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SUMMARY

An uptake system was developed using Caco-2 cell monolayers and the dipeptide,
glycyl-[3H]L-proline, as a probe compound. Glycyl-[3H]L-proline uptake was via the di-/tri-
peptide transport system (DTS) and, exhibited concentration-, pH- and temperature-
dependency. Dipeptides inhibited uptake of the probe, and the design of the system allowed
competitors to be ranked against one another with respect to affinity for the transporter.

The structural features required to ensure or increase interaction with the DTS were
defined by studying the effect of a series of glycyl-L-proline and angiotensin-converting
enzyme (ACE)-inhibitor (SQ-29852) analogues on the uptake of the probe. The SQ-29852
structure was divided into six domains (A-F) and competitors were grouped into series
depending on structural variations within specific regions. Domain A was found to prefer a
hydrophobic function, such as a phenyl group, and was intolerant to positive charges and
H+-acceptors and donors. SQ-29852 analogues were more tolerant of substitutions in the C
domain, compared to glycyl-L-proline analogues, suggesting that interactions along the
length of the SQ-29852 molecule may override the effects of substitutions in the C domain.
SQ-29852 analogues showed a preference for a positive function, such as an amine group in
this region, but dipeptide structures favoured an uncharged substitution. Lipophilic
substituents in domain D increased affinity of SQ-29852 analogues with the DTS. A similar
effect was observed for ACE-NEP inhibitor analogues. Domain E, corresponding to the
carboxyl group was found to be tolerant of esterification for SQ-29852 analogues but not for
dipeptides. Structural features which may increase interaction for one series of compounds,
may not have the same effect for another series, indicating that the presence of multiple
recognition sites on a molecule may override the deleterious effect of any one change.
Modifying current, poorly absorbed peptidomimetic structures to fit the proposed
hypothetical model may improve oral bioavailability by increasing affinity for the DTS.

The stereochemical preference of the transporter was explored using four series of
compounds (SQ-29852, lysylproline, alanylproline and alanylalanine enantiomers). TheL, L
stereochemistry was the preferred conformation for all four series, agreeing with previous
studies. However, D, D enantiomers were shown in some cases to be substrates for the DTS,
although exhibiting a lower affinity than their L, L counterparts.

All the ACE-inhibitors and p-lactam antibiotics investigated, produced a degree of
inhibition of the probe, and thus show some affinity for the DTS. This contrasts with
previous reports that found several ACE inhibitors to be absorbed via a passive process, thus
suggesting that compounds are capable of binding to the transporter site and inhibiting the
probe without being translocated into the cell. This was also shown to be the case for
oligodeoxynucleotide conjugated to a lipophilic group (vitamin E), and highlights the
possibility that other orally administered drug candidates may exert non-specific effects on
the DTS and possibly have a nutritional impact.

Molecular modelling of selected ACE-NEP inhibitors revealed that the three
carbonyl functions can be oriented in a similar direction, and this conformation was found to
exist in a local energy-minimised state, indicating that the carbonyls may possibly be
involved in hydrogen-bond formation with the binding site of the DTS.

ACE inhibitors, ACE-NEP inhibitors, structure-activity relationships, SQ-29852,
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CHAPTER ONE

GENERAL INTRODUCTION

ABSTRACT

The general introduction gives an overview into drug absorption studies, focusing
on the use of the Caco-2 cell line as an intestinal model for drug absorption studies. The
absorption mechanisms of di-/tripeptides and peptidomimetic drugs and
oligodeoxynucleotides are reviewed in detail.
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1.1 BACKGROUND

Peptides and proteins of potential medicinal importance are now available in large
quantities, as a result of the recent developments in the field of biotechnology. Economic
viability now allows existing and novel compounds to be considered as therapeutic agents.
However, in order to be successful in this role, effective delivery must be achieved.

1.2 PEPTIDE AND PROTEIN AS DRUGS

Peptide and protein drugs may be very potent even at low concentrations, and
potentially produce minimal side-effects, thus in many aspects they approach the ideal
therapeutic agents [Patel, 1988]. Enzymes, hormones, immunomodulating agents and
vaccines are all examples of peptide/protein drugs. In order for these compounds to be
medicinally useful, good bioavailability must be achieved. Most therapeutic peptides are
administered parenterally, usually by daily injections of aqueous solutions and occasionally
as suspensions or solutions e.g. insulin. Patient compliance tends to be poor with this
method, unless the situation is life-threatening.

Oral administration is undoubtedly the most favoured route of delivery due to it
having good patient compliance, relatively cheap, non-invasive, free from many of the
complications that are associated with parental administration, and free from the use of
special applicators [Gardner & Wood, 1988]. These advantages only become relevant if
sufficiently high bioavailability can be achieved. However, the success of this route 18
limited due to degradation by dietary enzymes (further discussed in Chapter 3), and poor
absorption across epithelial cell membranes of the gastrointestinal (GI) tract, often resulting
in oral bioavailabilites of less than 1-2 % [Lee & Yamamoto, 1990]. Peptidomimetics are
molecules that mimic the biological action of a peptide, yet are not completely true peptides.
Many drug molecules such as angiotensin-converting enzyme (ACE)-inhibitors, B-lactam
antibiotics, renin and thrombin inhibitors are peptidomimetics. Due to their peptidic
properties, these drugs are Jargely subject to the same biological and physical barriers a true
peptide has to overcome in order to achieve adequate absorption. Therefore, the
pharmaceutical industry is extremely interested in improving the absorption of
peptidomimetics by modifying current drugs to increase their oral bioavailability, designing
new compounds that overcome the barriers to absorption and converting drugs, which have
poor bioavailability into peptide prodrugs designed to target the active transport system
through which dipeptides are absorbed. To address these problems in order to achieve good
oral absorption of peptide and peptidomimetic drugs, the barriers presented by the GI tract,
and thus its physiology need to be considered.

1.3 PHYSIOLOGY OF THE GI TRACT
Essentially the GI tract is a hollow tube of approximately 9 m, which is continuous
with the external environment, and can be divided into five regions running from mouth to
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anus. The general structure is consistent throughout the GI tract with specific modifications
in certain regions to facilitate the digestive absorptive process. The digestive tube is
composed of four major tissue layers (Figure 1.1). The innermost layer (to the body) is a
covering of flattened mesothelial cells with underlying loose connective tissue known as the
serosal layer. The serosa secretes a watery fluid which lubricates, preventing friction
between the digestive organs and the surrounding viscera. The next layer, the lamina
muscularis externa is composed of smooth muscle and makes up the main thickness of the
gut. Contractions of the circular and longitudinal muscle fibres in this region are responsible
for peristalsis, which propels and mixes the contents of the small intestine. Ganglion cell
bodies and nerve trunks of Auerbach's plexus lie between these two muscular regions. The
third layer, the lamina submucosa is composed of dense connective tissue, providing
elasticity to the GI tract. A second autonomic nerve plexus, the Meissner's plexus, and
branching blood and lymphatic vessels are present in this region. The outer most layer is the
mucosa, which has three distinct regions, the muscularis mucosa, the lamina propria and the
epithelium. The muscularis mucosa is a sparse inner layer of smooth muscle lying adjacent
to the lamina submucosa. The lamina propria is a thin middle layer of connective tissue,
through which small blood capillaries, lymphatic vessels and nerve fibres pass. It also
contains the gut-associated lymphoid tissue (GALT), which is thought to be important in the
intestinal defence against invading bacteria. The outermost layer, the epithelium, is the

barrier between the external environment (luminal contents) and the body.

FIGURE 1.1 Structural layers of the GI tract

attened mesothelial cells
T e e R e R serosal layer
- longitudinal muscle
fibres
LAMINA & ]
MUSCULARIS
EXTERNA | circular muscle
B 5 fibres
B e R bt L L s
LAMINA  __| & blood vessel
SUBMUCOSA | _ - (O  @—|—1ymphatic vessel
MUCOSA — Qmuscm;m's MUCOSa
| W Jamina propria
epithelial layer
ddototoik Auerbach's plexus
+++++ Meissner's plexus

20



The GI tract consists of the mouth, the pharynx and oesophagus, stomach, small
intestine and the large intestine. No absorption of foodstuffs takes place in the mouth, the
pharynx and oesophagus or the stomach. However, absorption of a few medications such as
nitroglycerine takes place in the mouth, and a few lipid-soluble substances such as alcohol
and aspirin takes place in the stomach. The small intestine which is the major site for food
and drug absorption will be discussed in more detail. The large intestine, consisting of the
cecum, colon and rectum, absorbs salts and water, and converts the remaining luminal

contents into faeces.

1.3.1 THE SMALL INTESTINE

The small intestine is the main absorptive region for nutrients and drugs along the GI
tract. It is made up of the duodenum, the jejunum and the ileum. The length of the
duodenum is 0.2 m, while that of the jejunum plus ileum are approximately 2.5 m, in
humans [Kararli, 1989]. The architecture of the small intestine is designed to maximise the
luminal surface area for optimal absorption. This is achieved by several structural
modifications; macroscopic circular folds of the submucosa, the brush-border membrane of
the enterocytes (densely packed microvilli) and finally invaginations (crypts of Lieberkuhn)
and extensions of the mucosa (villi). The villi, which are 0.5 to 1 mm in diameter, and the
microvilli, which are about 1 pm in length and 0.1 pum in diameter [Kararli, 1989] both help
to increase the surface area of the small intestine to about 200 m?2 [Houston & Wood 1980].

1.3.2 GI EPITHELIUM

The GI epithelium is composed of a variety of cell types (primarily enterocytes,
goblet cells, endocrine cells and Paneth cells) forming a continuous single sheet [Madara &
Trier, 1987]. Its task is selective, in that it is required to absorb nutrients and electrolytes yet
prevent the uptake of substances such as bacteria, micro-organisms and toxins, which are
potentially harmful to the body. The epithelial cells are produced from a single cell
population, which is located at the crypts of Lieberkuhn. Cells divide and migrate towards
the tips of the villi, differentiating into different cell types on their journey. The average life
of an enterocyte is about 3 days (d), and approximately 5 x 107 cells are sloughed off from
the extrusion zones of the villi tips each day [Kararli, 1989]. Division and migration of the
precursor cells in the crypts is a continuous process, replenishing the daily cell loss, and
repairing the damage incurred to the epithelium during the digestive process.

The cells of the GI epithelium are in contact with each other via the junctional
complexes. Tight junctions are present at the apical region of the cells, below the brush
border membrane, forming a tight "seal" between neighbouring epithelial cells [Hochman &
Artursson, 1994]. Tight junctions separate the contents of the intestinal lumen from the
contents of the intercellular spaces. These limit passive diffusion through the intercellular
spaces, therefore controlling the interchange between the luminal contents and the

circulation. They also play a role in organisation of the membrane into apical and

21



basolateral domains. The zonula adherens are proximally situated with respect to the tight
junctions, with the intercellular space between cells being increased to 20 nm in this region
[Kararli, 1989]. Mechanical stability of the epithelium is provided by the zonula adherens
and the macula adherens or desmosomes, which are disk-shaped specialisations [Kararli,
1989].

As previously mentioned the epithelium contains a variety of cells which will be
briefly discussed, with the enterocyte or absorptive cells being considered further. Goblet
cells are single cup shaped non-absorptive cells found in the crypts. They possess an
extensive granular endoplasmic reticulum and an elaborate golgi system conducive to mucus
production. Mucus is a complex mixture of glycoproteins, water, serum, cellular
macromolecules, electrolytes, microorganisms and sloughed cells [Neutra & Forstner,
1987]. The mucus protects the GI mucosa from acid, pepsin, alcohol and other luminal
substances [Neutra & Forstner, 1987]. It also lubricates the surface of the epithelium
[Neutra & Forstner, 1987]. M-cells take their name from the microfolds or convolutions on
the apical surface [Owen & Jones, 1974]. They over-lie lymphoid tissue associated with the
Peyer's Patches and are involved in the stimulation of the immune system. They contain
numerous vesicles and have been shown to transport macromolecules [O'Hagan et al.,
1987]. Paneth cells, which are pyramidal cells, containing numerous eosinophilic granules
at the apical region are found only at the foot of the crypt. They contain immunoglobulin A
(IgA) and immunoglobulin G (IgG) [Rodning et al., 1976], and have been shown to be
involved in the regulation of the bacterial millieu in the intestine [Satoh er al., 1986].
Defensins are a family of antimicrobial peptides which are thought to contribute to the
defence of mucosal surfaces. The expression of human defensin-5 gene in Paneth cells and
the localisation of defensin-6 messenger ribonucleic acid (nRNA) to these cells in the crypts
of Lieberkuhn has been reported. These findings support the notion that Paneth cells play a
role in host defence of the GI tract [Jones & Bevins, 1992, 1993].

1.3.2.1 ENTEROCYTES

Enterocytes or absorptive cells make up 90 % of the epithelial cell population and are
the most important anatomical barrier against drug absorption [Kararli, 1989]. They are
produced by maturation of the Crypts of Lieberkuhn cells in the crypts of the villL
Migration of the maturing cells occurs along the length of the villi, and they are eventually
sloughed off at the tips into the lumen, after about 3 d [Kararli, 1989]. The apical or brush
border membrane which is densely packed with microvilli, is their most distinctive feature
(Figure 1.2). It has a glycocalyx or fuzzy coat, which is a glycoprotein produced by the
enterocyte extending 0.1 pm from the microvilli tips [Ito, 1974], aiding in the digestive
process (contains digestive enzymes) and protecting the intestinal mucosa.

The enterocyte has a typical volume of about 250 pm3, containing a nucleus, golgi

apparatus, and rough and smooth endoplasmic reticulum which play a role in transferring the

22




absorbed lipids into lymph vessels [Yih-Fu, 1981]. Mitochondria, microtubules, lysosomes
and cytoplasmic filaments are also present.

FIGURE 1.2 Schematic diagram of the enterocyte (adapted from Kararli, 1989)
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1.4 TRANSEPITHELIAL TRANSPORT

A permeant (drug molecule) may cross from the intestinal lumen into the circulation
or the lymphatic system via two major pathways, the paracellular and the transcellular route
(Figure 1.3). The paracellular route involves diffusion through the junctional complexes or
the transient gaps between cells at the extrusion zones on the villus tips, while the
transcellular route involves the movement of a permeant through the epithelial cell. The
paracellular route exclusively involves passive transport, whereas the transcellular route can
incorporate both passive and active transport.

Passive transport refers to the movement (diffusion) of a solute along its
concentration and electrical gradient. The chemical potential difference between the solute
concentration on either side of the membrane provides the driving force for the diffusion of
the molecule through the aqueous channel [Kararli, 1989]. Passive transport can occur via
diffusion through aqueous channels in the membrane and via the tight junctional complexes.
The diffusion of molecules with molecular weights of less than 180 dalton (Da) have been
suggested via the aqueous pores [Kingham & Loehry, 1976], while absorption of small
hydrophilic and charged molecules has been shown to occur via the junctional complexes
[Artursson, 1991], with hydrophobic drugs going via the transcellular route.
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Lipid-partitioning is another form of passive transport (transcellular) and involves
the incorporation of a hydrophobic drug molecule into the lipid bilayer (membrane) of the
cell and then partitioning of the molecule into the cell. The lipid bilayer is highly
impermeable to charged molecules, as the charge and high degree of hydration prevents
them from entering the hydrocarbon phase of the bilayer. The diffusion of hydrophobic
drugs through the unstirred water layer (UWL) or aqueous boundary layer (ABL) is the rate-
limiting step in this process. The absorption rate of drugs through biological membranes is
directly proportional to the value of the oil/water partition coefficient. Atlow Log P values
(logarithm of the partition coefficient) e.g. -2.46 for thyrotrophin-releasing hormone, (TRH)
[Bundgaard & Moss, 1990] a drug can not penetrate the lipid membrane. However, at high
Log P values, the drug becomes so lipophilic that diffusion through the UWL will become
the rate-limiting step for absorption. A study using two intestinal cell culture models,
HT29-18-C1 and Caco-2 cells found that when the octanol/buffer distribution coefficient of
drugs (Do) were lower than 3.5, the transepithelial coefficient increased [Wils et al., 1994].
However, when log Dy/p values were between 3.5-5.2 the transepithelial coefficient
decreased with increasing lipophilicity as suggested previously [Wils ez al., 1994].

Facilitated diffusion involves the reversible binding of specific substrates to proteins
in the cell membrane to facilitate (assist) the transport of a substance across the membrane,
downhill from high to low concentration. The process is saturable, but no energy is required
seeing that transport does not occur against a concentration gradient [Kararli, 1989].

Active transport also involves the binding of specific substrates to membrane-located
proteins. However, it differs from facilitated diffusion as transport occurs against a
concentration gradient and therefore, requires energy [Kararli, 1989]. The energy can be
supplied in one of two ways, either involving a coupled transport process whereby a second
substrate is transported (symport or antiport) down its concentration gradient releasing
energy (e.g. glucose and amino acid symport system with Nat). The second alternative is
where the substrate binds to a transporter protein (pump), with energy being released from
the hydrolysis of adenosine triphosphate (ATP). The transporter protein is then
phosphorylated resulting in a conformational change in the pump bringing the active site
with its ligand to the other side of the membrane and thus translocation into the cell (e.g.
Na* by Na+, K+ ATPase) [Kararli, 1989]. Active transport processes are inhibitable by
metabolic inhibitors, such as 2, 4-dinitrophenol (DNP) and sodium azide and require
molecular oxygen. Substrate analogues of the transported compound can also inhibit
transport by competing for the active site on the transporter. The temperature gradient is
also higher than that for passive processes [Kararli, 1989].

Another form of transport is receptor-mediated transcytosis involving the binding of
membrane located receptors to macromolecules which are then transported across the cell in
endocytosed vesicles [Artursson, 1991]. Cholesterol is transported into cells by binding to
low density lipoprotein (LDL) at the apical membrane and is then transported via
endocytosed vesicles. Fluid-phase endocytosis involves the incorporation of extracellular
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fluid which contains dissolved substances into the endocytosed vesicle, which is then
transported through the cell.

Most drugs that are given orally are lipophilic, having a high membrane permeability
due to lipid-partitioning, and are therefore, transported by the transcellular route, e.g.
corticosterone, testosterone and propranolol. Hydrophilic (e.g. terbutaline and atenolol) and
charged drugs are absorbed via the paracellular route, as they are impermeable to the cell
membrane. The GI epithelia cells has a number of active and facilitated transporter systems
which are involved in the absorption of various substances across the cell barrier. The apical
systems which are involved in the transport of drug compounds are shown in Table 1.1
[Tsuji & Tamai, 1996]. The epithelial cells also express a number of other transporters
which are involved in the absorption of nutrients and ions across the GI tract; various amino
acid transport systems (e.g. B, B0+, b0+, y+, IMINO, B, and X AG), carbohydrate transport
systems (e.g. D-fructose and Na*-dependent D-glucose), H-dependent lactic acid and short-
chain fatty acid transporters, HCO3 -dependent and a H+*-dependent nicotinic acid
transporter, OH "-dependent folic acid transporter, a choline transport system and an Nat/H*
antiporter which is involved in the regulation of a H* gradient across the membrane [Tsuji &
Tamai, 1996].

The di-/tripeptide transporter, which has been referred to as the oligopeptide
transporter in previous studies [Hidalgo et al., 1995], will, throughout this report be referred
to as the DTS. The DTS, which is involved in the transport of di-/tripeptides and
peptidomimetic drugs will be discussed in further detail (section 1.7).

FIGURE 1.3 Transepithelial transport (adapted from Artursson, 1991)
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TABLE 1.1 Summary of the apical transporter systems expressed by intestinal epithelial
cells, which are involved in drug transport [Tsuji & Tamai, 1996]

Aston University

Content has been removed for copyright reasons




1.4.1 KINETICS OF ACTIVE TRANSPORT

The binding of a transporter protein to its substrate resembles that of an enzyme-
substrate reaction, and therefore the kinetics of the process follow the same principles.
When the transporter protein is saturated, the rate of uptake/transport is maximal, this is
referred to as Vmax OF Jmax The carrier also has a characteristic binding constant for the
substrate, this is referred to as the Michaelis constant (Km), which is equivalent to the
concentration of the substrate when uptake/transport is half its maximum value. Some
previous studies have used the term K to refer to the half-maximal transport concentration
(Km) [Gochoco et al., 1994: Swaan et al., 1995]. The relationship of the reaction follows
the Michaelis-Menten model, shown in Equation 1.1:

EQUATION 1.1
Vo Vmax [S]

Ky +[S]

where Ky, is Michaelis (affinity) constant , V max 18 the maximal uptake/transport rate and S
is the initial substrate concentration.

The uptake /transport of a compound across the GI tract is very rarely 100 % carrier-
mediated, and a passive diffusional component is present. Therefore, the equation 1.1 is

modified to incorporate this (Equation 1.2):

EQUATION 1.2

v, o Yma® s

K +[S]

where kg is the rate constant of the non-saturable component (passive transport).

The transport of a substrate by the transporter protein can be subject to inhibition by
another compound, which can either be competitive or non-competitive. Competitive
inhibitors compete with the substrate for the active site of the transporter protein. A
competitive inhibitor combines reversibly with the active site, and therefore, inhibition can
be reversed by increasing the substrate concentration. In the presence of a competitive

inhibitor the V pax is unchanged, whereas the apparent K is increased to a value of:

EQUATION 1.3
M

apparentK = 1+ —
K

m

where K is the inhibitor dissociation constant of the transporter inhibitor complex. Kj 1sa

measurement of affinity of the transporter for the inhibitor, in the same sense as Ky 18 a
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measure of the affinity for the substrate, therefore the Ky of a substrate for the transporter
equals the K; when the substrate is an inhibiting compound (e.g. Km = Kj ). Kj is the
uptake/transport inhibition constant, which is related to inhibition of carrier-mediated uptake
in section 3.3.2, equation 3.3. Throughout the thesis results are expressed as IC5q values,
which are the same as K; values, when assuming competitive inhibition at low substrate
concentrations. The derivitisation is shown in section 3.2.2, equation 3.4.

1.5 BARRIERS TO DRUG ABSORPTION

Factors affecting the bioavailability of drugs falls into three categories; physiological
factors, physicochemical properties of the drug, and dosage form factors. The physiological
barrier presented by the GI tract will be considered further. Transport of peptidomimetic
drugs across the GI epithelial cells is only viable if the biological and physical barriers
presented by the GI tract can be overcome. The intestinal epithelium, which is the interface
between the environment and the body, not only acts as a physical barrier by restricting the
movement of molecules along the paracellular and transcellular route, but also as a
biochemical barrier due to metabolism via enzyme systems and transport back into the GI
lumen via efflux systems [Pauletti et al., 1996]. The metabolic barrier, which results in the
enzymatic degradation of proteins and peptides will be discussed in more detail in Chapter
3.

The epithelium is a critical diffusional barrier for the absorption of water-soluble
drugs, which as previously mentioned can occur via the aqueous pores or tight junctions if
of the appropriate molecular weight and size. The UWL and mucus layer are diffusional
barriers to highly lipophilic drugs, as discussed previously. Binding and electrostatic
repulsion are obstacles which are also associated with the UWL, which have been shown to
be barriers to drug and nutrient absorption [Barry & Diamond, 1984]. Drugs are not only
subject to enzymatic degradation in the GI lumen, at the brush-border membrane, and in the
cytosol, but also in the blood and the liver .

Minimal drug absorption occurs in the stomach, however, it does influence drug
absorption in a number of ways. Firstly, the pH of the stomach can fall as low as 2 and, at
this extremity, degradation may occur not only as a result of acidic conditions, but also
enzymatic attack. Secondly, binding of drug molecules to the luminal contents also takes
place. Thirdly, gastric emptying will significantly alter the absorption of drug molecules in
the intestine [Kararli, 1989]. After a meal, the residence time of particulates > 2 mm in the
stomach will increase, whereas those that are < 2mm are unaffected by the presence food
[Davis et al., 1986].

The pH of the GI tract is an important factor when considering drug absorption. As
previously mentioned, the harsh extremity of the stomach pH may possibly degrade drugs,
and the changing pH values throughout the GI tract will affect the absorption of certain
drugs. Decreasing pH values favour the formation of unionised species for weak acids and
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ionised species for weak bases, therefore the absorption of weak acids may be expected to
increase with lowering pH. However, for peptidomimetic drugs, such as the cephalosporins
and the ACE-inhibitors, which have been shown to ultise the DTS, values above or beiow
pH 6 will affect the functioning of the transporter. The presence of an acidic microclimate
adjacent to the intestinal mucosa has been reported [Lucas et al., 1975]. This is a region of
approximately 20 pm thick, with a pH value 0.5 lower than that of the lumen [Lucas et al.,
1975]. Although the function of the acidic microclimate has not been fully documented, it
will affect absorption by altering the fraction of ionised drug at the absorption site [Kararli,
1989].

Bile fluid (salts) also has implications in drug absorption. Bile salts have been
shown to improve the dissolution rate and equilibrium solubility of water insoluble drugs
(e.g. cholesterol [Montet et al., 1979]) and thus enhance drug absorption [Kararli, 1989].

1.6 MODELS FOR DRUG ABSORPTION STUDIES

Using normal human tissue for drug absorption studies has its limitations due to
limited availability and poor viability upon excision [Trier, 1980]. Numerous methods are
available for investigating internal absorption mechanism and for assessing oral

bioavailabilities of drug compounds.

1.6.1 IN VIVO

In vivo techniques involve the use of intact unanaesthetised animals. The absolute
bioavailabilities of drug formulations are determined after oral and intravenous dosing
[Kararli, 1989]. These studies allow pharmacists to optimise dissolution and formulation
parameters, usually by in vitro tests, in order to achieve the most suitable pharmacokinetic
profile and pharmacological effects. The effects on drug absorption of pH, peristalsis in the
GI tract and the presence of food in the stomach and intestine can be assessed. Methods in
this category include the Thiry-Vella Fistula method, monitoring blood levels after
administration of the drug into the intestinal lumen, and the Cori method [Csaky, 1984].

1.6.2 IN SITU

The animal is anaesthetised and surgically manipulated but the mesenteric blood
flow is intact, therefore non-physiological diffusion of the drug through the submucosal and
muscularis layer is not a factor to be considered [Kararli, 1989]. The procedure involves a
midline incision which is made to expose the small intestine. The region under investigation
is then drawn to the surface, where it can either be an open- or closed-loop system, with the
drug being introduced at this point. The open-loop system involves recirculating of the drug
solution by a pump mechanism after periodic sampling. A three-way syringe is used in the
closed-loop system, which is used to introduce the drug and take samples at the relevant
time points. The remaining drug solution after sampling, is reintroduced into the intestinal
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segment within a 30 second (sec) period. The drawbacks of this system are that binding and
metabolism of the drug can occur in the mucosal tissue, therefore, the disappearance of the
drug from the luminal contents may not be a true representation of the appearance rate in the
blood. The volume of the luminal contents is not a constant value due to absorption and
secretion of water, resulting in an alteration of luminal drug concentration. Phenol red,
polyethylene (PEG) 4000 and insulin, which are nonabsorbable marker compounds can be
used to compensate and monitor the variation in the volume of the luminal contents [Miller
et al., 1970].

1.6.3IN VITRO

Numerous in vitro methods are available for the study of drug absorption. These
include everted intestinal preparations, everted intestinal ring slices, brush-border membrane
vesicles (BBMV), isolated membranes of mucosal cells and isolated enterocytes. Cell

culture models fall into the in vitro category and will be considered in more detail.

1.6.3.1 CELL CULTURE MODELS
Cell culture models have a number of advantages over conventional techniques
previously used to study drug absorption:
1) Epithelial permeability and metabolism of a drug can be rapidly assessed,
2) They provide the opportunity to study mechanisms of drug transport or pathways
of degradation (or activation under controlled conditions),
3) Rapid evaluation of methods to enhance drug absorption, by achieving drug
targeting, enhancing drug transport and minimising drug metabolism,
4) Opportunity to perform studies on human cells,
5) Reduction in the time consuming, expensive and often controversial animal

experiments [Audus et al., 1990].

Human GI epithelial cells are the most suitable and comparable cells to assess
transport of drugs across the GI tract, however, they are not ideal as cell culture models.
The cells are easily obtained, but do not form viable primary cultures, and fail to proliferate
and re-establish monolayers. They grow as islands of cells consisting of centrally dividing
regions and external differentiated areas [Moyer, 1983].

Alternative approaches using human adenocarcinoma cell lines have been
investigated. Cancer cells show a varying degree of differentiation, and only cell lines
which resemble intestinal enterocytes, forming polarised monolayers with well-developed
barrier properties, are suitable for drug absorption studies [Artursson, 1991]. The cell lines
are classified depending on their degree of differentiation into four categories. Type 1 and 2
will be discussed further. Type 3 cells (e.g. HCT-GLY, HCT-FET) although displaying
organised monolayers with dome formation, lack characteristics of enterocytic
differentiation whatever the culture conditions. Type 4 cells are organised into a multilayer
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without any feature of epithelial polarity or enterocytic differentiation [Chantret et al.,
1988].

Caco-2 and HT29 are the most thoroughly investigated human colon carcinoma cell
lines due to their morphologic features resembling those of mature enterocytes. Both these
cell lines produce villin, a Ca?*-regulated actin-binding protein which is specifically
associated with the cytoskeleton of brush border microvilli [Robine et al., 1985]. The HT29
cell line belongs to the Type 2 category, which do not spontaneously differentiate.
However, changing the culture conditions from glucose to galactose induces differentiation
[Zweibaum, 1985].

The Type 1 category, for which the Caco-2 cell line is the only member, undergoes
spontaneous differentiation under normal cell culture conditions forming polarised
monolayers and well-developed apical brush borders with several hydrolases. The Caco-2
cell line is the most favoured cell culture model due to easy cultivation and a higher degree
of differentiation than Type 2 cell lines [Chantret et al., 1988]. Sucrase-isomaltase, lactose-
phlorizin hydrolase and aminopeptidase N are expressed by Caco-2 cells [Hauri et al., 1985].
The peptide metabolising enzyme dipeptidylpeptidase IV, is also expressed in a higher
concentration than in Type 2 cell lines [Yoshioka et al., 1991], making the Caco-2 cell line
the most appropriate model.

Absorptive cells, such as Caco-2 cells which are used for drug absorption studies,
produce mucin molecules but do not establish a visible mucus layer [Wikman et al., 1993].
The mucus layer which is a barrier to diffusional drug absorption, is produced by the goblet
cells which are found as single cells in the crypts of the villi. The absorption of compounds
is directly proportional to the diffusion through the goblet-cell mucus and inversely
proportional to retention in the mucus, with the molecular weight of the compound also
affecting diffusion [Nimmerfall & Rosenthaler, 1980]. Several goblet cell lines have
recently been established from HT29 [Phillips et al, 1988]. The clones (HT29-H)
differentiate to produce monolayers that contains a large proportion of mature goblet cells
[Phillips et al., 1988: Kreusel et al., 1991]. HT29-H cells have been shown to form
monolayers of mature goblet cells under standard conditions and secrete mucin molecules
which form a mucus layer covering the apical membrane of the cell [Wikman et al., 1993].
The mucus layer has also been shown to be a significant barrier to the absorption of
testosterone, which is a lipophilic drug [Wikman et al., 1993]. HT29-H monolayers offer a
unique model for studying the effect of the mucus layer on drug and peptide absorption

under controlled cell culture conditions.
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1.7 PEPTIDE TRANSPORT

1.7.1 INTRODUCTION

It was believed for many years that proteins were hydrolysed into their constituent
free amino acids before absorption across the intestinal epithelium via the relevant amino
acid carriers. However, in 1968, absorption of intact dipeptides into the portal vein was
observed, with greater absorption of amino acids arising from administration of the
dipeptide rather than the free amino acid in the human intestine, suggesting absorption of
intact dipeptide [Adibi & Phillips, 1968]. The distinction between amino acid and dipeptide
transport is reinforced by the following pieces of evidence;

Firstly, studies in patients with Hartnup's disease, which is a condition whereby the
carrier mechanism for neutral amino acids (e.g. L-Phe and L-tyrosine {L-Tyr}) is grossly
inadequate, were carried out. If the "affected" amino acid is presented to the mucosa in the
dipeptide form, absorption is intact, indicating the presence of dipeptide absorption [Asatoor
etal, 1970]. Similar results were found in patients with cystinuria, a condition where the
absorption of cysteine (Cys) is impaired [Hellier ez al., 1972].

Secondly, studies investigating dipeptide transport across the intestinal epithelia of
rabbit ileum, showed that dipeptides do not compete with their constituent amino acids in
the free form for transport, whereas dipeptides do compete with one another [Rubino ez al.,
1971]. Unhydrolysed glycylglycine (Gly-Gly) was detected in the peripheral plasma during
perfusion of the small intestine of man, indicating disappearance is accomplished
exclusively by intact dipeptide absorption [Adibi, 1971].

Ontogenetic evidence for the distinction between the dipeptide and amino acid
transporter has also been provided. Uptake of 0.5 mM glycyl-L-proline (Gly-L-Pro) into the
jejunum and ileum of rabbits from the 25th d of gestational age into adulthood was
compared to uptake of 0.5 mM glycine (Gly) [Guandalini & Rubino, 1982]. Influx of Gly-
L-Pro was present from the 25th d of gestation showing a steep prenatal increase which
peaked at birth. Maximum velocity in the newborn was 45.2 + 3.3 mol g h-1, which
decreased to 3.8 + 0.5 mol g h-1 in the adult [Guandalini & Rubino, 1982]. Gly uptake
showed no change throughout the period studied. This data illustrates that there is a very
efficient dipeptide transport system in the new born which shares characteristics with that
described in the adult. The developmental patterns for the two transporters are different,

indicating a distinction between them [Guandalini & Rubino, 1982].

1.7.2 DIPEPTIDE ABSORPTION
The evidence for active carrier-mediated dipeptide transport is persuasive. Two
main processes contribute to peptide absorption; transport of amino acids liberated by
complete hydrolysis, by active amino acid transport systems, and uptake of dipeptides from
partial hydrolysis, by the DTS [Silk, 1981]. Accounts of absorption via the DTS and the
characteristics shown are outlined below;
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Glycylsarcosine (Gly-Sar) was found to be transported into hamster jejunal mucosal
cells by an active Na*-dependent process [Addison et al., 1972]. L-Methionyl-L-methionine
(L-Met-L-Met) inhibited Gly-Sar uptake, whereas L-methionine (L-Met) was without effect
[Addison et al., 1972]. These results suggest that Gly-Sar and L-Met-L-Met may share the
same transport system and that it is independent of the amino acid (L-Met) transport.

Incubating rings of everted hamster jejunum with carnosine (-alanyl-L-histidine,
{B-Ala-L-His}) resulted in large amounts of the dipeptide appearing in the intestinal wall,
accompanied by small amount of the constituent amino acids, which resulted almost entirely
from intracellular hydrolysis of the dipeptide [Matthews et al., 1974]. Uptake was saturable,
Na*-dependent, and reduced by anoxia and metabolic inhibitors, suggesting a carrier-
mediated process [Matthews et al., 1974].

Studies investigating glycyl-L-leucine (Gly-L-Leu) intestinal transport in monkeys
and man, indicated that the dipeptide is transported as one unit [Das & Radhakrishnan,
1974]. Gly-L-Leu uptake was inhibited by a wide variety of dipeptides, including those
containing acidic and basic amino acids in the monkey intestine [Das & Radhakrishnan,
1974]. The inhibition was shown to be competitive, indicating that the monkey intestine
expresses a dipeptide uptake system with an extremely broad specificity [Das &
Radhakrishnan, 1974].

Studies using rabbit intestinal BBMV showed that Gly-L-Pro was transported as the
intact dipeptide, illustrating that the hydrolysis of the dipeptide does not precede transport
[Ganapathy et al., 1981]. L-Alanyl-L-proline (L-Ala-L-Pro) competed with Gly-L-Pro for
transport and also for hydrolysis [Ganapathy et al., 1981]. Papain digestion of the BBMV
resulted in a 40 % increase in Gly-L-Pro transport, whereas it caused a 60 % reduction in
the transport of Na*-dependent L-Ala. The increase in transport of the dipeptide is probably
a result of a decrease in the thickness of the unstirred water layer adjacent to the brush
border. Inhibition of Gly-L-Pro transport by a number of dipeptides was seen in papain
treated BBMV, both in the presence and absence of a Na* gradient. This indicates that the
dipeptide transport in the papain treated vesicles is a Na*-independent, carrier-mediated
process via the DTS, as in the control vesicles [Ganapathy ez al., 1981].

The absorption of glutamic acid (L-Glu)-dipeptides in the human intestine was
investigated using L-alanyl-L-glutamate (L-Ala-L-Glu) and glycyl-L-glutamate (Gly-L -Glu).
Hydrolysis rates of the two dipeptides at the brush border membrane were threefold greater
for L-Ala-L-Glu than Gly-L-Glu [Minami et al., 1992]. Peptide-bound L-Glu was unaffected
in the absence of Na* and free amino acids, but inhibited in the presence of di- and
tripeptides [Minami et al., 1992]. The presence of a H* gradient stimulated uptake,
indicating that L-Glu-dipeptides are absorbed as intact dipeptides via the DTS, rather than
hydrolysed into amino acids and then absorbed [Minami et al., 1992].
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1.7.3 TRIPEPTIDE ABSORPTION

The DTS has been shown to be capable of taking up tripeptides as well as dipeptides,
but no capacity for transporting tetrapeptides has been observed. The tripeptides glycyl-
sarcosylsarcosine (Gly-Sar-Sar) and [B-alanylglycylglycine (B-Ala-Gly-Gly) which are
resistant to hydrolysis, were found to be taken up intact by everted rings of hamster jejunum
[Addison et al., 1975b]. Uptake of Gly-Sar-Sar was a saturable process, with accumulation
in the intestinal wall against an electrochemical gradient [Addison et al., 1975b]. Ano;da,
metabolic inhibitors and Na* replacement reduced uptake, indicating an active Na*-
dependent mechanism [Addison et al., 1975b]. Di- and tripeptides inhibited uptake of the
two tripeptides whereas amino acids were without effect, suggesting that tripeptides share
the uptake mechanism for dipeptides [Addison et al., 1975a, b]. The tetrapeptide
glycylsarcosylsarcosylsarcosine (Gly-Sar-Sar-Sar) was very poorly taken up [Addison et al.,
1975b] did not inhibit uptake of Gly-Sar-Sar, indicating that tetrapeptides are unable to
utilise the uptake mechanism [Addison et al., 1975b].

The protein (PepT1) involved in dipeptide H* coupled transport in rabbit intestine
has recently been cloned [Fei et al., 1994]. PepT1 has been expressed in Xenopus laevis
oocytes, which were shown to take up dipeptides [Fei et al., 1994]. The optimal length of
oligopeptides preferred by PepT1 was investigated using oligomers of Gly (Glyy: n =1-5),
by measuring the change in current resulting from peptide/H* cotransport. The current was
large for the Gly dimer, but decreased when n >2 [Fei et al., 1994). Larger peptides (n=5-
10) produced no significant change in current, indicating that they are not compatible with
the transporter [Fei et al., 1994].

1.7.4 CHARACTERISTICS OF THE DTS

1.7.4.1 THE DI-/TRIPEPTIDE/H* COTRANSPORT SYSTEM

Di-/tripeptide transport in a variety of tissue preparations has been shown to be
inhibited by anoxia and metabolic inhibitors, e.g. cyanide and dinitrophenol, suggesting an
active, energy requiring process. It was originally thought that peptide transport was
energised by a Nat gradient, similar to the transport of amino acids and sugars [Rajendran et
al., 1987]. However, the transport/uptake of several dipeptide compounds has been shown
to be stimulated in the presence of an H* gradient, and it is now well accepted that dipeptide
transport is via a Na*-independent H* cotransport system.

The uptake of Gly-L-Pro and Gly-L-Leu were studied using everted rings from rat
small intestine; 50 % of Gly-L-Leu was found to undergo superficial hydrolysis before being
absorbed into the rings [Cheeseman & Johnston, 1982]. Experiments using excess free L-
leucine (L-Leu) showed a 50 % reduction in Gly-L-Leu uptake. In order to investigate the
role of Na* in dipeptide absorption, the L-Leu uptake must be blocked, which was achieved
by 20 mM free L-Leu . Under these conditions the replacement of Nat with choline had no
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effect on the uptake of the dipeptide, indicating that the peptide transport does not require
Nat [Cheesman & Johnston, 1982].

Gly-L-Pro transport into rabbit intestinal and kidney BBMV was found to be optimal
when the extravesicular pH was 5.5-6.0 [Ganapathy & Leibach, 1983]. At this pH, Gly-L-
Pro transport was accelerated 2-fold by the presence of an inward H* gradient [Ganapathy &
Leibach, 1983]. A valinomycin-induced K+ diffusion potential (interior-negative)
stimulated Gly-L-Pro transport in Na* and Na*-free conditions [Ganapathy & Leibach,
1983]. When a H+ diffusion potential (interior-positive) was induced by carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP), Gly-L-Pro transport was reduced [Ganapathy &
Leibach, 1983]. The present study suggested that Gly-L-Pro and H* are cotransported, with
the process involving a net transfer of positive charge into the cell [Ganapathy & Leibach,
1983]. Harmalin, a compound which competes with Na* for the binding site on Na*-
dependent transport systems had no effect on Gly-L-Pro transport in BBMV, indicating that
Gly-L-Pro is taken up at the brush-border membrane by a Na*-independent process
[Ganapathy ef al., 1981]. Harmaline may effect the transport in intact tissues as it effects the
Na+-K*-ATPase at the basolateral membrane.

Ganapathy & Leibach, have proposed a hypothesis explaining dipeptide transport
with respect to H* and Na* (Figure 1.4) [Ganapathy & Leibach, 1985]. Dipeptides are
cotransported with a H*, resulting in a depolarisation of the brush border membrane [Boyd
& Ward, 1982]. Peptide transport is enhanced with an interior negative membrane potential
and inhibited by an interior positive potential. There is substantial evidence for the presence
of an inward proton gradient in the mammalian small intestine and, therefore, it is likely that
the H+ gradient is the energy source for uphill transport of peptides [Ganapathy & Leibach,
1985]. It has been suggested that Na* plays an indirect role in peptide transport through the
action of the Na+-H+* exchanger. This is located at the brush border membrane and secretes
H* into the lumen, generating an inward proton gradient [Ganapathy & Leibach, 1985].
Together with the Na+-K+-ATPase at the basolateral membrane, the Na*-H* exchanger
generates and maintains the presence of the proton gradient, which drives di-/tripeptide
transport [Ganapathy & Leibach, 1985].
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FIGURE 1.4 A model for intestinal transport depicting the role of Na,* HY-gradient and
cellular energy in the process (adapted from Ganapathy & Leibach, 1985)

peptide .. peptide

amino acid amino
acid
Na* ¥ Nat
K* 4 K+
ADP + Pj

The direct involvement of H* gradient in di-/tripeptide transport has been
investigated using Caco-2 cells loaded with the pH-sensitive fluorescent dye 2', 7',-bis(2-
carboxyethyl)-5(6)-carboxyfluorescein (BCECF), which monitors the intracellular pH of the
cell [Thwaites et al., 1993b]. All studies have shown a marked acidification of intracellular
pH when perfused with dipeptides at the apical surface, which is consistent with H+-flow
into the cell [Thwaites et al., 1993a, 1993b, 1993c, 1993g, 1994a]. Cytosolic acidification
with apical application of Gly-Sar was observed at both apical pH 7.4 and pH 6.0 [Thwaites
et al.,, 1993a]. When the apical pH is 7.4, the pH gradient is minimal, but an acid
microclimate (area of low pH adjacent to apical membrane) has been shown to exist in vivo
[Lucus et al., 1975] and in vitro [Purich et al., 1973]. When the pH microclimate is not
present the transapical electrical potential difference will be the driving force, indicating that
peptide transport can occur in the neutral regions of the GI tract [Thwaites et al., 1993a].
Demonstration of Gly-Sar net transport across Caco-2 cells in Na*-free, pH-gradient
conditions resulting in a transepithelial current flow, does not fit with the suggested
hypothesis by Ganapathy & Leibach [Thwaites et al., 1993g]. In order for transport to occur
in Na*-free conditions, a Na*-independent mechanism which allows for coupling of apical
H+ influx to current flow at the basolateral membrane must exist. An H+-K+-ATPase which
has been shown to contribute to intracellular pH regulation is expressed by Caco-2 cells
[Abrahamse et al., 1992]. This would allow coupling of H+ efflux to cellular accumulation
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of K+, which would then diffuse via K+ channels at the basolateral membrane, resulting in
transepithelial current flow [Thwaites et al., 1993g].

The involvement of protein kinase C in dipeptide transport has been investigated
using Gly-Sar transport across Caco-2 cells [Brandsch et al., 1994]. Treatment of the cells
with phorbol-esters (phorbol 12-myristate 13-acetate {PMA}, phorbol 12, 13-dibutyrate
(PDBu} and mezerein), which are activators of protein kinase C, resulted in a significant
inhibition of Gly-Sar transport [Brandsch et al., 1994]. 4a-Phorbol, 12, 13 didecanoate
(PDD) and 4a-phorbol, which are not activators of protein kinase C had no effect on
transport [Brandsch et al., 1994]. Transport of L-Leu under the same conditions was not
affected, indicating that the inhibition is not due to a non-specific effect [Brandsch et al.,
1994]. The inhibitory effect seen with activation of protein kinase C could be completely
blocked by staurosporine (protein kinase C inhibitor). The inhibition of peptide transport
was not prevented by co-treating with cycloheximide, an inhibitor of cellular protein
synthesis, indicating that it is unlikely that the protein kinase C is acting by inhibiting
synthesis of new transporter proteins [Brandsch et al., 1994]. No change in intracellular pH
was observed following treatment with the phorbol esters, ruling out the possibility that the
inhibitory effect is a result of alteration in the transmembrane pH gradient. The catalytic
function of the transport system appears to be inhibited by protein kinase C, possibly as a
result of a change in the phosphorylation state of the transporter protein [Brandsch et al.,
1994].

1.7.4.2 CHEMICAL GROUPS ASSOCIATED WITH THE DTS

Cephalexin uptake into human placental BBMV was inactivated in the presence of
the sulphydryl modifying reagents, N-ethylmaleimide and mercury (II) chloride (HgCly),
suggesting that sulphydryl groups are essential for the DTS [Kudo et al., 1989]. Cephradine
accumulation and efflux in Caco-2, which has been shown to be inhibited by dipeptides, was
also inhibited by the sulphydryl reagent p-chloromercuribenzene sulphonate, confirming that
sulphydryl groups are associated with the DTS [Inui ez al., 1992].

Histidine groups have also been associated with dipeptide transport. Treatment of
BBMYV with diethylpyrocarbonate (DEPC), a histidine-modifying agent, has been shown to
completely abolish the H*-dependence of the oligopeptide transporter [Kato et al., 1989:
Kramer et al., 1993].

1.7.4.3 BINDING PROTEIN OF THE DTS

Photoaffinity labelling has been used to isolate the protein involved in dipeptide
uptake. A membrane glycoprotein of 127 kDa (kilo Dalton), which has been found to be
directly involved in the uptake of small peptides and orally active B-lactam antibiotics, has
been located in the brush-border membrane of enterocytes from pig, rabbit and rat [Kramer
et al., 1990b: Kramer et al, 1995]. The presence of cefadroxil or cephalexin and
dipeptides reduced the photo-affinity labelling of the glycoprotein when administered with
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N-(4-azido[3,5-3H]benzoyl)cephalexin and N-(4-azido[3,5-3H]benzoyl)Gly-L-Pro [Kramer,
1987]. Sugars, amino acids and bile acids had no effect on the labelling process, illustrating
that the 127 kDa protein is involved in the binding of cephalosporins and dipeptides
[Kramer, 1987].

The above finding were confirmed in a study where membrane proteins from rabbit
small intestinal BBMV were incorporated into liposomes using a gel filtration method
[Kramer et al., 1992]. Liposomes containing the 127 kDa binding protein were found to
take up D-cephalexin stimulated by an inward H* gradient, which is consistent with di-
/tripeptide/H* cotransport [Kramer et al., 1992].

Using a monoclonal antibody (mAb) that blocked cephalexin uptake in Caco-2 cells,
a protein band with an apparent mass of 120 £ 10 kDa has been detected in the membranes
of Caco-2 cells [Dantzig et al., 1994b]. Deglycosylation with endoglycosidase F before the
membrane proteins were separated on a SDS-PAGE, shifted the immunoreactive band to
approximately 100 kDa [Dantzig ez al., 1994b]. The 120 £ 10 kDa protein was found to be
present in several human cell lines derived from the GI tract, but not in cell lines from other
tissues (e.g. kidney) [Dantzig et al., 1994b]. A complementary deoxyribonucleic acid
(cDNA) library was prepared from 2-day post-confluent Caco-2 cells, and produced a clone
of 3345 base pair, which encodes for a 832-amino acid putative transport protein of 92 kDa,
which is consistent with the deglycosylated transporter [Dantzig et al., 1994b]. The amino
acid sequence of the cDNA of the cloned gene (hpt-1) revealed that the transporter protein
shares several conserved structural elements with the cadherin superfamily of calcium-
dependent, cell-cell adhesion proteins [Dantzig et al., 1994b]. The hpt-1 gene encoding for
the transporter protein was transfected into Chinese hamster ovary (CHO) cells, which
showed two- to three-fold higher uptake of cephalexin over the transfectant control [Dantzig
etal., 1994b]. Cephalexin uptake was inhibited by excess unlabelled cephalexin, and also
when the cells were incubated at pH 7.5, or pH clamped at pH 6.0, thus indicating the
requirement of an inward H+ gradient [Dantzig et al., 1994b]. Similar results were achieved
with Caco-2 cells under the same conditions, illustrating that the transporter properties were
unchanged when expressed in CHO cells [Dantzig et al., 1994b].

A protein of 130 kDa was expressed in the membrane of Xenopus laevis oocytes,
after injection with mRNA derived from rat intestinal mucosal cells [Tamai et al., 1994]].
This agrees with previous studies were a 127 kDa and 120 £ 10 kDa membrane protein have
been isolated from rabbit small intestine [Kramer et al., 1990b] and Caco-2 cells [Dantzig et
al., 1994b]. Ceftibuten, a tripeptide-like cephalosporin antibiotic, was found to be
transported in the mRNA-injected oocytes [Tamai et al., 1994]. Transport was found to be
pH-dependent (H+ gradient is the driving force), temperature-dependent and saturable, with
dipeptides having an inhibitory effect, illustrating that ceftibuten is a substrate for the DTS
[Tamai et al., 1994].
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1.7.4.4 CLONING OF THE DTS

Cloning and functional characterisation of the H*-coupled oligopeptide transporter
from rabbit small intestine has been carried out [Fei et al., 1994]. The protein, consisting of
a 707-amino-acid peptide transporter has been named PepT1. PepT1 mRNA has been found
in the intestine, kidney, liver and in small amounts in the brain [Fei et al., 1994]. PepTl
when expressed in Xenopus laevis oocytes, was shown to take up Gly-Sar 63-fold above
that seen with the control oocytes [Fei ef al., 1994]. PepT1 was found to have a broad
substrate specificity, with preference for peptides containing bulky aliphatic side chains [Fei
et al., 1994]. Uptake of peptides and cephalosporins via PepT1 evoked a large inward
current, consistent with H*-cotransport. PepTl mediated uptake was found to be
electrogenic, and independent of extracellular Na*t, K+ and CI-, and of membrane potential
[Fei et al., 1994].

The cDNA encoding (hPEPT 1) for the H*/peptide cotransporter in human intestine
has recently been cloned using a probe derived form the rabbit H*/peptide cotransporter
cDNA [Liang et al., 1995]. The encoded protein, is predicted to have a core molecular size
of 78.9 kDa, and an isoelectric point of 8.6. The protein is predicted to consist of 708 amino
acids, having 12 putative transmembrane domains with a long hydrophilic segment of
approximately 200 amino acids, which contains seven sites for N-linked glycosylation,
between domains 9 and 10 [Liang et al., 1995]. Modelling of the protein revealed that the
amino and carboxy termini would be located on the cytoplasmic side. Two possible sites for
protein kinase C-dependent phosphorylation are also present [Liang et al., 1995]. This
agrees with a previous report that found the protein kinase C to be involved in the
peptide/H* cotransporter system [Brandsch et al., 1994]. A high degree of homology 81 %
identity and 92 % similarity) exist between the amino acid sequence for this clone hPEPT 1,
and that reported for the rabbit PepT1 clone [Fei et al., 1994: Liang et al., 1995]. However,
very little homology to the H*-coupled peptide transporter proteins in yeast and bacteria was
observed. When the clone was expressed in Xenopus laevis oocytes and HeLa cells H¥
gradient-dependent peptide transport (Gly-Sar) was seen [Liang et al., 1995]. The hPEPT 1
induced transport system appears to be specific for small peptides and peptidomimetic
drugs, as di-/tripeptides and cephalosporins produced inhibition of transport, whereas amino
acids did not [Liang et al., 1995]. The induced transport system was found to be saturable,
carrier-mediated and H*-dependent [Liang er al., 1995]. Surprisingly, the hPEPT 1 was
found to have no significant similarity (16 % identity, 41 % similarity) with the hpt-1
protein isolated form Caco-2 cells [Dantzig et al., 1994b]. The hpt-1 protein contains a
single transmembrane domain whereas hPEPT 1 contains 12 transmembrane domains.
Tissue distribution of the two proteins also differs [Liang et al., 1995].

PepT?2 is the latest member of the H*/peptide cotransporter family has been cloned
from the human kidney [Lui et al., 1995]. It is distinct from hPEPT1, showing only 50 %
identity and 70 % homology. PepT2 was not detectable in the small intestine [Lui et al.,
19951, and hPEPT1 was only found in the kidney in small amounts [Liang et al., 1995].
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The ¢cDNA encoding for the rat peptide transporter (rat PepT1) has also been cloned
in both the small intestine and kidney cortex [Saito et al., 1995]. The rat PepT1 encodes the
H+-coupled di/tripeptide transporter in these tissues [Saito et al., 1995]. The amino acid
sequence of rat PepT1 has 77 % [Fei et al., 1994] and 83 % [Liang et al., 1995] identity with
the rabbit PepT1 and human PepT1, respectively. The molecular mass of the rat PepTl1
protein is 75 kDa, which is contradictory to the 127 kDa protein found in rat [Kramer,
1990], the 130 kDa protein expressed in oocyte membranes after injection of mRNA from
rat small intestine [Tamai ef al., 1994] and the 120 kDa protein in Caco-2 cells [Dantzig et
al., 1994b]. The reason for the discrepancy in the molecular mass of the rat PepT1 protein
compared to other isolated transporter proteins is not known. However, possible
explanations are variable post-translational modifications, different protein migration rates
during SDS-PAGE, and the existence of additional family members of the transporter
proteins [Saito et al., 1995].

1.7.4.5 LOCATION OF THE TRANSPORTER

The upper GI tract is usually considered as the primary site for absorption of drugs
and small peptides ("window of absorption"). However, there is evidence indicating that the
DTS may be expressed in the regions of the lower GI tract, such as the ileum and colon.
The presence of the antigen (DTS transporter protein) has been located by
immunohistochemical staining along the GI tract (jejunum, duodenum, ileum and colon) in
normal human tissue [Dantzig et al., 1994b]. The antigen was also expressed along the
pancreatic ducts, suggesting a potential new site for the transport carrier [Dantzig et al.,
1994b]. The antigen was absent from specimens of the kidney, lung, liver, brain, adrenal
gland and skin [Dantzig et al., 1994b].

Gly-Gly and Gly-L-Leu absorption rates in the ileum and jejunum in man, have been
shown to be similar or only slightly different. However, the intracellular hydrolysis rate is
markedly greater in the ileum than in the jejunum [Adibi, 1971].

SQ-29852, which is a stable and specific probe for the DTS [Marino et al., 1996:
Nicklin et al., 1996], has been shown to be absorbed from the various segments of the GI
tract from rats (stomach, duodenum, jejunum, ileum and colon), with no significant
difference in the absorption between the various sites [Marino et al., 1996). The DTS has
been shown to be expressed in Caco-2 cell line, which is of colonic origination [Dantzig et
al., 1994b), supporting the above findings of DTS expression in the lower GI tract.

Several reports have indicated that the DTS is expressed to a lesser extent in the
lower GI tract. Absorption of Gly-Gly, Gly-L-Leu and glycyl-L-alanine (Gly-L-Ala) in the
human ileum has been shown to be lower (50 %) than that seen in the jejunum [Adibi, 1971:
Silk et al., 1974]. Similar results with absorption of L-Met-L-Met and Gly-L-Pro in rats have
also been reported [Crampton et al., 1973: Lane et al., 1975].

Studies in rat jejunal and colonic everted rings found that the ACE-inhibitor,
benazepril, was absorbed to a greater extent in the jejunum [Kim et al., 1994]. Uptake in the
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jejunal rings was found to be predominantly by a passive process with a small active carrier-
mediated component, whereas uptake in the colonic rings was found to be exclusively via a
passive process, suggesting that the DTS is not expressed in the colon [Kim et al., 1994].
However, only 10 % of benazepril is absorbed via the DTS [Kim et al., 1994], therefore it is
not a specific probe, and it is unstable due to deesterification in the GI lumen or the
enterocyte [Marino et al., 1996].

1.7.4.6 MULTIPLE TRANSPORT SYSTEMS

The concept of more than one transport system responsible for the uptake and
transport of di- and tripeptides in the intestine has been suggested for a number of years.
However, most of the information has been gained from competition studies and so far only
one piece of kinetic evidence has been provided.

The in vivo intestinal absorption of Gly-L-Pro and L-propylglycine (L-Pro-Gly) were
investigated in rats by measuring the rates of disappearance of the dipeptides [Lane et al.,
1975] Excess (40 mM) L-Pro-Gly did not affect the rate of disappearance of 10 mM Gly-L-
Pro. However, 40 mM Gly-L-Pro had a significant inhibitory effect on 10 mM L-Pro-Gly,
suggesting that the two dipeptides may be absorbed via different carriers [Lane et al., 1975].
This may also possibly be explained by different affinities of the two dipeptides for the
carrier, with Gly-L-Pro showing a greater affinity than L-Pro-Gly, thus explaining the
apparent lack of inhibition with L-Pro-Gly.

Competition studies using everted rat intestinal rings, indicated that Gly-L-Leu and
Gly-L-Pro are absorbed via different transport systems [Cheeseman & Johnston, 1982]. It
has been suggested that Gly-L-Leu and Gly-L-Pro share a transport system, but that there is
an additional pathway for Gly-L-Leu absorption [Cheeseman & Johnston, 1982]. L-Leucyl-
L-leucine (L-Leu-L-Leu) and L-leucyl-L-alanine (L-Leu-L-Ala) inhibited influx of Gly-L-Leu
via the second route (not shared with Gly-L-Pro) in a non-competitive manner {Cheeseman
& Johnston, 1982]. It has been suggested that the two L-Leu containing dipeptides, inhibit
Gly-L-Leu uptake by an allosteric effect as a consequence of the two transport sites lying
adjacent to each other [Cheeseman & Johnston, 1982].

Boyd and Ward suggested two possible transport systems after studying the electrical
effects of dipeptide absorption. They proposed the presence of one transport system used by
both carnosine and L-Leu-L-Leu and another only available to carnosine [Boyd & Ward,
1982]. Uptake studies of neutral dipeptides in hamster jejunum at pH 5, suggested two
possible transporters [Matthews & Burston, 1984]. Competition studies revealed that Gly-
Sar and Gly-Gly (dipeptides with the smallest side chains) were capable of completely
inhibiting transport of each other in a competitive manner. However, they were weak
inhibitors of dipeptides with bulkier side chains, e.g. L-alanyl-L-alanine (L-Ala-L-Ala), L-
valyl-L-valine (L-Val-L-Val), and L-Leu-L-Leu [Matthews & Burston, 1984]. Gly-Sar was
the exception to the rule and could inhibit transport of L-Val-L-Val. L-Ala-L-Ala, L-Val-L-
Val, and L-Leu-L-Leu were all capable of completely inhibiting Gly-Sar transport in a
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competitive manner [Matthews & Burston, 1984]. These results suggest that peptides with
bulkier side-chains are possibly transported by a different transporter to peptides with
smaller side-chains [Matthews & Burston, 1984].

The uptake of cephalexin, a cephalosporin which is reported to be a substrate for the
DTS, was found to occur by similar carrier systems in Caco-2 and HT29 cells [Dantzig et
al., 1988, 1990]. However, the energy requirements of the transporters differed, indicating
the possibility of more than one DTS [Dantzig et al., 1988, 1990]. Transport of Gly-Gly
across rat intestinal brush border membrane was inhibited by the dipeptides L-
phenylalanylglycine (L-Phe-Gly) and carnosine, but not by ampicillin and cephradine,
suggesting that the B-lactam antibiotics may utilise a different carrier system to that of the
dipeptides [Iseki et al., 1989].

A study using rabbit intestinal brush border membranes showed that cefixime, a
cephalosporin, is actively transported by an H* gradient via the DTS only in the acidic
region of the GI tract [Inui et al., 1988]. Inhibition with dipeptides and
aminocephalosporins was seen at pH 5 but not pH 7.5 [Inui ez al., 1988]. Cephradine was
transported in both acidic and neutral pH regions, suggesting multiple transport systems for
dipeptides [Inui et al., 1988].

Kinetic analysis has revealed multiple carriers for dipeptides on the luminal
membrane of renal proximal tubular cells in rabbit [Skopicki et al., 1991]. The low affinity,
high capacity carrier (Km = 1.3 x 102 M, Vinax = 4.6 x 10-8 mol mg-! min-!) and the high
affinity low capacity carrier (K = 2.7 x 1077 M, Vipax = 7.8 x 10-13 mol mg-! min-1) also
showed different inhibition profiles [Skopicki et al., 1991]. Therefore, the possibility of a
similar occurrence in the intestine is not an unrealistic one.

Uptake of SQ-29852 into Caco-2 cells was inhibited by the L-Ala-L-Pro, L-Phe-Gly,
L-tyrosylglycine (L-Tyr-Gly) and L-tryptophylglycine (L-Trp-Gly), confirming that SQ-
29852 is a substrate for the DTS [Nicklin et al., 1996]. However, the cephalosporins,
cephalexin and cephradine, which are widely used as probes for the DTS due to their
stability, had no significant effect on SQ-29852 uptake [Nicklin et al., 1996]. This suggests
the possibility of different transporters in Caco-2 cells, a cephalosporin sensitive and
insensitive pathway. However, the lack of inhibition with the cephalosporins may be due to
a much lower affinity for the carrier than SQ-29852.

The presence of at least three transport systems for dipeptides and peptidomimetic
drugs has recently been proposed [Muranushi ef al., 1995]. S-1090 (a new oral cephem)
uptake in rat intestinal BBMV has produced some interesting inhibition profiles, which
suggest that the heterogeneity may depend on the structure of the N-terminal amino acid
[Muranushi et al., 1995]. The first transporter is for aliphatic (relatively hydrophilic)
peptides, such as Gly-Gly and L-glutamyl-L-alanyl-L-alanine (L-Glu-L-Ala-L-Ala). The
second is for aromatic (hydrophobic) peptides, such as L-phenylalanyl-L-alanyl-L-alanine (L-
Phe-L-Ala-L-Ala), and the third is for peptides with a heterocyclic amino acid (e.g. L-
histidine {L-His} or L-tryptophan {L-Trp}) [Muranushi et al., 1995]. Ceftibuten is a
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substrate for the first transporter, while cefaclor is a substrate for the second transporter, but
partly recognised by the first transport system [Muranushi ez al., 1995]. S-1090 is proposed
to be transported by the third system that recognises peptides with L-His in the N-terminal
position [Muranushi et al., 1995]. However, amino acids had inhibitory effects on S-1090
uptake, therefore S-1090 appears to be a non-specific probe for the DTS and the inhibition
profiles may be a result of interaction with amino acid transporters.

The possibility that the apical and basolateral transporters differ has also been
suggested. Basolateral Gly-Sar and cephalexin were both found to cause cytosolic
acidification in Caco-2 cells, with acidic basolateral solutions (pH 6.0), providing direct
evidence for a H¥-coupled transporter at the basolateral membrane [Thwaites et al., 1993a]
Cephalexin was able to inhibit basal-apical Gly-Sar transport. When the basolateral solution
was at pH 7.4, only cephalexin was able to induce cytosolic acidification, indicating that
although a common carrier for Gly-Sar and cephalexin may exist at the basolateral
membrane, cephalexin transport involves distinct features, which may involve multiple
transporter systems [Thwaites et al., 1993a].

The suggestion that the apical and basolateral DTS are different is highlighted by
bestatin uptake into Caco-2 cells [Saito & Inui, 1993]. Absorption was found to be
accumulated in the cells and transported unidirectionally to the basolateral surface [Saito &
Inui, 1993]. Uptake at the apical surface was pH-dependent (maximum at pH 6.0), whereas
uptake at the basolateral membrane was pH-independent [Saito & Inui, 1993]. The
transporters at the apical and basolateral surface also differed with regard to kinetic
parameters and inhibition profiles [Saito & Inui, 1993]. The basolateral transporter was
found to be more sensitive to the sulphydryl agent, p-chloromercribenzene (PCNB S) than
the apical, indicating that sulphydryl groups are an essential component of both transporters
[Saito & Inui, 1993]. These findings indicate that the DTS exist on both the apical and
basolateral membranes of Caco-2 cells, but the basolateral transporter is distinct from that of
the apical H*-peptide/ cotransporter [Saito & Inui, 1993].

Further studies are required in order to clarify the possibility of multiple transport
systems for dipeptides. Differing affinities of compounds for the DTS may explain the
inhibition profiles to date and, therefore, evidence from kinetic parameters and cloning of a

second transporter would provide direct conformation:

1.8 PEPTIDOMIMETIC DRUGS

Peptidomimetic drugs are those which have structural similarities to peptides. ACE-
inhibitors, B-lactam antibiotics, renin and thrombin inhibitors are all peptidomimetic drugs

which have been reported to have a degree of active transport via the DTS. Transport

mechanisms of thrombin inhibitors will be discussed in section 1.10.5.
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1.8.1 ACE-INHIBITORS

ACE (Kinase II) is a liver-produced protein that is found as either a membrane-
bound or a circulating molecule in the body fluids. It is a glycoprotein consisting of a single
subunit which has a transmembranous orientation. Itis associated with the membrane via a
hydrophobic segment and possesses a cytoplasmic tail [Naim, 1992]. It converts the
inactive angiotensin I (Ag I) to angiotensin II (Ag IT), which is a highly active octapeptide II,
by the removal of two or more amino acids. Ag Ilis a potent vasoconstrictor and stimulator
of aldosterone secretion, which plays an important role in the Renin-Angiotensin-System

(RAS) (Figure 1.5) controlling blood pressure.

FIGURE 1.5 RAS (adapted from Sherwwod, L., 1993)
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ACE-inhibitors are a group of synthetically (with the exception of teprotide)
produced peptide analogues, which have the clinical effect of lowering the blood pressure by
reducing peripheral vascular resistance and aldosterone-mediated Na*-reabsorption. They
act by inhibiting ACE Kinase II and thus preventing the production of Ag II. They have
been extensively used in the treatment of hypertension and congestive heart failure due to

reducing the afterload.
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The first and only natural ACE-inhibitor, teprotide (a nonapeptide) was isolated from
the venom of Bothrops jararaca, a Brazilian pit viper. It is an effective ACE-inhibitor but
clinical testing was limited due to its scarcity, the need for parenteral administration and the
development of captopril [DiBianco, 1986].

Captopril was the first orally active ACE-inhibitor. Its antihypertensive action, when
used as a sole treatment, matches that of the B-antagonists [Ball, 1985]. Captopril is
absorbed rapidly from the GI tract in normal individuals with a plasma appearance within 15
minutes following administration. It has a good oral bioavailability of between 60-75 %
[Duchin et al., 1982]. Peak plasma concentrations are reached after 1 h, but the duration of
action on the RAS in peripheral blood is short, due to being extensively metabolised to
disulphide dimers. However, twice daily administration usually controls the blood pressure
over 24 h period [Ball, 1985].

Captopril absorption was originally proposed to be via a passive mechanism, as
absorption was dose- and concentration-independent [Duchin e? al., 1982]. However, one
piece of evidence that does not support this is the fact that absorption of captopril is reduced
35 % in the presence of food, suggesting that dietary protein products are competing with
the drug for transport [Singhvi et al., 1982: Williams & Sugerman, 1982]. Captopril may
react with proteins [Wong et al., 1981] in the lumen through mixed disulphide formations
and, therefore, restrict transport, rather than competing for it. A study using a single-pass
perfusion method in fasted rats showed that captopril is very permeable in the small intestine
but not in the colon. The intestinal permeability of the drug was found to be concentration-,
pH-, energy- and Na+-dependent. Competition studies with the dipeptides Gly-Gly and Gly-
L-Pro and cephradine showed a significant inhibition in permeability, indicating an active
transport system [Hu & Amidon, 1988]. Harmaline and the metabolic inhibitor DNP
caused a significant reduction in captopril transport across rat intestine, indicating the
involvement of a Na*- and energy-dependent process [Zhou & Li Wan Po, 1994]. The
evidence suggests that captopril transport is mediated via both a passive and active transport
mechanism, utilising the DTS.

Enalapril is an L-Ala-L-Pro derivative containing two amino groups, one in the
proline ring and the second in an o-position to the peptide bond. It is an ethyl ester of the
active drug enalaprilat, which produces well-defined clinical effects due to binding tightly to
ACE, being more potent than captopril [Gross et al., 1981]. Enalapril is converted to the
active drug via deesterification via hepatic biotransformation [Friedman & Amidon, 1989b].
It has a good bioavailability, with 60-70 % of the oral dose being absorbed [Kudo & Cody
1985]. Maximum plasma concentrations are seen 1 h after administration and rapid
clearance by de-esterification in the liver to enalaprilat is seen within 4 h. It has a longer
duration of action than captopril and therefore single daily dosing is sufficient [Kudo &
Cody, 1985: Ball, 1985]. Enalapril has better absorption than the active drug enalaprilat,
which is < 10 % absorbed in man [Kudo & Cody, 1985]. This is probably due to a higher
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distribution coefficient which increases passive diffusion, < 0.001 compared to 0.07 at pH 7,
for enalaprilat and enalapril, respectively [Ranadive et al., 1992].

A single pass perfusion study in rats found that enalapril is well absorbed from the
jejunum, with a saturable uptake component (K, = 0.07 mM) [Friedman & Amidon,
1989b]. Absorption was found to be concentration-dependent, and inhibited in the presence
of L-Tyr-Gly, but not by cephradine and amino acids, suggesting an active transport system
via the DTS [Friedman & Amidon, 1989b]. Enalapril has been shown to inhibit uptake of
cephradine in both rat and rabbit BBMV [Yuasa et al., 1993]. Further studies revealed that
enalapril, inhibited the uptake of cephradine into rabbit BBMV by a non-competitive
mechanism with a K; of 2.6 mM when on the cis side (outside) of the vesicles [Yuasa et al.,
1994]. However, enalaprilat inhibited cephradine uptake in a competitive manner with a K;
of 5.4 mM [Yuasa et al., 1994]. The presence of an enalapril-specific inhibitory-binding site
on the peptide carrier has been suggested [Yuasa ef al., 1994]. Enalapril, when presented at
the frans side (inside) of the vesicles, produced inhibition of cephradine uptake, indicating a
possible reduction in carrier availability due to a trapping mechanism [Yuasa et al., 1994].

Using an in vivo rat intestine system, enalapril transport was found to be an active
process with the following kinetic parameters; Ky = 0.81 + 0.23 mM, Jpax = 0.58 + 0.37
pmol h-1 cm-2, with a passive permeability constant of 0.56 *+ 0.04 cm h-! [Swaan et al.,
1995]. Enalaprilat transport was found to be via a passive diffusional process, having a
permeability constant of 0.51 +0.04 cm h-1, agreeing with the low oral absorption recorded
by Kudo & Cody [Kudo et al., 1985: Swaan et al., 1995]. Enalapril and enalaprilat were
both found to inhibit transport of cephalexin, with Kj's of 0.15 mM and 0.28 mM,
respectively [Swaan et al., 1995]. However, a recent study using everted rat intestinal rings
reported no inhibition of enalapril uptake with seven f-lactam antibiotics [Morrison et al.,
1996]. Enalapril uptake was also found to be independent of concentration in the incubation
bath, suggesting a passive mechanism [Morrison et.al., 1996]. The absorption of enalapril,
when given orally to rats and dogs over a wide concentration range (1-50 mg kg-! for rats,
and 0.06-6 mg kg-! for dogs) was found to be independent of dose, again indicating a
passive process [Morrison et al., 1996]. The inconsistency in the results, and the fact that
enalapril was capable of inhibiting cephalexin transport [Swaan et al., 1995] yet the B-
lactam antibiotics failed to inhibit enalapril absorption [Morrison et al., 1996], may indicate
that enalapril and enalaprilat are not substrates for transport via the DTS, but may bind to the
transporter and therefore blocking the receptor site. This would also explain the non-
competitive inhibition by enalapril seen in rabbit BBMV [Yuasa et al., 1994].

Lisinopril is a nonsulphydril L-lysyl-L-proline (L-Lys-L-Pro) analogue. Its oral
bioavailability is only 25-29 %, but it has a longer duration of action than captopril
[Friedman & Amidon, 1989a]. Perfusion studies using rat jejunum found that the
permeability of lisinopril was concentration-dependent and decreased when coperfused with
the dipeptide L-Tyr-Gly and the cephalosporin, cephradine [Friedman & Amidon, 1989a].
These results suggest that lisinopril is absorbed by an active mechanisms via the DTS
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[Friedman & Amidon, 1989a]. Passive absorption of lisinopril was found to be negligible,
which can be attributed to it being highly charged at jejunal pH, due to being a diacid
[Friedman & Amidon, 1989a]. The active transport mechanism of lisinopril absorption was
confirmed in a recent in vivo study, where lisinopril was also shown to inhibit the transport
of cephalexin across rat intestine, having a K of 0.39 mM [Swaan er al., 1995]. Lisinopril
showed a lower affinity for the carrier when compared to enalapril and enalaprilat [Swaan et
al., 1995]. Molecular modelling revealed that the decreased affinity for the carrier was due
to intramolecular hydrogen bond formation [Swaan et al., 1995].

Benazepril is an L-phenylalanyl-L-alanyl-L-proline (L-Phe-L-Ala-L-Pro) like ester
prodrug of the active drug benazeprilat, which has been shown to have an oral
bioavailability of 37 % in humans [Waldmeier & Schmid, 1989]. Benazepril has been
reported to undergo carrier-mediated transport in situ [Yee & Amidon, 1990]. Absorption in
the jejunum and colon of dogs and also in rat everted intestinal rings were assessed [Kim et
al., 1994). Uptake was found to be 3.5 times higher in the jejunal rings compared to those
from the colon [Kim et al., 1994]. A weak concentration-dependence was seen in the jejunal
rings, with only 10 % of uptake being attributed to a carrier-mediated process at a 1 mM
concentration [Kim ef al., 1994]. Di- and tripeptides caused inhibition of jejunal uptake
whereas amino acids had no effect, indicating that the carrier-mediated uptake is via the
DTS [Kim ef al., 1994]. No inhibition was observed for colonic uptake indicating an
exclusively passive process [Kim ef al., 1994]. The in vivo (dog) studies produced the same
results with jejunal administration resulting in higher (5.5 times) plasma levels than colonic
administration [Kim et al., 1994].

Fosinopril is an o phosphinic L-Ala-L-Pro type ACE-inhibitor [Friedman & Amidon,
1989b]. It is a prodrug which is converted to its active diacid drug, fosinoprilat, via
deesterification in the GI mucosa and liver [Duchin, 1991]. Intestinal absorption was
investigated using a single-pass perfusion method in rats [Friedman & Amidon, 1989b].
Fosinopril was well absorbed over a wide range of concentrations [Friedman & Amidon,
1989b]. No evidence for an active uptake mechanism was present, as L-Tyr-Gly and
cephradine had no effect on transport [Friedman & Amidon, 1989b].
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TABLE 1.2 ACE-inhibitor interaction with the DTS

ACE-inhibitor DTS Evidence
Benazepril +  Carrier-mediated transport in situ [Yee & Amidon, 1990).
+ Uptake showed weak concentration-dependence in jejunal rings of rats,
and uptake was via a carrier-mediated process, which was inhibited by di-
and tripeptides [Kim e al., 1994].
Captopril - Absorption, dose- and concentration-independent [Duchin ef al., 1982]
+ Absorption is decreased 35 % with food [Singhvi et al., 1982: Williams &
Sugerman, 1982]
+ Inhibited by Gly-Gly, Gly-L-Pro and cephradine [Hu & Amidon, 1988].
Enalapril +  Absorption in rat jejunum was via an active process, concentration-
dependent, inhibited by L-Tyr-Gly [Friedman & Amidon, 1989b].
+ Enalapril inhibits cephradine uptake in rat and rabbit BBMV. Non-
competitive inhibition in rabbit BBMV [Yuasa et al., 1994].
+ Enalapril transport via an active process in rat intestine, and inhibits
cephalexin transport [Swaan ef al., 1995].
- Seven B-lactams failed to inhibit enalapril uptake into rat intestinal rings,
enalapril uptake was independent of concentration. [Morrison ef al., 1996].
- Absorption in rats and dogs was dose-independent [Morrison ef al., 1996].
Enalaprilat +  Enalaprilat inhibited cephradine uptake into rabbit BBMV in a competitive
manner [Yuasa et al., 1994].
+/- Enalaprilat transport in rat intestine via a passive process, however,
inhibited cephalexin transport [Swaan et al., 1995].
Fosinopril - L-Tyr-Gly and cephradine failed to inhibit transport, no evidence for active
uptake mechanism [Friedman & Amdion, 1989b].
Lisinopril +  Permeability in rat jejunum was concentration-dependent and inhibited by
L-Tyr-Gly and cephradine [Friedman &, 1989a].
+ Inhibited cephalexin transport across rat intestine [Swaan et al., 1995].
+ Evidence for interaction with the DTS,

No evidence for interaction with the DTS.
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1.8.2 B-LACTAM ANTIBIOTICS

B-Lactam antibiotics are regarded as peptide mimetics of the dipeptide D-alanyl-D-
alanine (D-Ala-D-Ala) [Catnach & Fairclough, 1994], and can be broadly classed into two
groups, the penicillins and the cephalosporins. The penicillins have the B-lactam fused to a
thiazolidine ring forming a 6-B-acylaminopenicillanic acid structure [Bergan, 1984]. The
cephalosporins have a 3-cephem structure which is formed from the dihydrothiazine ring
and the B-lactam [Bergan, 1984]. B-Lactam antibiotics are usually weak acids, with low
lipophilicity [Catnach & Fairclough, 1994]. They are predicted to be not easily transported
across the apical membrane of enterocytes, as the pH partition theory indicates that they
would be completely ionised at physiological pH [Catnach & Fairclough, 1994]. However,
the aminopenicillins (amoxicillin and cyclocillin) and the aminocephalosporins (cefaclor,
cephalexin and cephadroxil) are almost completely absorbed from the gut [Kwan & Rogers,
1983]. Information regarding the absorption mechanisms of the B-lactams is somewhat
contradictory and will be further discussed. A possible explanation for the discrepancies
between studies, are the use of different experimental systems and the fact that the
antibiotics that are rapidly absorbed have saturable kinetics which are easily identified and
those associated with slow absorption are more difficult to define. There is also evidence to
suggest that B-lactam antibiotics are absorbed by more than one carrier system.

In vitro uptake of cyclacillin and cephalexin in rat everted jejunum was found to
involve an active transport mechanism [Nakashima et al., 1984b]. Several dipeptides were
found to inhibit uptake in a competitive manner. Furthermore, Gly-Gly uptake was inhibited
by cyclacillin, cefadroxil, cephalexin and cephradine, suggesting a shared mechanism for
uptake of dipeptides and antibiotics [Nakashima et al., 1984b]. An in situ experiment using
rat intestines found that the o.-aminocephalosporins (cefadroxil and cephalexin) and the o.-
aminopenicillin cyclacillin were absorbed via a saturable process, that was inhibitable by
dipeptides, confirming the involvement of the DTS [Nakashima et al., 1984a]. The
aminocephalosporin, cephradine was found to be taken up into rat intestinal BBMV by a
saturable, active carrier-mediated process, with a Ky of 9.4 mM [Okano et al., 1986b].
Uptake was shown to be Na*-independent, stimulated in the presence of an inward H*
gradient, and inhibited in the presence of dipeptides but not amino acids, suggesting uptake
is via the DTS [Okano et al., 1986b]. Cephradine uptake into rabbit intestinal BBMYV was
found to be stimulated by the counter-transport of dipeptides, providing evidence for the
presence of a common carrier system [Okano et al., 1986a]. An overshoot phenomenon was
seen when an inward H* gradient stimulated uptake against a concentration gradient [Okano
et al., 1986a]. The uptake of cefadroxil, cefaclor and cephalexin were all stimulated in the
presence of an H* gradient, whereas uptake of cefazolin and cefotiam, which lack an o.-
amino group, were not affected by the presence or absence of an H* gradient [Okano et al.,
1986a]. This provides direct evidence of the involvement of an inward H* gradient and the
transfer of a positive charge in the absorption of aminocephalosporins possessing an O.-

amino group. However, the finding that uptake of cefazolin and cefotiam did not involve an
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H+ gradient, and therefore did not involve the DTS, is not surprising considering that these
cephalosporins are known to be poorly absorbed across the intestine, and are therefore
administered parenterally [Miyazaki et al., 1982]. The initial idea that only B-lactams
possessing an Ol-amino group were substrates for the transporter was questioned when the
aminothiazolyl cephalosporins cefixime and ceftibuten, were found to be well absorbed from
the gut [Catnach & Fairclough, 1994]. Transport of cefixime and the cis isomer of
ceftibuten, which both lack the c.-amino group were found to be driven by an inward H*-
gradient [[nui et al., 1988: Yoshikawa et al., 1989].

A model has been proposed for the molecular mechanism of the H+-dependent DTS
[Kramer ef al., 1995]. This has been based on the fact that uptake of cephalosporins lacking
the o-amino group was not stimulated by a H+-gradient [Okano et al., 1986a], and that
uptake of cephalosporins lacking this structure are not affected by the histidine-modifying
agent DEPC [Kramer et al., 1988]. DEPC inactivation of the transporter could be inhibited
by B-lactam antibiotics and oligopeptides with a free o-amino group [Kramer et al., 1995].
However, cephalothin or cefotiam, which lack the oi-amino group, are strong inhibitors of
cephalexin uptake and photoaffinity labelling of the 127 kDa transport protein, but were
unable to prevent deactivation with DEPC [Kramer ef al., 1995]. A proton donor-acceptor
relationship has been proposed to exist between the oi-amino group of the substrate and the
histidine residue of the transporter protein, which leads to the translocation of the substrate
across the brush border membrane [Kramer et al., 1995]. However, cefixime, which 1s
dianionic, was also able to protect the transporter form DEPC inactivation, suggesting that
the carboxymethoxyimino function at position 7 of the cephem nucleus is capable of
interacting with the histidine residues [Kramer et al., 1995].

Cephalexin 1s absorbed via the DTS in rat intestine [Tamai et al., 1988]. D-
Cephalexin was found to be absorbed via a saturable process that was competitively
inhibited by L-cephalexin, with a Kj of 0.67 + 0.09 mM [Tamai et al., 1988]. No appreciable
uptake of L-cephalexin was observed, however, the breakdown product of L-cephalexin was
detected in the serum after oral administration, indicating that L-cephalexin is absorbed, but
not detectable due to hydrolysis [Tamai et al., 1988]. L-Cephalexin was found to have a
higher affinity for the transporter demonstrating stereospecific transport of cephalosporins
via the DTS [Tamai et al., 1988].

The five cephalosporin antibiotics, cefaclor, cefadroxil, cefatrizine, cephalexin and
cephradine have all been found to have significant carrier-mediated absorption in an in situ
model using rat jejunum [Sinko & Amidon, 1988]. Absorption of cefatrizine and cephradine
were shown to include a small passive component [Sinko & Amidon, 1988]. Cefaclor
permeability in the colon was low and found to be via a passive process [Sinko & Amidon,
1988]. Cephalexin was able to competitively inhibit cefadroxil permeability in rat small
intestine [Sinko & Amidon, 1989]. A decrease in B-lactam permeability was also seen when
coperfused with di- and tripeptides, confirming that B-lactam absorption is via the DTS in
rat small intestine [Sinko & Amidon, 1989].
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Transport characteristics of f-lactam antibiotics and dipeptides were compared
across rat intestinal brush border membranes [Iseki et al., 1989]. The uptake rate of Gly-Gly
and cephradine was stimulated in the presence of an H+ gradient, whereas that of ampicillin
was not [Iseki et al, 1989]. Stimulation of cephradine with the same H¥ gradient, was lower
than that of the dipeptide, but cephradine uptake was greater than that of Gly-Gly [Iseki et
al., 1989]. L-Phe and carnosine inhibited the uptake of Gly-Gly, whereas cephradine and
ampicillin had no effect [Iseki ef al, 1989]. The H+* gradient appears to have differing
effects on uptake of the three substances tested, and suggests that cephradine and ampicillin
are taken up via a different mechanism for that of Gly-Gly.

Uptake of the aminopenicillins (ampicillin and amoxicillin) and the
aminocephalosporins (cephalexin, cephradine and cefadroxil) and cefazolin were compared
to that of the passively absorbed compound, L-glucose, in the rat intestinal brush border
membrane [Sugawara et al., 1990]. The time course and degree of uptake of the mentioned
drugs were found to be similar to that seen with L-glucose, with no overshoot phenomenon
being observed for any of the compounds tested in the presence of an inward H* gradient
[Sugawara et al., 1990]. These results suggest that the B-lactam antibiotics tested permeate
the membrane mainly by a passive mechanism [Sugawara et al., 1990]. However, this does
not explain the difference in absorption seen with the drugs, suggesting the involvement of
another process. Sugawara et al. have subsequently shown that ceftibuten and its analogues
exhibited an overshoot phenomenon in the presence of an H* gradient against a
concentration gradient, contradicting their previous study [Sugawara et al., 1991a, b].

Photoactive derivatives of P-lactam antibiotics and dipeptides were used to
photoaffinity label a binding protein of molecular weight 127 kDa from the rabbit small
intestinal brush border membrane [Kramer et al., 1990b]. Treatment of BBMV with an
antiserum raised against this protein was found to significantly inhibit the efflux of
cephalexin from the vesicles, suggesting that the 127 kDa protein is involved in the transport
process [Kramer et al., 1990b]. The protein was later reconstituted into liposomes, which
were found to take up D-cephalexin in the presence of an inward H+ gradient [Kramer et al.,
1992]. Photoaffinity labelling with benzylpenicillin revealed that the binding specificity of
the protein incorporated into the liposomes was identical to that of the original BBMV
[Kramer et al., 1992]. The uptake system was found to be stereospecific for D-cephalexin,
with no significant uptake of the L-isomer, however, both enantiomers bound to the 127 kDa
protein [Kramer et al., 1992]. Asa result of the above findings, Kramer et al. suggested that
the 127 kDa protein was the intestinal peptide transporter or a component of it [Kramer et
al., 1992].

Ceftibuten, which lacks the o-amino group at position 7 of the cephem skeleton was
taken up into human jejunal BBMV by a process that was stimulated in the presence of an
H+ gradient, showing an overshoot phenomenon, whereas no effect was seen with cefixime,
cefaclor and cephalexin. This suggests that these antibiotics are absorbed via different
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carrier systems, an H* gradient dependent and an independent process [Muranushi et al.,
1989: Sugawara et al., 1991b].

The uptake of several aminopenicillins was investigated in an in situ rat intestinal
model [Oh et al., 1992]. All of the compounds tested produced saturable absorption kinetics
indicating a carrier-mediated process [Oh et al., 1992]. Inhibition studies supported this,
with cephradine producing competitive inhibition of amoxicillin [Oh et al., 1992].
Amoxicillin with a K of 0.058 + 0.026 mM demonstrated the highest affinity for the
carrier, whilst ampicillin and cyclacillin displayed much lower affinities for the carrier with
K, values of 15.80+2.9 mM and 14.00 + 3.30 mM, respectively [Oh et al., 1992].

Cephalosporin transport across intestinal BBMV in man, rat and rabbit has
highlighted the occurrence of interspecies differences with regards to transport [Sugawara et
al., 1992]. Ceftibuten was taken up into BBMV of man and rat against a concentration
gradient (overshoot phenomenon) in the presence of an inward H¥ gradient, whereas
cephradine was not [Sugawara et al., 1992]. However, in rabbit BBMV, an overshoot
phenomenon in the presence of an inward H+ gradient was seen with both cephalosporins
[Sugawara et al., 1992]. Ceftibuten uptake was inhibited by a ceftibuten analogue, whereas
cephradine uptake was not inhibited by any of the cephalosporins tested, in human and rat
BBMYV [Sugawara et al., 1992]. However, both ceftibuten and cephradine uptake in rabbit
BBMV was inhibited by cephalosporins and dipeptides [Sugawara et al., 1992]. These
results highlight the differences between species and illustrate the unsuitability of the rabbit
model for investigating transport of B-lactam antibiotics. Ceftibuten uptake in human and
rat BBMV was found to be partially or non-competitively inhibited by the dipeptide L-Ala-
L-Pro, indicating that transport is via a different carrier to that for L-Ala-L-Pro [Sugawara et
al., 1994].

Cephradine has been shown to be taken up into rabbit intestinal cells by a
concentrative mechanism which was inhibitable by Gly-Sar [Tomita et al., 1995]. Uptake
was found to involve the H+/dipeptide cotransporter and the Na+/H* exchanger [Tomita et
al., 1995]. Uptake was inhibited by a range of di-, tripeptides and B-lactam antibiotics in
both rat and rabbit BBMV, indicating transport is via the peptide transporter [Yuasa et al.,
1993]. Cephradine uptake into rabbit BBMV was found to be non competitively inhibited
by the ACE-inhibitor enalapril, which has been explained due to the presence of 2 specific
inhibitory binding site on the peptide carrier [Yuasa et al., 1994]. However, as previously
mentioned, the rabbit is not a representative model for the human situation, and therefore
further studies are required using a more appropriate model.

A more recent study by Kramer et al. has shown that the H+-dependent uptake of
cephalexin into rabbit intestinal BBMYV was inhibited to some degree depending on their
chemical structure, by all 30 B-lactam antibiotics tested, regardless of whether they are
orally absorbed or not [Kramer et al., 1995]. All the B-lactam antibiotics tested also
decreased the photoaffinity labelling of the 127 kDa binding protein, illustrating a direct
interaction with the DTS [Kramer et al., 1995].
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S-1090 which is a new oral cephem, does not have an o-amino or a carboxyl group
in the side chain at the 7-position of the cephem skeleton, but has a hydroxyimide instead
[Muranushi et al., 1995]. S-1090 uptake in rat intestinal BBMV was stimulated by an H*
gradient, however overshooting was not observed [Muranushi et al., 1995]. Although the
di- and tripeptides with aliphatic side-chains (L-Ala and Gly amino acid components) did not
inhibit uptake, those with L-His, L-Pro or L-Try in the N-terminal position did [Muranushi et
al., 1995]. L-Histidyl-L-alanine (L-His-L-Ala) and L-histidylglycine (L-His-Gly) were found
not only to have an inhibitory effect, but also a countertransport effect when the vesicles
were preloaded with the dipeptides. The cephalosporins cefaclor and cephalexin were
without an inhibitory effect, whereas ceftibuten showed a marked inhibition [Muranushi et
al., 1995]. Surprisingly, amino acids also had an inhibitory effect , which was suggested to
be a result of binding to the transporter protein and not competition for transport [Muranushi
et al., 1995]. The dipeptide L-Ala-L-Ala and the tripeptide L-Glu-L-Ala-L-Ala which have
been shown to strongly inhibit cephalexin [Sugawara et al., 1992] and ceftibuten
[Muranushi et al., 1989] uptake, failed to inhibit S-1090 [Muranushi et al., 1995]. This may
suggest that S-1090 was taken up via a different carrier to that for cephalexin, cefaclor and
ceftibuten [Muranushi et al., 1995].

Further information to suggest the existence of more than one transport system for -
lactam antibiotics has been provided. Cephalexin uptake into rabbit intestinal BBMYV and
photoaffinity labelling of the 127 kDa transporter protein was competitively inhibited by
benzylpenicillin, dipeptides, o-amino- B-lactam antibiotics like cefadroxil, and the dianionic
cephalosporin cephalexin [Kramer et al., 1995]. These results show that a molecular
interaction with the transporter is occurring with all the substrates. Heat treatment impaired
uptake of o.-amino- B-lactam antibiotics [Kramer et al., 1995], whereas it had no effect on
uptake of cefixime [Kramer ef al., 1992: Kramer et al., 1993]. The anion transport inhibitor
4, 4 -diisothiocyanatostilbene-2, 2 -disulphonic acid (DIDS), inhibited cefixime uptake but
had no effect on that of cephalexin [Inui et al., 1988], thus suggesting that the transport of
dianionic cephalosporins, although having interaction with the DTS, are transported by a
second carrier.

Penicillin-G uptake in rabbit intestinal BBMV was found to be a saturable carrier-
mediated process, showing H* -dependency with maximum uptake being seen at pH 4.5
[Poschet et al., 1996]. Uptake was inhibited by ampicillin, penicillin-V, cefadroxil,
cephalexin, cephalothin, cephradine, L-carnosine, Gly-L-Ala, glycyl-L-tyrosine (Gly-L-Tyr),
and glycylglycylglycine (Gly-Gly-Gly), indicating penicillin-G is a substrate for the DTS
[Poschet et al., 1996]. Gly-Sar stimulated uptake by 92 % [Poschet et al., 1996]. Counter
transport studies showed that BBMV loaded with Gly-Sar, inhibited penicillin-G uptake,
suggesting that an interaction at the same site on the transporter is taking place [Poschet et
al., 1996].
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1.8.3 RENIN INHIBITORS

Renin inhibitors are a class of peptidomimetic drugs (angiotensinogen derivatives
with the leucyl-valine (Leu-Val) bond replaced) which are used in the treatment of
hypertension and congestive heart failure. They act by inhibiting the action of renin, which
is the first enzyme, and rate-limiting step in the RAS cascade (Figure 1.5). Although renin
inhibitors are active in vitro, the low oral bioavailability and stability is a limiting factor in
effective therapy [Greenlee, 1987].

Two renin inhibitors, S 86 2033 and S 86 3390 (Figure 1.6), inhibited cephalexin
uptake into rabbit BBMV in a concentration-dependent and competitive manner, suggesting
that they are substrates for the DTS [Kramer ez al., 1990a]. S 86 3390 had highest affinity
for the transporter, with an ICso value of 1.1 mM compared to 2.5 mM for S 86 2033
[Kramer et al., 1990a]. S 86 3390 was transported across the membrane into the BBMYV,
indicating that renin inhibitors are substrates for the DTS. S 86 3390 uptake was stimulated
in the presence of an inward H* gradient, consistent with the di-/tripeptide/H* cotransport
system [Kramer et al., 1990a]. S 86 3390 and S 86 2033 both inhibited photoaffinity
labelling of the 127 kDa binding protein of the DTS [Kramer et al., 1990a].

Transport of the renin inhibitor ({35, 4S}-4—[N—morpholinoacetyl—(1—naphthyl)-L—
alanyl-N-methyl-{4-pyridyl}-1-pentanone; CH3-18) (Figure 1.6) in rat small intestine was
found to be stimulated in the presence of an inward H* gradient and completely and
competitively inhibited by tripeptides and tetrapeptides [Hashimoto et al., 1994a]. Amino
acids and dipeptides had not effect on transport of CH3-18, which suggests that it is being
transported by a system other than that for dipeptides [Hashimoto et al., 1994a). P-Lactam
antibiotics inhibited transport of CH3-18, indicating the possibility of a transport system
exclusively for B-lactam antibiotics as previously suggested [Nicklin et al., 1996] which
does not transport dipeptides, but has an affinity for tri-and tetrapeptides. The N-terminal
substituent was found to be more important for transport than that of the C-terminal, with
the presence of a morpholino group in this region increasing uptake [Hashimoto et al.,
1994a]. Substituting a naphthyl group at the N-terminal position has also been shown to
increase intestinal absorption of some renin-inhibitors in rat intestine [Hashiomoto et al.,
1994b]. A weak basic function or a sulphonamide group at the N-terminal, has also been

shown to increase the bioavailability of some renin inhibitors [Rosenberg et al., 19931.
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FIGURE 1.6 Renin inhibitors
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1.9 PRODRUG TARGETING OF THE DTS

There are several examples of the conversion of drugs to di-/tripeptide derivatives to
improve oral absorption, through targeting to the DTS. L-a-Methyldopa is an aromatic
amino acid used in the treatment of hypertension [Scriabine, 1980]. L-a-Methyldopa is a
substrate for the LNAA transport system [Hu & Borchardt, 1990], however is has a low oral
bioavailability (25 %). This is thought to be due to low membrane permeability as a result
of the presence of the a-methyl group which hinders transport via the LNAA carrier and
metabolism by the enzyme dopa-decarboxylase [Hu & Borchardt, 1990]. The absorption of
L-o.-methyldopa has been increased by converting it to the dipeptide prodrug L-0.-
methyldopa-L-phenylalanyl-L-alanine, which is a substrate for the DTS [Tsuji et al., 1990].

L-3, 4-Dihydroxyphenylalanine (L-Dopa) is the primary drug used to treat
Parkinson's disecase. However, oral-L-Dopa has a low bioavailability as a result of
degradation (decarboxylation) in the gut wall. Conversion of L-Dopa to the tripeptide p
glutamyl—L—dihydroxyphenylalanyl—L-proline (pGlu-L-Dopa-L-Pro) was carried out and 1ts
intestinal permeability in rats was investigated [Bai, 1995]. The tripeptide prodrug was
stable in intestinal homogenates, and intestinal permeability was found to be similar to that
of the dipeptide L-phenylalanyl-L-proline (L-Phe-L-Pro). Permeability was inhibited by 20
mM captopril, 80 mM Gly-Gly and 5 mM Gly-L-Pro and by 2 mM cephradine, indicating
that pGlu-L-Dopa-L-Pro is a substrate for the DTS [Bai, 1995]. pGlu-L-Dopa-L-Pro is
converted to L-Dopa by peptidases [Bai, 1995]. The above two examples illustrate how
conversion of drugs into peptide-like structures can be used to increase absorption, via

targeting to the DTS.

1.10 CACO-2 CELL LINE

1.10.1 INTRODUCTION

The Caco-2 cell line, which was establish using the explant culture technique, is an
adenocarcinoma cell line originating from a well differentiated colonic tumour in a 72-year
old Caucasian male [Fogh et al., 1977]. When grown under standard culture conditions they
spontaneously differentiate exhibiting enterocyte-like properties, expressing morphological
and biochemical features of adult differentiated enterocytes [Pinto et al., 1983: Zweibaum et
al., 1983, 1984]. They form polarised monolayers with apical and basolateral domains, with
brush border microvilli extending perpendicular to the surface from the apical membrane
[Pinto et al., 1983]. The cells are separated by tight junction and form confluent
monolayers, which appear, under a microscope (Figure 1.7) as an even spread of nuclei with
a few empty spaces the size of 2 or 3 cells, which may be due to the presence of larger cells
[Grasset et al., 1984]. The transepithelial electrical resistance (TER) is approximately 300
Q cm? [Artursson, 1991], which falls within the range documented for the small intestine
and colon, 50-500 Q cm? [Powell et al., 1987]. The cells have been reported to form domes

56



when grown on an impermeable support after reaching confluency, consistent with a
functionally polarised transporting epithelial monolayer [Pinto ef al., 1983]. The cells
express certain enzymes which are associated with microvillus membranes. Alkaline
phosphatase, aminopeptidase and sucrase-isomaltase are in comparable concentrations, 50,
10 and 50 % respectively, to those in the human small intestine [Pinto et al., 1983].
Although Caco-2 cells have been shown to be fully differentiated by 15 d (growth on
inserts), alkaline phosphatase activity continued to increase up (o day 20 in culture [Pinto et
al., 1983: Hidalgo et al., 1989b]. The activities of aminopeptidase and sucrase-isomaltase
also increased after cell differentiation was completed [Pinto et al., 1983].  ¥-
Glutamyltransferase [Blais et al., 1987], lactase-phlorizin hydrolase and dipeptidylpeptidase
IV are also expressed by Caco-2 cells [Hauri et al., 1985]. The presence of brush border
hydrolases and transport pathways e.g. bile acids (which will be discussed later), are
properties of the distal ileum, while the transepithelial electrical resistance values are
indicative to the colonic epithelium [Caro et al., 1995]. Peptidase expression in Caco-2 cells

will be considered further in Chapter 3.

FIGURE 1.7 A Caco-2 cell monolayer grown on 24-well plates, 7 d post-seeding

1.10.2 TRANSPORT SYSTEMS
Caco-2 cells express a number of transport systems which are present in intestinal
enterocytes. A Nat-dependent transport system for inorganic phosphate (P;) is located at the
apical membrane of Caco-2 cells, which displays characteristics similar to those found in
intact small intestinal epithelium [Murer & Hildmann, 1981: Danisi et al., 1984]. The
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transport process involves two sodium ions to one phosphate ion and was found to decrease
with increasing confluency, independent of cell age [Mohrmann etal., 1986].

A bile-acid carrier system is present, which displays maximum expression after 28 d
in culture [Hidalgo & Borchardt, 1990b]. Taurocholic acid (TA) is taken up by both the
apical and basolateral membrane, but release is exclusively through the basolateral
membrane, which is consistent of polarised delivery in normal enterocytes. Human ileal
BBMV show carrier-mediated transport of bile acids, however, the jejunal BBMYV do not
[Barnard & Ghishan, 1987], suggesting that Caco-2 cells exhibit ileal characteristics.
However, the carrier does differ in that it appears to be Nat-dependent [Hidalgo &
Borchadt, 1990b] and has a lower transport capacity than that of the enterocyte [Wilson et
al., 1990].

Caco-2 cells also possess an active transport system for the water-soluble vitamin
riboflavine (RF) which plays a key role in carbohydrate, amino acid and lipid metabolism.
The transport system is Na*- and pH-independent, temperature and energy dependent, and
can be inhibited by RF and RF analogues, indicating a carrier-mediated pathway [Said &
Ma, 1994]. Furthermore, uptake of RF can be up- or down-regulated by substrate
concentration in the growth media, which results in an increase or decrease in the number of
transporters expressed at the apical membrane [Said & Ma, 1994].

Cyanocobalamin (Cbl) (Vitamin B17) is taken up by Caco-2 cells in two forms, free
or bound to an intrinsic factor (IF). The IF-Cbl binds to receptors at the apical membrane,
with the complex then being internalised and the membrane bound receptors being recycled.
Caco-2 cells also secrete a Cbl protein-binding factor from the basolateral membrane after
20 d in culture, which has similar properties to transcobalamin II (TCII). Cbl is transported
through the cells in association with the TCIl-like protein and exits exclusively via the
basolateral membrane, being an example of receptor-mediated transcytosis [Dix et al.,
1990].

Caco-2 cell have also been shown to bind and internalise the epidermal growth factor
(EGF) via a receptor-mediated process at both the apical and basolateral membranes
[Hidalgo et al., 1989a]. The receptor was found to occur in a ratio of 1:2.5 at the apical and
basolateral membranes, respectively. In isolated human intestine and colonic cells, EGF
binding in 17-week old foetuses was lower than in 12-week old foetuses [Pothier & Menard,
1988]. A similar process was observed with Caco-2 cells where binding of EGF decreased
with the age of the monolayers [Hidalgo et al., 1989a].

Caco-2 cell monolayers have been found to express an active transport system for
monocarboxylic acid drugs. Benzoic acid is transported via a carrier-mediated transport
system, which is energised by an inwardly directed proton gradient across the apical
membrane [Tsuji et al., 1994]. Salicylic acid transport is pH-dependent, comprising of a
saturable and non-saturable process. Benzoic and acetic acid inhibited transport of salicylic
acid whereas dicarboxylic acids, had no effect [Takanaga et al., 1994], indicating that Caco-

2 cells express a carrier-mediated transport process for monocarboxylic acids.
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A Nat-dependent sugar transport system, which is sensitive to both phlorizin and
phloretin, as is the glucose transport system normally found in brush-border membranes of
16-22 week old human foetal colons, has been located in Caco-2 cells [Blais et al., 1987:
Riley et al., 1991]. The family of glucose transporters is comprised of a series of proteins
known as GLUT1-GLUTS. These proteins have identical secondary structures and are
predicted to span the lipid bilayer 12 times, with an amino and carboxyl termini exposed at
the cytoplasmic face. Caco-2 cells were found to have GLUT3 localised predominately at
the apical membrane, which is thought to mediate the transport process. GLUT1's location
is mainly at the basolateral membrane, and GLUTS is found predominately at the apical
membrane but also present in both the basolateral and intracellular membranes [Harris ez al.,
1992]. GLUTS was only detected in approximately 40 % of the fully differentiated Caco-2
cells, suggesting that under the experimental conditions the cells are not uniformly
differentiated. However, this may also be due to the presence of phenotypically distinct cell
types [Harris et al., 1992]. The concept of different phenotypes existing within a population
has also been observed with respect to enzymatic expression in Caco-2 cells (Chapter 3,
section 3.) [Howell et al., 1993].

Na+-H+ exchanger, which regulates intracellular pH (pHj;) is present exclusively on
the basolateral membrane of Caco-2 cells. Na*-H* exchanger is highly sensitive to
amiloride (K; 3.2 pM) and also has a cytoplasmic H* modifier site. The Na+-H* exchanger
was kinetically inactivated at resting pHj (7.35 + 0.02). Cell shrinkage and second
messenger pathways which normally regulate Na*-H* exchangers in other cell systems, had
no effect in Caco-2 cells [Watson et al., 1991]. The Na+-H+ exchanger has been found to be
sensitive to serum, which regulates the activity by a F-actin-dependent post-translational
mechanism [Watson et al., 1992]. Caco-2 cells have also been shown to express an H+-K*-
ATPase, which contributes to regulating pH; [Abrahamse et al., 1992] and has been
suggested to play an indirect role in peptide transport [Thwaites et al., 1993g].

Caco-2 cells secrete lipoprotein particles in a polarised manner, indicating that they
may be useful to study drug delivery to the lymphatic system [Hughes et al., 1987].
Transport carriers for iron [Alvarez-Hernandez et al., 1991], calcium [Guiliano & Wood,
1991] and folate [Vincent et al., 1985] are also present. An active-transport system, which
is involved in glutathione conjugate secretion from both plasma membranes is also present
[Oude Elferink et al., 1993].

1.10.3 AMINO ACID TRANSPORT IN CACO-2 CELLS

Numerous amino acid transporters have been identified in the Caco-2 cell line.
Grasset was the first to demonstrate this using electrophysiological techniques for the
transport of L-Ala [Grasset et al., 1984]. L-Ala transport exhibited temperature sensitivity,
suggesting a carrier-mediated process [Cogburn et al., 1991]. Competition studies revealed
that L-Ala shares a Nat-dependent carrier system in the apical membrane with L-Glu, which
produced competitive inhibition [Souba et al., 1992].
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L-Ala transport has been shown to be driven by a proton electrochemical gradient
even in Na+-free media [Thwaites et al., 1994b]. L-Ala was found to cause a marked
cytosolic acidification consistent with proton/amino acid symport. Transport was found to
be rheogenic and the stoichiometry is likely to be 1:1 [Thwaites et al., 1994b]. Competition
studies showed that L-Pro, ai-aminoisobutyric acid and B-Ala are substrates for the L-
Ala/proton symport [Thwaites ef al., 1994b]. However, L-valine (L-Val) and L-serine (L-
Ser) are not substrates and likely to be transported by one of the other Na*-dependent and
Na*-independent transporters for which L-Ala is a substrate [Stevens et al., 1984:
Christensen, 1990].

B-Ala flux from apical to basolateral surfaces was found to be absent even in the
presence of Na* despite the accumulation of B-Ala across both membranes by a Nat*-
dependent processes [Thwaites et al., 1993e]. However, in Nat-free conditions absorptive
flux of B-Ala is observed, which is stimulated upon apical acidification (pH 6.0).
Basolateral accumulation of B-Ala is absence in Na*-free conditions, suggesting that the
basolateral transport system is Na*-dependent. Absorptive B-Ala flux (Na*-free conditions)
with an acidified apical solution (pH 6.0) displays saturation kinetics and is competitively
inhibited but L-Ala and Gly, but not by L-Val and L-Ser [Thwaites et al., 1993e].
Intracellular pH fell when 20 mM [B-Ala was introduced to the apical solution, consistent
with proton-coupled transport, and providing direct evidence for amino acid-stimulated
proton influx across the apical membrane of Caco-2 cells [Thwaites et al., 1993e].

The transport of Gly across Caco-2 cells monolayers has been shown to involve two
processes [Smith et al., 1991]. There is an active transport system which is unidirectional
form the apical to basolateral regions, and a slower non-active process which is bi-
directional and due to passive diffusion. Inhibiting the enzyme gamma-glutamyl transferase,
results in an inhibition of Gly transport via the active process, indicating an involvement of
the enzyme with this system [Smith et al., 1991].

A transport carrier for the LNAA, L-Phe, has also been located in Caco-2 cells
[Hidalgo & Borchardt, 1990a: Hu & Borchardt, 1992]. L-Phe transport was temperature-
dependent, having an activation energy (E,) for transcellular transport of 50.18 kJ mol-! and
was uneffected by a reverse gradient. The process was saturable with a 75 % reduction in
transport seen in the presence of excess L-Phe, providing evidence for a carrier-mediated
process. The transporter was Na*-dependent as indicated by a 33 % decrease in transport
observed in the presence of ouabain. Inhibition was seen with LNAAs (L-Leu and L-Tyr)
and cationic amino acids (L-lysine {L-Lys} and L-His), but not with small neutral and acidic
amino acids [Hidalgo & Borchardt, 1990a]. A preference for the L-isomer was also
observed [Hidalgo & Borchardt, 1990a]. Apical to basolateral transport was considerably
faster than that of basolateral to apical [Hu & Borchardt, 1992]. Initial uptake at both
membranes was found to be saturable with Ky values for apical and basolateral uptake of
27 mM and 0.18 mM respectively, however, initial efflux rates were non-saturable.

Different processes either ultising different carriers or combinations of carriers appear to be
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responsible for uptake by the apical membrane and basolateral membrane and also efflux
from the later. The basolateral efflux appears to be the rate-limiting step for transcellular
transport [Hu & Borchardt, 1992].

L-a-Methyldopa is an aromatic amino acid used to treat hypertension which is
transported via the LNAA carrier in Caco-2 cells [Hu & Borchardt, 1990]. Transport was
concentration-, glucose-, pH- and temperature-dependent. Inhibition was observed with
metabolic inhibitors and by L-Phe, an amino acid showing high affinity for the LNAA
carrier [Hu & Borchardt, 1990].

A Na*-dependent, acidic amino acid transport system, which is responsible for the
transport of L-aspartic acid (L-Asp) and L-Glu is expressed by Caco-2 cells [Nicklin et al.,
1995]. The transport system which bears similarities to that found in the human jejunum
[Rajendran et al., 1987] is highly saturable (> 95 % at 50 M) with a major active
component superimposed onto a minor passive (diffusional) component. Transport displays
vectorial, pH- and temperature-dependent characteristics [Nicklin et al., 1995]. Competition
studies revealed that close analogues such as L-Asp, D-aspartic acid (D-Asp) and L-Glu are
potent inhibitors, while analogues of L-Asp which possessed homologous extension of the
methylene chain showed no interaction [Nicklin et al., 1995].

A transport system for the imino acid L-Pro has also been located in Caco-2 cell
monolayers. L-Pro uptake is comprised of an active component, which is responsible for
two thirds of the observed flux over a nanomolar concentration at 37°C, and a passive
component [Nicklin et al., 1992a]. The active transport is saturable, showing temperature
(Ea = 93.5 kJ mol-1) and pH-dependence, with uptake increasing dramatically at pH 5.0
compared to that at pH 7.4 [Nicklin ez al., 1992a]. A higher degree of Na*-dependency was
observed for L-Pro uptake compared to that for L-Phe. When protein synthesis
(cycloheximide), Nat/K+-ATPase (ouabain) or cellular metabolism (sodium azide) are
inhibited, the efficiency of the carrier is greatly reduced [Nicklin et al., 1992a]. L-Ser, L-Ala
and o-aminoisobutyric acid produced potent inhibition of I.-Pro uptake, whereas Gly, D-Pro
and y-aminoisobutyric acid were only moderate inhibitors [Nicklin et al., 1992a]. No or
very little inhibition was seen with aromatic or branched amino acids (e.g. L-Val, L-Phe, and
L-Leu).

The Na*-dependency of the L-Pro carrier system is being questioned, as L-Pro
transport across Caco-2 cell monolayers was enhanced by acidification of the apical solution
in both Na*-free and Na*-containing conditions [Thwaites et al., 1993f]. pH-dependency of
transepithelial transport and intracellular accumulation has been demonstrated in both the
presence and absence of Na*. The pH-dependency is a result of coupling of H* flow to L-
Pro transport, as seen by the marked acidification of the cytosol with administration of L-Pro

into the apical environment [Thwaites et al,, 1993f].
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1.10.4 DTS IN CACO-2 CELLS

All of the investigation into dipeptide absorption/transport in Caco-2 cells have
involved the use of the stable dipeptide probe Gly-Sar or cephalosporins. Gly-Sar transport
has been shown to be rheogenic, stimulating an inward Isc in voltage clamped Caco-2 cells
[Thwaites et al., 1993g]. The change in Igc is observed under Na*-free conditions, with an
acidic apical media (pH 6.0) providing evidence of a di-/tripeptide/H* symport at the apical
membrane [Thwaites et al., 1993g]. This agrees with previous studies using BBMV and
amphibian intestine [Boyd & Ward, 1982: Ganapathy et al., 1984: Ganapathy & Leibach,
1985]. The stoichiometry of the dipeptide/H* symport is estimated to give a value of
dipeptide to proton flux of 1:3 [Thwaites et al., 1993g].

Transport and intracellular accumulation of Gly-Sar in Caco-2 cells from the apical
to the basolateral was found to be optimal when the apical medium was at pH 6 (basolateral
at pH 7.4) [Thwaites et al., 1993b], therefore in the presence of a proton gradient. This was
also found to be true for transport from the basolateral to apical region (basolateral pH 6.0,
apical pH 7.4). Both transport and intracellular accumulation were found to be saturable and
susceptible to competition [Thwaites et al., 1993b]. Using cells preloaded with BCECEF, a
pH-sensitive fluorescent dye, an increase in cytosolic acidification was seen when 20 mM
Gly-Sar was added to either the apical (pH 6.0) or basolateral media (pH 6.0). This is
consistent with H*-coupled dipeptide transport at both apical and basolateral membranes.
Different transport rates across the two membranes suggest that the apical and basolateral
transporters may differ [Thwaites et al., 1993b]. Basolateral application of 20 mM Gly-Sar
when the pH of the media was 7.4, failed to cause cytosolic acidification [Thwaites et al.,
1993a]. Transport and accumulation were inhibited when co-administered with 20 mM Gly-
Sar or 20 mM cephalexin [Thwaites et al., 1993a]. Interestingly, cephalexin caused a
marked cytosolic acidification when presented at both the apical (pH 6.0) and basolateral
(pH 7.4) membranes [Thwaites et al., 1993a}. Transport of Gly-Sar and cephalexin across
the basolateral membrane, although sharing common characteristics, also display distinct
features, indicating the possible presence of more than one exit mechanism at the basolateral
membrane [Thwaites et al., 1993a].

The dipeptide L-Val-L-Val (20 mM) has also been shown to produce a marked
intracellular acidification when perfused at the apical membrane, illustrating H*-coupled
dipeptide transport [Thwaites et al., 1993c). L-Val-L-Val inhibited pH-dependent apical to
basolateral Gly-Sar transport and accumulation, confirming that the two dipeptides share a
common transport system [Thwaites et al., 1993c].

Gly-Sar transport and accumulation were also found to be inhibited by a range of
compounds, including the dipept