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Introduction

Although oral drug delivery is the most convenient and preferred way to 
deliver a drug molecule to man, this route presents significant challenges and 
numerous considerations have to be made to provide a simple and reliable 
drug therapy. Clearly, the way in which a drug is absorbed and its fate in the 
gastrointestinal tract and liver are crucial for the performance of a 
pharmaceutical product. 

The way in which drugs cross the cell membrane was first described by 
Overton in 1899, which resulted in the “Overton’s law” that states that 
permeability coefficients correlate well with oil/water partition coefficients 
[1]. Modern work, however, indicates that it often can be difficult to predict 
the ability of a drug to traverse a biological membrane from simple 
physiochemical measurements like solubility, lipophilicity, pKa, hydrogen 
bonding capacity, molecular size or weight. Drug absorption is an even more 
complex process that is also affected by physiological factors such as 
stomach emptying rate, intestinal motility, the environment of the intestinal 
lumen, composition of the membrane and the local distribution of drug 
transport proteins. One must also keep in mind that the drug formulation 
may affect the absorption characteristics in the intestine, which have been 
used successfully with several extended release products and enteric 
coatings.

Biopharmaceutics is defined as the study of the relationships between the 
physical and chemical properties, dosage, and form of administration of a 
drug and its activity in the living body. Knowledge about the location of 
membrane transport proteins and their function for transport of drugs is a 
truly biopharmaceutical research area. This research has the potential to 
improve the drug delivery to a specific location within the body. Transport 
systems may also be utilised to increase the absorption of drugs by making 
prodrugs mimicking the “true” substrate of the transport protein or by 
designing different formulations that optimise the release rate of the drugs 
according to the knowledge about their location and their transport capacity.  
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Basic physiology and morphology of the gastrointestinal 
tract and the liver

The human gastrointestinal tract is well adapted for its dual purpose of being 
important for the digestion and absorption of nutrients and also constitutes a 
barrier against pathogens, toxins and other xenobiotics. The small intestine, 
comprised of duodenum, jejunum and ileum, is the major site for absorption 
of nutrients and most of the drugs that are developed today. The main role of 
the colon is to reabsorb the water from the digestive process. Thus, the colon 
is not considered as a major site for drug absorption but it is important for 
the absorption of drug molecules, whose absorption are dissolution and 
solubility rate limited and for extended release products. The liver is the 
major metabolising organ in the body and a major determinant of the oral 
bioavailability of drugs. Compounds can also be secreted back into the 
intestine via the bile to be excreted with the faeces or to be reabsorbed, a 
process that is known as entero-hepatic cycling. 

Gastric emptying and motility of the alimentary tract. 
Gastric emptying is highly variable and is regulated by multitude of factors, 
such as the presence and composition of food and the dosage form. It can 
also be affected by postural position, drugs and disease state [2]. The 
motility of the gastrointestinal tract in the fasted state is regulated by a 
pattern of smooth muscle contractions that originates from the stomach, 
which are called the migrating motor complex (MMC) [3-5]. The first phase 
is a quiescent period lasting 46-60 min with only rare contractions. In the 
second phase, which has a similar duration to the first, the number of 
contractions is increased. The last phase, a.k.a. the housekeeper wave, 
consists of a short period of powerful peristaltic contractions, which empty 
the stomach of any residual material. Thereafter, the cycle returns to the 
inactive period. If a meal is ingested, the cycle is interrupted and the pattern 
changes to the slow wave associated with systematic mixing and digestion of 
food particles and a gradual release into the duodenum [3-5]. The motility of 
the small intestine follows the pattern set by the fed or fasted state until it 
reaches the distal part of ileum. There are two types of intestinal movement 
that can be divided into a propulsive motion and segmental mixing 
contractions. The transit time in the small intestine has been found to be 
relatively constant, at around 3 hours, and unaffected by dosage form or 
digestive state [6]. The ileocaecal sphincter controls the release to the 
ceacum and prevents colonic material to travel back into the small intestine. 
The large intestine, in contrast, has a highly variable transit time, that is on 
average 24 hours [7]. The region that is available for drug absorption in the 
colon is the ceacum, ascending colon and half the traverse colon, where the 
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majority of the residence time is spent [8]. In distal parts, except for the 
rectum, the faeces is too viscous for drugs to be effectively absorbed because 
they have difficulties being dissolved and diffused [9]. The motility in the 
large intestine mostly takes the form of mixing motions caused by 
contractions in the circular muscle, whereas the propulsive contractions, the 
mass movement, only occurs 3-4 times daily in normal individuals [10]. 

Crypt

Villi

Central vein

Bile ductPortal venule

Arteriole

Portal
triad

a)        b)

Figure 1. A schematic drawing of the crypt-villus axis (a) of the small intestine and 
a section of the lobule of the liver (b) displaying the direction of the blood coming 
from the portal vein in the portal venule, the oxygenation by the arteriole and the 
flow of the bile in the canaliculus to be collected by the bile duct. 

The intestinal epithelium 
The length of the small intestine in vivo is about 3 metres, and it has an inner 
diameter of 3-4 centimetres [11]. The folding of Kerckring in the small 
intestine, together with the presence of villi and microvilli, make an 
impressive approximately 600-fold increase in the available absorptive area 
in comparison with the area of a simple cylinder of the same dimensions [2]. 
The intestinal epithelium is composed mostly of absorptive cells, 
enterocytes, in different stages of maturity, which are situated along the 
crypt-villus axis (Figure 1). The enterocytes differentiate from multipotential 
stem cells at the bottom of the crypt and migrate over a period of a few days 
to the tips of villi, where they are sloughed off into the lumen [12].Most of 
the functionally active transport protein systems and metabolising enzymes 
are expressed in the mature enterocytes at the tips of the villi. The 
permeability also differs along the crypt villus axis as the crypt appear to be 
more easily penetrated [13, 14]. The high permeability drugs are mainly 
absorbed at the tips of the villi [15], while the low permeability compounds 
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may diffuse down the length of crypt-villus axis to be absorbed over a larger 
surface area [16-18]. The ileum has an increased amount of M-cells in 
comparison to the jejunum. The epithelium of the large intestine has many 
similarities to the small intestine but the most obvious difference is that the 
epithelium in the colon lacks the folding and villi structure of the small 
intestine and that there is a higher incidence of mucus producing goblet 
cells [9]. 

Intestinal pH 
The intraluminal and local pH of the microclimate at the intestinal wall are 
crucial for the chemical stability, solubility, absorption and functionality of 
carrier-mediated membrane transport of the compounds. The pH varies 
along the alimentary tract and is dependent of meal composition, disease 
state and drugs. The pH of gastric fluid ranges from 1-3.5 in fasted subjects 
[19-22], but ingestion of a meal raises the pH to between 3 and 7 depending 
on the buffering capacities of the food components [21, 23]. In the 
duodenum the pH is increased, to a value of 6, by bicarbonate ions secreted 
from Brunner’s glands and from the secretion of bile and pancreatic juice 
through Vater’s papilla. There is a gradual increase from pH 6.1-6.4 in the 
proximal jejunum to 7.4-7.6 in the distal part of ileum [19, 24]. The pH 
drops to a median value of pH 5.7 in the ceacum and maintains this value to 
the descending colon where a final pH of 6.6-6.8 is reached [19]. The 
decrease of pH in the colon is believed to be caused by the fermentation of 
unabsorbed carbohydrates by the increased amount of bacteria.  

The microclimate pH in the jejunum has been found to be approximately 
one pH unit lower than the luminal pH [25-27]. The lower surface pH is 
mainly created by the Na+/H+ exchanger located in the brush border 
membrane, protected by the mucus layer [28]. Towards the ileum, this low 
pH increases to become more neutral [29-31]. The luminal pH is of minor 
importance for the pH in the microenviroment [32]. 

The liver 
The liver plays an important role in determining the oral bioavailability of 
drugs. The liver is divided into the six times larger right lobe and the smaller 
left lobe by the falciform ligament. The foundation in understanding how the 
liver functions is to consider the structure and the blood and bile flow of the 
liver. The liver has a dual blood supply consisting of the hepatic artery, 
which oxygenates the liver from the aorta, and the portal vein from the 
intestine and spleen. The blood vessels are divided into smaller branches and 
join the bile ducts in the portal triads (Figure 1). From the portal triad the 
artery and vein empty into the sinusoids, which are endothelial-lined 
channels that run between the cords of hepatocytes, and which are arranged 
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radially from the central vein. Acinus, the functional unit of liver, divide the 
hexagonal lobule into three zones depending on the oxygenation of the 
arteries towards the centrally located vein in each lobule. The blood in the 
sinusoids and the bile (in the canaliculi) flow in opposite directions. The bile 
is collected in the bile duct of the portal triad and the bile ducts are 
eventually drained in the common bile duct. The bile can be stored and 
concentrated in the gallbladder before it is secreted in the duodenum.  

Oral bioavailability 

Bioavailability is defined by the Food and Drug Administration as the rate
and extent to which the active moiety is absorbed from a drug product and 
becomes available at the site of action [33]. Often the peripheral plasma is 
used as a surrogate for the site of action. A schematic illustration of the steps 
involved in the release and absorption of a drug taken as an oral solid dosage 
form is presented in Figure 2. 
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Figure 2. Processes that may influence the bioavailability of orally administered 
drugs. 

The oral bioavailability can be divided to three major determinants, 
according to the following equation  

)E1()E1(fF HGa   (1) 

where fa is the fraction of the dose that is absorbed across the apical cell 
membrane of the enterocyte and EG and EH are the extraction of the drug 
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over the gut wall and liver, respectively. The fa may be limited by all the 
reactions that may happen in the lumen and at the apical membrane. The 
factors involved can be divided into three categories: (a) physiochemical 
factors of the drug molecule itself; (b) pharmaceutical factors and 
(c) physiological, genetic, biochemical and pathological factors in the 
intestine which can be altered by coadministration of other drugs or by food 
intake [2, 6, 9, 34-37] (Table 1). 

Table 1. Factors influencing drug absorption. 

Physiochemical factors Pharmaceutical factors Physiological factors 

Lipophilicity Crystal form/salt Gastric emptying rate 
Solubility Particle size Intestinal motility 

Molecular size Excipients Surface area 
Conformation Disintegration Intestinal pH 

pKa Release rate Biliary and pancreatic secretions 
Ionisation Dissolution rate Luminal enzymes 

Chemical and Dosage form Transport proteins 
Enzymatic stability Manufacturing process Diet 

  Age 
  Disease 

The enzymatic capacity of the gut wall can be described in pharmacokinetic 
terms as the extraction of the intestine (EG). The fraction that escapes 
metabolism in the small intestine (1-EG) may undergo additional metabolism 
and/or biliary secretion in the liver (EH) before reaching the systemic 
circulation. The EH is dependent on the blood flow (QH), the protein 
binding (fu) and the intrinsic clearance of the enzymes (CLint) and/or 
transporters [37]. Recently, it has also been suggested that membrane 
transport into the hepatocyte has to be included in the models for predicting 
and explaining liver extraction. Since active efflux and uptake by membrane 
transporters are saturable processes, the rate, in the bioavailability concept, 
needs to be considered as it reflects the local concentrations in the 
alimentary tract and the liver.  

The biopharmaceutical classification system (BCS) is the scientific basis 
for identifying the rate limiting process in drug absorption; it is used to 
simplify the regulatory demands on bioavailability and bioequivalence 
studies into in vitro testing [33]. The BCS classifies drugs into four classes 
depending on their solubility and permeability (Class I: High solubility, high 
permeability; Class II: Low solubility, high permeability; Class III: High 
solubility, low permeability and Class IV: Low solubility, low permeability) 
as the dissolution rate and permeability are two of the most important factors 
delimiting oral drug absorption [37-39]. High permeability is defined as the 
value that predicts a fraction absorbed (fa) above 90% in humans, while high 
solubility is defined as the highest dose soluble in 250 mL or less of aqueous 
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media over a pH range of 1 to 7.5. Figure 3 displays the determined 
permeability for two of the substances used in this thesis. 
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Figure 3. Human effective jejunal permeability (Peff) determined with the Loc-I-
Gut® technique [40, 41] and the fraction absorbed (fa) from other pharmacokinetic 
studies defining the permeability in the BCS. 

Membrane transport mechanisms of drugs and 
metabolites
The absorption across a membrane can be divided into two major routes, the 
transcellular and paracellular routes. The transcellular one can be further 
divided into passive transcellular diffusion, carrier-mediated transport or 
endocytosis (Figure 4). The transport of a drug across an epithelium often 
involves several processes. 

ATP

A.                B.               C.                D.          E.    F.

ATP

Figure 4. Different routes by which a drug can be delivered across a membrane. The 
different mechanisms are passive transcellular diffusion (A), facilitated carrier-
mediated transport (B), primary (C) and secondary active (D) carrier-mediated 
transport, paracellular transport (E) and endocytosis (F). 
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Adjacent to the intestinal wall there is a stagnant layer of water, mucus and 
glycocalyx called the unstirred water layer (UWL). It has been shown that 
this pre-epithelial barrier influences the overall absorption rate of rapidly 
transported drugs in vitro and in situ [42, 43]. However, human perfusion 
experiments show that the intestinal motility reduces the thickness of the 
layer and it is unlikely that it is the layer limits the absorption in vivo [44]. 

Passive transcellular diffusion 
Passive diffusion is the most common route across the intestinal epithelium. 
Diffusion is driven by the concentration gradient of a compound, which 
make the compound move towards regions of lower concentration, or by an 
electrochemical gradient. The transport rate can be described mathematically 
by Fick’s first law of diffusion 

)CC(APJ 21   (2) 

where J is the flux or the mass transport over time, P is the permeability 
coefficient, A is the available absorptive surface area and (C1-C2) is the 
concentration gradient over the membrane. In the enterocyte, the expression 
can be simplified to be solely dependent of the apical concentration, C1, as 
the removal of the blood, and a small contribution of the lymph, from the 
basolateral side provides sink conditions and C2 becomes insignificant. The 
permeability is not only dependent on the physiochemical properties of the 
compounds, but also on the properties of the epithelial membrane. The apical 
membrane of the enterocyte is considered to be the rate limiting step for this 
process, because the apical membrane is thicker and more rigid than the 
basolateral membrane [16, 45, 46]. The permeability across the membrane 
can be described by the following equation 

mDKP    (3) 

where K is the partition coefficient between the aqueous phase and the 
membrane, Dm is the membrane diffusion coefficient and  is the thickness 
of the membrane [47]. The expression is a simplification, since the fluid 
mosaic polarised double layer of phospholipids and proteins of the 
membrane [48], is perceived to be a homogenous phase. Molecular dynamic 
studies of lipid bilayers systems has identified the membrane to consist of 
four regions with different densities [49]. The lipoid nature and also the 
membrane potential of the cellmembrane restrict the transcellular passive 
diffusion to ionised species. Permeation of ionised compounds by this route 
relies on the equilibrium between unionised and ionised species, which is 
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defined by the pKa, or on the basis for ionpair transport and their 
incorporation into the membrane. The rate is also slowed down by the size of 
the molecule. 

Carrier-mediated transport 
Membrane transport proteins can be classified by their mechanism of 
transport into channels and carriers. The latter can be subdivided according 
to their energy requirements into: (a) facilitated diffusion, (b) primary active 
transport and (c) secondary active transport. Facilitated diffusion is the 
transport of substances across the membrane by means of uniporters, it takes 
place in the direction of the concentration gradient, but displays a saturable 
behaviour. Transporters that directly utilise ATP to maintain a gradient 
across a membrane are called primary active transporters, in contrast to 
secondary active transporters, which use energy from ion gradients (mostly 
Na+, Ca2+ and H+ gradients) across the membrane generated by primary 
active carriers. Depending on the relative movement of the ions, they can be 
classified as symporters or antiporters. The Na+/K+ ATPase and the Na+-H+

exchanger maintaining the Na+ and H+ gradients is fundamental for efficient 
carrier-mediated transport [26].  
The features that defines the usefulness of carrier-mediated transport route 
for drug absorption are the selectivity, capacity, direction and distribution of 
the transporters [50]. This is important not only from a bioavailability 
standpoint, but also when considering possible drug-drug and food-drug 
interactions.

Paracellular transport 
The available surface area for the paracellular route has been estimated to be 
about 0.01% of the total surface area of the small intestine and as the 
epithelium is tighter in the large intestine, the available surface area is likely 
to be low even there [51, 52]. The rate-limiting step is believed to be the 
negatively charged tight junctions in the apical intercellular space of the cells 
of the intestinal epithelium. Paracellular transport is generally considered to 
be a passive process that follows Fick’s first law of diffusion, but it has been 
reported that the mechanism is saturable and substrate dependent [53, 54]. 
The structural features of the pores, tight junctions and the available surface 
area, limits the possibilities of absorption by this route. The quantitative 
importance of this route in modern drug development has been questioned 
[55], as paracellular transport appears to be insignificant for absorption of 
drugs with a molecular weight exceeding 200 Da [44, 56, 57]. The junctions 
are also thought of as a fence that determines the asymmetric distribution of 
membrane proteins and lipids located in the basolateral and apical 
membrane [58]. 
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Endocytosis
Endocytosis is a specialised form of transport where particles and 
macromolecules are internalised by invagination of the apical membrane to 
intracellular vesicles. The process can be divided into four mechanisms: 
phagocytosis, macropinocytosis, clathrin-mediated and caveolin-mediated 
endocytosis [59, 60]. The majority of the encytotic transport appears to takes 
place at the M-cells in the Peyer’s patches, although enterocytes are capable 
of clathrin-mediated endocytosis as well. The transport of intact 
macromolecules across cells is known as transcytosis. This route may be 
interesting for mucosal vaccine delivery and other macromolecules [61]. 

Membrane transporters in the intestine and liver 
Recent progress in molecular biology during the last decade have revealed 
that there are a vast number of genes encoding more than 800 transporters 
[62]. These transporters include nucleoside, amino acid, peptide and vitamin 
transporters, which can be utilised in drug absorption and distribution and 
influence how a drug is excreted [50, 63]. In the alimentary tract, many of 
the transporters are localised to the small intestine as they are related to the 
absorption of nutrients and bile acids, but detoxification transporters like the 
ATP binding cassette (ABC) transporters are also present in the large 
intestine. The apical and basolateral membrane of the enterocyte display a 
polarised expression of transport proteins, which assist in the membrane 
transport of substances in different directions (Figure 5). 

The uptake and clearance of drugs in the liver depends on the vascular 
dispersion of the functional unit of liver, the acinus, which is divided into 
three zones depending on the oxygenisation of the hexagonal hepatic lobule. 
In the rat, it has been found that the genetic expression of metabolising 
enzymes and transporters differs, depending on the zone [64]. The sinusoidal 
membrane has a different distribution in the expression of transporters 
compared to the canalicular membrane (Figure 6) 

It has been suggested that the transporters that are important for drug 
absorption and/or disposition are the primary active ABC transporters 
(ABCB, ABCC, ABCG) and the organic anion transport polypeptides 
(OATP/SLCO), some transporters from the solute carrier 22A family of 
organic anion (OAT) and cation (OCT) transporters, the di/tri peptide 
transporters PEPT from the solute carrier 15A family and amino acid 
transport systems [63, 65, 66]. Other transporters that might also turn out to 
be important are the Na+-taurocholate co-transporting polypeptide, NTCP 
(SLC10A1), and monocarboxylate transporters, MCT (SLC16A). 
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Figure 5. Selected membrane transport proteins of primary active ABC transporters 
and secondary active solute carriers in the enterocytes and the polarisation of their 
location. 

ABC transporters 

ABCB1 (MDR1, P-glycoprotein) 
The ABCB1 protein is the most investigated protein of the ABC 
transporters. Its most striking feature is the wide substrate specificity of the 
transporter. The list of substrates/inhibitors is continuously growing and 
includes a broad structural diversity and several therapeutic classes [67]. The 
transporter is localised in the alimentary tract to the apical membrane of the 
enterocytes at the tip of villi [68], with increasing expression occurring 
towards the distal parts of the intestine [69-71]. ABCB1 is also expressed in 
the canalicular membrane of the hepatocytes in the liver, the kidneys and the 
blood-brain barrier, suggesting an important role in the absorption, 
distribution and clearance of xenobiotics [68, 69]. 

Evidence of the involvement of intestinal ABCB1 in drug absorption 
emerged from bi-directional transport and inhibitors studies in cell lines [72-
74]. In addition to this, the development of a mouse Abcb1a/Abcb1b knock-
out model [75, 76] provided in vivo evidence of the influence of ABCB1 on 
the bioavailability of drugs. The systemic availability of paclitaxel was 2 to 6 
times higher when it was administered to the Abcb1a knock-out in 
comparison with the wild type mice [77]. Studies in knock-out animals 
showed that the interaction between digoxin and quinidine present in wild 
type mice, was absent, suggesting ABC1B1 mediated transport might be 
responsible for the drug-drug interaction found in the clinic [78]. 

Although the data from cell lines and knock-out models suggest that 
ABCB1 has a crucial role in drug-drug interactions and the bioavailability of 
drugs, there are limited clinical examples that can be ascribed to the effect of 
ABCB1. The difficulty in determining the contribution of ABCB1 arises 
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from overlapping substrate specificities of metabolising enzymes [74, 79] 
and/or other transporters [67, 80] or occurs because the effect is marginal. 

Digoxin and talinolol are two known ABCB1 substrates [78, 81] that have 
a negligible metabolism [82, 83] in humans and are involved in drug-drug 
interactions with known ABCB1 inhibitors and inducers [84-90]. Greiner et 
al [87] showed that the plasma AUC of an oral dose of digoxin decreased 
after pre-treatment with 600 mg/day rifampin for 10 days, while the effect 
was less pronounced after intravenous administration, implying the 
involvement of intestinal ABCB1. Duodenal biopsies taken after the 
rifampin treatment showed a 3.5-fold increase in the ABCB1 expression, 
which was inversely correlated to the plasma AUC. Talinolol also displayed 
a decreased plasma AUC given the same dose of rifampin, which correlated 
to the 4-fold increase in ABCB1 expression when it was orally administered 
[88]. Human perfusion studies have revealed that both substances are 
secreted into the intestine after intravenous administration and that the 
secretion into the lumen could be inhibited by luminally administered 
ABCB1 inhibitors [91, 92]. The plasma AUC of talinolol also decreases 
when the substance was given in a more distal location, supporting the 
increased expression along the intestine [93].  

However, the importance of ABCB1 for the absorption of drugs has been 
questioned as the transport protein is easily saturated by the high luminal 
concentrations obtained after oral administration, unless small doses are 
given, or unless the dissolution rate and/or the membrane diffusion are slow 
[94-97]. The modest role ABCB1 has on the absorption can be exemplified 
by the fact that the observed 2-fold increase in the plasma AUC of digoxin 
by the potent inhibitor valspodar (PSC 833) can be explained by the decrease 
in renal clearance [98]. The biliary excretion of digoxin has also been 
examined in humans, demonstrating a decrease in biliary clearance to affect 
the systemic exposure of the drug [99-101]. Finally, the effects rifampin has 
on the induction of transporters should be contrasted with the 25-fold 
decrease in plasma AUC of midazolam, a CYP3A4 substrate, observed after 
oral administration, emphasised the importance of drug metabolism in 
relation to that of drug transporters for bioavailability. 

ABCC1-3 (MRP1-3) 
In the ABCC family, ABCC1-3 are the transporters that have been most 
explored and that have been reported to be important for the transport of 
both anionic drugs and endogenous compounds, including their glutathione-, 
glucuronide- and sulfate conjugates [67]. The three transporters are different 
in their membrane localisation and the level of expression throughout the 
body. ABCC2 is located to the apical membrane of enterocytes and at the 
canalicular membrane of the hepatocytes [102, 103], in contrast to ABCC1 
and ABCC3, which are located to the sinusoidal membrane of the hepatocyte 
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and the basolateral membrane of the enterocytes [102, 104, 105]. The 
regional expression of mRNA for ABCC1-3 showed that ABCC3 was 
abundantly expressed along the intestine, with the highest expression being 
in the colon, while ABCC2 decreased along the small intestine to have a 
very low level of expression in the colon [71]. It has been shown in rat that 
the human orthologous Abcc2 and Abcc3 have the highest expression at the 
villus tip along the Crypt villus axis [106, 107]. Peng et al. [105] reported 
that ABCC1 was only localised to cells in the crypt and coloncytes and not 
to enterocytes. In contrast, the mRNA of ABCC1 was expressed throughout 
the intestine increasing from the duodenum, but decreasing within the length 
of the colon [71]. 

The number of compounds that are transported by ABCC2 and the 
location suggest that ABCC2 may limit the intestinal absorption of drugs and 
their metabolites. However, it is known to play a central role in the biliary 
excretion of anionic drugs and conjugated metabolites at the canalicular 
membrane [108, 109]. 

ABCG2 (BCRP) 
ABCG2 is often referred to as an ABC half-transporter because it forms a 
functional transporter when it dimerises with a partner protein. ABCG2 is 
highly expressed in the apical membrane of small intestine and colon, and in 
the canalicular membrane of hepatocytes [110]. The spectrum of drugs that 
are transported by ABCG2 is limited in comparison to ABCB1 and ABCC2 
[111]. Abcb1a/Abcb1b knock-out mice showed that, when topotecan and the 
ABCB1/ABCG2 inhibitor GF120918 were co-administered, the 
bioavailability increased and the elimination decreased [112]. This was 
believed to be attributable to inhibition of the transporter in liver and 
intestine, decreasing biliary excretion and increasing intestinal re-uptake 
[112]. Evidence that ABCG2 may, at least partly, limit the bioavailability 
was displayed when GF 120918 was given to humans together with 
topotecan to humans [113] 

Solute carriers 

OATP/SLCO 
Despite their name, organic anion transporting polypeptides (OATP) 
transport a wide range of anionic, cationic and zwitterionic compounds 
mainly with a high molecular weight (>450 Da) and in an Na+ independent 
manner [114]. It has been suggested that OATPs have the capacity to be bi-
directional and that they might be driven by an anion exchange or coupling 
of the cellular uptake of organic compounds with an efflux of bicarbonate 
glutathione and/or glutathione-S-conjugates [115-118].  
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The OATPs that have been proposed to be important for bioavailability 
and the distribution of drugs are OATP1A2 (OATP-A), OATP1B1 (OATP-
C), OATP1B3 (OATP8) and OATP2B1 (OATP-B). OATP1A2 displays the 
broadest substrate specificity of the OATPs, transporting bile acids, 
hormones and their conjugates, peptides, organic cations and anions as well 
as fexofenadine [114, 119, 120]. The expression of OATP1A2 is prominent 
at the blood-brain barrier, but it is hardly expressed at all in the liver [119, 
121]. It has also been suggested that OATP1A2 might be present in the small 
intestine [122, 123]. The liver-specific expression of OATP1B1 and 
OATP1B3 at the sinusoidal membrane of the hepatocytes implies that they 
play a selected role in hepatic clearance of drugs [119, 121, 124-127]. These 
OATPs are involved in the membrane transport of a wide range of 
compounds but seem to prefer anionic substances [114, 119]. OATP2B1 has 
a narrower spectrum of substrates than OATP1A2, OATP1B1 and 
OATP1B3, and does not transport bile acids [114, 119]. However, it has 
been shown that the specificity and selectivity of OATP2B1 may change 
depending on the pH [128, 129]. Expression of OATP2B1 has been found in 
the sinusoidal membrane of the hepatocytes and in the small intestine and 
the colon [119, 121, 127, 129].  

It has been suggested that inhibition of OATP1A2 and/or OATP2B1 in 
the intestine might explain the lowered systemic exposure of fexofenadine 
brought about by different fruit juices [130-132]. Liver toxicity and 
hepatobiliary drug-drug interactions of HMG-CoA reductase inhibitors have 
been related to OATP1B1. Cerivastatin, pravastatin and pitavastatin have all 
shown increased plasma concentrations when co-administered with 
cyclosporin A, an OATP1B1 inhibitor [109, 133-135]. It has also been found 
that polymorphism of the OATP1B1 affects the plasma AUC of pravastatin 
[136, 137]. 

PEPT (SLC15A), OAT (SLC22A), OCT (SLC22A) and amino acid 
transport systems 
The di/tri peptide transporter, PEPT1 (SLC 15A1), is a secondary active 
symport carrier that transports substrates with a proton across the apical 
membrane of enterocytes. It has been used successfully to increase the 
absorption of peptidomimetic drugs and prodrugs, like –lactam antibiotics, 
ACE inhibitors and the valin esters of aciclovir and ganciclovir. The 
important features of the transporter are its wide substrate specificity and 
high transport rate [50, 66]. PEPT1 is apically expressed throughout the 
small intestine and has very low levels in the colon under normal conditions 
[138, 139]. PEPT1 and PEPT2 are also expressed in the kidney [138].  

The amino acid transporter systems represent another example of a 
nutrient transport system employed to transport drug substances, like L-
dopa. However their usefulness may be limited to just a few examples 
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because of the substrate specificity of these systems, even though they are 
high capacity  transport systems [50]. 

In the SLC22A family, the organic anion transporter OAT2 (SLC22A7), 
organic cation transporter OCT1 (SLC22A1) and OCTN2 (SLC22A5) are 
located in the liver and intestine but the OAT and OCT seem to be of greater 
importance for the carrier-mediated transport of drugs in the kidneys [109].  
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Figure 6. Selected membrane transport proteins of primary active ABC transporters 
and secondary active and facilitative solute carriers in the liver showing their 
polarised location. 

Interplay between drug transporters and metabolising 
enzymes
The intestine and the liver are the most significant metabolic barriers that 
limit the bioavailability of an absorbed molecule. Metabolism can be divided 
into phase I reactions, such as oxidation by the CYP 450 enzymes, and phase 
II reactions which arise from a conjugation with glutathione, sulphate or 
glucuronic acid.

Of all the cytochrome P450 reported, only a few enzymes in families 1, 2, 
and 3 appear to be responsible for the metabolism and involved in drug-drug 
interactions. CYP3A4, 2D6, 1A2, 2C9, 2C19, 2C8 and 2E1 are the enzymes 
that are most significant in drug metabolism, with CYP3A4 being the 
predominant enzyme which is involved in the metabolism of nearly 50% of 
all the drugs currently prescribed [140, 141]. The enzymes are expressed 
abundantly in the liver, with CYP2D6 and 2C19 being expressed to a lesser 
extent than the others. In investigations of the intestine, only CYP3A4, 2C 
and 1A1 proteins have been detected in the small intestine, despite the 
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mRNA of several others being expressed [142]. CYP3A4 is not, however, 
expressed in the colon [143, 144]. Instead, the drug metabolism in colon is 
dominated by the reactions performed by the colonic microflora which may 
play a crucial role in colonic drug absorption [145, 146]. Several of the 
phase II enzymes are expressed in the enterocytes. Glutathione-S-transferase 
(GST) alpha isoform has high levels in the small intestine and low levels in 
the colon, similar to the expression of CYP3A4 [147, 148]. UDP-
glucuronosyltransferases (UGT) are also expressed in the intestine [149]. 

The co-localisation of ABCB1 and CYP3A4 in the intestine, together 
with the substantial overlap in substrate specificity, has led to the conclusion 
that they play a synergistic role in affecting the bioavailability of orally 
delivered compounds by recycling the substrate over the apical membrane, 
thereby increasing the exposure to CYP3A4 [150, 151]. Similar arguments 
have been made for ABCC2 and phase II metabolising enzymes in mediating 
drug detoxification and excretion by the intestine [67]. It has been suggested 
that transporters might work in conjunction with each other, e.g OATP1B1 
and ABCC2 [152, 153] or OATP1A2 and ABCB1 [122]. However, the 
evidence for this theory is based on cell based systems and the in vivo data 
from humans is inconclusive.  

Methods for studying absorption and hepatic disposition 
of drugs 
Several methods are available for studies of the absorption and disposition of 
drugs with the complexity of the techniques and models involved increasing 
from in silico screening to verification by clinical trials.  

In vitro models 
Drug permeability studies in polarised cell monolayers have been 
extensively used to evaluate the effect of various drug transporters. Popular 
epithelial expression systems are transfected systems of canine (MDCK) and 
porcine (LLC-PK1) kidney epithelial cell lines, which have a low 
background expression of known drug transporters [154, 155]. These cells 
have been used to evaluate the involvement of one single transport protein or 
the interplay between uptake and efflux transporters having the untransfected 
wild-type cell line as a control [120, 152, 153]. However, the most common 
cell line used in screening for oral absorption and to describe passive and 
active transport of drugs [156] is the Caco-2 model, originating from human 
colon carcinoma [157]. There is a good correlation between the permeability 
values for passively transported drugs in Caco-2 and the fraction absorbed in 
humans [158], but comparisons with values of human jejunal permeability 
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show that low permeability drugs and drugs that have an active uptake 
display lower permeability values in the Caco-2 model [17]. It has been 
discovered that Caco-2 expresses several ABC transporters in amounts 
comparable to the human jejunum at the mRNA level and that it can be used 
to evaluate active efflux processes [159]. However, the Caco-2 model should 
be used with care since significant differences in gene expression to human 
enterocytes have been observed [160]. 
The membrane transport mechanisms in the jejunum, ileum and colon can be 
studied using excised segments from the various regions of the human or rat 
intestine placed in Ussing diffusion chambers [161-163]. This provides 
useful data from the different regions but limited viability and availability of 
the tissue restrict the use of the method. 

Sandwich cultured hepatocytes, which develop intact canalicular 
networks and maintain hepatic transport protein expression and function, 
provide a useful cell based in vitro system for the study of hepatobiliary 
disposition of drugs [164, 165]. The whole organ may also be used as in 
isolated perfused rat liver (IPRL) techniques [166-168]. The benefits of 
using a whole organ is that it better reflect the true physiological situation, 
but may be limited by its species differences. 

Animal models 
Animals have been extensively used as a mechanistic model within 
pharmacology and early pharmacokinetic investigations. Apart from 
administering a radiolabelled compound to whole animals, more detailed 
investigations of drug absorption from the different regions of alimentary 
tract can be studied using in situ single pass perfusion techniques [169-171]. 
Surgical procedures on larger animals, such as pigs and dogs, have provided 
both chronic and acute models with which to explore the significance of the 
gut and liver for the oral bioavailability. These models include in vivo liver 
perfusion [172, 173] or sampling and/or administration through the portal 
vein [174]. The research conducted for this thesis includes development of a 
method based on the combination of the different techniques, an in situ 
perfusion of the jejunum with the sampling from the portal vein, the hepatic 
vein and the superior caval vein and collection of bile in an acute pig 
model (Figure 7). 

The development of knock-out models have become an invaluable tool 
for the study of the impact of different drug efflux transporters on the overall 
systemic exposure and disposition of a drug [75, 76, 175]. However, species 
differences in the location and functionality of the different transporters as 
well as compensatory effects of the gene knock-out should be considered 
when interpreting the data.  
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Figure 7. The multichannel Loc-I-Gut® technique in humans (a) and in the porcine 
model (b). In the porcine model, plasma samples were taken from the portal vein 
(V.P.), the hepatic vein (V.H.) and the superior caval vein (V.); bile was collected 
from the bile duct (B.). 

Clinical trials 
The conventional way to determine bioavailability and absorption kinetics is 
to give a formulation of a compound to humans using different routes of 
administration, preferably with one of them being intravenous (IV) 
administration, combined with the collection of blood samples. Additional 
information relating to drug disposition and metabolism can be provided by 
sampling urine and faeces. Although, IV dosing is seldom done nowadays 
for new chemical entities and changes in the AUC are often related to a 
combined expression of clearance and bioavailability referred to as “oral 
clearance”, knowledge of the disposition kinetics from IV administration is 
desirable for the correct interpretation of the absorption kinetics. The 
absorption kinetics can generally be divided into typical or atypical profiles, 
where a typical profile shows first order or zero order absorption kinetics 
and an atypical profile may be represented by many different processes such 
as sequential or simultaneous first and zero order absorption, “double peak” 
and saturable Michaelis-Menten kinetics [176]. The Wagner-Nelson [177] 
and Loo-Riegelman [178] methods are based on the mass balance principle 
and can be used to estimate the fraction of drug absorbed over time. The 
Wagner-Nelson method is appropriate for drugs displaying apparent one 
compartment model kinetics and the Loo-Riegelman method is used for 
multicompartment disposition characteristics. Another way to assess the 
input rate into a system is to analyse the plasma drug concentration-time 
profile by deconvolution methods [179]. Drug-drug and drug-diet interaction 
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studies may give insights into the rate limiting steps of the mechanisms 
involved in absorption or disposition. 

Traditional pharmacokinetic studies have certain limitations for the 
exploration of the oral absorption from different locations of the 
gastrointestinal tract, and so a combination of different techniques can 
provide a better mechanistic evaluation. There are a wide range of intubation 
and capsule based systems available for studies of drug absorption from the 
intestine [40, 41, 180-184]. The Loc-I-Gut® technique (Figure 7) has been 
used for over a decade for direct measurements of the intestinal absorption 
of drugs in vivo in humans. It provides a method for determining an in vivo 
jejunal effective permeability, which has been correlated to the extent of 
absorption in man derived from traditional pharmacokinetic studies and is 
one of the fundaments of the biopharmaceutical classification system (BCS) 
[39, 41]. It can also be used to study the expression of transporters and 
enzymes from shedded enterocytes leaving the perfused segment [185-188]. 

The benefits of having a capsule-based system are that the whole length 
of the alimentary tract is accessible for investigation and a dose can be 
delivered at a specific location making it possible to assess region-specific 
pharmacokinetics [184]. These experiments can be performed in 
combination with imaging techniques like gamma scintigraphy to define the 
location of the device. 

Fexofenadine
Fexofenadine is a selective nonsedating histamine H1 receptor antagonist, 
that is clinically active in the treatment of seasonal allergic rhinitis and 
chronic idiopathic urticaria [189]. It is the active metabolite of terfenadine, 
which was withdrawn from the market because of its cardiac toxicity but 
fexofenadine is regarded as being clinically safe, even at high doses [189]. 
The molecule weight of fexofenadine, as a hydrochloride salt, is 
538.13 g/mol. It is a zwitterion with a carboxyl and piperidino group with a 
pKa of 4.25 and 9.53 [190] and a reported solubility in water of 3.6 mg/mL 
[191]. The n-octanol/water partition coefficient is relatively constant over 
the pH range 3 to 8, varying from 2.6-2.0 [191]. Fexofenadine has linear 
dose proportionality from 10-800 mg and the racemic mixture of the two 
enantiomers displays similar pharmacokinetics independent of the dose [192, 
193]. It is bound to albumin and 1-acid glycoprotein in plasma to 60-70 % 
[189]. The absolute bioavailability of fexofenadine has not been established 
because such a determination would require an IV formulation, but an 
approximation from terfenadine gave a bioavailability of 33 %. In a mass 
balance study with orally administered [14C]-fexofenadine HCL to healthy 
volunteers, 92 % of the dose was recovered, of which 12 % and 80 %was 
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found in urine and faeces, respectively. More than 85 % of the dose found in 
urine was recovered as parent drug [194].  

The systemic exposure and Cmax of fexofenadine are influenced by a wide 
variety of compounds as displayed in Table 2.  

Table 2. Drug-drug interaction studies performed to study the influence of drugs 
and xenobiotica on fexofenadine absorption and disposition. The arrow symbolises 
the direction of pharmacokinetic changes of plasma AUC or Cmax by at least 20 %. 

Drug/Xenobiotic  Proposed mechanism Ref 

Antacids  Complex binding [191] 
(aluminium hydroxide+magnesium hydroxide)    
Azithromycin  ABCB1 [195] 
Cimetidine   [190] 
Erythromycin  ABCB1 [189, 191] 
Fruit juice    
       Grapefruit  OATP1A2/OATP2B1 [131, 132] 
       Orange  OATP1A2/OATP2B1 [132] 
       Apple  OATP1A2/OATP2B1 [132] 
Itraconazole  ABCB1 [196] 
Ketoconazole  ABCB1 [189, 191] 
Omeprazole   [197] 
Rifampin  ABCB1 [198] 
St. John’s wort    
       Single dose  ABCB1 [199] 
       Repeated doses  ABCB1 [199] 
Troglitazone   [189] 
Verapamil  ABCB1 [190, 200] 

It is believed that ABCB1 affects the intestinal absorption and/or the biliary 
secretion of fexofenadine since many of the substances in Table 2 are 
inhibitors, substrates or inducers of ABCB1. In addition, in vitro results have 
shown that fexofenadine is transported by ABCB1 [120, 201, 202]. It is not 
thought that the interactions are related to metabolism because fexofenadine 
is considered to be metabolised to a minor degree in humans [194].  

It has also been shown that fexofenadine is a substrate for OATPs, such 
as OATP1A2 and OATP2B1, which may affect the bioavailability and 
disposition of the drug [120, 128, 132]. It has been proposed that the 
decreased systemic exposure of fexofenadine by concomitant intake of fruit 
juices is related to inhibition of OATP-mediated intestinal absorption since 
the juices have been found to be more potent inhibitors of OATPs than 
ABCB1 [132]. Fexofenadine is known to be a poor inhibitor of ABCB1 and 
OATPs since the transport of digoxin in vitro [120] and the 
pharmacokinetics of azithromycin, erythromycin, ketoconazole and 
verapamil are unchanged by the co-administration of fexofenadine [189-191, 
195, 200]. In addition to this, fexofenadine has displayed a lower systemic 
exposure when taken with a high fat meal [203]. 
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Inhibitors
Verapamil is a high permeability drug that is almost completely absorbed 
after oral administration [97, 204]. It is extensively metabolised in the liver 
and intestine [85, 204] and has a low and dose dependent bioavailability of 
10-35% [85, 204, 205]. Verapamil is mainly metabolised by CYP3A4 
although other CYP enzymes are also involved [206-209]. Verapamil and its 
main metabolites have been revealed to be ABCB1 substrates and/or 
inhibitors [210]. Verapamil has also been found to inhibit the uptake of 
OATP in vitro [120]. 
It has been reported that erythromycin a drug with low permeability in vitro 
[211] and that it has a bioavailability of 30-40% [212]. Erythromycin is a 
mechanism-based inhibitor of CYP3A [213], in addition to which, it has also 
been found to be a substrate and inhibitor of ABCB1 [214]. It is metabolised 
to a minor extent and is mainly excreted in the bile [215, 216]. Erythromycin 
has been proven to be an OATP inhibitor [120] and could exhibit OATP 
mediated uptake [38].  
Several other inhibitors, such as ketoconazole [74, 214, 217, 218] and GF 
120918 [219-221] have been used to identify transport processes related to 
ABCB1. Ketoconazole also inhibits OATP [120] and GF 120918 inhibits 
ABCG2 at higher concentrations [222]. Rifamycin SV is known to inhibit 
many OATPs [223] and indomethacin and probenecid have been used as an 
inhibitor for ABCC1 [224, 225]. Although, both probenecid and 
indomethacin are thought to be rather unspecific as transport inhibitors it has 
been reported that they do not affect the ABCB1 activity [226, 227]. 
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Aims of the thesis 

The main objectives of this thesis were to study the in vivo relevance of drug 
transporters for intestinal absorption and hepatic disposition of drugs in 
humans and the predictability of preclinical models, using fexofenadine as a 
model compound. Different in vivo and in vitro methods have been used to 
pursue this goal. The more specific aims were: 

To study the main transport mechanisms involved in the intestinal 
absorption and the bioavailability of fexofenadine in humans 
(Papers I and III). 

To investigate the regional differences of the jejunum, ileum and 
colon for the bioavailability of fexofenadine in humans (Paper III). 

To explore the membrane transporters involved in the transport of 
fexofenadine and determine the relative contribution of active and 
passive transport using the Caco-2 model (Paper II). 

To further investigate the influence of transporters on the local 
pharmacokinetics of fexofenadine in the intestine and liver in the 
porcine model (Paper IV). 

To evaluate novel methods for the study of regional absorption and 
disposition in humans and pigs (Papers III and IV). 
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Materials and methods 

Investigational drugs and radiolabelled markers 
The drugs used were racemic fexofenadine HCl (Hoechst Marion Roussel, 
Kansas City, MO, USA), erythromycin lactobionate (Abbocitin®) and 
racemic verapamil (Knoll AG, Ludwigshafen, Germany) for the human 
studies (Paper I and III). Telfast® was dissolved for the in situ perfusion in 
pigs (Paper IV). In the perfusion experiments (Paper I and IV) antipyrine 
(Astra Läkemedel AB, Södertälje, Sweden) was used as a marker for passive 
transcellular diffusion in the intestine and [14C]-polyethylene glycol 4000 
(2.5 µCi/L) was used as a non-absorbable volume marker. 

The following drugs were used in the Caco-2 transport experiments: 
fexofenadine HCl, verapamil HCl, erythromycin, indomethacin, 
ketoconazole, probenecid, rifamycin SV and GF 120918 (GlaxoWellcome 
R&D, Stevenage, UK). [14C]-mannitol (51.5 mCi/mmol) was used as a 
paracellular marker. 

In vivo and in situ single pass perfusions 
The human perfusion experiments of the proximal jejunum and the in situ 
perfusion in pigs was performed with a Loc-I-Gut® perfusion tube 
(Figure 7), which is a 175 cm long (5.3 mm external diameter) multichannel 
polyvinyl tube with two inflatable balloons attached and a tungsten weight at 
the distal end [40, 41]. In the human study (Paper I) the tube was introduced 
through the mouth after applying a local anaesthesia to the throat with a 
lidocaine spray. When the perfused segment was located in the proximal part 
of the jejunum, with the positioning being checked by fluoroscopy, the 
balloons were inflated with approximately 26 to 30 mL of air, creating a 
10 cm long jejunal segment. To avoid nausea, an additional tube, positioned 
in the stomach, drain the fluid from the stomach and proximal to the created 
segment through a drainage channel of the Loc-I-Gut instrument. After 
rinsing the segment with isotonic saline (37°C), the perfusion solution 
(pH 6.5, 37°C) was pumped into the jejunal segment at a flow rate of 
2.0 mL/min. The perfusate leaving the jejunal segment during the single-
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pass perfusion was quantitatively collected on ice at 10-minute intervals and 
immediately frozen at -20°C pending analysis. The perfusion, which lasted 
for 200 min, was divided into a control period (0-100 min) and a treatment 
period (100-200 min) The segment was perfused with 100 mg/L (186 µM) of 
fexofenadine throughout the experiment with the addition of 500 mg/L 
(1018 µM) of verapamil in the treatment period. Immediately on completion 
of the perfusion experiment, the jejunal segment was rinsed with 120 mL of 
isotonic saline to terminate the intestinal drug absorption process. Venous 
blood samples were collected immediately before, during and continued 
until 11 hours after the start of the control period. The total given dose of 
fexofenadine given was 40 mg. 

In the porcine model (Paper IV) the tube was introduced through an 
incision in the duodenal wall and a 10 cm long jejunal segment was created 
by ligatures around the intestine and the Loc-I-Gut® tube in the fully 
anaesthetised animal. The bile duct was cannulated for bile collection and a 
ligature was placed under the insertion of the catheter to prevent the bile 
from reaching the intestine. Catheters were also placed for collection of 
blood from the portal vein, the hepatic vein and superior caval vein. The 
perfusion was similar to that for humans, with the exception that the animals 
were perfused for 100 min, given either fexofenadine 120 mg/L (223 µM) 
alone or together with verapamil 175 mg/L (356 µM). Blood and bile was 
collected for 6 hours after the start of the perfusion. The verapamil had the 
same dose per kg as in the human study. The total dose of fexofenadine was 
24 mg. 

In vivo regional absorption study of jejunum, ileum and 
colon in humans 
In the regional dosing study in humans (Paper III) the subjects were given 
fexofenadine alone and together with erythromycin on two consecutive days 
in the jejunum, ileum and colon, with a five day washout between the 
locations, randomised for treatment and location. A novel device (Bioperm 
AB, Lund, Sweden) was developed to employ the peristalsis to drive a thin 
polyethylene tubing (external diameter 0.6 mm) to a chosen location in the 
intestine using a mounted plastic capsule (length 30 mm, diameter 10 mm) 
on the tube. The position of the tube and capsule in each subject was 
monitored using marks on the tube showing the length of the capsule and the 
tubing behind it as it travelled through the digestive system. When the 
desired position was reached (jejunum 1 m, ileum 2.5 m, colon 3.2-4.0 m), 
the capsule was “anchored” by taping the tube to the cheek. At the locations 
in jejunum and ileum, the drug solution was delivered on the two 
consecutive days to the same region. Because of the forceful mass 
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movement in the colon, a new capsule had to be given each day. The 
location was verified with fluoroscopy (x-ray).  

For the inhibition experiments, the solution of erythromycin (250 mg; 
3 mL) and fexofenadine HCl (60 mg; 4 mL) were given sequentially with a 
six-minute delay. After each administration the tube was rinsed by an equal 
volume of isotonic saline. In the control measurements, only the solution of 
fexofenadine was given, followed by the isotonic saline. Once the 
administration had been completed, the tube was cut at the tip of the nose 
and the capsule and tubing were discarded through the anus. 

Venous blood samples were collected 0, 10, 20, 40, 60 and 90 minutes 
and 2, 3, 4, 6, 9, 12 and 24 hours after the dosing. The second administration 
was given after 24 hours, followed by blood sampling at the same pre-
determined time-points, in addition, samples were taken after 36 and 
48 hours. 

In vitro transport studies 
Caco-2 cells, obtained from American Type Culture Collection (ATCC; 
Rockville, MD; USA), were used at passage intervals 28-45 and the 
transport experiments were performed 21-25 days post seeding in Hank’s 
balanced salt solution (HBSS) pH 7.4 containing 1% dimethylsulfoxide 
(DMSO) at 37°C. Prior to each experiment the cells were preincubated with 
the relevant HBSS solution (37°C) for 20 min. Samples were taken from the 
receiving side after 90-180 min and replaced with HBSS. The permeability 
of fexofenadine was studied for the concentration range 10 to 1000 µM in 
both apical-to-basolateral (a-b) and basolateral-to-apical (b-a) directions. 
The effects of GF120918 (0.5, 2, 10 µM), verapamil (10, 100, 200 µM), 
erythromycin (10, 100, 200 µM), ketoconazole (10, 60, 100 µM),
indomethacin (10, 100, 200 µM), probenecid (10, 100 µM) and rifamycin SV 
(1, 10, 100 µM) on the bidirectional transport of 150 µM fexofenadine were 
also examined. The integrity of Caco-2 monolayers was verified by using 
[14C]-mannitol and TEER measurements. 

Analytical methods 
The concentrations of fexofenadine, verapamil and antipyrine in intestinal 
perfusate, HBSS, plasma and bile were quantified with liquid 
chromatography using UV, fluorescence or electrospray-tandem mass 
spectrometry (LC-ESI-MS/MS). The enantiomers of verapamil were 
quantified in plasma and intestinal perfusate using chiral-HPLC methods 
with fluorescence and ESI-MS/MS detection [228, 229]. [14C]-mannitol and 
[14C]-PEG 4000 were analysed using liquid scintillation. 
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Data analysis 

Assessment of in vivo and in situ intestinal permeability 
All calculations relating to the single-pass perfusion experiment were made 
from concentrations in the outlet jejunal perfusate, which were attained when 
the segment was in steady state (50-60 min). Since the drugs did not bind to 
the perfusion tube and were stable in the perfusion solution, the amount that 
disappeared during the single passage through the jejunal segment can be 
considered to be equivalent to the amount absorbed. The fraction of the drug 
absorbed in the segment during the perfusion (fabs) was calculated from 
equation 4: 

outin

inout
abs PEGC

PEGC
-1f   (4) 

where Cin and Cout are the concentrations of the compound and PEGin and 
PEGout are the measured radioactivity of the [14C]-PEG 4000, entering and 
leaving the segment, respectively. 

The effective jejunal permeability (Peff) of each drug was calculated 
according to a well-mixed tank model, as shown in equation 5 [230] 

rL2
Q

C
CC

=P in

out

outin
eff   (5) 

where the cylindrical area representing the jejunal segment (2 rL) was 
calculated using the intestinal radius (r = 1.75 cm) and the length 
(L = 10 cm) of the segment. Cout was corrected for the water flux by the ratio 
of inlet to outlet concentrations of [14C]-PEG 4000. 

Pharmacokinetic data analysis 
The pharmacokinetic parameters were calculated using non-compartmental 
analysis and WinNonlin 4.0 (Pharsight Corp., Mountain View, CA, USA). 
The area under the concentration-time curve (AUC) was calculated by using 
the linear/logarithmic trapezoidal rule. In Papers I and III, the contribution to 
the plasma AUC arising from a dose given earlier was subtracted assuming 
first-order elimination kinetics and assuming that the inhibitor did not affect 
the half-life of fexofenadine [190, 191, 200]. The apparent absorption rate 
constant for fexofenadine was calculated using the Wagner-Nelson 
method [177]. 
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Assessment of in vitro permeability 
In Paper III, the apparent permeabilities (Papp) of fexofenadine were 
calculated using equation 6 

0

1
CAdt

dQPapp   (6) 

where dQ/dt is the linear appearance rate of mass in the receiver solution 
transported during sink conditions. A is the surface area of the membrane 
and C0 is the initial donor concentration. The efflux ratio (ER), i.e. the net 
efflux of fexofenadine, was determined by taking the ratio Papp (b-a)/Papp (a-b).
Apparent maximum velocity (Vmax) and Michaelis-Menten constant (KM) of 
fexofenadine were determined using nonlinear regression according to the 
Hill equation with Graphpad Prism 3.02 (Graphpad Software Inc, USA). 

Statistical analysis 
All data are presented as mean values ± one standard deviation (SD) unless 
stated otherwise. When comparing the mean of two groups the Student’s t-
test for paired or unpaired data were used. For multiple comparisons, the 
ANOVA general linear model or one-way ANOVA followed by Dunnet´s 
and Bonferroni´s multiple comparison test were used. A probability of less 
than 0.05 (p<0.05) was considered to be statistically significant. 
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Results and discussion 

Intestinal permeability of fexofenadine in clinical and in 
preclinical models 

The values of jejunal Peff for fexofenadine were low, being 0.06 ± 0.07 · 10-4

cm/s and 0.04 ± 0.07 · 10-4 cm/s when fexofenadine was administered alone 
and with verapamil in the human study in vivo and 0.02 ± 0.03 · 10-4 cm/s 
and 0.10 ± 0.06 · 10-4 cm/s in the porcine model in situ, respectively 
(Table 3). The human values corresponded well with the values previously 
reported for fexofenadine and its classification as a low permeability 
compound according to the BCS [39, 231]. Substantial interindividual 
differences were observed, as are commonly seen for incompletely absorbed 
and low bioavailability drugs [232]. The Peff of fexofenadine in the porcine 
model was quantitatively similar to that for humans, but the high 
permeability compounds, verapamil and antipyrine, had values that were 6-8 
times lower in comparison with the values for humans (Table 3). This 
species difference in permeability has previously been observed in the rat 
model [169, 171]. The lower permeability of verapamil decreased the liver 
exposure of verapamil as will be discussed later. 

In the Caco-2 model, fexofenadine was also found to be a low 
permeability compound and the Papp in the absorptive direction was 
concentration independent in the range 50-1000 µM (Table 4). This is in 
accordance with the reported dose-linear pharmacokinetics of fexofenadine 
in humans for the wide dose range of 10-800 mg [192, 193]. However, the 
Papp in the secretory direction was concentration dependent and 28-85-fold 
higher than in the absorptive direction (Table 4). The low permeability of 
fexofenadine may be a consequence of the low passive transcellular 
diffusion of the compound, that can be predicted from the physiochemical 
properties of fexofenadine [233, 234], or it might be attributable to a 
combination of effects related to the uptake and efflux transporters, as 
discussed in the following section. It is unlikely that there is any contribution 
from a paracellular process because of the high molecular weight of 
fexofenadine [44, 55, 56].  
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Table 3. The effective jejunal permeability (Peff; Mean ± SD) and the fraction of the 
dose available that is absorbed during the perfusion (fabs) of fexofenadine, antipyrine 
and verapamil in humans and in the porcine model. 

Human Porcine model
Control + Verapamil Control + Verapamil

Fexofenadine
   Peff (x10-4 cm/s) 0.06 ± 0.07 0.04 ± 0.07 0.02 ± 0.03 0.10 ± 0.06 *
   fabs (%) 2 ± 2 1 ± 2 1 ± 1 3 ± 2 *
Antipyrine
   Peff (x10-4 cm/s) 3.78 ± 3.81 5.23 ± 3.41 0.49 ± 0.22 0.83 ± 0.46
   fabs (%) 44 ± 21 57 ± 16 14 ± 6 20 ± 10
Verapamil
   Peff (x10-4 cm/s) R - 3.95 ± 2.46 R/S - 0.64 ± 0.36S - 3.86 ± 2.30
   fabs (%) R - 51 ± 16 R/S - 17 ± 7S - 51 ± 15

*
**

Table 4. The apparent permeability (Papp; Mean ± SD) in the absorptive (a-b) and 
the secretory (b-a) directions at different donor concentrations in the Caco-2 model 
and the calculated efflux ratio (ER). 

Papp (x10-6 cm s-1)Donor 
(µM) a-b

ER

10 14.22 ± 0.53 -
50 0.17 ± 0.08 14.02 ± 1.71 85

100 0.23 ± 0.03 14.82 ± 0.95 66
200 0.27 ± 0.04 * 10.19 ± 0.23 *** 37
500 0.22 ± 0.03 8.78 ± 1.04 *** 40

1000 0.19 ± 0.01 5.43 ± 0.42 *** 28

b-a
-

The main transport mechanism affecting the intestinal 
absorption and disposition of fexofenadine 

Transport characteristics of fexofenadine in the Caco-2 model 
The highly polarised Papp of fexofenadine (Table 4) suggest an apical efflux 
of fexofenadine. The secretory membrane transport kinetics was described 
with the apparent Vmax and KM, of 5.21 nmol/s/cm and 150 µM, respectively 
at pH 7.4 at the apical and basolateral membrane (Figure 8). 

The ABCB1 inhibitors GF120918, ketoconazole, verapamil and 
erythromycin all affected the Papp of fexofenadine (150 µM) in both the 
secretory and absorptive directions (Figures 8 and 9), with GF 120918 being 
the most specific of them. 
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Figure 8. The transport of fexofenadine in the secretory (b-a) and absorptive (a-b) 
directions at different concentrations (a) and the influence of GF120918 (GF), 
ketoconazole (Keto), verapamil (Vera), erythromycin (Ery), rifamycin SV (Rifa), 
indomethacin (Indo) and probenecid (Prob) at three different levels on the absorptive 
Papp of fexofenadine at 150µM (control) (b). 

Even, at the low concentration of 2 µM GF120918, the efflux ratio of 
fexofenadine was reduced to one, corresponding to the passive membrane 
transport. The main effect was on the secretory transport and although the 
absorption was increased, the cumulative transport of fexofenadine was less 
than 1 % of the donor concentration of fexofenadine (Figure 9). It may be 
speculated that ABCG2 is not involved in the membrane transport of 
fexofenadine, since GF120918 inhibits ABCG2 at concentration of 10 µM 
and above [222]. However, it should be noted that this might be the result of 
the low ABCG2 expression in the Caco-2 model [159]. The experiments 
with indomethacin and probenecid showed that ABCC is unlikely to be 
involved in the membrane transport of fexofenadine, which has been 
supported by a previous in vitro study [201]. 
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Figure 9. The cumulative transport of fexofenadine at 150 µM alone (F) or when 
completely inhibited by 2 µM of GF120918 (GF) in the absorptive (a-b) and 
secretory (b-a) directions in the Caco-2 model. 

It has been reported that verapamil, ketoconazole and erythromycin inhibit 
the OATP-mediated uptake of fexofenadine [120]. However, in the Caco-2 
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model, the uptake process could not be distinguished from the efflux of 
fexofenadine. This might be explained by a low OATP activity at an apical 
pH 7.4 [128, 129]. Rifamycin SV, a potent inhibitor of several members of 
the OATP family [223], did not decreased the absorption of fexofenadine 
which supports the absence of OATP activity at the present conditions. 

Taken together, the combined results from the inhibition studies shows 
that ABCB1 is the dominant transport protein in the present Caco-2 model, 
but the permeability of fexofenadine in the absorptive direction remained 
low even at complete inhibition of ABCB1.  

Mechanistic studies of absorption and disposition in humans and 
in the porcine model using the Loc-I-Gut® instrument 
The Loc-I-Gut® perfusion used in combination with blood sampling makes it 
possible to administer two substances to a defined location in the jejunum, to 
investigate the maximum risk of a drug-drug interaction at the intestinal 
level and in the liver. The intestinal exposure of the substrate and inhibitor of 
a membrane transporter can be more closely controlled than in a traditional 
drug-drug interaction study and the effects on the fraction absorbed (fa) are 
reflected by the effective jejunal permeability. The study in humans in vivo 
found that the administration of verapamil (500 mg/L, 1018 µM) did not 
affect the jejunal Peff of fexofenadine (Figure 10, Table 3). 
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Figure 10. The administered verapamil (500mg/L, 1018µM) did not affect the 
effective jejunal permeability of fexofenadine (100mg/L, 186µM) in humans. 

In contrast, in the same experiments verapamil did cause a change in the 
plasma levels of fexofenadine (Figure 11), resulting in a 12- and 4-fold 
increase in apparent ka and AUC based on individual changes, respectively 
(Figure 12).
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Figure 11. The plasma concentration time profile of fexofenadine (a) and R- and S-
enantiomers of verapamil (b) during the perfusion. Fexofenadine (100 mg/L, 
186 µM) was administered alone for the first 100 min and with verapamil 
(500 mg/L, 1018 µM) during the period 100-200 min. 
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Figure 12. Verapamil (500mg/L, 1018µM) increased the apparent absorption 
constant (ka) (a) and plasma AUC of fexofenadine (100mg/L, 186µM) (b). 

Others have subsequently shown that verapamil increases the systemic 
exposure of fexofenadine 2.5 fold, without changing the renal clearance and 
the half-life of fexofenadine [190, 200]. The plasma data alone agree with 
earlier pharmacokinetic studies, suggesting that the ABCB1 is important for 
the bioavailabilty and intestinal absorption of fexofenadine [189, 191, 198, 
199]. However, the fact that Peff remains unchanged together with the 
observed increased systemic exposure of fexofenadine, suggest that the liver 
extraction is the cause for this drug-drug interaction. For instance, the liver 
might be affected by verapamil; by inhibiting OATP mediated secretion 
across the sinusoidal membrane and/or ABCB1 mediated secretion across 
the canalicular membrane during the first-pass through the liver. This is 
supported by in vitro data showing that ABCB1 and members of OATP is 
involved in the membrane transport of fexofenadine and that verapamil is an 
inhibitor of both ABCB1 and OATP [120, 128, 129, 132, 201]. The OATP 
uptake and ABCB1 efflux at the apical membrane in the jejunum may also 
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both be inhibited at the same time, which would leave fexofenadine to be 
transported by passive transcellular diffusion across the jejunal membrane. 

To further investigate the effects of verapamil on the membrane transport 
of fexofenadine in the intestine and liver, a novel method was developed 
using the Loc-I-Gut® technique in combination with the simultaneous 
collection of bile and with blood sampling from the portal-, the hepatic- and 
the superior caval vein in anaesthetised pigs. The animals were divided into 
two groups that were perfused for 100 min with either fexofenadine alone or 
in combination with verapamil. Blood and bile samples were taken for six 
hours. In the porcine model, verapamil increased the Peff but did not cause an 
increase in the plasma AUC at any of the locations (Figure 13, Table 3).  
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Figure 13. (a) The individual values of the effective jejunal permeability (Peff) in the 
porcine model. (b) The plasma and bile concentration time profile (mean ± SEM) for 
fexofenadine from the portal vein (V.P.), the hepatic vein (V.H.), the superior caval 
vein (V.) and the bile (B.) in the porcine model. The jejunal segment was perfused 
with fexofenadine (120mg/L, 223µM; control) alone or in combination with 
verapamil (175mg/L, 356µM; + Verapamil). 

A plausible explanation for the increased jejunal Peff of fexofenadine in pigs 
is an ABCB1-related inhibition of verapamil without involvement of 
OATPs. A western blot analysis has shown that a 170 kDa protein with 
functional characteristics of human ABCB1 is expressed along the small 
intestine in pigs with a distribution pattern similar to the one found in 
humans [70, 71, 235, 236]. Verapamil neither affected the liver extraction 
nor the biliary excretion of fexofenadine when given at the same dose (per 
unit weight) as in humans. This might be caused by the fact that the Peff for 
verapamil (Table 3) and hence the portal concentration of the inhibitor was 
too low to efficiently inhibit the liver uptake and biliary excretion of 
fexofenadine in the porcine model (Figure 14). A species difference in drug 
transport in the liver is also possible. 
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Figure 14. The plasma and bile concentration time profile for R/S-verapamil from 
the portal vein (V.P.), the hepatic vein (V.H.), the superior caval vein (V.) and the 
bile (B.) in the porcine model. The jejunal segment was perfused with verapamil 
(175mg/L, 356µM) in combination with fexofenadine (120mg/L, 223µM). 

Regional dosing of fexofenadine in the jejunum, ileum and colon 
in humans in vivo 
The regional dosing of fexofenadine showed that fexofenadine was absorbed 
less aborally in the intestine, in accordance with the established regional 
absorption characteristics for low permeability compounds [162, 163, 237]. 
On average, the plasma AUC was more than 2-fold higher after the jejunal 
administration (P < 0.001) than when the drug dosing took place in the ileum 
or the colon (Figure 15). 
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Figure 15. The individual systemic exposure of the regional administration of 
fexofenadine HCl alone (a) or with erythromycin lactobionate (b). 

The administration of erythromycin with fexofenadine to the jejunum had a 
pronounced effect on the absorption of fexofenadine. Erythromycin reduced 
the absorption rate strongly in the jejunum with the median of the overall tmax



45

being prolonged from 40 min to 3 hours (p = 0.009) and tended to increase 
the jejunal plasma AUC of fexofenadine from 1090 ± 328 to 1750 ± 748 
hr · ng/mL (P = 0.069) (Figure 16). The change in tmax could not be observed 
after dosing to the ileum and colon.  
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Figure 16. The average plasma concentration time profile of fexofenadine when 
administered to the jejunum alone (F) or in combination with erythromycin (F+E). 
The individual values of the systemic exposure (AUC) are shown in the inset. 

This reveals that the co-administration of erythromycin gives rise to a 
time dependent effect on the pharmacokinetics of fexofenadine when dosed 
in the jejunum. A mechanistic interpretation of the regional data is that a 
transient inhibition of the OATP2B1/OATP1A2 and ABCB1 in the jejunum 
and liver is caused by the erythromycin. 

The absence of an effect in ileum and colon has several potential 
explanations, these being, the regional distribution and activity of the 
involved transporters and/or to too little of erythromycin being absorbed 
from the distal part of the intestine to ensure inhibition. A possible 
confounding factor might also be that erythromycin has an effect on the 
motility, but only modest effects has been observed on small intestinal 
motility, when administering doses of erythromycin greater than 
200 mg [238-240]. 
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Conclusions

The main objectives of this thesis were to study the in vivo relevance of drug 
transporters for pharmacokinetics using several preclinical and clinical 
models. Fexofenadine was used as a model compound in all the studies 
presented. From the investigations presented in this thesis, it can be 
concluded that: 

Fexofenadine has a low effective jejunal permeability in vivo in humans 
(< 0.2 · 10-4 cm/s), which predicts an incomplete fraction absorbed after 
an oral dose. The Peff for fexofenadine in the porcine model was 
comparable to the value obtained for humans. In the Caco-2 model, 
fexofenadine had a low concentration independent absorptive Papp
(0.31 ± 0.03 · 10-6cm/s at 150 µM). 

It was concluded that ABCB1 is the main active membrane transporter for 
fexofenadine in the Caco-2 model. However, the absorptive permeability 
remained low, even though ABCB1 was completely inhibited and the 
poor absorption is restricted by the passive transcellular diffusion, which 
is in accordance with the physiochemical properties of the drug. No 
contribution of OATPs to the absorptive permeability could be 
distinguished under the present conditions using the in vitro cell model. 

In humans, the jejunal permeability of fexofenadine was not affected by 
the transport inhibitor verapamil. However, verapamil did increase the 
plasma AUC and the apparent ka, most likely through a decreased first-
pass liver extraction. The most plausible mechanism is inhibition of 
OATP mediated secretion across the sinusoidal membrane and/or ABCB1 
mediated secretion across the canalicular membrane.  

The porcine model did not support the results from the human study 
because verapamil increased the jejunal permeability of fexofenadine and 
the expected elevation in plasma AUC was absent. The main reason for 
the discrepancy is believed to be lower liver exposure of verapamil and a 
difference in the localisation of and/or substrate specificity of 
fexofenadine to the transporters involved. 
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The regional dosing study in humans showed that fexofenadine was 
absorbed less along the length of the intestine, which agrees with the 
properties of a low permeability drug. Erythromycin prolonged the tmax
and displayed a tendency to increase the plasma AUC of fexofenadine. 
This time dependent effect could be interpreted as a transient inhibition of 
OATP and ABCB1 in the intestine and liver. 

The experiences gained from using fexofenadine as model drug to try to 
illuminate the involvement of drug transport proteins in absorption and 
disposition has uncovered a complex picture of the roles played by location, 
direction, functionality, capacity, variability and interplay of several 
transporters. The use of preclinical models is useful for thesis driven 
research, but the results should be interpreted with care since there may be 
substantial differences in man. 
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