o f Papp. This is a more accurate 

method than by using Q values based on average sample weight to correct for fluid 

flux when calculating Papp and yields more significant differences in Papp values 

between the eight systems.

These are the values that will be discussed further.
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5.5.2 Effects of buffer osmolarity and fluid flux on Papp
The osmolarities of the eight buffers are given in Table 5.1. The osmolarities of six of 

the eight buffers lie within, or close to, the physiological range (280-320 milliosmoles 

litre '), the exceptions being FeSSlF and Mcllvaine buffers, which are hyperosmotic 

(Figure 5.10).

700 ,

Physiological range of osmolarity

Fagerholm FaSSF FeSSIF HBSS Krebs Mcllvaine PBS 6.8 PBS7.4

Figure 5.10 Osmolarities (milliosmoles litre"’ ) of the buffer systems.

As well as having the highest osmolarities, these two buffers also show the lowest 

ibuprofen Papp values (Table 5.5). The ibuprofen Papp in FeSSIF (0.68 x 10"* cm sec"') 

is significantly lower than for all the other buffers. The Papp in Mcllvaine (1.07 x 10^ 

cm sec'') is the second lowest and is significantly lower than four other buffers. The 

relationship between buffer osmolarity and ibuprofen Papp was investigated and is 

shown in Figure 5.11.
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Figure 5.11 Relationship between Papp and buffer osmolarity.

Kitazawa et al. (1975) have shown that transmucosal fluid movement influences drug 

absorption. This may be mediated by ‘solvent drag’ by the fluid absorbed through the 

paracellular pathway, a phenomenon whereby as water is absorbed it brings with it 

any dissolved drug and effectively drags it across the intestinal wall (Andersson and 

Ussing, 1957; Papenheimer et al., 1987; Krugliak et al., 1989). The driving force for 

this water flux is probably an osmotic gradient across the intestinal mucosa 

(Lennemas, 1995) with hypotonic solutions driving water absorption and hypertonic 

solutions hindering it. Significantly, Thomas et al. (1984) have shown that a 

hypertonic system induced water flux across rat rectal mucosa into the lumen. This 

suggests that osmolarity, through its effect on water flux, will have £in enhancing or 

retarding effect on drug absorption depending on the direction o f water movement. 

Figure 5.12 shows the relationship between fluid flux and ibuprofen Papp in the eight 

systems studied.

112



Chapter 5. Effect o f  buffer composition on the solubility and absorption o f  ibuprofen

o
X
o
%
E
Q .
Q .
(0

CL
c
3 .o

 ̂= 0.80

Fagerholm
FaSSIF
FeSSIF
HBSS

0.8 H

Krebs0.6
Mclivaine 
PBS 6.80.4 H

PBS 7.4 
Zero water flux

0 4 ----- +
-0.06 -0.04 - 0.02 0.02 0.04 0.06 0.08

Net water flux from the lumen to the serosa (ml/mln)

Figure 5.12 Relationship between ibuprofen Papp and net water flux across the intestinal 
wall from the lumen to the serosa (a negative value for net water flux represents secretion 

into the lumen and a positive value represents absorption out of the lumen).

Figure 5.12 shows that as water flux increases from the mucosal to the serosal side it 

increases Papp and, conversely, as it increases from the serosal to the mucosal side it 

reduces Papp. The hyperosmotic buffers, FeSSIF and Mcllvaine’s, may be generating 

reduced estimates of ibuprofen Papp by producing changes in water flux across the 

intestine relative to the other six buffers. Extrapolating a line from zero water flux up 

to the line of best-fit and across to Papp on the y-axis generates a value for ibuprofen 

Papp when there is no water flux. This value is 1.13 x 10^ cm sec’' .

The concentration of ibuprofen in the perfiision solution (prior to entry into the gut) 

before and at the end of each experiment was, on analysis, the same in all systems 

indicating that precipitation of ibuprofen salts o f low solubility (e.g. calcium salt) 

over the course of the experiment did not occur.
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5.5.3 pH Monitoring
The pH values o f the perfusate samples were monitored over the course o f each 

experiment as described in Section 4.4.9 and the pH versus time profiles are shown in 

Figure 5.13. Over the time course o f each perfusion experiment, the pH values o f the 

samples gradually change from their initial values towards a median value o f 

approximately 6.5, with some o f the systems being shifted upwards and others shifted 

downwards from their initial values.

10 n
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—•— Krebs —•— Mcllvaine —•— PBS 6.8 —•— PBS 7.4

Figure 5.13 pH versus time profiles of perfusate samples.

The magnitude o f these pH changes is significant for four o f the buffers: FaSSIF, 

FeSSIF, HBSS and PBS 7.4 (p<0.05). This would be expected from the buffer 

capacity profiles as FaSSIF, HBSS, PBS 7.4 and Krebs’ correspond to the four lowest 

buffer capacity values o f the perfiision solutions. However, despite its low buffer 

capacity, the pH change for Krebs’ is not significant as it shows no definite trend in 

its pH values. This may be due to carbon dioxide dissolving in the perfusate samples. 

Despite its high buffer capacity, FeSSIF shows a significant change in pH over the 

course o f the perfusion. This may be due to its relatively low pH (compared to the 

microclimate pH) that may stimulate the intrinsic intestinal buffering system to 

produce the pH change observed. In the case o f most o f the buffers, the change in pH
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occurs over ~50 minutes after which there is little change. This suggests that the 

intestinal buflfering system reaches a steady-state after ~50 minutes. Desai (1977) 

reported that the pH o f buffered solutions, initially pH 9.5 and 4.5 respectively, o f 

low buffer capacity tended rapidly towards a pH o f 6.5 when placed in the rat 

intestine and Ikuma et al. (1996) have shown that the jejunal microclimate pH in 

young adult rats is 6.12 ± 0.04. It is well established that the cell surface o f the rat 

jejunum has an acidic microclimate in vitro (Lucas et al., 1975; Iwatsubo et al., 1989) 

and this microclimate appears to be maintained by a dynamic equilibrium o f H"̂  

secretion and absorption across the luminal membrane and the difilision from the 

microclimate towards the luminal fluid (Shimada, 1987). The shift in pH o f the 

perftisate samples over the first 50 minutes is maintained over the course o f the 

perfiision indicating that there is no exhaustion o f the intestinal buffering system. It 

also provides evidence o f the viability o f the intestine as it indicates that the intestinal 

segment is fiinctioning normally.

Several studies have shown that the absorption processes o f some drugs and nutrients 

are influenced by the microclimate pH (Lister, 1997).

The changes in the pHs o f the perftisate samples produce changes in the percentage of 

drug ionised. Despite some o f the pH changes being significant, the corresponding 

change in fraction of ibuprofen ionised is negligible for all buffers except FeSSIF. 

The starting pH of the FeSSIF perfiision solution (5.17) corresponds to 84.6% ionised 

and its pH at the steady-state (5.51) corresponds to 92.3% ionised. At the steady- 

state, the remaining seven buffers give 98-99.9% o f drug ionised.
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5.5.4 Conclusions from ibuprofen Papp studies

Based on research in oral drug delivery studies, a compound is considered to be 

completely absorbed in humans (90-100% absorbed) if its Papp is greater than 

approximately 0.2 x 10"̂  cm sec"' in the rat (Fagerholm et a l, 1996). The values 

reported in the present work are all greater than this and when they are converted to 

human fraction absorbed values (Fagerholm et al., 1996), they show 99% absorption 

with no statistically significant differences observed.

Eight ibuprofen Papp values were calculated from in situ absorption studies in eight 

buffers of differing composition. Each system caused a certain amount of water flux 

across the intestinal mucosa, which influenced the Papp values. From a plot of Papp 

against net water flux, the Papp of ibuprofen in the absence of water flux was 

calculated as 1.13 x 10"̂  cm sec"'. This also corresponds to 99% absorption in 

humans.

Komiya et al. (1980) investigated the intestinal permeability in the rat of a range of 

steroids. When using similar experimental conditions, the permeability of 

hydrocortisone in phosphate buffer (pH 6.0) was found to be membrane controlled 

with a Papp of 0.30 x 10^ cm sec"'. In contrast, the corresponding Papp for 

progesterone was 1.08 x 10^ cm sec"' and its transport was aqueous boundary layer 

controlled. From this work, the Papp of ibuprofen in a similar buffer (citrate- 

phosphate pH 6.0) was 0.97 x 10"* cm sec"'. This suggests that the absorption of 

ibuprofen in the rat is aqueous boundary layer controlled.

Compounds with molecular weights less than 200 are able to pass through the 

aqueous pores (Lennemas, 1995), but transmembrane transport of the unionised 

fraction can occur simultaneously (Chan and Stewart, 1996). Hydrophilic and 

charged solutes have a low membrane permeability due to a low partition into the 

lipid membrane and/or a slower transcellular diffusion coeiScient. They are therefore 

expected to be absorbed through the paracellular route, which is a result of diffiision 

and a convective volume flow through the water filled intercellular space 

(Pappenheimer and Reiss, 1987). The high permeability of ibuprofen, along with its 

molecular weight (206) and degree of ionisation, implies that the drug may be 

absorbed principally by the paracellular route or through the aqueous pores. This is 

ftirther supported by the significant effect of water flux on the permeability
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coefficient of ibuprofen, as these two routes are widely thought to be the principal 

routes of water movement across the intestine (Pappenheimer and Reiss, 1987; 

Tripathi and Boulpaep, 1989; Van Os et a l, 1994). These comments must be viewed 

in the context of our increasing knowledge of transporters with an affinity for 

carboxylic acid compounds (Tamai et al, 1995).
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5.5.5 Plasma profiles
Plasma samples were collected at 30-minute intervals over the course o f  each two- 

hour perfusion for each buffer. In addition, for PBS 6.8, PBS 7.4, HBSS and Krebs’ 

buffers, plasma samples were collected at 30-minute intervals for an additional two 

hours after the perfusions had stopped to generate both absorption and elimination 

data. Samples were assayed for drug content using the method described in Section 

4.4.15.1.

5.5.5.1 Pharmacokinetic modelling of plasma profiles

The plasma ibuprofen concentration versus time profiles were fitted (using the 

Scientist® curve fitting program) to two pharmacokinetic models:

i. One compartment model with constant input and first-order output.

ii. Two compartment model with constant input and first-order output.

The ibuprofen plasma concentration versus time profiles for PBS 6.8, PBS 7.4, HBSS 

and Krebs’ buffers were fitted to these two models. The second showed the best-fit o f  

the absorption and elimination data from the four buffers. This model is described in 

Appendix 5.

5.5.5.2 Two compartment model with constant input and first order output

The Scientist® data fitting results suggests that ibuprofen in the rat displays two  

compartment pharmacokinetics with first order output as reported in previous studies 

by Itoh et al. (1997), Parrott and Christensen (1984), and Shah and Jung (1987). The 

parameters in this model are keiim (elimination rate constant), ki2 (rate constant for 

transfer from the central to the peripheral compartment), kai (rate constant for transfer 

from the peripheral to the central compartment) and volume o f  distribution (V). The 

best-fit values are given in Table 5.6 and are compared with values previously 

reported by Itoh et al. (1997). Dose and tjy (120 mins) were fixed at the experimental 

values. D ose was calculated from the cumulative amount o f  drug absorbed over the 2 

hour perfusion as described in Section 4.4.14.
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Table 5.6 Best-fit ibuprofen pharmacokinetic parameter values for HBSS, Krebs, PBS 
6.8, PBS 7.4 and literature values (*Itoh et a l, 1997).

Litd*3tiirc
Parameter type HBSS Krebs PBS 6.8 PBS 7.4 Average

values*

kei.m (min ‘) 0.449 0.486 0.325 0.183 0.361 0.051-0.106

ki2(min'‘) 0.090 0.074 0.044 0.040 0.062 0.072-0.081

k2 i (min’‘) 0.039 0.060 0.081 0.041 0.055 0.080-0.091

V (m lk g -‘) 27.463 30.157 52.878 54.257 41.189 67.4-69.9

n 4 5 6 4

MSC 3.15 3.85 4.02 4.21

r̂ 0.99 0.99 0.99 0.99

The average best-fit parameters were used in Scientist to fit the data fi’om  the eight 

buffer systems to the same model. All parameters were ‘fixed’ except the dose, which 

was allowed to float and settle at a best-fit value for each buffer system. The best-fit 

plasma ibuprofen concentration versus time profiles together with the experimental 

data points for HBSS, Krebs’, PBS 6.8 and PBS 7.4 are shown in Figure 5.14 and for 

Fagerholm’s, FaSSIF, FeSSIF and M cllvaine’s in Figure 5.15. The best-fit profiles 

for all eight systems are shown in Figure 5.16.

119



Pl
as

m
a 

ib
up

ro
fe

n 
co

nc
. 

(u
g/

m
l)

Chapter 5. Effect o f  buffer composition on the solubility and absorption o f  ibuprofen

2 0 0  -I

180

160
1
o) 140

ocoo
cVo
3a

120

100

m
E
(Ara
□-

60

2400 30 90 120 150 180 21060

Time (min)

♦  HBSS ♦Krebs ♦  PBS 6.8 ♦  PBS 7.4

Figure 5.14 The best-fit plasma ibuprofen concentration versus time profiles together with 
the experimental data points for HBSS, Krebs’, PBS 6.8 and PBS 7.4.
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Figure 5.15 The b»est-fit plasma ibuprofen concentration versus time profiles together w/ith 
the experimental data points for Fagerholm’s, FaSSIF, FeSSIF and Mcllvaine’s.
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Figure 5.16 The best-fit plasma ibuprofen concentration versus time profiles for all eight
systems.

Good correlations were obtained between the lines of best-fit and the experimental 

data points. These are given in Table 5.7 together with the best-fit doses.

Table 5.7 Results from fitting the plasma data fi)r each buffer to the model described 
above including the best-fit dose and the goodness o ffit (using kw = 0.361 m in‘; kn = 0.062 

m in'; k2 i = 0.055 min'; V = 41.189 ml kg''; tjv = 120 mins).

Buffer
Best-fit Dose 

(Hg raf‘)
MSC r̂

Fagerholm 20392 2.95 0.99

FaSSIF 21421 4.11 0.99

FeSSIF 12992 4.26 0.99

HBSS 22826 3.62 0.99

Krebs 22272 4.26 0.99

Mcllvaine 20060 4.22 0.99

PBS 6.8 21256 3.63 0.99

PBS 7.4 19927 4.34 0.99
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S.5.5.3 Relationship betw een intestinal permeability data and plasm a data

The best-fit dose values for each system given in Table 5.7 can be used to calculate a 

zero order input rate constant using Equation 5.3:

, , , , Dose
kg ( plasma)  = -------  Equation 5.3

Time

where ko(plasma) is the input rate constant calculated fi'om plasma data; dose is the 

best-fit dose for each system; time is the duration o f the perfusion (120 mins.).

A second input rate constant can be calculated fi-om the rate o f ibuprofen absorption 

from the gut at the steady-state, ko(gut), and is calculated using Equation 5.4:

n*r^  *l *{Cfj -C, )  
kg (gut) = ------------------------   Equation 5.4

where r is the effective lumen radius (0.18 cm); / is the length o f intestinal segment 

(33.3 cm); Co is the input perfusate drug concentration; C/ is the outlet perfusate drug 

concentration at the steady-state; t is the time taken for a drug molecule to pass 

through the length of intestinal segment.

The ko(plasma) and ko(gut) values for each system are given in Table 5.8 and are 

plotted against each other in Figure 5.17.
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Table 5.8 ko(plasma), ko(gut) and peak plasma ibuprofen concentration values fo r  each
system.

Buffer System
ko(plasma) 

(mg min'')

ko(gut) 

(mg min'')

Peak Plasma 

Cone, (fig mf')

Fagerholm 0.170 0.169 156.13

FaSSIF 0.179 0.149 143.74

FeSSIF 0.108 0.106 89.38

HBSS 0.190 0.174 158.28

Krebs 0.186 0.171 157.01

Mcllvaine 0.167 0.140 139.97

PBS 6.8 0.177 0.158 151.00

PBS 7.4 0.166 0.153 145.92

0.25 • Fagerholm

« FaSSIF

« FeSSIF
0.2

♦ HBSS

• Krebs

0.15 ■ • Mcllvaine
' c
£ ♦ PBS 6.8
o>
E• w '

* PBS 7.4

0.1 - - Scientist best

y = 0.91X
MSC = 1.47
r-squared = 0.99

0.05 -

n -

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

ko (plasma) (mg/min)

Figure 5.17 Relationship between ko(gut) and ko(plasma).

Figure 5.17 shows the relationship between the ibuprofen input rate constants for 

each system calculated using plasma data and perfusate data. The data points were 

fitted to Equation 5.5 using Scientist.
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ko(gu t) = m * ko(plasma) Equation 5.5

where m is the slope o f the line o f best-fit in Figure 5.17. The best-fit value for m was 

0.91 with a standard deviation o f 0.02 and a 95% confidence interval o f 0.86-0.95. 

This linear relationship provides validation o f the pharmacokinetic parameters listed 

in Table 5.6. It shows the direct relationship between rate o f disappearance o f 

ibuprofen fi-om the intestine and the rate o f appearance in the plasma.

5.5.S.4 Impact of intestinal water flux on rate of ibuprofen appearance in the 

plasma

The principal factor that was responsible for the differences in ibuprofen Papp values 

between the different buffers was intestinal water flux. The relationship between 

ko(plasma) and water flux was investigated and is shown in Figure 5.18.
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Figure 5.18 Relationship between ko(plasma) and net water flux across the intestinal wall 
from the lumen to the serosa (a negative value for net water flux represents secretion into the 

lumen and a positive value represents absorption out of the lumen).
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Figure 5.18 shows that as water flux increases from the mucosal to the serosal side it 

increases the rate of appearance of ibuprofen in the plasma and, conversely, as it 

increases from the serosal to the mucosal side it reduces the rate of appearance. This 

mirrors what is happening in the intestine: as water flux increases from the mucosal to 

the serosal side it increases Papp and, conversely, as it increases from the serosal to the 

mucosal side it reduces Papp, as described in Section 5.5.2. Extrapolating a line from 

zero water flux up to the line of best-fit and across to ko(plasma) on the y-axis 

generates a value for ibuprofen ko(plasma) when there is no net water flux. This value 

is 0.154 mg min'*.
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5.6 RACEMIC IBUPROFEN AND S-IBUPROFEN

Ibuprofen has a chiral centre and is used clinically as a mixture o f the two 

enantiomers, R and S. For this reason the racemate was used in the work carried out 

in this chapter. However, its pharmacological activity mainly resides in the S- 

enantiomer (Adams et al., 1976) and it has been reported that conversion o f the R- 

enantiomer to the S-enantiomer occurs in vivo in humans and rats (Kaiser et al., 1976; 

Sattari and Jamali, 1994). It has also been shown by Sattari and Jamali (1994) that 

when ibuprofen is administered in a sustained release formulation this R to S chiral 

inversion may occur in the intestine. However, when ibuprofen was administered in a 

solution from which it was readily absorbed, Jeffrey et al. (1991) proposed that the 

site o f chiral inversion was the liver. It is o f relevance to the results reported in this 

chapter on the absorption characteristics and pharmacokinetics o f racemic ibuprofen 

to investigate if pure S-ibuprofen yields similar results from absorption studies.

5.6.1 Absorption profiles

In situ absorption studies were carried out using a solution o f S-ibuprofen in PBS 6.8 

(1 mg ml ‘) as described in Section 4.4.7. The fraction unabsorbed versus time profile 

o f S-ibuprofen is shown in Figure 5.19 together with the profile o f  racemic (RS) 

ibuprofen.
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Figure 5.19 Fraction unabsorbed versus time profiles for RS-ibuprofen and S-ibuprofen in
PBS 6.8.

The fraction unabsorbed values at the steady-state were converted to Papp values as 

described in Section 4.4.12. The steady-state was taken to be between 100-120 

minutes. The Papp values for each of the systems were corrected for intestinal water 

flux as described in Section 4.4.13.2 and are given in Table 5.9.

Table 5.9 Permeability coefficients (Papp) o f  RS- and S-ibuprofen (1 mg m t‘) in PBS 6.8

NSAID
P ap p

(cm  sec * X 10“̂ )
s.d. n

RS-ibuprofen 1.40 0.14 6

S-ibuprofen 1.34 0.17 9

Based on ANOVA, no significant difference was observed between the Papp values o f 

RS- and S-ibuprofen (p>0.05).
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5.6.2 pH profiles

The pHs o f the perfusate samples were monitored over the course o f each S-ibuprofen 

perfusion study as described in Section 4.4.9. A pH versus time profile ŵ as plotted 

for S-ibuprofen along with the profile for RS-ibuprofen in PBS 6.8 described in 

Section 5.5.2 and this is shown in Figure 5.20.

6.5

pH

buprofen

S-ibuprofen5.5

0 30 60 90 120

Time (rrin)

Figure 5.20 pH profiles of the perfusate sam ples from the RS- and S-ibuprofen
absorption studies.

Over the time course o f the perfusion experiments the pH values o f the S-ibuprofen 

samples gradually change from their initial values towards a median value in a similar 

pattern to RS-ibuprofen. The pHs o f the samples are shifted down from their initial 

values towards a steady-state pH o f approximately 6.5. As reported in Section 5.5.2, 

the change in pH is most dramatic over the &st forty minutes, after which there is 

very little change.

5.6.3 Plasma profiles

Plasma samples were collected at 30-minute intervals over the course o f each two- 

hour perfusion o f S-ibuprofen and for two hours after the perfusions had stopped to 

generate both absorption and elimination data for S-ibuprofen. Samples were assayed 

for drug content using the method described in Section 4.4.15.1. The plasma S-
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ibuprofen concentration versus time profiles were fitted (using the Scientist curve 

fitting program) to the two compartment model applied to RS-ibuprofen in Section 

5.5.3.1. The best-fit profile obtained for S-ibuprofen is shown in Figure 5.21 together 

with the best-fit profile for RS-ibuprofen obtained in Section 5.5.3.1.
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Figure 5.21 The best-fit plasma concentration versus time profiles together with the 
experimental data points for RS- and S-ibuprofen.

The pharmacokinetic parameters describing these two plasma profiles are given in 

Table 5.10.
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Table 5.10 Results (±s.d.) from fitting the plasma data for RS- and S-ibuprofen to the 
model described in Section 5.5.3.1 showing the best-fit ibuprofen pharmacokinetic parameter

values.

Parameter type S-ibuprofen RS-ibuprofen

keiim (m in') 0.333 ± 0 .1 5 8 0.325 ±  0.005

ki2(min'') 0 .066 ± 0 .001 0.044 ± 0 .0 1 6

k2 i (min"‘) 0.073 ± 0 .0 1 0 0.081 ± 0 .0 0 3

V (m lk g -‘) 47.27 ± 8.91 52.88 ±  0.42

Dose (|4,g raf') 19584 19405

n 9 6

MSC 4.58 4.02

r̂ 0.99 0.99

No significant difference was observed between RS- and S-ibuprofen with regard to 

their elimination rate constants (kehm) or their volumes o f  distribution (V) (ANOVA; 

p>0.05). Given that Itoh et al. (1997) observed a significant difference in elimination 

between R- and S-ibuprofen in the rat, this may indicate that the R enantiomers in 

RS-ibuprofen are being converted in vivo  to S-ibuprofen in this study, as described by 

Sattari and Jamali (1994).
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5.7 CONCLUSIONS

Within the range of the eight buffers studied, the solubility of ibuprofen differed six 

fold from the lowest (HBSS) to the highest (PBS 7.4). These differences reflected the 

pHs of the buffers when saturated with drug. The results were consistent with 

Equation 5.2 with two exceptions, FeSSIF and Krebs’ buffers, due to the presence of 

micelles and divalent ions respectively.

Significant differences were also observed in the buffer capacities of the buffers. 

When reporting buffer capacity values it is important to specify the pH of the buffer 

and whether an acid or a base was used to measure it, as each may produce different 

results unless the pH is at the pKa-

Significant differences in the Papp values were observed between some of the buffer 

systems. FeSSIF was significantly lower than the other seven buffers (Fagerholm’s, 

FaSSIF, HBSS, Krebs’, Mcllvaine’s, PBS 6.8 and PBS 7.4). Fagerholm’s, HBSS and 

Krebs’ buffers were all significantly lower than the remaining five buffers. PBS 6.8 

was observed to be significantly higher than Mcllvaine’s and FeSSIF.

Physicochemical factors such as pH and buffer capacity should be considered for 

determining the Papp values of ionisable compounds. Care needs to be exercised 

when comparing Papp values from different laboratories as buffer composition can 

have a significant effect on the permeability of an acidic drug that is substantially 

ionised over the pH range of the buffers.

Within the range of buffers studied, the osmolarities of the buffer systems appeared to 

influence the Papp values. As the osmolarities of the buffer systems increased, the 

corresponding Papp values decreased.

The intestinal microclimate buffering system appears to maintain the pH of the rat 

small intestinal contents somewhere in the range of 6.13-7.27.

Results from the in situ perfusion studies suggest that ibuprofen is principally 

absorbed via the aqueous pores or paracellular route. Alternatively, active transporters 

present in the intestinal mucosa may be involved (Tamai et al., 1995).
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In the rat, ibuprofen obeys a two compartment pharmacokinetic model with first order 

output. The rate of appearance of ibuprofen in the plasma (ko(plasma)) was 

proportional to the rate of intestinal absorption (ko(gut)) at the steady-state.

There is no significant difference between the intestinal permeability properties of 

RS- and S-ibuprofen. The agreement between the pharmacokinetic parameters of RS- 

and S-ibuprofen may be due to chiral inversion of the R- to the S-enantiomer.
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6.1 INTRODUCTION

Ibuprofen, ketoprofen and naproxen belong to a group o f NSAIDs called the 

propionic acids. They have been the focus o f several intestinal permeability studies 

including site-specific absorption (Raoof, 2001) and stereoselective absorption 

studies (Sattari and Jamali, 1994). However, their exact mechanism o f absorption is 

still unknown. Results from Chapter 5 suggest that ibuprofen is absorbed by the 

paracellular route or via the aqueous pores. This assumes that active transport 

mechanisms are not involved. Carrier-mediated drug transport has been relatively 

unexplored as a potential absorption mechanism for these compounds. Recent results 

from other researchers suggest that the possible active transport o f NSAIDs may have 

been overlooked (Tsuji and Tamai, 1996). Aspects o f the absorption o f ibuprofen, 

ketoprofen and naproxen will be investigated in situ and in vitro in this section with a 

view to exploring these issues.

6.2 IBUPROFEN AND ACTIVE TRANSPORTERS

A wide range o f carrier-mediated intestinal transporters have been identified in the 

intestine and are described in Section 3.3.2.3. One o f these in particular, the intestinal 

dipeptide transporter PepTl, has captured the most attention due to its wide substrate 

specificity (Dantzig and Bergin, 1990; Ganapathy et al., 1995; Ganapathy and 

Liebach, 1982, 1986; Hidalgo et al., 1993, 1995; Hu et al., 1995; Liang et al., 1995; 

Zhu et al., 2000) which has been shown to include di- and tripeptides, p-lactam 

antibiotics, angiotensin-converting enzyme inhibitors, and even compounds without 

an obvious peptide bond or equivalent, such as 6-amino-levulinic acid (Temple et al., 

1998) and w-amino fatty acids (Doring et al., 1998). This high tolerance for structural 

diversity implies that the chemical criteria for substrate recognition are not very 

discriminating. Gonzalez et al. (1998) reported that the pancreatic cancer cell line, 

Capan-2, as well as expressing a population o f peptide transporters, expresses higher 

levels o f the PepTl transporter than the Caco-2 intestinal epithelial cell line. 

Consequently this cell line is a usefril tool for looking at drug uptake by peptide 

transporters.

Glycylsarcosine (Gly-Sar) is a dipeptide o f molecular weight 146.1 containing 

glycine and sarcosine, the structures o f which are shown in Figure 6.1.
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Figure 6.1 Chemical structures of sarcosine, glycine and glycylsarcosine (Gly-Sar).

The pKa values o f the amino and carboxylic acid groups o f glycine and sarcosine are 

given in Table 6.1 (Dawson et al., 1986) and the cLog P o f Gly-Sar is -3.07 

(calculated as described in Section 4.4.20).

Table 6.1 pKa values o f the amino and carboxylic acid groups o f glycine and sarcosine.

Amino group Carboxylic acid group

Glycine 9.78 2.35

Sarcosine 10.20 2.12

Gly-Sar is a substrate for peptide transporters and in its radiolabelled form has been 

used as a marker for PepTl binding (Brandsch et al., 1997). Also, its peptide bond is 

resistant to hydrolysis by peptidases and is not subjected to the extensive cleavage 

seen with normal peptide substrates (Payne et al., 2001). Consequently, it is 

potentially a useful tool for assessing binding and/or possible uptake o f compounds 

by peptide transporters using competitive inhibition studies. This will be investigated 

at different concentrations o f ibuprofen using both the in situ rat gut perfusion method 

and Capan-2 cell culture uptake studies.
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6.2.1 Influence of pH on Gly-Sar absorption

Some transport proteins are proton (H^)-coupled (Section 3.3.2.3) and Brandsch et ai. 

(1997) have shown that in cell culture the kinetics o f the PepTl transporter are 

influenced by proton concentration. Increasing the proton concentration outside the 

cells resulted in an increase in the maximal velocity o f Gly-Sar uptake by PepTl. In 

this section, the impact o f different pHs (and consequently concentrations) on 

Gly-Sar uptake with and without ibuprofen was investigated using phosphate buffers 

o f different pHs in the in situ rat gut as described in Section 4.4.7. Perfusate samples 

were assayed for Gly-Sar by liquid scintillation and for ibuprofen by HPLC as 

described in Sections 4.4.11.3 and 4.4.11.1 respectively.

6.2.1.1 Ibuprofen and Gly-Sar in PBS 6.8

Solutions o f radio labelled Gly-Sar (^H-Gly-Sar) in PBS 6.8 with and without 

ibuprofen (1 mg ml ') were prepared as described in Section 4.4.8.1. The composition 

o f PBS 6.8 is given in Section 4.4.1. The absorption profiles o f Gly-Sar in the two 

systems are given in Figure 6.2.

 ̂ ] ■■ »■ Gly-Sar atx) ibuprofen (1 mg/ml) in PBS 6.8
Gly-Sar alone in PBS 6.80.9
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Figure 6.2  A bsorption profiles of G ly-Sar in PB S  6 .8  with and  without ibuprofen
(1 m g ml"’).
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The steady-state was taken to be between 150-180 minutes. The absorption profiles 

were converted to permeability coefficients (Papp) as described in Section 4.4.12 after 

correcting for water flux as described in Section 4.4.13.2. The Gly-Sar Papp value in a 

particular system was obtained by averaging the Papp values over 150-180 minutes for 

each perfusion experiment. For a particular system, the Papp values for each rat were 

averaged and a standard deviation calculated and these are given in Table 6.2.

Table 6.2 Gly-Sar permaebility coefficients (Papp) in the presence and absence o f
ibuprofen (1 mg mt') in PBS 6.8.

n
Gly-Sar Papp 

(cm sec'' X 10'^)
s.d.

Gly-Sar alone 4 0.38 0.02

Gly-Sar and ibuprofen 4 0.35 0.03

No significant differences were observed between the Papp values for Gly-Sar in the 

presence and absence o f ibuprofen (1 mg ml"') (ANOVA; p>0.05).

6.2.1.2 Ibuprofen and Gly-Sar in PBS 6.0

Solutions o f radiolabelled Gly-Sar (^H-Gly-Sar) in PBS 6.0 with and without 

ibuprofen (1 mg ml'') were prepared as described in Section 4.4.8.1. The composition 

o f PBS 6.0 is given in Section 4.4.1. In situ perfusion studies were carried out as 

described in Section 4.4.7 and the steady-state (150-180 minutes) fraction unabsorbed 

values were converted to Papp values as described in Section 4.4.12. These are given 

in Table 6.3.

Table 6.3 Gly-Sar permeability coefficients (Papp) in the presence and absence o f
ibuprofen (1 mg mr‘) in PBS 6.0.

Gly-Sar Papp 
n s.d.

(cm sec' X 10 )

Gly-Sar alone 4 0.48 0.01

Gly-Sar and ibuprofen 4 0.44 0.04

No significant difference between the Papp values was observed (ANOVA: p>0.05).
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Komiya et al. (1980) studied the intestinal absorption characteristics o f a range o f 

steroids o f varying lipophilicity, including progesterone and hydrocortisone, in a pH 

6.0 phosphate buffer using the same experimental procedure as this work. They 

reported that the absorption o f the highly lipophilic steroid progesterone (Log P 3.99) 

was aqueous boundary layer controlled with a Papp o f 1.08 x lO"̂  cm sec''. In contrast, 

the absorption o f the less lipophilic steroid hydrocortisone (Log P 1.53) was 

membrane controlled with a Papp o f 0.30 x 10"̂  cm sec''. The Papp values for Gly-Sar 

in a similar system (PBS 6.0) given in Table 6.2 are much closer to the Papp value for 

hydrocortisone than to progesterone. This suggests that the intestinal absorption of 

Gly-Sar is membrane controlled. The physicochemical properties o f Gly-Sar support 

this as it is 99% ionised at pH 6.0, has a relatively low molecular weight (146.1) 

together and a low cLog P value of -3.07. This indicates that it is hydrophilic and 

would be expected to pass through the aqueous boundary layer faster than through the 

membrane.

6.2.1.3 Ibuprofen and Gly-Sar in PBS 5.0

Solutions o f radio labelled Gly-Sar (^H-Gly-Sar) in PBS 5.0 with and without 

ibuprofen (0.25 mg ml' )  were prepared as described in Section 4.4.8.1. The 

composition o f PBS 5.0 is given in Section 4.4.1. In situ perfusion studies were 

carried out as described in Section 4.4.7 and the steady-state (150-180 minutes) 

fraction unabsorbed values were converted to Papp values as described in Section 

4.4.12. These are given in Table 6.4.

I  able 6.4 Gly-Sar permaebility coefficients (Papp) in the presence and absence of
ibuprofen (0.25 mg mt') in PBS 5.0.

n
Gly-Sar Papp 

(cm sec'' X 10^)
s.d.

Gly-Sar alone 4 0.57 0.02

Gly-Sar and ibuprofen 4 0.60 0.09

As with Gly-Sar in PBS 6.0, there is no significant difference between the Papp values 

o f Gly-Sar with and without ibuprofen (0.25 mg ml'') in PBS 5.0 (ANOVA: p>0.05).
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This suggests that altering the pH of the perfusion solution, and consequently altering 

the proton concentration, has no effect on the impact o f ibuprofen on Gly-Sar uptake. 

This shows that any variation in Gly-Sar absorption at different pHs is not due to any 

effect that ibuprofen may have on its absorption.

6.2.1.4 Gly-Sar absorption at varying pH

Although varying the pH o f the perfusion solutions had no effect on the impact o f 

ibuprofen on Gly-Sar uptake, the impact o f varying pH on Gly-Sar uptake and 

transporter activity in situ was investigated.
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Figure 6.3 Absorption profiles of Gly-Sar in phosphate buffers of three different pHs
(PBS 6.8, PBS 6.0 and PBS 5.0).

It is apparent from Figure 6.3 that as the pH of the perfusion solutions increase, the 

fractions unabsorbed also increase, suggesting that the uptake o f Gly-Sar from the 

intestine decreases with increasing pH. This was confirmed when the fraction 

unabsorbed values were converted into Papp values, given in Table 6.5.
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Table 6.5 Gly-Sar permaebility coefficients (Papp) phosphate buffers o f three
different pHs (PBS 6.8, PBS 6.0 and PBS 5.0).

n
pH at the 

steady-state
s.d.

Gly-Sar Papp 

(cm sec'* X 10"*)
s.d.

Gly-Sar in PBS 6.8 4 6.63 0.02 0.38 0.02

Gly-Sar in PBS 6.0 4 6.07 0.01 0.48 0.01

Gly-Sar in PBS 5.0 4 5.66 0.01 0.57 0.02

The differences between the Gly-Sar Papp values in Table 6.5 were tested for 

statistical significance using ANOVA. The values in the three different systems are 

all significantly different from each other (p<0.05). The Papp values o f Gly-Sar were 

plotted against steady-state pH and are shown in Figure 6.4.
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Figure 6.4 Correlation between Gly-Sar Papp (cm sec'^ x 10" )̂ and the steady-state pH of
the perfusate samples.

Figure 6.4 shows that there is a good correlation between Gly-Sar Papp and the pH of 

the perfusate samples at the steady-state (r^ = 0.99). As pH decreases, the 

concentration o f protons in the perfusate increases and the Papp for Gly-Sar also
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increases. This is in agreement with the cell culture results published by Brandsch et 

al. (1997), which showed that increasing the proton concentration outside the cells 

resuked in an increase in the maximal velocity o f Gly-Sar uptake by PepTl. The 

correlation between Gly-Sar Papp and perfusate pH seen here suggests that proton- 

dependent transporters are involved and it can be used as a model for active transport 

o f Gly-Sar.

6.2.2 In situ absorption studies of ibuprofen and Gly-Sar

The absorption of radiolabelled Gly-Sar (^H-Gly-Sar) in PBS 6.8 at various 

concentrations o f ibuprofen was investigated using in situ intestinal perfusion studies 

as described in Section 4.4.7. The composition o f PBS 6.8 is given in Section 4.4.1. 

Perfusate samples were assayed for Gly-Sar by liquid scintillation counting and for 

ibuprofen by HPLC as described in Sections 4.4.11.3 and 4.4.11.1 respectively. PBS 

6.8 was chosen from the results in Chapter 5, as its osmolarity and pH values are 

close to physiological levels.

6.2.2.1 Influence of ibuprofen (1 mg ml'̂ ) on Gly-Sar absorption

Solutions o f radiolabelled Gly-Sar (^H-Gly-Sar) in PBS 6.8 with and without 

ibuprofen (1 mg ml ') were prepared as described in Section 4.4.8.1. The absorption 

profiles o f Gly-Sar in the two systems have been shown previously in Figure 6.2 

confirming no significant differences in Gly-Sar absorption in the presence and 

absence o f ibuprofen.

6.2.2.2 Influence of ibuprofen (5 mg ml'̂ ) on Gly-Sar absorption

In situ intestinal perfusions were also performed using solutions o f radiolabelled Gly- 

Sar (^H-Gly-Sar) in PBS 6.8 with and without ibuprofen (5 mg ml’'), which were 

prepared as described in Section 4.4.8.1. The Gly-Sar absorption profiles obtained are 

given in Figure 6.5 together with the absorption profile o f Gly-Sar in the 1 mg ml'* 

ibuprofen system.

140



Chapter 6. Absorption and pharmacokinetic studies o f  NSAIDs

■•— Gly-Sar and ibuprofen (1 mg/ml) in PBS 6.8 
o Gly-Sar and Ibuprofen (5 mg/ml) in FBS 6.8 
-•— Gly-Sar abne  in FBS 6.8

0.9

o' 0.8
0

-  0.7
T3
(1>

1  0.6
re
§ 0.5
(0

W
^  0.4O

0.3cp
o
(D 0.2

150 1800 30 60 90 120

Time (min)

Figure 6.5 Absorption profiles of Gly-Sar in PBS 6.8 with ibuprofen 1 mg ml ’, ibuprofen
5 mg ml"’ and without ibuprofen.

The fraction unabsorbed values for Gly-Sar at the steady-state were corrected for 

water flux and converted into Papp values as described in Section 4.4.12. The results 

are given in Table 6.6 together with the steady-state ibuprofen concentrations.

Table 6.6 Gly-Sar perm eability coefficients (Papp) s.d.) in PBS 6.8 with ibuprofen 1 
mg ml ', ibuprofen 5 mg m l' and without ibuprofen together with their steady-state ibuprofen

concentrations and pH  values (± s.d.).

Gly-Sar Papp Ibuprofen Steady-
n

(cm sec' X 10 ) conc. (mg m l ') state pH 

Gly-Sar alone 4 0.38 ± 0.02 0.00 ± OTOO M  ± 0.02

Gly-Sar with ibup. (1 mg ml ‘) 4 0.35 ± 0.03 0.20 ± 0.02 6.62 ±0.01

Gly-Sar with ibup. (5 mg ml ') 4 0.29 ±0.03 1.07 ±0.13 6.64 ±0.04
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ANOVA was used to test for any significant diflferences between the three Papp 

values. The Papp for Gly-Sar in the presence o f ibuprofen (1 mg ml'') is not 

significantly different fi’om the Papp for Gly-Sar alone or the Papp for Gly-Sar in the 

presence o f ibuprofen (5 mg ml’'). However, the Papp for Gly-Sar in the presence of 

ibuprofen (5 mg ml'‘) is significantly different fi'om the Papp for Gly-Sar alone (p < 

0.05). The relationship between Gly-Sar uptake and ibuprofen concentration is shown 

in Figure 6.6.
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Relationship between Gly-Sar Papp and ibuprofen concentration in PBS 6.8.

Ibuprofen appears to reduce the uptake o f Gly-Sar by the intestinal mucosa in situ, 

assuming that there is no interaction between Gly-Sar and ibuprofen and that 

ibuprofen does not adversely affect the transporter. In the 5 mg ml'' ibuprofen system 

(1.07 mg ml'' at steady-state), there is a significant 23.0% decrease in Gly-Sar uptake. 

This implies that, at relatively high concentrations, ibuprofen may interact with the 

transport proteins through non-specific binding. This significant reduction in Gly-Sar 

uptake at high concentration (5 mg ml ') in situ may reflect the importance o f other 

routes o f transport or binding. These results have been obtained fi'om an in situ model 

which involves the whole animal. The binding o f ibuprofen to transport proteins may 

be more apparent in cell culture where the cells being used express high 

concentrations o f membrane bound transporters such as PepT l.
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6.2.3 pH monitoring of perfusate samples from Giy-Sar perfusion

studies
The pHs o f the perfusate samples were monitored over the course o f each experiment 

as described in Section 4.4.9 and the pH versus time profiles are shown in Figure 6.7. 

Over the time course o f the perfiision experiments, the pH o f the samples gradually 

changed from their initial values towards a median value o f six.
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Figure 6.7 pH versus time profiles of the perfusate samples from the Gly-Sar absorption
studies.

The shifts in pH seen in the profiles in Figure 6.7 are expressed numerically in Table 

6.7.

Table 6.7 Changes in pH  o f  the perfusate samples from time zero to steady-state.

System

pH of perfusate 

before 

perfusion

s.d.

pH of perfusate 

samples at the 

steady-state

s.d. n
Change 

in pH

Gly-Sar in PBS 6.8 6.83 0.01 6.63 0.02 4 0.20

Gly-Sar in PBS 6.0 6.08 0.01 6.07 0.01 3 0.01

Gly-Sar in PBS 5.0 5.06 0.01 5.66 0.01 4 0.60
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Over the time course o f the perfusions, the pHs o f the PBS 6.8 samples are shifted 

downwards by 0.20 pH units, from an initial pH o f 6.83 to a steady-state pH o f 6.63. 

The pHs o f the PBS 5.0 samples are shifted upwards by 0.60 pH units from an initial 

pH of 5.06 to a steady-state pH of 5.66. For these two systems the shifts in pH are 

significant (t-test: p<0.05). The shift in pH is much greater for PBS 5.0 than for PBS 

6.8 due to differences in buffering capacity between the two systems, as discussed in 

Section 5.4.1.

The shift in perfusate pH is most dramatic over the first 40 minutes, after which there 

is very little change. This suggests that the intestinal buffering system reaches a 

steady-state after 40 minutes. The shift in perfusate pH that is maintained over the 

course o f the perflision, indicating that there is no exhaustion o f the intestinal 

buffering system. It also provides evidence o f the viability o f the model as it indicates 

that the intestinal segment is functioning normally.

The pHs o f the PBS 6.0 samples do not undergo any significant change (t-test: 

p>0.05) and stay at approximately pH 6 over the course o f the perfusion, despite 

having a lower buffering capacity than PBS 6.8. This suggests that the intestinal 

microclimate pH in the rat is close to pH 6, as proposed by Ikuma et al. (1996).
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6.2.3 Cell culture studies

In addition to in situ  absorption studies, the effect o f  ibuprofen on Gly-Sar uptake was 

also studied in cell culture using Capan-2 cells as described in Section 4.4.18. The 

level o f  Gly-Sar uptake was assessed in the presence o f  different concentrations o f  

ibuprofen ranging from 0-1.01 mg ml'* in transporter buffer pH 6.0. The percentage 

o f  Gly-Sar uptake at each concentration was determined as described in Section 

4.4.18 and the results are given in Table 6.8. Ibuprofen does not affect the viability o f  

the cells (Lane, 2002).

T able 6.8 Results o f  the effect o f  varying ibuprofen concentration on Gly-Sar uptake in
cell culture.

Ibuprofen concentration (mg ml' ) % Gly-Sar Uptake s.d.

0.00 100.00 0.00

0.03 67.42 0.64

0.06 61.31 1.99

0.13 47.97 3.57

0.25 29.97 6.23

0.51 18.40 5.45

1.01 11.13 7.86

The data points in Table 6.8 were fitted to Equation 6.1 describing a 4-parameter 

logistic curve, using Sigma Plot 8.0.

max -  min _ . _ .
y =  mm +  Equation 6.1

where y  is the % Gly-Sar uptake, x  is the ibuprofen concentration, min and max are 

the minimum and maximum percent Gly-Sar uptake values respectively, IC 5 0  is the 

inhibitory or binding constant and hillslope is an additional parameter which 

characterises the slope o f  the curve at its midpoint (Sigma Plot, 2003). IC50 is the 

concentration o f  the compound under test that will produce a 50% reduction in Gly- 

Sar uptake by the transporters.
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The best-fit profile o f percentage GlySar uptake versus ibuprofen concentration (mg 

ml'') together with the experimental data points is shown in Figure 6.8. The best-fit 

value for the IC50 was 0.10 mg ml'' or 0.48 mM (r^ = 0.99).

100

- Line of best-fit

Experimental da ta  points
80

(V
ni

40 -

20

0 0 2 0.4 0.6 0.8 1

b upro fen  conc. (mg/ml)

Figure 6.8 Best-fit profile of percentage GlySar uptake expressed in Capan-2 cells in 
cell culture versus ibuprofen concentration (mg ml'’ ) together with the expehmental data

points.

The profile in Figure 6.8 shows the effect o f varying ibuprofen concentration on Gly

Sar uptake in cell culture. It clearly shows that as the concentration o f ibuprofen 

increases, the percentage o f Gly-Sar uptake decreases, suggesting that ibuprofen 

binds to the same transport proteins in vitro.

Section 6.2.2. shows that there may be some binding o f ibuprofen to the same 

transporters in situ, but the results were not as conclusive as they are fi'om these cell 

culture studies. This may be due to the nature o f the in situ model, which 

encompasses a more diverse array and variable expression o f transporters and 

absorption pathways.
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6.2.5 Conclusions

The uptake o f Gly-Sar by the intestinal mucosa in situ is reduced by ibuprofen. This 

reduction is much more apparent in vitro using cell culture studies. This may be due 

to the higher concentration o f peptide transporters, such as PepTl, expressed in 

Capan-2 cells (Gonzalez et al., 1998) compared to rat small intestinal enterocytes. 

Gly-Sar uptake in situ was significantly influenced by the pH o f the perfiision 

solution, with a low pH (high proton concentration) producing a high rate o f uptake 

by the proton-dependent transporters.

The intestinal absorption o f Gly-Sar appears to be membrane controlled.

The pHs o f the perfiisate samples in each o f the systems were shifted from their initial 

values towards a median value o f approximately six. In all cases the shift in pH 

mainly occurred over the first forty-minutes o f perfiasion.
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6.3 IBUPROFEN, KETOPROFEN AND NAPROXEN

Ibuprofen, ketoprofen and naproxen all belong to a group o f NSAIDs called the 

propionic acids. However, they differ in terms of their physicochemical properties 

{e.g. pKa, Log P, solubility and molecular weight) and it is o f interest to see if these 

differences impact on their intestinal absorption properties.

6.3.1 Solubility profiles

The solubilities o f ketoprofen and naproxen in PBS 6.8, PBS 7.4, Fagerholm’s and 

HBSS buffers were determined by the method o f Chiou and Kyle (1979) as described 

in Section 4.4.2.1. The compositions o f  the buffers are given in Section 4.4.1. The 

concentrations quoted at each time point are an average o f two determinations.

6.3.1.1 Ketoprofen

Figure 6.9 shows the best-fit solubility profiles (Scientist) o f ketoprofen in each o f the 

buffers.
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Figure 6.9 Ketoprofen concentration versus time profiles in PBS 6.8, PBS 7.4,
Fagerholm and HBSS.
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The solubility o f ketoprofen varied significantly with the buffer, with a six-fold 

difference between HBSS and PBS 7.4. Saturation appeared to be reached within one 

hour and the solubility profiles were fitted to Equation 5.1. The ‘k’ values in Table 

6.9 indicate that the rate o f attainment o f steady-state in HBSS was much higher than 

in the other three buffers. This may be due to its relatively high initial pH and low 

buffer capacity (Section 5.4) which allow it to reach an equilibrium concentration 

faster than the other systems. HBSS is a sodium bicarbonate based buffer, and in this 

respect is different to the other three phosphate based buffers, which may also be a 

reason for its higher ‘k ’ value.

Table 6.9 Solubility o f  ketoprofen in PBS 6.8, PBS 7.4, Fagerholm ’s and HBSS at
37°C, pH  values o f  the buffers and the saturated solutions and buffer osmolarities.

Buffer System
Solubility Q  

(mg ml ')
s.d.

k

(m in‘)

Initial pH 

of buffer

Final

pH

Osmolarity

(milliosmoles/l)

PBS 7.4 9.68 0.08 0.12 7.37 5.91 337.5

PBS 6.8 6.33 0.06 0.11 6.72 5.72 330.6

Fagerholm (pH 6.5) 5.69 0.01 0.11 6.62 5.67 286.8

HBSS 1.54 0.02 0.43 7.19 4.92 310.7

The four buffers used varied in pH over a range o f 0.75 pH units from 6.62 to 7.37. 

The final pH values o f the saturated solutions o f ketoprofen in each o f the systems 

and the corresponding solubility values were fitted to Equation 5.2 and the pH- 

solubility profile obtained is shown in Figure 6.10.
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r-squared = 0.99; MSC = 10.48
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Figure 6.10 pH-solubility profile of ketoprofen.

The best-fit values for Co and the pKa o f ketoprofen are 0.32 mg ml ' (1.25 mM) and 

4.44 at 37°C respectively. These agree with previously reported values of 

0.18 mg ml ' (0.70 mM) and 4.45 by Fini et al. (1995) and Goosen et al. (1998) 

respectively.

6.3.1.2 Naproxen

Figure 6.11 shows the best-fit solubility profiles (Scientist) o f naproxen in each o f the 

buifers.
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Figure 6.11 Naproxen concentration versus time profiles in PBS 6.8, PBS 7.4, Fagerholm
and HBSS.

The solubility o f  naproxen varied significantly with the buffer, with a five-fold 

difference between HBSS and PBS 7.4. Saturation appeared to be reached within one 

hour and the solubility profiles were fitted to Equation 5.1. The ‘k ’ values in Table 

6.10 show that, as with ketoprofen, the rate o f  attainment o f  steady-state in HBSS was 

much higher than in the other three buffers and similar reasons may apply as for 

ketoprofen.

Table 6.10 Solubility o f  naproxen in PBS 6.8, PBS 7.4, Fagerholm’s and HBSS at 37°C, 
pH  values o f  the buffers and the saturated solutions and buffer osmolarities.

Buffer

System

Solubility 

Cs (mg ml ‘)
s.d.

k

(min‘)

Initial pH 

of buffer

Final

pH

Osmolarity

(milliosmoles/L)

PBS 7.4 6.23 0.01 0.12 7.36 6.58 337.5

PBS 6.8 3.36 0.01 0.15 6.72 6.31 330.6

Fagerholm 3.20 0.01 0.12 6.59 6.29 286.8

HBSS 1.22 0.01 0.40 7.19 5.86 310.7
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The pH values o f the four buffers varied by 0.77 pH units over the range 6.59 to 7.36. 

The final pH values and the corresponding solubility values o f the saturated solutions 

o f naproxen in each o f the buffers were fitted to Equation 5.2. The pH-solubility 

profile obtained is shown in Figure 6.12.
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Figure 6.12 pH-solubility profile of naproxen.

The best-fit values for Co and the pKa o f ketoprofen are 0.03 mg ml‘‘ (0.14 mM) and 

4.29 at 37°C respectively. These agree with the values o f 0.02 mg ml"' (0.07 mM) and 

4.20 previously reported by Fini et al. (1995) and Clarke and Moffat (1986) 

respectively.
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6.3.1.3 Comparison of solubility results of ibuprofen, ketoprofen and

naproxen

Figure 6.13 shows the pH-solubility profiles o f ibuprofen, ketoprofen and naproxen. 

It is apparent from these profiles that ketoprofen has a higher intrinsic solubility and a 

lower pKa than ibuprofen and naproxen. Ibuprofen and naproxen have similar values 

for intrinsic solubility and pKa as shown in Table 6.11.
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Figure 6.13 pH-solubility profiles of ibuprofen, ketoprofen and naproxen.

Table 6.11 Experimental and literature intrinsic solubility (C o ) an d p K a  values, 
molecular weight (MW), Log P  and melting point (MP) values o f  ibuprofen, ketoprofen and  
______________________________________naproxen.______________________________________

NSAID
Exp.®

Co (mg ml *)

Literature* 

Co (mg ml ‘)

Exp.®

pK.

Lit.*

pK.
MW LogP

MP

(”C)

Ibuprofen 0.068 0.078'* 4.43 4.55“ 206.3" 3.51** 75-78"

Ketoprofen 0.319 0.178“ 4.44 4.45*’ 254.3" 3.12“ 93-96"

Naproxen
ar— • X 1 / I

0.032 0.016" 4.29
C r ^ t  t

4.20" 230.3" 3.34“ 156"

“Fini et al., (1995); ’’Goosen et al., (1998); ‘̂ Clarke and Moffat (1986); “̂ Hadgraft et 

al., (2000); ^determined at 37°C; *determined at 25°C.
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The experimental intrinsic solubility (Co) values o f ketoprofen and naproxen are both 

approximately twice the literature values. This is most likely due to temperature as 

the literature values were determined by Fini et al. (1995) at room temperature (25°C) 

while the experimental values were determined at 37°C. Additionally, it may be due 

to the lack o f data points at low pH values (pH < 4) where concentration in solution 

approximates Cq. The slight differences between the experimental and literature pKa 

values for the three compounds may be due to ionic strength effects as well as 

temperature.

Ketoprofen showed the highest intrinsic solubility (0.319 mg ml'*), which can be 

explained by its relatively low Log P value (3.12) compared to ibuprofen (3.51) and 

naproxen (3.34). The Log P of a compound is a measure o f its lipophilicity 

(Camenisch et al., 1996) and the lower the Log P, the higher aqueous solubility. 

Naproxen showed the lowest intrinsic solubility (0.032 mg ml ‘) which is due to its 

melting point (156“C) being significantly higher than ibuprofen (75-78°C) or 

ketoprofen (93-96°C). This can be explained using Equation 6.2 (Jain and 

Yalkowsky, 2001) which shows the relationship between the solubility o f a solid and 

its melting point:

LogS„ = 0 .5 -0 .Ol{mp -  2 5 )-  LogP Equation 6.2

where Log Sw is the logarithm o f the molar aqueous solubility o f a solid compound, 

mp is the melting point o f the compound in degrees Celcius and Log P is the 

logarithm o f the octanol:water partition coefficient. For a series o f compounds o f 

similar Log P, as their melting points increase their solubilities will decrease.

6.3.2 Absorption profiles

In situ absorption studies were carried out using solutions o f naproxen in PBS 6.8 (1 

mg ml'') and ketoprofen in PBS 6.8 (1 mg ml'*) as described in Section 4.4.7. The 

fraction unabsorbed versus time profiles for these two systems are shown in Figure 

6.14 together with the profile o f ibuprofen in the same buffer at the same 

concentration.
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Figure 6.14 Fraction unabsorbed versus time profiles for ibuprofen, ketoprofen and
naproxen (all 1 mg ml"’) in PBS 6.8.

The fraction unabsorbed values at the steady-state were corrected for water flux and 

converted to Papp values as described in Section 4.4.12. The steady-state was taken to 

be between 100-120 minutes. The Papp values for each o f the systems were corrected 

for intestinal water flux as described in Section 4.4.13.2 and are given in Table 6.12.

Table 6.12 Permeability coefficients (Papp) o f  ibuprofen, ketoprofen and naproxen 
present at I mg m t' in PBS 6.8 with their steady-state pH  values, literature Log P, calculated 

Log D values and molecular topological polar surface area (TPSA).

NSAID
pi app

(cm sec ' X 10 ‘‘)

pH at 

steady-state
LogP Log D

TPSA

(Â )
n

Ibuprofen 1.40 ± 0 .1 4 6.52 ± 0 .1 0 3 ,5r 1.42*’ 37.30̂ ^ 6

Ketoprofen 1 .3 2 ± 0 .1 5 6.54 ± 0.03 3.12“ 1.02'’ 54.37" 4

Naproxen 1.37 ± 0 .0 7
. ... x "t

6.50 ±  0.04 3.34“ 1.13*’ 46.53" 6

^Hadgraft et al., (2000); °calculated from Equation 3.3; ‘̂ calculated as described in Section
4.4.21.
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Based on ANOVA, the Papp values in Table 6.12 were not significantly diflferent from 

each other (p = 0.49). This can be explained using the physicochemical properties o f 

the compounds, specifically Log P, pKa and molecular weight.

As described in Section 3.2.1, Martin (1981) reported that the permeability o f the 

intestinal epithelium increases roughly with the lipophilicity o f the drug molecule 

until it reaches a plateau at a Log P value o f approximately two. Drugs with Log P 

values close to two are generally predicted to be completely absorbed in humans and 

there is a linear correlation between drug absorption in humans and drug absorption 

in rats (Fagerhokn et al., 1996). However, once the Log P value o f a compound rises 

above four, its intestinal permeability starts to decrease (Wils et al., 1994). Ibuprofen, 

ketoprofen and naproxen all have Log P values above two (3.51, 3.12 and 3.34 

respectively) and so have reached the plateau phase referred to by Martin and have 

not yet reached the upper limit o f four. At this magnitude, any differences in Log P 

values between the compounds would not be expected to influence their absorption to 

any significant extent.

However, for ionisable compounds it is more accurate to refer to Log D values than 

Log P values as, according to the pH-partition hypothesis outlined in Section 3.2.1, 

the partitioning o f a molecule in a membrane is dependent on both its Log P and 

degree of ionisation, both o f which are taken into account when calculating Log D 

(Equation 3.3). When Papp is plotted against Log D in Figure 6.15, there is a slight 

decrease in Papp with decreasing Log D but the changes are not significant (p>0.05).
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Figure 6.15 Relationship between permeability coefficient (Papp) and lipophilicity (Log D).

The pKa values o f ibuprofen, ketoprofen and naproxen (4.43, 4.44 and 4.29 

respectively) are such that at a steady-state perfusate pH o f approximately 6.5 they 

are all more than 99% ionised. Any slight differences in pKg values between the three 

compounds are not translated into differences in the degree o f ionisation.

As described in Section 3.2.3, paracellular transport is essentially limited to 

compounds with low molecular weight, although the upper limit o f molecular weight 

varies in the literature from 200 (Lennemas, 1995) to 400-500 (Artursson et al., 

1993). The molecular weights o f ibuprofen, ketoprofen and naproxen are all between 

200-260 and from this it can be assumed that all three compounds should be absorbed 

to the same extent through the paracellular pores. However, this is based on the 

assumption that molecular weight is a direct determinant o f the more critical 

parameter, molecular size (Camenisch et al., 1996).

An alternative to molecular weight is the molecular polar surface area (PSA) (Palm et 

al., 1997), or the more readily calculated topological polar surface area (TPSA) (Ertl 

et al., 2003) which have both been shown to be good absorption predictors. Palm et 

al. (1997) have shown that drugs with a PSA < 63 wiU be more than 90% 

absorbed and drugs with a PSA > 139 will be < 10% absorbed. Ertl et al. (2003) 

have shown that a similar relationship exists between TPSA and drug absorption. The
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TPSA values for ibuprofen, ketoprofen and naproxen were calculated as described in 

Section 4.4.21. They are given in Table 6.12 and are all less than 63 A^. Ibuprofen 

has the lowest TPSA (37.30 A^) and the highest Papp (1.40 x 10"̂  cm sec''). 

Conversely, ketoprofen has the highest TPSA (54.37 A^) and the lowest Papp (1.31 x 

10"* cm sec'*).

6.3.3 pH profiles

The pHs o f the perfusate samples were monitored over the course o f each experiment 

and the pH versus time profiles are shown in Figure 6.16. Over the time course o f the 

perfusion experiments, the pH values o f the samples gradually change from their 

initial values towards a median value. This change in pH is significant for the three 

systems (t-test; p<0.05).

7 .

6.5
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Ibuprofen

Ketoprofen

Naproxen
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Figure 6.16 pH versus time profiles of the perfusate samples from the ibuprofen, 
ketoprofen and naproxen absorption studies in PBS 6.8 buffer.
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The pHs o f the perfusate samples are shifted downwards from their initial values 

towards a steady-state pH o f approximately 6.5. As reported in Section 5.5.2, the shift 

in perftjsate pH is most dramatic over the first 40 minutes, after which there is very 

little change. Again, as described in Section 6.2.3, the direction of the pH changes is 

consistent with an intestinal microclimate pH o f approximately six as proposed by 

Ikuma et al. (1996).

6.3.4 PEG 4000 intestinal permeability studies

It is widely accepted that NSAIDs cause gastrointestinal damage through both a local 

and a systemic action (Cioli et al., 1979; Bundgaard and Nielsen, 1988). They have 

also been reported to cause intestinal permeability changes in the rat (Davies et al., 

1994; Ford et al., 1995). High molecular weight PEG molecules are often used as 

permeability markers in studies o f intestinal water flux (Raoof et al., 1998; Sutton and 

Rinaldi, 2001) as they are not absorbed from the intestine under normal conditions. 

However, if the barrier ftinction of the intestine is compromised then some o f these 

marker molecules can be absorbed. For this reason ‘"C-PEG 4000 was included as a 

permeability marker in the perfusion solutions o f ibuprofen, ketoprofen, naproxen and 

in blank buffer as described in Section 4.4.8.2 to test for any intestinal permeability 

changes. The perfusate samples were assayed for PEG 4000 as described in Section 

4.4.11.2 and the absorption profiles o f PEG 4000 in the three systems and in blank 

buffer are shown in Figure 6.17.
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Figure 6.17 Absorption profiles of PEG 4000 in the presence of ibuprofen, ketoprofen and 
naproxen (all at 1.0 mg ml"’) and in blank PBS 6.8 buffer.

The fraction o f PEG 4000 unabsorbed at the steady-state in the ibuprofen, ketoprofen 

and naproxen systems and in the blank buffer are all between 0.9-1.0, suggesting little 

or no absorption. These steady-state fraction unabsorbed values were corrected for 

water flux and converted into Papp values as described in Section 4.4.12. The values 

are given in Table 6.13 together with their 95% confidence intervals.

Table 6.13 Papp values o f  PEG 4000 together with their standard deviations (s.d.), 95% 
confidence intervals (Cl) and sample sizes fo r  ibuprofen, ketoprofen and naproxen in PBS 6.8

and blank buffer.

System
p̂ app

(cm see"' X 10"*)
s.d. 95% Cl

Sample

size

PEG 4000 + Ibuprofen 2.68 1.74 1.28-4.07 6

PEG 4000 + Ketoprofen 5.25 2.22 3.07-7.43 4

PEG 4000 + Naproxen 4.34 3.19 1.79-6.90 6

PEG 4000 in blank buffer 0.64 2.47 -1.07-2.35 8
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The 95% confidence intervals are represented graphically in Figure 6.18 and there are 

no significant differences between the PEG 4000 Papp values in any of the systems. 

However, none of the 95% confidence intervals of the NSAID systems encompass 

zero, while the 95% confidence interval for the blank does. This suggests that 

NSAIDs appear to promote PEG 4000 absorption.

—•— PB3 4000 w ith buprofen 1 mg/ml 

♦  -  PBS 4000 w ith Ketoprofen 1 mg/ml

« _____ :  ♦ —•— PB3 4000 w ith Naproxen 1 mg/ml

— PEG 4000 in blank buffer

-2 0 2 4 6 8 10 12

PB3 4000 Rapp (cm/sec x 10^-6)

Figure 6.18 P E G  4000 permeability coefficients (Papp) with 95% confidence intervals in 
the presence of ibuprofen, ketoprofen and naproxen (all at 1.0 mg ml'^) and in blank PBS 6.8

buffer.

One-sample t-tests were carried out on the PEG 4000 Papp values in the four systems 

to test if they were significantly different from zero. The values for the three NSAID 

systems were all significantly different fi'om zero (p<0.05), while the value for the 

blank was not (p>0.05). These results suggest that ibuprofen, ketoprofen and 

naproxen enhance the absorption of PEG 4000 relative to blank buffer. This is in 

agreement with reports by Davies et al. (1994) and Ford et al. (1995) which show that 

NSAIDs induce intestinal permeability changes in the rat.
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6.3.5 Histology
Histological evaluation o f the intestinal epithelium was carried out to assess the 

degree o f intestinal mucosal damage induced by the three NSAIDs. Samples o f the 

intestinal segments that were perfused with the drug solutions were prepared and 

histologically assessed as described in Section 4.4.17. The results are listed in Table 

6.14.

Table 6.14 H istological evaluation o f  the rat sm all intestinal mucosa after perfusion 
with blank buffer, and solutions o f  ibuprofen, ketoprofen and naproxen (1 mg ml

Blank Ibuprofen 

1.0 mg ml’'

Ketoprofen 

1.0 mg ml"'

Naproxen 

1.0 mg ml '

Number o f slides assessed 

Histological marker

12 8 8 8

Score*

Avg. s.d. Avg. s.d. Avg. s.d. Avg. s.d.

Mucus / debris 0.92 0.29 1.75 0.89 1.50 0.53 1.75 0.46

Villous shortening 0 0 1.50 1.20 1.50 0.76 1.25 0.46

Erosion 0 0 0.75 0.46 0.88 0.35 1.50 0.53

Swollen epithelial cells 0 0 0 0 0 0 0 0

Flat epithelial cells 0 0 0.75 0.46 0.88 0.64 0.88 0.35

Goblet cells 0 0 0 0 0.13 0.35 0 0

Total score 0.92 0.29 4.75 1.16 4.88 1.13 5.38 1.06

* Scores range from 0 indicating no effect to 3 indicating an extensive effect.

The total scores o f mucosal damage caused by ibuprofen, ketoprofen and naproxen 

are all o f the same magnitude and this is clearly seen in Figure 6.19.
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Figure 6.19 Total scores from histological evalation of the rat small intestinal mucosa 
after perfusion with blank buffer, and solutions of ibuprofen, ketoprofen and naproxen (1.0 mg

ml^

The total scores for ibuprofen, ketoprofen and naproxen were all significantly 

different from the blank buffer (ANOVA; p<0.05) but were not significantly diflferent 

from each other (ANOVA; p>0.05).

Results from the PEG 4000 and histology studies suggest that ibuprofen, ketoprofen 

and naproxen alter the barrier properties o f  the intestinal epithelium to PEG 4000 and 

cause significant histological damage to the intestinal mucosa relative to blank buffer. 

This is in line with previous studies (Davies et a l, 1994; Ford et a l, 1995) which 

have reported that NSAIDs increase the permeability o f the intestine to poorly 

absorbed marker molecules. Bjamason et al. (1986) have reported that this disruption 

o f barrier function is probably due to the NSAIDs specifically altering the 

permeability o f the epithelial tight junctions. Additionally, NSAIDs have been shown 

to have surfactant effects (Fini et al., 1995) and it has been established that surfactants 

can produce a loss o f intestinal mucosal integrity (Oberle et al., 1995).

Also, the direct contact effect o f the acidic NSAID molecules with the epithelium 

and/or a decrease in production/thickness o f the protective mucus layer due to the
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negative effect o f  NSAIDs on PG production may also be contributing to this 

reduction in intestinal barrier properties.

6.3.6 Plasma profiles

Plasma samples were collected at 30 minute intervals over the course o f  each two 

hour perfusion for each system, and for two hours after the perfiisions had stopped to 

generate both absorption and elimination data. Samples were assayed for drug content 

using the methods described in Section 4.4.15.

Ibuprofen, ketoprofen and naproxen have been reported to display two-compartment 

pharmacokinetics in the rat (Satterwhite and Boudinot, 1992; Satterwhite and 

Boudinot, 1995; Itoh et al., 1997). Consequently, the plasma concentration versus 

time profiles for the three compounds were fitted (using the Scientist® curve fitting 

program) to the two compartment model with constant input and first order output as 

described in Appendbc 5. The parameters used in this model are keiim (elimination rate 

constant), ki2 (rate constant for transfer fi-om the central to the peripheral 

compartment), k2 i (rate constant for transfer fi-om the peripheral to the central 

compartment) and volume o f  distribution (F). Dose and //v (duration o f  the 

infiision/perfiasion, 120 mins) were set at the experimental values. Dose was 

calculated from the cumulative amount o f  drug absorbed over the 2 hour perfusion as 

described in Section 4.4.14. The input rate constant (ko) calculated from Equation 6.3:

Dosekf, = -------  Equation 6.3
Time

where Time is the duration o f  the perfusion (120 minutes).

The best-fit profiles together with the experimental data points are shown in Figure 

6.20. The pharmacokinetic parameters that describe the best-fit profiles are given in 

Table 6.15.
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Figure 6.20 The best-fit plasm a concentration versus time profiles together with the 
experimental data points for ibuprofen, ketoprofen and naproxen.

Table 6.15 Results (± s.d.) from  fittin g  the plasm a data fo r  ibuprofen, ketoprofen and

naproxen to the model described above including keum , k / 2  , k2 i, dose, ko, volume o f  

distribution and goodness o f  fit (MSC, / ) .

Ibuprofen 

1.0 mg m f'

Ketoprofen 

1.0 mg ml '

Naproxen 

1.0 mg ml''

keiim (min ‘) 0.325 ± 0.005 0.167 ±0.008 0.122 ±0.003

ki2 (min *) 0.044 ±0.016 0.060 ± 0.007 0.043 ± 0.002

k2i (m in ') 0.081 ±0.003 0.035 ± 0.003 0.029 ±0.001

Dose (fig ra t ') 19405 19941 19127

Dose (mg kg '') 63.87 70.03 61.87

ko (ng min ') 161.71 166.18 159.39

Volume of distribution (ml kg"') 52.88 ± 0.42 43.11 ± 1.37 49.05 ± 0.42

MSC 4.02 7.19 4.47

0.99 0.99 0.99
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Statistical analysis using ANOVA showed that the values for keiim and volume of 

distribution for ibuprofen, ketoprofen and naproxen are significantly different from 

each other (p<0.05). Ibuprofen has the highest (52.88 ml kg'') and ketoprofen has the 

lowest (43.11 ml kg'*) volume of distribution. This may be related to their 

lipophilicities. Ibuprofen has the highest Log D (Table 6.12) o f the three NSAIDs. 

This may allow it to distribute to a greater extent into the peripheral compartment, 

which involves transfer across lipoidal membranes or distribution into fatty tissue. In 

contrast, ketoprofen has the lowest Log D value (Table 6.12) and the lowest volume 

o f distribution.

There is almost a three-fold difference in elimination rate constants between naproxen 

and ibuprofen (Table 6.15). This difference is o f a similar magnitude to that seen by 

Satterwhite and Boudinot (1991 and 1995) who showed a three-fold difference in 

clearance between naproxen and ibuprofen.

6.3.7 Conclusions
There are no significant differences in the Papp values o f ibuprofen, ketoprofen and 

naproxen in situ due to the similarities between their physicochemical properties. 

Ibuprofen, ketoprofen and naproxen appear to alter the barrier properties o f the 

intestinal mucosa.

There are significant differences between the rates o f elimination and volumes of 

distribution o f ibuprofen, ketoprofen and naproxen in the rat.
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6.4 ABSORPTION STUDIES AT VARYING CONCENTRATION

Satterwhite and Boudinot (1992) have shown that varying the dose o f ketoprofen has 

a significant effect on the plasma clearance and volume o f distribution o f the unbound 

Iraction. However, the effect o f varying the ketoprofen perfiasate concentration on its 

permeability coefficient is not known. It is o f  interest to determine if there is any 

dependency o f  the intestinal absorption o f NSAIDs on their concentration in the gut 

lumen as it may provide further information on the mechanism of NSAID absorption. 

In situ perfusion studies were carried out as described in Section 4.4.7 using solutions 

of ketoprofen o f three different concentrations (0.5, 1.0 and 2.0 mg ml ‘) in PBS 6.8. 

It has been previously reported that NSAIDs cause intestinal permeability changes 

(Davies et al., 1994; Ford et a!., 1995) and the ability o f the varying concentrations of 

ketoprofen perfusions to enhance intestinal permeability will be investigated using 

PEG 4000 as an impermeable marker molecule. These perfusion studies may also 

provide information on the capacity o f the rat small intestine to absorb NSAIDs over 

a range of concentrations. Ketoprofen was chosen for these studies as it has a higher 

solubility in PBS 6.8 than ibuprofen or naproxen, which would easily allow the 

preparation o f concentrated ketoprofen solutions for perfusion.

6.4.1 Ketoprofen absorption profiles

In situ absorption studies were carried out using the three different ketoprofen 

systems as described in Section 4.4.7. The fraction unabsorbed versus time profiles 

are shown in Figure 6.21.
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Figure 6.21 Ketoprofen fraction unabsorbed versus time profiles from the studies at three 
different ketoprofen concentrations (0.5, 1.0 and 2.0 mg ml'̂ ) in PBS 6.8 buffer.

The fraction unabsorbed values were corrected for water flux as described in Section 

4.4.13.2 and converted to Papp values as described in Section 4.4.12. The Papp values 

were tested for significant diflferences between them using ANOVA, and are given in 

Table 6.16 and shown in Figure 6.22.

Table 6.16 Ketoprofen permeability coefficients (Papp) at different concentrations in
PBS 6.8.

System n
P ap p

(cm sec’’ X 10"̂ )
s.d.

Ketoprofen 0.5 mg ml' 5 1.34 0.09

Ketoprofen 1.0 mg ml * 4 1.31 0.15

Ketoprofen 2.0 mg ml ' 7 1.17 0.09
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Figure 6.22 Ketoprofen permeability coefficients (Papp) at different concentrations of
ketoprofen in PBS 6.8.

ANOVA o f the Papp values o f ketoprofen at varying concentrations show that there 

are no significant differences between them (p>0.05). There is a slight decrease in the 

Papp values as the ketoprofen concentration increases. This reflects a decrease in the 

fraction unabsorbed with increasing concentration.

6.4.2 Plasma profiles

Plasma samples were collected at 30 minute intervals over the course o f each two 

hour perfusion for each system, and for two hours after the perfiisions had stopped to 

generate both absorption and elimination data. Samples were assayed for drug content 

using the method described in Section 4.4.15.

Satterwhite and Boudinot (1992) reported that ketoprofen displays two-compartment 

pharmacokinetics in the rat. The plasma concentration versus time profiles were fitted 

(using the Scientist® curve fitting program) to the two compartment model with 

constant input and first order output as described in Appendix 5. The parameters used 

in this model are k̂ hm (elimination rate constant), k i2 (rate constant for transfer fi-om 

the central to the peripheral compartment), k2 i (rate constant for transfer fi-om the
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peripheral to the central compartment) and volume o f distribution (V). Dose and tjy 

(duration o f the infusion/perfusion, 120 mins) were set at the experimental values. 

Dose was calculated from the cumulative amount o f drug absorbed over the 2 hour 

perfusion as described in Section 4.4.14. The input rate constant (ko) calculated from 

Equation 6.3. The best-fit profiles together w ith the experimental data points are 

shown in Figure 6.23.
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Figure 6.23 The best-fit plasma ketoprofen concentration versus time profiles together 
with the experimental data points for the three different perfusion concentrations of

ketoprofen.

The pharmacokinetic parameters describing the best-fit profiles are given in Table 

6.17 together w ith the goodness o f fit to the experimental data points.
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Table 6.17 Results (± s.d.) from fitting the plasm a data fo r  each ketoprofen system to the 
model described above: keum, , k2 i , dose, ko, volume o f  distribution, peak plasma

concentration and goodness o f  fit (MSC, r~).

Ketoprofen Ketoprofen Ketoprofen

0.5 mg ml'' 1.0 mg ml'' 2.0 mg ml''

(niin ) 0.175 ± 0 .014 0.167 ±0 .008 0.154 ±0.007

ki2 (min'‘) 0.061 ±0 .013 0.060 ± 0.007 0.060 ± 0.004

k2 i (rain'') 0.038 ±0.011 0.035 ± 0.003 0.031 ±0.001

Dose (fig rat'*) 7169 19941 30008

Dose (mg kg'') 25.90 70.03 105.71

ko (fig min ') 59.74 166.18 250.07

Volume o f distribution (ml kg'') 40.52 ± 1.95 43.11 ± 1.37 43.14 ± 0 .93

Peak plasma conc. (fig ml'') 62.71 ± 10.11 160.07 ± 7 .59 231.69 ± 18.36

M SC 7.91 7.19 5.57

0.99 0.99 0.99

Satterwhite and Boudinot (1992) have reported a decrease in both the clearance and 

volume o f distribution o f  the unbound fraction o f  ketoprofen in the rat with increasing 

dose. They suggested that these decreases were due to saturation o f  elimination 

pathways and saturable tissue binding/uptake respectively. Statistical analysis using 

ANOVA o f the pharmacokinetic parameters keiim, k i2 , k2 i and volume o f  distribution 

at the three different ketoprofen concentrations in Table 6.17 showed no significant 

differences between the systems for all parameters with the exception o f  keiim- There 

were no significant differences between the k̂ iim values o f  the 0.5 and 1.0 mg ml'' 

systems or between the 1.0 and 2.0 mg ml ‘ systems. However, the keiim values for the 

0.5 and 2.0 mg ml'' systems were significantly different from each other (p<0.05).

The highest dose used by Satterwhite and Boudinot was 10 mg kg '' administered 

intravenously over one minute, which produced a peak plasma concentration o f 

approximately 100 ^.g m l''. In this study higher doses were used but were absorbed 

intestinally over a longer period o f  time (120 mins.). The lowest dose was 25.9 mg 

k g ' and the highest was 105.7 mg kg '', which corresponded to peak plasma 

concentrations o f  62.71 and 231.69 mg ml'' respectively. There were no differences 

in volume o f  distribution between the three systems studied in this work.
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6.4.3 pH monitoring of perfusate

The pHs of the perfusate samples were monitored over the course of each experiment 

and the pH versus time profiles are shown in Figure 6.24.
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Figure 6.24 pH versus time profiles of the perfusate samples from the ketoprofen 
absorption studies at three different ketoprofen concentrations (0.5, 1.0 and 2.0 mg ml’ ’ ) in

PBS 6.8 buffer.

The pHs of the perfusate samples are shifted downwards from their initial values 

towards a steady-state pH of approximately 6.5. As reported in Section 5.5.2, the shift 

in perfiasate pH is most dramatic over the first 40 minutes. The direction of the pH 

shift is consistent with an intestinal microclimate pH of approximately 6 as proposed 

by Ikuma et al. (1996).
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6.4.4 PEG 4000 intestinal permeability studies

Section 6.3.4 showed that 1 mg ml’’ perfusion solutions o f ibuprofen, ketoprofen and 

naproxen altered the barrier properties o f the intestine through their ability to promote 

the absorption o f the impermeable marker molecule, PEG 4000. In this section the 

effect o f varying the concentration o f ketoprofen on the level o f PEG 4000 absorption 

will be investigated. For this reason '‘*C-PEG 4000 was included as a permeability 

marker in the perfusion solutions as described in Section 4.4.8.2. The perfusate 

samples were assayed for PEG 4000 as described in Section 4.4.11.2 and the 

absorption profiles o f PEG 4000 in three ketoprofen systems (0.5, 1.0 and 2.0 mg 

ml ') and in blank buffer are shown in Figure 6.25.
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Figure 6.25 Absorption profiles of PEG 4000 in the presence of three different ketoprofen 
concentrations (0.5, 1.0 and 2.0 mg ml'^) and in blank PBS 6.8 buffer.

The fraction o f PEG 4000 unabsorbed at the steady-state in the three ketoprofen 

systems and in the blank buffer are all between 0.9-1.0, suggesting little or no 

absorption. These steady-state fraction unabsorbed values were converted to Papp 

values as described in Section 4.4.12 and are given in Table 6.18 together with their 

95% confidence intervals.
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Table 6.18 Papp values o f PEG 4000 together with their standard deviations (s.d.), 95% 
confidence intervals (Cl) and sample sizes for the three ketoprofen systems and blank buffer.

PEG 4000 Papp
System , , s.d. 95% Cl Sample size

(cm sec ‘ X 10 ‘̂ )

Ketoprofen 0.5 mg ml'' 3.33 2.66 0.99-5.66 5

Ketoprofen 1.0 mg ml ' 5.25 2.22 3.07-7.43 4

Ketoprofen 2.0 mg ml"' 5.71 3.52 2.63-8.80 5

Blank buffer 0.64 2.47 -1.07-2.35 8

The 95% confidence intervals are represented graphically in Figure 6.26. No 

significant differences between the PEG 4000 Papp values in any of the systems were 

observed (ANOVA: p>0.05). However, the 95% confidence intervals for the Papp 

values fi-om the ketoprofen systems do not encompass zero, while the 95% 

confidence interval for the blank does. This suggests that there is some PEG 4000 

absorption in the ketoprofen systems but not in the blank.

■ PEG 4000 in blank buffer

■ PEG 4000 w ith Ketoprofen 0.5 mg/ml

- PEG 4000 w ith Ketoprofen 1.0 mg/ml 

PEG 4000 w ith Ketoprofen 2.0 mg/ml

4 6 8 10 12

PB3 4000 Papp (cm/sec x 10^-6)

Figure 6.26 P E G  4000 permeability coefficients (Papp) with 95% confidence intervals in 
the presence of three different ketoprofen concentrations (0.5, 1.0 and 2.0 mg ml ’ ) and in

blank PBS 6.8 buffer.
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One-sample t-tests were carried out on the PEG 4000 Papp values in the four systems 

to test if they were significantly different from zero. The values for the three systems 

containing ketoprofen were all significantly different from zero (p = 0.05), while the 

value for the blank was not (p>0.05). This is in agreement with the results reported by 

Davies et al. (1994) and Ford et al. (1995) who showed that NSAIDs induce intestinal 

permeability changes in the rat. As the concentration o f ketoprofen increases, so too 

does the PEG 4000 Papp value. However, as the concentration o f ketoprofen increases, 

the Papp o f ketoprofen does not. This suggests that ketoprofen enhances the absorption 

o f PEG 4000 but not o f ketoprofen itself

6.4.5 Histology
In addition to using PEG 4000 absorption as a marker o f intestinal mucosal damage, 

histological evaluation o f the epithelium was performed to provide a more direct 

assessment o f any intestinal changes induced by the varying concentrations o f 

ketoprofen. Samples o f the intestinal segments which were perfiased with the 

ketoprofen solutions were prepared and histologically assessed as described in 

Section 4.4.17. The results are listed in Table 6.19.

Table 6.19 Histological evaluation o f the rat small intestinal mucosa after perfusion 
with blank buffer, and solutions o f ketoprofen ranging from 0.5 -  2.0 mg m l'.

Blank Ketoprofen 

0.5 mg ml"'

Ketoprofen 

1.0 mg ml"'

Ketoprofen 

2.0 mg ml"'

Number o f slides assessed 

Histological marker

12 6 8 6

Score*

Avg. s.d. Avg. s.d. Avg. s.d. Avg. s.d.

Mucus / debris 0.92 0.29 1 0 1.50 0.53 2.17 0.41

Villous shortening 0 0 0.83 0.75 1.50 0.76 2.83 0.41

Erosion 0 0 0.83 0.75 0.88 0.35 1.33 0.52

Swollen epithelial cells 0 0 0 0 0 0 0 0

Flat epithelial cells 0 0 0.17 0.41 0.88 0.64 1.50 0.55

Goblet cells 0 0 0 0 0.13 0.35 0 0

Total score 0.92 0.29 2.83 0.75 4.88 1.13 7.83 0.75

*  S c o r e s  range from 0 indicating no effec t to 3 indicating an e x te n s iv e  effect.
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It appears that the mucosal damage worsens as the concentration of ketoprofen 

increases as reflected by the increase in total scores. The histological markers which 

show the most changes are mucus/debris, villous shortening, erosion of the 

epithelium and the presence of flat epithelial cells. These changes are characteristic of 

intestinal damage. The total scores for each system are shown in Figure 6.27.
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Figure 6.27 Total scores from histological evalation of the rat small intestinal mucosa 
after perfusion with blank buffer, and solutions of ketoprofen ranging from 0.5-2.0 mg m l'\

The total scores from each system were compared for statistical differences using 

ANOVA and all four systems were significantly different (p<0.05). This implies that 

ketoprofen causes significant damage to the intestinal mucosa and this damage 

becomes more severe as the ketoprofen concentration increases. To investigate the 

relationship between perfiisate ketoprofen concentration and intestinal damage, the 

total score for blank buffer was subtracted from the total scores for the ketoprofen 

systems, and the resulting values were plotted against ketoprofen concentration. This 

is shown in Figure 6.28.

■  Blank

Q Ketoprofen (0.5 mg/ml)

■  Ketoprofen (1.0 mg/ml) 

□  Ketoprofen (2.0 mg/ml)
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Figure 6.28 Relationship between total scores of intestinal dam age against ketoprofen
concentration in the perfusion solution.

There is a good correlation between the level o f intestinal damage and the 

concentration o f ketoprofen perfiised through the intestine. A broader range of 

concentrations should be studied to determine the exact nature o f this relationship.
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6.5 CONCLUSIONS

Gly-Sar uptake studies in situ indicated that the activity o f the transporter proteins 

involved was influenced by the perfusate pH, indicating proton-dependent activity.

Increasing the concentration o f ibuprofen resulted in a reduction in Gly-Sar uptake 

both in situ and in cell culture, indicating that ibuprofen may bind to the same peptide 

transporters. The reduction in uptake was much more pronounced in cell culture. This 

may be due to the relatively high concentration o f transporters expressed on the cell 

membrane in cell culture.

No significant differences were observed between the intestinal permeability 

coefficients o f ketoprofen at the three concentrations studied.

For the ketoprofen systems studied, the keiim values for perfusate concentrations o f 0.5 

and 2.0 mg ml ' were significantly different fi'om each other.

Ibuprofen, ketoprofen and naproxen alter the barrier properties o f the intestinal 

epithelium to PEG 4000 and produce significant histological damage to the intestinal 

epithelium relative to blank buffer. There is greater histological damage at higher 

concentrations o f ketoprofen.
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7.1 INTRODUCTION

Gastrointestinal (GI) side-effects are the most frequent o f  the adverse reactions associated 

with NSAID use. These reactions can range in severity from being relatively mild (such 

as mild gastric discomfort) to being more serious and potentially life-threatening, such as 

gastrointestinal ulceration and bleeding (Beck et al., 1990; MacDonald et al., 1997). It is 

generally accepted that this Gl toxicity is attributed to direct and/or indirect effects (Cioli 

et al., 1979; Bundgaard and Nielsen, 1988). The direct effect is due to a local irritation 

produced by the acidic group o f  the NSAID and local inhibition o f  prostaglandin (PG) 

synthesis in the GI tract. The indirect mechanism is due to a generalised systemic 

inhibition o f  PG production occurring after absorption.

Cioli et al. (1979) demonstrated the significance o f  the direct contact effect in the 

production o f  GI lesions by NSAIDs. Their study showed that ibuprofen exerted more 

pronounced GI toxicity by the oral route than by the intravenous (i.v.) route, yet both 

routes showed the same anti-inflammatory activity.

As described in Section 2.6, an approach to solving these problems may be derivatisation 

o f the carboxylic acid o f the NSAIDs. This derivatisation should ideally prevent the local 

irritation on the stomach mucosa and be capable o f  releasing the parent drug 

spontaneously or enzymatically in the blood following absorption. Several derivatives 

and structural analogues o f  NSAIDs have been synthesised and tested for their anti

inflammatory activity and gastrointestinal toxicity. In particular, Shanbhag et al. (1992) 

synthesised ester and amide derivatives o f  ibuprofen and naproxen and assessed their GI 

toxicity. Among the compounds studied was a glycine derivative o f ibuprofen which was 

shown to be significantly less irritating to the Gl mucosa than the parent ibuprofen.

As described in Section 1.4.2, nitric oxide (NO) has regulatory/anti-inflammatory effects 

in the body. Some o f  these 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 o f  thromboxane by 

inhibiting platelet aggregation (Bing et al., 1999). Coupling a NO-releasing moiety to an 

NSAID might deliver NO to the site o f  NSAlD-induced damage, thereby compensating
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for gastric PG reduction induced by NSAIDs, and decreasing gastric toxicity. Palmer et 

al. (1988) have shown that NO can be released from L-arginine in vascular endothelial 

cells in cell culture and in rings o f rabbit aorta. This suggests that coupling L-arginine to 

an NSAID may result in a molecule that could act as an NSAID and release the 

synergistic NO at the same time.

It has been reported that intestinal peptide transporters, and in particular the PepTl 

transporter, can be exploited to improve the intestinal absorption o f certain drugs {e.g. L- 

dopa) by converting them chemically to di- or tripeptide derivatives (Tsuji, 1999). The 

PepT 1 transporter has a high tolerance for structural diversity and a low level o f chemical 

criteria for substrate recognition (Dantzig and Bergin, 1990; Ganapathy et al., 1995; 

Ganapathy and Liebach, 1982, 1986; Hidalgo et al., 1993, 1995; Hu et al., 1995; Liang et 

al., 1995; Zhu et al., 2000). Some o f its substrates have been shown to include di- and 

tripeptides, P-lactam antibiotics, angiotensin-converting enzyme inhibitors, and even 

compounds without an obvious peptide bond or equivalent, such as 5-amino-levulinic 

acid (Temple et al., 1998) and co-amino fatty acids (Doring et al., 1998). This implies 

that amino acid derivatives o f ibuprofen might be candidates for uptake by PepTl or 

other peptide transporters.

In Chapter 6 the ability of ibuprofen to bind to peptide transporters was evaluated using 

the Capan-2 cell culture model. In this section aspects o f the absorption and G1 toxicity of 

amino acid derivatives o f ibuprofen will be assessed in situ and in vitro, including their 

ability to bind to peptide transporters.
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7.2 ALANINE, GLYCINE, PHENYLALANINE AND L-ARGININE 

DERIVATIVES OF IBUPROFEN

Alanine, glycine, phenylalanine and L-arginine derivatives o f ibuprofen were synthesised 

and characterised by Hanlon (2002) and will be referred to as ibu-alanine, ibu-glycine, 

ibu-phenylalanine and ibu-L-arginine. The amino acid groups were attached to the -OH 

group o f ibuprofen by a dehydration/amidation reaction to produce the derivative. Prior 

to in vitro and in situ studies they were purified as described in Section 4.4.6. The 

molecular structures of these compounds are shown in Figures 7.1 and 7.2.

H,C
NH

OH

o

Ibuprofen-phenylalanine

CH,

CH.

OH
NH

Ibuprofen-alanine

CH

Figure 7.1 Chemical structures of alanine, glycine and phenylalanine derivatives of
ibuprofen.
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OH

NH.NH
NH

NH

Ibuprofen-L-arginine

CH.

CH3

OH
NH

Ibuprofen-glycine

Figure 7.2 Chemical structures of glycine and L-arginine derivatives of ibuprofen.

7.2.1 Physicochemical properties

Before any in vitro or in situ absorption studies were carried out on the ibu-alanine, ibu- 

glycine and ibu-phenylalanine derivatives, their pH-solubility profiles were determined. 

cLog P values (Section 4.4.20) and molecular topological polar surface areas (TPSA) 

(Section 4.4.21) were determined and are given in Table 7.1. A pH-solubility study was 

not carried out on the ibu-L-arginine derivative due to the limited availability of the 

compound. However, its relatively low cLog P value (-0.59) (calculated as described in 

Section 4.4.20) indicates that the aqueous solubility should be higher than the parent 

compound ibuprofen (3.68).

7.2.1.1 pH-solubility studies

pH-solubility studies o f ibu-alanine, ibu-glycine and ibu-phenylalanine were carried out 

as described in Section 4.4.2.2. The experimental data points were fitted to Equation 5.2 

(Scientist®) to generate best-fit pH-solubility profiles, which are shown in Figure 7.3 

together with the experimental data points and the profile for ibuprofen. The best-fit pKa 

and intrinsic solubility (Co) values for each compound are given in Table 7.1.
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Figure 7.3 pH-solubility profiles of ibu-alanine, ibu-glycine, ibu-phenylalanine and ibuprofen.

Figure 7.3 shows the pH-solubility profiles o f the three amino acid derivatives and 

ibuprofen. It is apparent from these profiles that the three amino acid derivatives have 

different pKa values to each other and they are all lower than the pKa o f ibuprofen (Table 

7.1). There are also slight differences between the intrinsic solubilities o f the four 

compounds (Table 7.1). pKa values and intrinsic solubilities were determined at 37°C.
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7.2.1.2 Comparison of the physicochemical properties of ibu-alanine, ibu- 

glycine, ibu-phenylalanine, ibu-L-arginine and ibuprofen

The physicochemical properties o f the four amino acid derivatives o f  ibuprofen are 

summarised in Table 7.1 and compared to the parent compound ibuprofen.

Table 7.1 pK^, intrinsic solubility (Cq), cLog P, topological polar molecular surface area 
(TPSA) and molecular weight (MW) values o f  ibuprofen, ibu-alanine, ibu-glycine, ibu-

phenylalanine and ibuprofen.

pK-a
Co 

(Mg ml ')

Co

(mM)
cLog P“

TPSA*’

(Â )
MW

Ibuprofen 4.43 68.28 0.33 3.68 37.30 206.27

Ibu-alanine 2.45 72.41 0.26 3.35 66.40 277.36

Ibu-glycine 2.64 84.27 0.32 3.04 66.40 263.33

Ibu-phenylalanine 2.89 59.78 0.17 4.77 66.40 353.46

Ibu-L-arginine — — -0.59 128.30 362.47

The best-fit pKa values o f  the three amino acid derivatives are almost two pKa units 

smaller than the parent ibuprofen. This indicates that the derivatives are more acidic 

compounds than ibuprofen. In contrast, the differences between the pKa values o f  the 

three amino acid derivatives are o f  the order o f  0.2 pKa units. In the context o f  absorption 

studies, this means that in the perfusion solutions the amino acid derivatives will be 

ionized to a greater extent than the parent ibuprofen.

O f the three amino acid derivatives, ibu-phenylalanine has the lowest intrinsic solubility 

(0.17 mM) and ibu-glycine has the highest (0.32 mM). This can be explained by their 

cLog P values and molecular weights (MW), as ibu-phenylalanine has the highest cLog P 

and MW (4.77 and 353.46 respectively) and ibu-glycine has the lowest (3.04 and 263.33).
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7.2.2 In situ absorption studies
In situ absorption studies were carried out using solutions o f  ibu-alanine, ibu-glycine, 

ibu-phenylalanine and ibu-L-arginine in PBS 6.8 as described in Section 4.4.7. The 

concentrations o f  the four solutions were 1.34, 1.28, 1.71 and 1.76 mg m l ' respectively, 

which were equivalent to 1 mg ml ' (4.85 mM) o f  ibuprofen. The fraction unabsorbed 

versus time profiles for these four systems are shown in Figure 7.4 together with the 

profile o f  ibuprofen in the same buffer (1 mg ml"').
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Figure 7.4 Fraction unabsorbed versus tinne profiles for ibu-alanine, ibu-glycine, ibu- 
phenylalanine, ibu-L-arginine and ibuprofen in PBS 6.8,
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The fraction unabsorbed values at the steady-state (100-120 mins.) were corrected for 

water flux and converted to Papp values as described in Sections 4.4.13.2 and 4.4.12 

respectively. The Papp values are given in Table 7.2.

Table 7.2 Permeability coefficients (Papp  ̂s.d) ofihu-alanine, ibu-glycine. ibu- 
phenylalanine, ibu-L-arginine and ibuprofen with their steady-state pH  values, cLog P values, 

molecular weights (MW) and molecular topological polar surface area (TPSA).

Com pound
pr*pp

(cm sec"' X 10"̂ )

pH at 

St-State

%

unionised

cLog

P
M W

TPSA

(Â )
n

Ibu-alanine 0.61 ± 0 .09 6.47 ± 0 .06 0.01 3.35 277.36 66.40 8

Ibu-glycine 0.58 ±0.11 6.52 ± 0.05 0.01 3.04 263.33 66.40 7

Ibu-phenylalanine 0.55 ± 0 .0 6 6.59 ± 0 .09 0.02 4.77 353.46 66.40 7

Ibu-L-arginine 0.11 ±0.03 6.65 ± 0.06 — -0.59 362.47 128.30 11

ibuprofen 1.40 ± 0 .14 6.52 ± 0 .1 0 0.81 3.68 206.27 37.30 6

7.2.2.1 Ibu-alanine, ibu-glycine and ibu-phenylalanine

Based on ANOVA, there were no significant differences between the Papp values for the 

ibu-alanine, ibu-glycine and ibu-phenylalanine derivatives (P>0.05). However, the Papp 

values for the three derivatives were all significantly different from the Papp value for 

ibuprofen (P<0.05). Differences in the physicochemical properties o f  the compounds can 

explain these results.

As described in Section 3.2.1, Martin (1981) reported that the permeability o f  the 

intestinal epithelium increases roughly with the lipophilicity o f  the drug molecule until it 

reaches a plateau at a Log P value o f  approximately two. Drugs with Log P values close 

to two are generally predicted to be completely absorbed in humans and there is a linear 

correlation between drug absorption in humans and drug absorption in rats (Fagerholm et 

al., 1996). The cLog P values o f  ibu-alanine (3.35), ibu-glycine (3.04) and ibu- 

phenylalanine (4.77) are all above two and so have reached the plateau phase referred to 

by Martin and consequently there are no significant differences between their Pgpp values.
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As described in Section 3.2.3, paracellular transport is essentially limited to compounds 

with low molecular weight, although the upper limit o f  molecular weight varies in the 

literature from 200 (Lennemas, 1995) to 400-500 (Artursson et al., 1993). The molecular 

weights o f  ibu-alanine, ibu-glycine and ibu-phenylalanine range from 277-353. The MW 

o f ibu-phenylalanine (353) is much higher than that o f  ibu-alanine (277) and ibu-glycine 

(263), which may be fiirther responsible for its slightly lower Papp than the other two. 

Molecular polar surface area (PSA) (Palm et al., 1997), or the more readily calculated 

topological polar surface area (TPSA) (Ertl et al., 2003) (calculated as described n 

Section 4.4.21) have both been shown to be good absorption predictors. Palm et al. 

(1997) have shown that drugs with a PSA < 63 will be more than 90% absorbed and 

drugs with a PSA > 139 will be < 10% absorbed. Ertl et al. (2003) have shown that a 

similar relationship exists between TPSA and drug absorption. The TPSA values for ibu- 

alanine, ibu-glycine and ibu-phenylalanine are all 66.40 A^, which may explain why there 

are no significant differences between their Papp values.

The significant difference between the Papp o f ibuprofen and the Papp values o f these three 

derivatives can be explained by their TPSA values. The TPSA value o f ibuprofen (37.30 

A^) is significantly smaller than the TPSA values o f  the three derivatives (66.40 A^).

7.2.2.2 Ibu-L-arginine

Based on ANOVA, the Papp value for ibu-L-arginine is significantly different from the 

Papp values o f  the other three amino acid derivatives and o f  ibuprofen itself (P<0.05). This 

can be explained in terms o f  the physicochemical properties o f  the compound which are 

related to the larger number o f  polar groups on the ibu-L-arginine molecule compared to 

ibuprofen or the other three amino acid derivatives as shown in Figures 7.1 and 7.2. 

These polar groups are responsible for its lower cLog P value and higher TPSA.

Firstly, the cLog P value o f ibu-L-arginine (-0.59) is much lower than that o f  any o f the 

other compounds and this may explain the low intestinal permeability o f  ibu-L-arginine. 

Secondly, the molecular weight (MW) o f ibu-L-arginine (362.47) is much higher than 

any o f  the other compounds, with the exception o f ibu-phenylalanine (353.46). This is 

close to the previously mentioned upper limit for paracellular transport.
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When these two factors, cLog P and MW are considered together it might explain why 

the Papp o f ibu-L-arginine is so low. The MW is such that transport through the 

paracellular route is limited and the main alternative route for absorption is across the cell 

membrane. However, the cLog P o f ibu-L-arginine is such that the molecules may be too 

hydrophilic to partition effectively into the lipophilic cell membrane. In contrast, 

ibuprofen has a MW that permits access to the paracellular route and a cLog P that allows 

absorption across the cell membrane.

The TPSA of ibu-L-arginine is 128.30 which may explain why it is only 

approximately 12% absorbed at the steady state compared to approximately 80% for 

ibuprofen which has a TPSA of 37.30 A .̂

7.2.2.3 Converting Papp values in rats to fraction absorbed in hum ans

Ifthe assumption is made that these amino acid derivatives are passively absorbed and no 

active transport processes are involved, then it is possible to convert the rat Papp values 

for these compounds into human Papp values and fraction absorbed in humans using 

Equations 7.1 and 7.2 (Fagerholm et al., 1996):

Papp.n,an = ^ -6  ' Papp.ra, + 0 .0 3  ■ 1 0 ^  EqUatiOP 7.1

where Papp.man and Papp.rat are the Papp values in man and rat respectively, expressed in cm 

sec ' X lO"̂ .

FA = 1- Equation 7.2

where FA is the fraction absorbed in humans, t is the human intestinal residence time 

expressed in seconds (assumed to be three hours), r is the human intestinal radius 

(assumed to be 1.75 cm) a n d /is  a correction factor taken to be 2.8.
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When Equations 7.1 and 7.2 are applied to the Papp values in Table 7.2, the corresponding 

human Papp values and fractions absorbed are obtained. These are given in Table 7.3 

below.

Table 7.3 Permeability coefficients (Papp ± s.d.) o f  the four amino acid derivatives and 
ibuprofen in rats and humans, and their fraction absorbed (FA) in rats and humans.

Rat Papp 

(cm sec * X 10 '*)

Human Papp 

(cm sec"' X lO"̂ )

FA

Rats

FA

Humans

Ibu-alanine 0.61 ± 0 .09 2.23 ±0 .35 0.50 0.99

Ibu-glycine 0.58 ±0.11 2.12 ±0 .43 0.48 0.99

Ibu-phenylalanine 0.55 ± 0.06 2.01 ±0.25 0.46 0.99

Ibu-L-arginine 0.11 ±0.03 0.43 ± 0 .14 0.12 0.77

Ibuprofen 1.40±0.14 5.07 ±0 .53 0.79 1.00

It is apparent from the results in Table 7.3 that the trend in Papp values is the same 

between rats and humans with the same significant differences. However, the pattern o f 

flection absorbed (FA) values between rats and humans is different, in rats, the fraction 

absorbed o f  ibu-alanine, ibu-glycine and ibu-phenylalanine are all similar to each other 

and are larger than the corresponding value for ibu-L-arginine and smaller than the 

corresponding value for ibuprofen. When the human fraction absorbed values are 

compared, there is no difference between ibu-alanine, ibu-glycine, ibu-phenylalanine and 

ibuprofen, which are all approximately equal to one, indicating complete absorption in 

humans. Only the corresponding value for ibu-L-arginine is lower, with 77% absorption 

in humans.

Equations 7.1 and 7.2 only apply if the compounds are passively absorbed. However, 

membrane transporters are diverse in nature and population along the gastrointestinal 

tract and previous work by Lane et al., (2003) has suggested that amino acid derivatives 

o f  ibuprofen possess some affinity for the PepTl transporter in vitro.
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7.2.2.4 pH profiles

The pH values o f  the perfusate samples were monitored over the course o f  each 

experiment and the pH versus time profiles are shovm in Figure 7.5 together with the 

profile for ibuprofen in PBS 6.8. Over the time course o f  the perfusion experiments, the 

pH values o f the samples gradually change from their initial values towards a median 

value. This change in pH is significant for the four ibuprofen derivative systems and for 

ibuprofen (t-test; p<0.05).

6.5 "
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♦  bu-phenylalanine

♦ bu-L-arginine 
buprofen  acid4.5
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Figure 7.5 pH versus time profiles of the perfusate sam ples from the ibu-alanine, ibu- 
glycine, ibu-phenylalanine, ibu-L-arginine and ibuprofen absorption studies in PBS 6.8.

The pH values o f  the perfusate samples are shifted downwards from their initial values 

towards a steady-state pH o f approximately 6.5. As reported in Section 5.5.2, the shift in 

perfusate pH is most dramatic over the first 40 minutes, after which there is very little 

change. The downward shift in pH is consistent with an intestinal microclimate pH o f 

approximately six as proposed by Ikuma et al. (1996). This is supported by the results 

reported in Section 6.2.3 which showed that perfusion solutions made in PBS 6.8 had
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significant downward pH shifts, solutions made in PBS 5.0 had significant upward pH 

shifts and solufions made in PBS 6.0 showed no significant pH shifts on perfusion 

through the intestine.

7.2.2.5 PEG 4000 intestinal permeability studies

As described in Section 6.3.2, high molecular weight PEG molecules are often used as 

permeability markers (Raoof et al., 1998; Sutton and Rinaldi, 2001) as they are not 

absorbed fi-om the intestine under normal conditions. However, if  the barrier fianction o f 

the intestine is compromised then some o f these marker molecules may be absorbed. 

Results from Section 6.3.4 indicated that ibuprofen, ketoprofen and naproxen enhanced 

the absorption o f  PEG 4000 relative to blank buffer. This is in agreement with reports by 

Davies et al. (1994) and Ford et al. (1995) which show that NSAlDs induce intestinal 

permeability changes in the rat.

Shanbhag et al. (1992) synthesised a glycine derivative o f  ibuprofen and assessed it for 

GI toxicity in the rat. This was done by the daily oral administration o f  a dose o f  ibu- 

glycine that was equivalent to 150 mg kg ' for four days. Four hours after the last dose 

the animals were sacrificed and the number o f  lesions >0.5mm in diameter in the stomach 

were counted.

The ibu-glycine derivative was shovsn to be significantly less irritating to the Gl mucosa 

than the parent ibuprofen. Consequently, the ability o f  the alanine, glycine, phenylalanine 

and L-arginine derivatives o f  ibuprofen to enhance PEG 4000 absorption relative to the 

parent ibuprofen and blank buffer were assessed. For this reason ‘'*C-PEG 4000 was 

included as a paracellular permeability marker in the perfusion solutions as described in 

Section 4.4.S.2. The perfusate samples were assayed for PEG 4000 as described in 

Section 4.4.11.2 and the absorption profiles o f PEG 4000 in the three derivative systems, 

in ibuprofen and in blank buffer are shown in Figure 7.6.

The fraction o f  PEG 4000 unabsorbed at the steady-state in the five drug systems and in 

the blank buffer are all between 0.96-1.00, suggesting little or no absorption. These 

steady-state fraction unabsorbed values were converted into Papp values using Equation

5.5 and are given in Table 7.4 together with their 95% confidence intervals.
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Figure 7.6 Absorption profiles of PEG 4000 in the p resence of ibu-alanine, ibu-glycine, ibu- 
phenylalanine, ibu-L-arginine, ibuprofen and in blank PBS 6.8  buffer.

Table 7 .4  Papp values o f  PEG 4000 together with their standard deviations (s.d.), 95%
confidence intervals (Cl) and sample sizes fo r  ibu-alanine, ibu-glycine, ibu-phenylalanine. ibu-L- 

arginine and ibuprofen in PBS 6.8 and blank buffer.

Papp Sample
System s.d. 95% Cl

(cm sec' X 10'^ size

PEG 4000 + Ibu-alanine 

PEG 4000 + Ibu-glycine 

PEG 4000 + Ibu-phenylalanine 

PEG 4000 + Ibu-L-arginine 

PEG 4000 + Ibuprofen 

PEG 4000 in blank buffer

1.19 2.64 -0.65-3.02 8

1.55 2.86 -0.56-3.67 7

1.23 2.09 -0.32-2.78 7

1.14 2.03 -0.07-2.34 11

2.68 1.74 1.28-4.07 6

0.64 2.47 -1.07-2.35 8
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The 95% confidence intervals are represented graphically in Figure 7.7 and there are no 

significant differences between the PEG 4000 Papp values in any o f  the systems. 

However, the 95% confidence intervals o f  the PEG 4000 Papp values in the systems 

containing the ibuprofen derivatives and in the blank all encompass zero, while the 95% 

confidence interval for the parent ibuprofen does not. This suggests that the ibuprofen 

derivatives appear to promote less PEG 4000 absorption than the parent ibuprofen.

« • •

PEG 4000 in blank buffer 

o  PEG 4000 w ith ibu-L-arginine 

PEG 4000 w ith ibu-alanine 

PEG 4000 w ith ibu-glycine 

^  PEG 4000 w ith ibu-phenylalanine 

PEG 4000 w ith ibuprofen acid

-2 6 8 10

Papp (crr^sec x 10*-6)

Figure 7.7 PEG 4000 permeability coefficients (Papp) with 95% confidence intervals in the 
presence of ibu-alanine, ibu-glycine, ibu-phenylalanine, ibu-L-arginine, ibuprofen and in blank

PBS 6.8 buffer.

One-sample t-tests were carried out on the PEG 4000 Papp values in the five systems to 

test if they were significantly different from zero. The values for the four amino acid 

derivative systems and the blank were not significantly different from zero (p>0.05), 

while the value for the ibuprofen system was significantly different from zero (p<0.05). 

These results suggest that the amino acid derivatives induce less intestinal permeability 

changes in the rat than the parent compound, ibuprofen.
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7.2.2.6 Histology

Histological evaluation o f the intestinal epithelium was carried out to assess the degree o f  

intestinal mucosal damage induced by the three NSAlDs. Samples o f  the intestinal 

segments that were perfused with the drug solutions were prepared and histologically 

assessed as described in Section 4.4.17. The results are listed in Tables 7.5 and 7.6.

Table 7.5 Histological evaluation o f  the rat small intestinal mucosa after perfusion with
blank buffer, and solutions ofibu-alanine, ibu-glycine, ibu-phenylalanine and ibuprofen.

Blank
Ibu-

alanine

Ibu-

glycine

Ibu-

phenylalanine
Ibuprofen

No. slides assessed 12 5 5 6 8

Score*

Histological marker Avg. s.d. Avg. s.d. Avg. s.d. Avg. s.d. Avg. s.d.

Mucus / debris 0.92 0.29 1 0 1 0 1.17 0.41 1.75 0.89

Villous shortening 0 0 0.60 0.89 0.80 0.45 0.17 0.41 1.50 1.20

Erosion 0 0 0.40 0.55 0.20 0.45 0.67 0.52 0.75 0.46

Swollen epithelial 

cells
0 0 0 0 0 0 0 0 0 0

Flat epithelial cells 0 0 0 0 0 0 0.17 0.41 0.75 0.46

Goblet cells 0 0 0 0 0 0 0 0 0 0

Total score 0.92 0.29 2 1 2 0.71 2.17 0.75 4.75 1.16

* Scores range from 0 indicating no effect to 3 indicating an extensive effect.
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Table 7.6 H istological evaluation o f  the rat small intestinal mucosa after perfusion with
blank buffer, and solutions o f  ibu-L-arginine and ibuprofen.

Ibu-L-
Blank Ibuprofen

arginine

Number o f  slides assessed 12 6 8

Score*

Histological marker Avg. s.d. Avg. s.d. Avg. s.d.

Mucus / debris 0.92 0.29 1.33 0.52 1.75 0.89

Villous shortening 0 0 0.33 0.52 1.50 1.20

Erosion 0 0 0.33 0.52 0.75 0.46

Swollen epithelial cells 0 0 0 0 0 0

Flat epithelial cells 0 0 0 0 0.75 0.46

Goblet cells 0 0 0 0 0 0

Total score 0.92 0.29 2.00 0.89 4.75 1.16

Scores range from 0 indicating no effect to 3 indicating an extensive effect.

The total scores o f mucosal damage caused by ibu-alanine, ibu-glycine, ibu- 

phenylalanine and ibu-L-arginine are all o f  the same magnitude and this is clearly seen in 

Figure 7.8. The histological scores for blank buffer and ibuprofen are included as 

references.
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Figure 7.8 Total scores from histological evaluation of the rat small intestinal mucosa after 
perfusion with blank buffer, and solutions of ibu-alanine, ibu-glycine, ibu-phenylalanine, ibu-L-

arginine and ibuprofen.

The total scores for ibu-alanine, ibu-glycine, ibu-phenylalanine and ibu-L-arginine were 

all significantly larger than the blank and significantly smaller than ibuprofen (ANOVA; 

p<0.05) but were not significantly different to each other.

Results fi'om the histology studies suggest that the four amino acid derivatives cause 

significant histological damage to the intestinal mucosa relative to blank buffer. However 

the extent o f  this histological damage is significantly less than that caused by the parent 

compound ibuprofen. This may be due to masking o f  the acidic function o f  the NSAID 

molecule or a reduction in the ability o f  the NSAID to inhibit the production o f  PGs 

involved in the generation o f  protective intestinal mucus.

I

■  B lank

□  Ibu-L -arg in ine

■  Ibu -alan ine

■  Ibu-g lycine

□  b u -p h e n y la la n ln e

■  Ib u p ro fen  ac id
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7.2.2.7 Conclusions from PEG 4000 and histological data

The pKa values o f  ibu-alanine, ibu-glycine and ibu-phenylalanine indicate that they are 

all stronger acids than ibuprofen itself Despite this, they have been shown to possess less 

G1 irritation properties compared to ibuprofen.

Elimination or reduction o f  the role o f  the direct contact effect o f  the acidic carbonyl 

group in GI irritation appears to be the reason for the reduced GI irritation seen with these 

amino acid derivatives.

The free carbonyl group o f  ibuprofen has been associated with GI irritation by a direct 

contact effect on the intestinal mucosa (Cioli et al., 1979). When the amino acid 

derivatives o f  ibuprofen are synthesised, this carbonyl group is involved in the linkage 

between the ibuprofen molecule and the amino acids, and as a result it can no longer 

function as an acid in the new molecule (Figures 7.1 and 7.2). However, the amino acids 

themselves have a free carbonyl group but this is not known to be irritant to the GI 

mucosa. Consequently, by ‘tying up’ the carbonyl group o f  ibuprofen, these amino acid 

derivatives achieve less GI irritation relative to ibuprofen.

The ibu-L-arginine derivative was synthesised as it was speculated that the L-arginine 

component might act as a source o f  nitric oxide (NO). It has been suggested that NO and 

prostaglandins act synergistically to protect the intestinal mucosa (Wallace, 1996). By 

this rationale, the ibu-L-arginine compound would have been expected to show even less 

GI irritation than the alanine, glycine and phenylalanine derivatives. No significant 

differences in histological scores were observed between ibu-L-arginine and the other 

amino acid derivatives, which may have been due to the stability o f the molecule which 

would prevent the release o f  NO.
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7.2.3 Plasma profiles
Plasma samples were collected at 30 minute intervals over the course o f each two hour 

perfusion for each system, and for two hours after the perfusions had stopped to generate 

both absorption and elimination data. Samples were assayed for drug content using the 

methods described in Section 4.4.15.

The plasma concentration versus time profiles for the three amino acid derivatives were 

fitted (Scientist®) to two pharmacokinetic models: a one compartment model and a two 

compartment model, both with constant input and first-order output.

The two compartment model showed the best-fit o f the absorption and elimination data 

and this model is described in Appendix 5. This is the same model that was used to fit the 

ibuprofen data in previous secfions.

The parameters used in this model are kghm (elimination rate constant), (rate constant 

for transfer from the central to the peripheral compartment), k2i (rate constant for transfer 

ft"om the peripheral to the central compartment) and volume of distribution (V). Dose and 

tjv (duration of the inftjsion/perfusion, 120 mins) were set at the experimental values. 

Dose was calculated from the cumulative amount of drug absorbed over the 2 hour 

perfusion as described in Section 4.4.14. The input rate constant (ko) was calculated from 

Equation 6.3.

Dose ^  «
kg = --------  Equation 6.3

Time

where Time is the duration o f the perfusion (120 minutes).

In previous sections, plasma profiles were plotted using concentration in ^g ml ’. 

However, for these compounds plasma profiles were plotted using concentration 

expressed as both (xg ml ' and nanomoles ml *. The best-fit pharmacokinetic parameters 

were determined using the nanomoles ml ' versus time data to correct for the large 

differences in molecular weights between the compounds.

The best-fit profiles together with the experimental data points for the three amino acid 

derivatives as well as for ibuprofen are shown in Figures 7.9 and 7.10 with concentration
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expressed in [ig ml ' and nanomoles ml"’ respectively. The pharmacokinetic parameters 

that describe the best-fit profiles are given in Tables 7.7 and 7.8.
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Figure 7.9 The best-fit plasm a concentration versus time profiles together with the 
experim ental data points for ibu-alanine, ibu-glycine, ibu-phenylalanine and ibuprofen.
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Figure 7.10 The best-fit plasma concentration versus time profiles together with the 
experimental data points for ibu-alanine, ibu-glycine, ibu-phenylalanine and ibuprofen.

Table 7.7 Results (± s.d.) from  fitting the plasma data fo r  ibu-alanine and, ibu-glycine to 
the model described above including keUm , k u , k2i , dose, ko, volume o f  distribution (Vol. dist.) 

and goodness o ffit (MSC, r ) . The results fo r  ibuprofen are also included.

Ibu-

alanine

Ibu-

glycine
Ibuprofen

keiim (min ‘) 0.385 ± 0 .073 0.295 ± 0 .0 5 6 0.325 ± 0.005

ki2 (min ’) 0.090 ±0 .001 0.100 ±0 .001 0.044 ± 0 .0 1 3

k2i (min ') 0.050 ± 0.008 0.039 ± 0 .0 0 7 0.081 ± 0 .0 0 4

Dose (nmoles rat'') 66866 70140 94078

Dose (nmoles kg ') 237.23 235.37 309.64

ko (nmoles min ') 557.22 584.500 783.98

Vol. dist. (ml kg"') 56.04 ± 5 .5 2 53.89 ± 5 .31 52.91 ± 0 .5 6

M SC 6.69 4.51 3.35

0.99 0.99 0.99
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Table 7.8 Results (± s.d.) from  fitting the plasma data fo r  ibu-phenylalanine and ibu-L- 
arginine to the model described above including keum . k n ,  ^ 2 1 ,  dose, k o ,  volume o f  distribution 

(Vol. dist.) and goodness o ffit  (MSC, r^). The results fo r  ibuprofen are also included.

Ibu-

phenylalanine
Ibu-L-arginine Ibuprofen

k*iim (min *) 0.087 ± 0 .0 1 7 0.372 ±0 .071 0.325 ± 0.005

ki2 (m in ') 0.046 ±0 .001 1 .19± 0 .01 0.044 ± 0 .0 1 3

k2 i (min ') 0.051 ± 0 .0 0 9 0.041 ± 0 .0 0 7 0.081 ± 0 .0 0 4

Dose (nmoles ra f') 63502 26329 94078

Dose (nmoles kg"') 207.93 91.19 309.64

ko (nmoles min ') 529.18 219.41 783.99

Vol. dist. (ml kg ') 128.1 8±  12.63 75.71 ± 7 .4 6 52.91 ± 0 .5 6

M SC 4.10 5.46 3.35

0.99 0.99 0.99

Statistical analysis using ANOVA o f  the elim ination rate constants (keiim) and volum es o f  

distribution o f  the four amino acid derivatives and o f  ibuprofen showed that there were 

few statistically significant differences between them.

All o f  these com pounds are predom inantly ionized at the physiological pH and this may 

be contributing to the similarity betw een their volum es o f  distribution

Ibu-phenylalanine was unique among the com pounds in that both its keiim and volum e o f  

distribution were significantly different to the corresponding values for the other 

com pounds (ANOVA; p<0.05).

The volum e o f  distribution was significantly higher than the others and this is likely to be 

related to its relatively high cLog P (4.77, Table 7.2) indicating that the com pound may 

be m ore lipophilic than the others despite its degree o f  ionization. This high Log P value 

may be contributing to the high volum e o f  distribution for two reasons. Firstly, it may 

allow  the com pound to more readily distribute into the peripheral tissues in the rat, e.g. its 

lipophilicity would allow  it to enter fatty tissue more easily than a less lipophilic
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compound. Secondly, as described in Section 3.2.1, Martin (1981) reported that the 

permeability o f  the intestinal epithelium increases roughly with the lipophilicity o f  the 

drug molecule until it reaches a plateau at a Log P value o f  approximately two. However, 

for Log P greater than four, the permeability starts to decrease (Wils et al., 1994) as very 

lipophilic drugs generally have low aqueous solubilities and, as a result will partition at 

slower rates from the cell membranes to the aqueous extracellular fluids (Raub et al., 

1993). Consequently, they readily leave the gut and enter the enterocytes lining the small 

intestine at the mucosal side but they will not readily exit them at the serosal side to enter 

the blood. Since the cLog P o f ibu-phenylalanine is above four, this may be contributing 

to a false estimate o f  volume o f distribution. The ‘dose’ parameter is calculated from the 

amount o f  drug that disappears from the gut as described in Section 4.4.14. The 

pharmacokinetic model assumes what leaves the gut actually enters the blood. However, 

this may not be the case as a fraction o f  the ‘dose’ may still be in the cell membranes o f 

the enterocytes. To compensate for this, the model calculates the volume o f  distribution 

to be larger than what it actually is to justify the lower than expected plasma 

concentrations on account o f  the high ‘dose’.

Additionally, this theory might also explain why the kehm is significantly lower than the 

others: the fraction o f  the dose remaining in the cell membranes o f  the enterocytes might 

be acting as a source o f  ibu-phenylalanine that maintains the plasma levels for longer 

than expected, thereby giving the impression to the pharmacokinetic model that it is 

being eliminated from the rat at a lower rate than it actually is.

The volume o f  distribution o f  ibu-L-arginine was also significantly different to the other 

compounds. This result is unusual as it is a hydrophilic compound with a cLog P o f 

-0 .59.

7.2.4 Stability of the amino acid derivatives of ibuprofen

Perfusate and plasma samples from the ibu-alanine, ibu-glycine, ibu-phenylalanine and 

ibu-L-arginine systems were assayed for ibuprofen to see if  it was released from these 

compounds in the intestine or in the blood. No ibuprofen was detected indicating that 

these four amino acid derivatives are stable in both the intestinal perfusion solution and in
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the blood over the time course o f  the study. The limit o f  quantitation o f  ibuprofen in 

plasma was 2 .35 ng ml ' (Appendix 14).

7.2.5 Cell culture studies
In addition to in situ  absorption studies, the ability o f  ibu-alanine, ibu-glycine, ibu- 

phenylalanine and ibu-L-arginine to inhibit Gly-Sar uptake by peptide transporters was 

studied in cell culture using Capan-2 ce lls  as described in Section 4 .4 .18 . The level o f  

Gly-Sar uptake was assessed  in the presence o f  different concentrations o f  these 

com pounds and the data was fitted to Equation 6.1 using Sigm a Plot® 8.0 to calculate 

best-fit IC50 values. IC50 values are reported for each com pound in Table 7.9.

Table 7.9 ICsovaluesfor ibu-alanine. ibu-glycine, ibu-phenylalanine, ibu-L-arginine and
ibuprofen relative to Gly-Sar uptake by peptide transporters.

C om pound ICsoCmM) s.e.

Ibu-alanine 0.52 0.18

Ibu-glycine 1.03 0.16

Ibu-phenylalanine 0.33 0 . 1 0

Ibu-L-arginine 0.07 0.04

Ibuprofen 0.48 0.16

The L-arginine derivative displays the greatest affinity for the population o f  peptide 

transporters in the Capan-2 cell line for which Gly-Sar is a substrate. Capan-2 ce lls  

possess an array o f  peptide transporters and it is evident that ibu-glycine appears to 

demonstrate less binding to these transporters than the parent com pound itse lf  The 

results for ibu-L-arginine suggest that this com pound might be able to utilise peptide 

transporters for active transport. Within the series o f  the three amino acid derivatives o f  

ibu-alanine, ibu-glycine and ibu-phenylalanine there appears to be a trend for IC50 values
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to decrease as the compounds become more hydrophobic as determined by the cLog P 

values. This is illustrated in Figure 7.11.
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Figure 7.11 Relationship between the IC50 and cLog P values of ibu-alanine, ibu-glycine, ibu-
phenylalanine and ibuprofen.

This relationship might suggest that these compounds bind via non-specific mechanisms 

to hydrophobic regions o f  the relevant peptide transporter with more hydrophobic 

compounds able to bind more tightly than less hydrophobic compounds. The very low 

I C 5 0  value for the L-arginine derivative relative to other compounds is more difficult to 

explain, given the more hydrophilic nature o f this compound, however binding o f ibu-L- 

arginine to simpler models o f  the peptide transporter has also been observed. The 

inhibition o f  Gly-Sar transport by ibu-L-arginine in HeLa cells transfected with the 

PepT 1 transporter has previously been observed (Lane et al., 2003).
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7.3 CONCLUSIONS

Ibu-alanine, ibu-glycine and ibu-phenylalanine have significantly low er Papp values than 

the parent com pound, ibuprofen. This may be due to the polar surface areas o f  the 

m olecules.

The Papp o f  ibu-L-arginine is significantly low er than ibu-alanine, ibu-glycine, ibu- 

phenylalanine and ibuprofen. This may be due to its relatively high M W  and polar 

surface area com bined with its low  lipophilicity.

T hese four ibuprofen derivatives do not appear to alter the barrier properties o f  the 

intestinal epithelium  to PEG 40 0 0  relative to blank buffer. H ow ever, they all produce 

significant histological damage to the intestinal epithelium  relative to blank buffer, but it 

is significantly less than the damage produced by an equivalent concentration o f  the 

parent com pound, ibuprofen.

The pH profiles o f  the perfusate sam ples are consistent with an intestinal microclimate 

pH o f  approximately six.

The ibuprofen derivatives had similar rates o f  elim ination fi-om the plasma and similar 

volum es o f  distribution as ibuprofen, with the exception  o f  ibu-phenylalanine which had 

a significantly higher volum e o f  distribution and a significantly low er rate o f  elim ination  

than the other com pounds. This was attributed to its lipophilicity. Ibu-L-arginine also had 

a volum e o f  distribution that was significantly higher than ibu-alanine, ibu-glycine and 

ibuprofen, but this result could not be explained in terms o f  its physicochem ical 

properties.

Cell culture studies indicate that the four amino acid derivatives o f  ibuprofen, together  

with ibuprofen itself, reduce the uptake o f  Gly-Sar by peptide transporters and the extent 

to which this occurs, as measured by IC50 values, varies with the com pound. There may 

be a relationship betw een the IC50 and the lipophilicity o f  the com pounds, indicating a 

role o f  hydrophobic interactions betw een the drug m olecu les and the relevant transporter. 

More specific m odels are needed to fiirther explore this possibility.
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The amide linicage in these four ibuprofen derivatives appears to be stable in both the 

perfusate solution and in the blood over the time course o f  the in situ experiments. Their 

stability in the blood may be o f  relevance if  they are to be investigated as candidates for 

targeting to selective tissues.
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8.1 INTRODUCTION

NSAIDs are one o f the most widely used groups o f drugs worldwide (Gamer, 1992) 

and ibuprofen in turn is one o f the most widely prescribed NSAIDs. Despite the fact 

that it is so widely used, a literature search indicated that very little is known about 

the absorption properties o f ibuprofen, except that it is well absorbed from the 

intestine after oral administration (Borne, 1995). The widespread use o f ibuprofen, 

and NSAIDs in general, is complicated by the incidence o f gastrointestinal (GI) 

irritation (Rainsford, 2001; Thomas et al., 2002). A variety o f approaches have been 

taken to overcome this problem including the development o f COX-2 selective 

NSAIDs, nitric oxide-releasing NSAIDs and prodrugs o f NSAIDs (Cannon and 

Breedveld, 2001; Ingram et al., 2001; Rainsford, 2001; Zovko et a l, 2001). All o f 

these have been met with limited success and considerable effort is directed at the 

development o f NSAIDs with significantly reduced GI irritation while still having the 

ability to treat pain and inflammation.

8.1.1 Objectives

The principal objectives o f this work were; i) to examine the absorption properties o f 

ibuprofen in a range o f different buffer solutions; ii) to study the absorption properties 

and mechanisms o f ibuprofen, ketoprofen and naproxen; and iii) to determine the 

effect that coupling the ibuprofen molecule to a range o f simple amino acids has on 

its absorption properties and GI irritation.

8.2 IBUPROFEN AND BUFFER COMPOSITION

8.2.1 Solubility of ibuprofen

Initial studies involved the examination o f eight different buffers that had been 

previously used in absorption/perfusion studies as reported in the literature. The 

solubility o f ibuprofen acid in each system was elucidated and was found to vary six

fold over the range o f buffers and was related to the buffer pH. Two exceptions to this 

relationship were observed, Krebs and FeSSIF. The solubility o f ibuprofen in Krebs 

buffer was significantly lower than expected by its pH and this was due to the Ca^^
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ions in the buflfer forming a poorly soluble salt with the ibuprofen anion. In contrast, 

the solubility o f ibuprofen in FeSSIF was higher than its pH would suggest and this 

was due to micellisation by the sodium taurocholate in the buffer.

Buffer capacity was observed to vary significantly over the eight systems. The 

majority o f the buffers were phosphate based and as a result were capable of 

buffering over similar pH ranges. The exception to this was FeSSIF, which was 

capable o f buffering over a lower pH range due to its composition o f acetic acid.

The solubility o f ibuprofen in a buffer cannot be predicted from the initial pH o f the 

buffer and the pKa of ibuprofen as these are not fixed values. The pH o f the buffer 

will change as the ibuprofen dissolves, and the extent o f this pH change is dependent 

on the buffer capacity o f the buffer. The pKa o f ibuprofen is influenced by the ionic 

strength o f the buffer. Additionally, as demonstrated in the Krebs and FeSSIF 

systems, ibuprofen may form salts with some o f the buffer components or may 

become solubilised.

8.2.2 Buffer composition and ibuprofen absorption

The in situ absorption properties o f ibuprofen in each o f the buffer systems were 

examined to investigate if buffer composition could significantly affect the absorption 

properties o f ibuprofen.

8.3 ABSORPTION PROPERTIES OF ALL COMPOUNDS STUDIED

The surface area o f the small intestine that is available for paracellular absorption is 

relatively low compared to the overall surface area available for transcellular 

absorption, which is extensive (Daugherty and Mrsny, 1999). These two routes of 

passive absorption are not mutually exclusive as there are no strict criteria that 

prohibit a drug molecule from using both routes at the same time. However, most 

molecules are transported predominantly via one route, depending on their physical 

and chemical properties (Fade and Stavchansky, 1997). In addition to this, some 

compounds are actively transported across the membrane by carrier mechanisms 

(Tsuji, 1999; Kim, 2002; Naruhashi et al., 2002).
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The permeability coefficients o f  all o f  the compounds studied are given in Table 8.1 

together with some o f  their relevant physicochemical properties.

Table 8.1 Permeability coefficients in the rat (Papp i  s.d ), fraction absorbed in humans 
at the steady-state (FA), molecular weights (MW), Log P and topological polar surface area

flPSA) values o f  all compounds studied.

Papp

(cm sec ’ X lO"^)

FA

(% )
M W L o g ?

TPSA

(Â )
Ibuprofen 1.40 ± 0.14 100.00 206.3 3.51 37.30

Ketoprofen 1.32 ± 0.15 100.00 254.3 3.12 54.37

Naproxen 1.37 ± 0.07 99.99 230.3 3.34 46.53

Gly-Sar 0.38 ± 0.02 99.95 146.1 -3.07* 83.63

Ibu-alanine 0.61 ± 0.09 99.93 277.4 3.35* 66.40

Ibu-glycine 0.58 ± 0.11 99.90 263.3 3.04* 66.40

I bu-phenylalanine 0.55 ± 0.06 99.20 353.5 4.77* 66.40

Ibu-L-arginine 0.11 ± 0.03 77.06 362.5 -0.59* 128.3

cLog P
All o f  these compounds are more than 90% ionised at the steady-state.

Differences between the permeability coefficients o f  the compounds listed in Table

8.1 will be discussed further.

8.3.1 Passive absorption

Significant differences were observed between the Papp values o f  ibuprofen in 

Fagerholm, FeSSlF, HBSS, Krebs and PBS 6.8. These differences could be attributed 

to differences in their osmolarities as it was observed that the buffer with the highest 

osmolarity (FeSSlF) also showed the lowest ibuprofen Papp value while the buffer 

with one o f  the lowest osmolarities (HBSS) showed the highest Papp value.

Osmolarity has been reported as a driving force for water flux across the intestinal 

mucosa and this water flux principally occurs through the paracellular route or via the 

aqueous pores (Lennemas, 1995). The correlation observed between buffer 

osmolarity and net water flux (Figure 8.1) indicates that this movement o f  water 

across the intestinal wall reduces or promotes the absorption o f  ibuprofen by solvent 

drag, depending on the direction o f  the water movement.
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Figure 8.1 Relationship between buffer osmolarity and net water flux across the 
intestinal m ucosa (a negative value for net water flux represents secretion into the lumen and 

a positive value represents absorption out of the lumen).

This preliminary data suggested that the principal routes o f passive absorption 

available to ibuprofen are the paracellular route or transmembrane transport via the 

aqueous pores.

No significant differences were seen between the absorption properties o f ibuprofen, 

ketoprofen and naproxen. The absorption properties o f ketoprofen were examined at 

different concentrations and no changes in Papp with increasing concentration were 

observed.

These initial results indicated that the absorption o f ibuprofen, ketoprofen and 

naproxen in the rat is aqueous boundary layer controlled and they are predominantly 

absorbed via the paracellular or aqueous pore routes. In contrast, the rat intestinal Papp 

o f Gly-Sar is sufficiently low and the molecule is sufficiently hydrophilic to suggest 

that its absorption is membrane controlled. Despite it being a substrate for peptide 

transporters, a certain amount o f it will be passively absorbed and its molecular
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weight and Log P are suitable for paracellular transport or passage through the 

aqueous pores. These physicochemical properties are o f such a magnitude that, in 

addition to uptake by peptide transporters, it would be expected to be absorbed via 

these routes to the same, if not to a greater, extent as ibuprofen, ketoprofen and 

naproxen. However, its Papp is approximately three-fold smaller than ibuprofen, 

ketoprofen and naproxen (Table 8.1).

A possible reason for this is that the Log P o f Gly-Sar is much lower than for 

ibuprofen, ketoprofen or naproxen. As a result o f its lower Log P, its ability to utilise 

the transcellular route for passive absorption by partitioning into the lipid structure o f 

the cell membrane is limited, compared to the NSAIDs.

This in turn suggests that the NSAIDs are absorbed to a large extent by the 

transcellular route by partitioning through the lipid structure. This is despite their 

degree o f ionisation and molecular weights indicating that they are most likely 

absorbed paracellularly or via the aqueous pores. The much larger surface area 

available for transmembrane absorption relative to the paracellular route may 

compensate for the unfavourable degree o f ionisation for transmembrane absorption. 

The net effect o f this is that the transmembrane route accounts for a large fraction o f 

the NSAID absorption. In turn, Gly-Sar is ionised to a similar extent, but has a much 

lower Log P. This reduces its capability o f partitioning into the lipid structure o f the 

cell membrane relative to the three NSAIDs and so it is forced to rely more heavily 

on paracellular transport and the transmembrane aqueous pore routes for passive 

absorption.

Consequently, what is likely to be occurring is that the three NSAIDs and Gly-Sar are 

being absorbed at similar rates by the paracellular route but differ in the extent o f 

transmembrane absorption via partitioning across the lipid structure. It is this that 

accounts for the large difference in values o f Papp seen between the three NSAIDs and 

Gly-Sar.

It can be concluded from this the passive absorption o f ibuprofen, ketoprofen and 

naproxen occurs principally by transcellular dilflision, with transport via the 

paracellular route occurring simultaneously but to a much lesser extent.
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The differences in Papp values between ibuprofen and ibu-alanine, ibu-glycine and 

ibu-phenylalanine can be attributed to differences in their TPSA values, as their Log 

P values are all o f a similar order o f magnitude.

The differences in Papp values seen between ibu-L-arginine and the other three amino 

acid derivatives o f ibuprofen as well as the parent compound, ibuprofen, can be 

explained by its relatively large TPSA value and relatively low Log P value. The 

TPSA value o f ibu-L-arginine (128.3 A^) is approximately two-fold greater than the 

other three amino acid derivatives and approximately four-fold greater than ibuprofen 

itself A consequence o f this is that the ability o f ibu-L-arginine to utilise the 

paracellular route or pass through the enterocyte cell membrane or aqueous pores is 

restricted relative to the other compounds. In addition, its relatively low Log P value 

(-0.59) means that it is a more hydrophilic molecule than the others, and consequently 

its ability to partition into and traverse the lipid structure o f the cell membrane is 

reduced. The net effect o f  these two factors is a significant decrease in its overall 

ability to cross the intestinal mucosa resulting in a relatively low Papp value.

Topological polar surface area (TPSA) has been shown to be an effective and rapidly 

determinable predictor o f the intestinal absorption o f drug molecules and is defined as 

the sum o f surface contributions o f polar atoms (Ertl et al., 2003). Polar surface area 

has been shown to correlate well with drug transport properties, such as intestinal 

absorption or blood-brain barrier penetration (Clark, 1999a; 1999b; Kelder et al., 

1999). When the fractions unabsorbed o f the eight compounds studied are plotted 

against their TPSA values, the resulting relationship is shown in Figure 8.2.
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Figure 8.2 Relationship between fraction absorbed in humans at the steady-state (%) 
and TPSA (Â ). Insert from ErtI et al, (2003).

Figure 8.2 shows that the experimental data forms the beginning o f a possible 

sigmoidal relationship between fraction absorbed and polar surface area. This is in 

good agreement with similar profiles shown by Palm et al. (1997) and Ertl et al. 

(2003) (see insert in Figure 8.2), indicating that polar surface area is a useful predictor 

o f intestinal drug absorption.

In terms o f the biopharmaceutics drug classification scheme (BCS), ibuprofen, 

ketoprofen and naproxen are considered as Class II compounds as they have high 

permeabilities and low aqueous solubilities. The alanine, glycine and phenylalanine 

derivatives o f ibuprofen all have significantly lower Papp values than ibuprofen in the 

rat, yet when converted to fraction absorbed in humans, they are 99% absorbed. 

Given their lower pKa values than ibuprofen, they can be expected to be more soluble 

in the contents o f the stomach and the small intestine than ibuprofen. For these 

reasons it is possible to predict that they belong to Class I o f the BCS.

213



Chapter 8. General discussion

Recently, Legen et al. (2003) have reported a study which suggests that an inwardly 

directed proton gradient (mucosal to serosal direction) maintained by the acidic 

microclimate pH at the intestinal surface could be a driving force for the transport of 

NSAIDs and other monocarboxylic acid type drugs across the intestinal epithelia. At 

the acidic mucosal surface the lipophilic, unionised form of the drug is quickly 

absorbed across the cell membrane. Once in the intracellular compartment it 

dissociates and consequently a high concentration gradient o f the unionised species is 

maintained across the membrane. This mechanism might explain the rapid absorption 

o f NSAIDs and other monocarboxylic acid type drugs from the GI tract.

Additionally, the proton-dependent monocarboxylate transporter, MCT, may also be 

responsible for the rapid absorption of NSAIDs as monocarboxylate drugs such as 

aspirin have been reported to be transported by this mechanism in the intestine 

(Osiecka et al., 1985) and in Caco-2 cells (Takanaga et al., 1994). This is a proton 

dependent process and, in common with the absorption theory by Legen et al. (2003), 

would also be promoted by an acidic microclimate pH at the intestinal surface. This 

involvement o f MCT indicates that transporter proteins could play a significant role 

in the absorption of NSAIDs and might help to flirther explain why monocarboxylate 

drugs are generally rapidly absorbed from the GI tract.

8.3.2 The role of peptide transporters

The ability o f ibuprofen to bind to intestinal peptide transporters was investigated. 

Gly-Sar is a dipeptide substrate for intestinal peptide transporters and it was observed 

that ibuprofen reduced the uptake o f Gly-Sar both in situ and in cell culture. This 

indicates that ibuprofen can bind non-specifically to the peptide transporters involved 

in Gly-Sar uptake. The reduction in Gly-Sar uptake was much more pronounced in 

cell culture than in situ. This may be due to the nature o f the in situ model, which 

encompasses a diverse array o f transporters and absorption pathways. In contrast, the 

cell culture model, Capan-2, is derived from a pancreatic adenocarcinoma and 

although it expresses a range o f peptide transporters, it also expresses these at higher 

levels than the intestine.

Additionally, Gly-Sar uptake by peptide transporters in Capan-2 cells was reduced by 

the alanine, glycine, phenylalanine and L-arginine derivatives o f ibuprofen. This
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indicates that all o f  these compounds are capable o f  binding to the relevant 

transporters. Results from the in situ  absorption studies indicate that the transporters 

involved are proton dependent as the rate o f  Gly-Sar uptake appeared to decrease as 

pH increased. The extent o f  Gly-Sar uptake inhibition in cell culture varied with the 

compound, with the L-arginine derivative displaying the lowest IC50 and the glycine 

derivative displaying the highest IC5 0 . This ability o f  ibu-L-arginine to bind to peptide 

transporters is significant as it may suggest a potential role o f  L-arginine in drug 

derivatisation for the tissue selective delivery involving selective uptake by peptide 

transporters. For example the newly emerging role o f  N SA ID s in the treatment o f  

Alzheimer’s disease and colon cancer (Katori and Majima, 2000; Aisen, 2002; Kaza 

et al., 2002) may lead to the need for N SAIDs that specifically target these tissues.

It has been reported that the expression o f  these transporters at the plasma membrane 

o f  Capan-2 cells is sufficiently high so as to show potential as a delivery route for a 

peptide-like anti-neoplastic agent in cases o f  pancreatic cancer (Gonzalez et al., 

1998). This higher density o f  peptide transporters at the level o f  the cell membrane in 

Capan-2 means that any interaction between ibuprofen and the transporters will be 

much more apparent in the cell culture model than in situ.

From this it can be concluded that in addition to the passive absorption o f  these 

compounds, active transport via peptide transporters may be contributing to their 

absorption.

8.3.3 Pharmacokinetic analysis

A  two compartment pharmacokinetic model with constant input and first order output 

was shown to best describe the ibuprofen plasma data. Best-fit pharmacokinetic 

parameters for ibuprofen were o f  a similar order o f  magnitude to literature values. 

There was a good correlation between disappearance from the gut and appearance in 

the plasma. Plasma data for ketoprofen, naproxen, ibu-alanine, ibu-glycine, ibu- 

phenylalanine and ibu-L-arginine were also fitted to a two compartment 

pharmacokinetic model with constant input and first order output, and good estimates 

o f  fit were obtained.
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The rate o f elimination o f ketoprofen from the blood appeared to decrease with 

increasing dose although a significant decrease was only seen when comparing the 

highest and lowest doses.

The rates o f elimination and volumes o f distribution o f ibu-alanine, ibu-glycine and 

ibuprofen acid were found to be similar. The similarity in volumes of distribution is 

most likely due to their similar extents o f ionisation at physiological pH.

Both the rate o f elimination from the blood and the volume o f distribution o f ibu- 

phenylalanine were significantly different from ibuprofen and the other amino acid 

derivatives. Its significantly higher volume o f distribution may be related to its 

lipophilicity as, despite having a similar degree o f ionisation at physiological pH, it 

has a significantly higher cLog P than the other compounds.

Given that the amino acid derivatives were not observed to break down in the plasma 

and release ibuprofen, flirther work could be carried out to determine their fate once 

they enter the blood. This might help to explain why the rate o f  elimination o f ibu- 

phenylalanine is significantly different to the other amino acid derivatives and to 

ibuprofen.

8.3.4 Stability of the amino acid derivatives

Ibuprofen was not released from these compounds, suggesting that they were not 

being metabolised by the rat. It is possible they are excreted unchanged. This is in 

agreement with Shanbhag et al. (1992) and Franssen et al. (1992) who reported on the 

stability o f the amide bond in a range o f amino acid derivatives o f NSAIDs in a 

number o f different media including buffers (pH 5.0 and 7.0) and human plasma and 

serum. This level o f stability and resistance to hydrolysis o f the amide bond in these 

compounds explains why the parent compound, ibuprofen, was not detected in any of 

the perfusate or plasma samples in the current work.
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8.4 GASTROINTESTINAL TOXICITY

Figure 8.3 compares the G1 toxicity o f all the compounds studied in terms of their 

total scores from histological evaluation.

1 ^

■  Blank

■  Ibu-alanine (1.34 mg/ml)

■  Ibu-glycine (1.28 mg/ml)

□  Ibu-phenylalanine (1.71 mg/ml)

□  Ibu-L-arginine (1.76 mg/ml)

■  touprofen (1 mg/ml)

■  Ketoprofen (1 mg/ml)

Q Naproxen (1 mg/ml)

Figure 8.3 Total scores from histological evaluation of the rat small intestinal m ucosa 
after perfusion with a  range of different system s.

It is apparent from Figure 8.3 that the amino acid derivatives o f ibuprofen are 

significantly less toxic to the GI mucosa than ibuprofen, ketoprofen and naproxen at 

similar concentrations (ANOVA; p<0.05). The concentrations o f the amino acid 

derivatives were all equivalent to 1 mg ml"' ibuprofen acid.

When a range o f concentrations o f ketoprofen were used in the perfrision solutions, 

the level o f intestinal damage increased significantly with each doubling o f 

concentration, within the concentration range o f 0.5 -  2.0 mg ml '. The total score 

appeared to increase linearly with increasing ketoprofen concentration, but a wider 

range of concentrations needs to be studied to fully elucidate this relationship.
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The pKa values o f ibu-alanine, ibu-glycine and ibu-phenylalanine are all lower than 

the pKa o f ibuprofen and consequently are more acidic molecules. Despite this, data 

from PEG 4000 permeability and, in particular, histological studies indicates that they 

are significantly less irritant to the GI mucosa relative to ibuprofen.

Elimination or reduction o f the role o f the direct contact effect o f the acidic carbonyl 

group in GI irritation appears to be the reason for the reduced irritation seen with 

these amino acid derivatives. The free carbonyl group o f ibuprofen has been 

associated with GI irritation by a direct contact effect on the intestinal mucosa (Cioli 

et al., 1979). When the amino acid derivatives o f ibuprofen are synthesised, this 

carbonyl group is involved in the bond between the ibuprofen molecule and the 

amino acids. However, the amino acids themselves have a free carbonyl group which 

could be expected to be irritant to the GI mucosa on account o f its lower pKa. A 

previous study by Shanbhag et al. (1992), reported that ibu-glycine has similar anti

inflammatory activity to ibuprofen. The reduced histological damage seen with the 

amino acid derivatives in this work is unlikely due to a reduction in their ability to 

inhibit prostaglandin production relative to ibuprofen, and is more likely due to the 

‘tying up’ o f the carbonyl group of ibuprofen.

It was initially thought that it might be the unionised form of the carboxylic acid that 

is partly responsible for the GI toxicity. The lower pKa values o f the amino acid 

derivatives relative to ibuprofen suggest that at any given pH they are ionised to a 

lesser extent than ibuprofen itself, and hence have a lower fraction o f the unionised 

component. This is supported by Rainsford and Whitehouse (1980), who showed that 

the co-administration of PBS 6.8 buffer with aspirin had a significant gastro- 

protective effect relative to aspirin alone. The proposed mechanism for this effect is 

the generation o f a lower hydrogen ion concentration by the buffer in the 

microenvironment o f the aspirin particles which results in an increased ionisation of 

aspirin (Lanza et al., 1980). However, more recent evidence (Kelly et al., 1996) 

indicates that buffered aspirin may be equally, if not more, irritant to the GI tract than 

plain aspirin.
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8.5 pH PROFILES OF PERFUSATE SAMPLES

The pH values o f the perfusate samples from all o f these perfusion studies were 

measured and plotted in pH versus time profiles. In all cases there was a shift in pH 

from before the perfiision solution entered the intestinal segment until the steady- 

state. The direction and extent o f this pH change was dependent on the initial pH o f 

the perfijsion solution and indicates that the intestinal microclimate buffering system 

attempts to maintain the intestinal contents at pH six. This is evident in Figure 8.4 

which shows the pH versus time profiles for several o f the systems studied over the 

course o f this work.

pH 4 -

2 -

- Ketoprofen (1 mg/ml) in FBS 6.8

- b upro fen  (1 mg/ml) in PBS 6.8

- Naproxen (1 mg/ml) in PBS 6.8 

Ibu-L-arginine (1.76 mg/ml) in PBS 6.8

- Gly-Sar in PBS 6.0

- Gly-Sar and ibuprofen (1 mg/ml) in PBS 6.0

- Gly-Sar in PBS 5.0

Gly-Sar and ibuprofen (0.25 mg/ml) in PBS 5.0
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Figure 8.4 pH versus time profiles of the perfusate samples from several of the systems
studied.

For most o f the systems the shifts in perfusate pH are most dramatic over the first 40 

minutes, after which there is very little change. This suggests that the intestinal 

buffering system reaches a steady-state after 40 minutes. The shift in perfiasate pH 

that it produces is maintained over the course o f the perfiision, indicating that there is
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no exhaustion of the intestinal buffering system. It also provides evidence of the 

viability of the model as it indicates that the intestinal segment is fimctioning 

normally.

The pH values of the PBS 6.0 samples do not undergo any significant change (t-test: 

p>0.05) and stay at approximately pH 6 over the course of the perfiision. This 

suggests that the intestinal microclimate pH in the rat is close to pH 6, as proposed by 

Ikuma et al. (1996).

The relationship between ibuprofen Papp and the steady-state pH of the perfusate 

samples is shown in Figure 8.5.
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Figure 8.5 Relationship between ibuprofen Papp and steady-state pH of the perfusate
samples.

It appears that as the steady-state pH increases, so too does the Papp value. This result 

is difficult to explain. The lowest pH is 5.51 and this corresponds to 92.3% of 

ibuprofen ionised and the highest pH is 8.37 which corresponds to 99.9% ionised. As 

more of the ibuprofen becomes ionised, it becomes more hydrophilic and
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consequently even more suitable for paracellular or aqueous pore transport. However, 

this relatively small change in percent ionised is not sufficient to account for the two

fold increase in Papp. Also, if proton-dependent peptide transporters are involved in 

ibuprofen uptake, at higher pHs the binding of ibuprofen to the peptide transporter 

would be expected to decrease due to its proton dependence, and not increase as 

shown. However, given the significant effect of buffer osmolarity and intestinal water 

flux on the Papp values, the trend between Papp and steady-state pH may be 

‘artificially’ created due to a relationship between osmolarity/net water flux and pH 

(Figure 8.6).
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Figure 8.6 Relationship between steady-state pH and net water flux across the intestinal
mucosa.

This correlation between net water flux across the intestinal mucosa and steady-state 

pH of the perfiisate may be responsible for the apparent relationship seen between 

steady-state pH and Papp due to the significant effect that net water flux was shown to 

have on the Papp value.
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8.3 CONCLUSIONS

The main findings of this work can be summarised as follows:

The composition of the perfusion solution used in in situ absorption studies of 

ibuprofen can have a significant effect on its permeability coefficient. This appears to 

be primarily due to differences in net water flux across the intestinal mucosa as a 

consequence of different buffer osmolarities.

When calculating intestinal permeability coefficients, it is important to correct for 

changes in perfusate drug concentration due to intestinal water flux, as significant 

differences between systems may be masked by changes in concentration due to 

water flux which would otherwise be assumed to be due to absorption.

When reporting buffer capacity values it is important to specify the pH of the buffer 

and whether an acid or a base was used to measure it, as each may produce different 

results unless the pH is at the pKg.

The passive absorption of ibuprofen, ketoprofen and naproxen seems to occur 

principally by transcellular diffusion across the enterocyte cell membrane.

Ibuprofen appears to bind non-specifically to peptide transporters in situ and in cell 

culture and consequently active transport processes by peptide transporters may also 

be involved in its absorption. This binding is more pronounced in cell culture than in 

situ.

The absorption properties of ketoprofen do not appear to be concentration dependent 

over the perfusate concentration range of 0.5-2.0 mg ml'*.

Ibu-alanine, ibu-glycine and ibu-phenylalanine are significantly less well absorbed in 

the rat than their parent compound, ibuprofen. Ibu-L-arginine in turn is significantly 

less well absorbed than ibu-alanine, ibu-glycine, ibu-phenylalanine and ibuprofen. 

When their permeability coefficients in rats are converted to fi-action absorbed values 

in humans, there are no significant differences between ibu-alanine, ibu-glycine, ibu- 

phenylalanine and ibuprofen, and these are all significantly larger than ibu-L- 

arginine.

Like ibuprofen, the amino acid derivatives are capable of binding to peptide 

transporters in cell culture, indicating that active transport processes by peptide 

transporters may also be involved in their absorption. Their ability to bind to peptide
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transporters varies with the amino acid derivative. O f the four derivatives, ibu-L- 

arginine has the highest affinity.

The amino acid derivatives are all significantly less irritating to the GI tract than 

ibuprofen and are stable in the perfusate and plasma over the time course o f the in situ 

perfusion experiments.

The amino acid derivatives produced have favourable GI toxicity relative to 

ibuprofen and, despite modulated polarity, demonstrate appreciable bioavailability.

8.4 FUTURE WORK

There are a number o f areas in which the findings reported in this work could be 

fiarther investigated. Firstly, there are cell culture models which can be transfected 

with transporter proteins in contrast to the Capan-2 cell line which has a population of 

peptide transporters. In this respect they could add to the findings reported in this 

work by confirming the involvement o f specific peptide transporters, such as PepTl, 

in the uptake o f these compounds. This might provide information on any tissue 

selectivity that these amino acid derivatives might have by investigating their 

selectivity for transporters that might be found in the cell membranes o f specific 

tissues {e.g. colon cancer cells).

Dipeptide derivatives o f  ibuprofen could be investigated to see if they bind to a 

greater extent to the peptide transporters.

The amide linkages in the amino acid derivatives o f ibuprofen are not cleaved in vivo 

and as a result the NSAID is not released. Approaches to making this linkage more 

labile and susceptible to esterases after absorption is an area that could be further 

investigated.

A recent report by Legen et al. (2003) has suggested that an inwardly directed proton 

gradient maintained by the acidic microclimate pH at the intestinal surface could be 

considered as a driving force for the transport o f monocarboxylic acid type drugs 

across the intestinal epithelia. This indicates that microclimate pH could be playing a 

significant role in NSAID absorption and is an area that could be further investigated.
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Appendices

APPENDIX 1

Mathematical model to describe the variation in buffer capacity with pH when a 
monoprotic acid is used as the buffer species.

Independent Variable: PH 
Dependent Variable: BETA 
Parameters: PKHA, ATOT

KHA=  lO^(-PKHA)
K W = 10^(-14)
H =  lO^(-PH)
OH = KW/H
HAA = H/KHA
FH = 1+HAA
A = ATOT/FH
HA = HAA*A
PBAL = H-OH+HA
BETA = -DERIV(PBAL, PH)
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APPENDIX 2

Mathematical model to describe the variation in buffer capacity with pH when a triprotic 
acid is used as the buffer species.

Independent Variable: PH
Dependent Variable; BETA
Parameters: PKHA, PKH2A, PKH3A, ATOT

K H A = lO^(-PKHA)
K H 2A = 10^(-PKH2A)
K H 3A = 10^(-PKH3A)
K W = 10^(-14)
H =  lO'^(-PH)
OH = KW/H
HAA = H/KHA
H2AA = H*HAA/KH2A
H3AA = H*H2AA/KH3A
FH = 1+HAA+H2AA+H3AA
A = ATOT/FH
HA = HAA*A
H2A = H2AA*A
H3A = H3AA*A
PBAL = H-OH+3*H3A+2*H2A+HA 
BETA = -DERIV(PBAL, PH)
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APPENDIX 3

Mathematical model to describe the variation in buffer capacity with pH when a diprotic 
and a triprotic acid are used as the buffer species.

Independent Variables; PH 
Dependent Variables: BETA
Parameters: PKHA, PKH2A, PKH3A, PKHB, PKH2B, ATOT, BTOT

K H A = lO^(-PKHA)
K H 2A = 10^(-PKH2A)
K H 3A = 10^(-PKH3A)
K H B = lO^(-PKHB)
K H 2B= 10^(-PKH2B)
K W = lO'^C-M)
H =  lO^(-PH)
OH = KW/H
HAA = H/KHA
H2AA = H*HAA/KH2A
H3AA = H*H2AA/KH3A
HBB = H/KHB
H2BB = H*HBB/KH2B
FH A = 1+HAA+H2AA+H3AA
FH B = 1+HBB+H2BB
A = ATOT/FHA
B = BTOT/FHB
HA = HAA*A
H 2A=H2A A *A
H3A = H3AA*A
HB = HBB*B
H2B = H2BB*B
PBAL = H-OH+3*H3A+2*H2A+HA+HB+2*H2B
BETA = -DER1V(PBAL, PH)
*  +  !|=
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APPENDIX 4

Mathematical model to describe the variation in buffer capacity with pH when two 
triprotic acids are used as the buffer species.

Independent Variables: PH 
Dependent Variables: BETA
Parameters: PKHA, PKH2A, PKH3A, PKHB, PKH2B, PKH3B, ATOT, BTOT

K H A = lO'^(-PKHA)
KH2A= 10^(-PKH2A)
KH3A= I0^(-PKH3A)
K H B= lO^(-PKHB)
KH2B = 10TPK H 2B )
K H3B= 10TPK H 3B )
K W = 10^(-14)
H =  lO '̂C-PH)
OH = KW/H
HAA = H/KHA
H2AA = H*HAA/KH2A
H3AA = H*H2AA/KH3A
HBB = H/KHB
H2BB = H*HBB/KH2B
H3BB = H*H2BB/KH3B
FH A = 1+HAA+H2AA+H3AA
FHB = 1+HBB+H2BB+H3BB
A = ATOT/FHA
B = BTOT/FHB
HA = HAA*A
H2A = H2AA*A
H3A = H3AA*A
HB = HBB*B
H2B = H2BB*B
H3B = H3BB*B
PBAL = H-OH+3*H3A+2*H2A+HA+3*H3B+2*H2B+HB 
BETA = -DERIV(PBAL, PH)
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APPENDIX 5

Two compartment pharmacokinetic model with constant input and first order output.

Independent Variables: TIME
Dependent Variables: CONCENTRATION
Parameters: KELIM K12 K21 DOSE VOLUME TIV

CPO = DOSEA^OLUME
TSTAR = UNIT(TIME-TIV)*(T1ME-TIV)
BB = -(K12+K21+KELIM)
ROOTl =0.5*(-BB+SQRT(BB*BB-4*K21*KI2))
ROOT2 = 0.5*(-BB-SQRT(BB*BB-4*K2I*K12))
ALPHA = UNIT(ROOT I-ROOT2)* ROOT I +UNIT(ROOT2-ROOT I )* ROOT2 
BETA = UNIT(ROOT 1 -ROOT2)*ROOT2+UNIT(ROOT2-ROOT 1 )*ROOT I 
A = CP0/TIV*(ALPHA-K21 )/(ALPHA-BETA)/ALPHA 
B = (-CP0)/TIV*(BETA-K21)/(ALPHA-BETA)/BETA 
TERM l -  A*(EXP((-ALPHA)*TSTAR)-EXP((-ALPHA)*TIME))
TERM2 = B*(EXP((-BETA)*TSTAR)-EXP((-BETA)*T1ME))
CONCENTRATION = TERM 1+TERM2
AUC = DOSE/VOLUME/KELIM
KELIMHALF = 0.693/KELIM
ALPHAHALF = 0.693/ALPHA
BETAHALF = 0.693/BETA
CONCMAX = A*(I-EXP((-ALPHA)*TIV))+B*(1-EXP((-BETA)*TIV))
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APPENDIX 6

Non-steady-state model to describe the gastrointestinal absorption o f drugs.

Independent Variables: T 
Dependent Variables: F 
Parameters: DE, Q, R, PE, X

A=DE
B=Q/(3.1416*R^2)
G=2*PE/R
E=B^2/(4*A)+G
W=X*SQRT(E/A)
Y=X/(2*SQRT(A*T))
Z=SQRT(E*T)
F=100*EXP(B*X/(2*A))/2*(EXP(-W)*ERFC(Y-Z)+EXP(W)*ERFC(Y+Z))
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APPENDIX 7

HPLC trace o f  ibuprofen showing the principal ibuprofen peak with a retention time o f 

7.95 minutes.
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APPENDIX 8

HPLC trace o f  naproxen showing the principal naproxen peak with a retention time o f 

5.65 minutes.
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APPENDIX 9

HPLC trace o f  ketoprofen showing the principal ketoprofen peak with a retention time o f 

5.30 minutes.
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APPENDIX 10

HPLC trace o f  ibu-alanine showing the principal ibu-aianine peak with a retention time 

o f 6.04 minutes.
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APPENDIX 11

HPLC trace o f  ibu-glycine showing the principal ibu-glycine peak with a retention time 

o f 5.56 minutes.
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APPENDIX 12

HPLC trace o f ibu-phenylalanine showing the principal ibu-phenylalanine peak with a 

retention time o f 9.68 minutes.
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APPENDIX 13

HPLC trace o f  ibu-L-arginine showing the principal ibu-L-arginine peak with a retention 

time o f 10.31 minutes.
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APPENDIX 14

Validation o f the plasma assays for ibuprofen, ketoprofen and naproxen showing their 

extraction efficiency and precision.

Ibuprofen

Ibuprofen concentration Extraction Precision (% )

(fig m r‘) Efficiency (%) Within-day Between-day

47.07 86.89 1.08 4.08

94.14 87.38 0.98 7.16

188.28 89.71 1.23 9.34

376.56 92.17 0.77 6.01

753.12 91.38 0.75 10.03

Ketoprofen

Ketoprofen concentration Extraction Precision (%)

(pgm l*) Efficiency (%) Within-day Between-day

66.34 90.35 1.37 10.09

126.68 93.74 2.48 5.87

253.36 88.71 0.68 6.17

506.72 95.06 0.74 8.21

1013.44 92.33 0.58 9.63
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Naproxen

Naproxen concentration Extraction Precision (%)

(fig mr‘) Efficiency (%) Within-day Between-day

62.79 87.39 2.85 5.71

125.58 90.47 0.40 6.09

251.16 92.81 0.63 8.32

502.32 91.08 1.32 11.82

1004.64 90.34 2.05 7.62

Validation o f the plasma assays for ibuprofen, ketoprofen, naproxen, ibu-alanine, ibu- 

glycine, ibu-phenylalanine and ibu-L-arginine, showing the linearity and limits o f 

quantitation o f the assays.

Compound Linearity

r'

Limit o f Quantitation 

(^g mP')

Ibuprofen 0.997 2.35

Ketoprofen 0.998 1.87

Naproxen 0.999 2.73

Ibu-alanine 0.999 3.48

Ibu-glycine 0.999 4.20

Ibu-phenylalanine 0.999 3.08

Ibu-L-arginine 0.993 2.58
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