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Abstract: Although the oral route of drug administration is the most acceptable way of self-medication with a high degree 
of patient compliance, the intestinal absorption of many drugs is severely hampered by different biological barriers. These 
barriers comprise of biochemical and physical components. The biochemical barrier includes enzymatic degradation in the 
gastrointestinal lumen, brush border and in the cytoplasm of the epithelial cells as well as effl ux transporters that pump drug 
molecules from inside the epithelial cell back to the gastrointestinal lumen. The physical barrier consists of the epithelial 
cell membranes, tight junctions and mucus layer. Different strategies have been applied to improve the absorption of drugs 
after oral administration, which range from chemical modifi cation of drug molecules and formulation technologies to the 
targeting of receptors, transporters and specialized cells such as the gut-associated lymphoid tissues. This review focuses 
specifi cally on the targeting of receptor-mediated endocytosis, transporters and the absorption-site as methods of optimizing 
intestinal drug absorption. Intestinal epithelial cells express several nutrient transporters that can be targeted by modifying 
the drug molecule in such a way that it is recognized as a substrate. Receptor-mediated endocytosis is a transport mechanism 
that can be targeted for instance by linking a receptor substrate to the drug molecule of interest. Many formulation strategies 
exist for enhancing drug absorption of which one is to deliver drugs at a specifi c site in the gastrointestinal tract where 
optimum drug absorption takes place.

Keywords: Oral drug delivery, absorption enhancement, receptor-mediated endocytosis, active transporters, site-specifi c 
drug delivery.

Introduction
Oral delivery remains the most favorable and preferred route for drug administration. Currently more 
than 60% of drugs are marketed as oral products (Masaoka et al. 2006). However, many drugs cannot 
be effectively delivered by the oral route of administration in their original form due to reasons of 
instability, low membrane permeability, poor solubility and effl ux transport mechanisms. Overcoming 
these barriers is currently one of the most challenging goals in oral drug delivery (Majumdar and Mitra, 
2006; Leonard et al. 2006; Hamman et al. 2005; Ghilzai, 2004). 

The main function of the gastrointestinal tract is to digest and absorb nutrients and fl uids. In addition, 
it also has to prevent the invasion of toxins, antigens and pathogens. The barriers that exist to fulfi ll this 
protective task are also responsible for hampering the absorption of drug molecules after oral admin-
istration. The physical barrier of the gastrointestinal tract can be attributed to the cell membranes, the 
tight junctions between adjacent epithelial cells and the mucus layer, while the biochemical barrier 
comprises of the catabolic enzymes and effl ux systems that pump molecules back into the gastrointes-
tinal lumen (Hunter and Hirst, 1997; Lennernäs, 1998; Gabor et al. 2004). The barrier function of the 
gastrointestinal tract is schematically illustrated in Figure 1.

The implications of a barrier against drug absorption from the gastrointestinal tract include low drug 
bioavailability after oral administration. When the bioavailability of a drug is low, it is most likely that 
insuffi cient drug will become available at the site of action and it will therefore also not produce its 
pharmacological effect (Aungst, 1993; Aungst, 2000). 

Several strategies have been employed to improve the bioavailability of drugs after oral administra-
tion. Some strategies aim at maximizing the intestinal uptake while others focus on protecting the drug 
molecules from degradation, but combinations there of have also been reported. These strategies include 
the formation of pro-drugs and/or drug conjugates, modifying the chemical structure of the drug and 
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formulation design approaches (Gomez-Orellana, 
2005). Although some of these approaches have 
been demonstrated to be successful in laboratory 
scale research, they still present challenges in terms 
of long-term safety and reproducibility in the 
clinical situation. Morishita and Peppas (2006) 
suggested that the development of an effective oral 
delivery system for a new generation of macromo-
lecular drugs should consider the following three 
approaches: modifi cation of a physicochemical 
property of the drug molecule (e.g. lipophilicity 
and enzyme susceptibility) or addition of novel 
functionality (e.g. receptor recognition or cell 
permeability) or the use of a novel drug delivery 
carrier system. These strategies may be applied 
alone or in combination to provide a solution to 
the problem of poor bioavailability.

Since it is desirable that efforts do not compro-
mise the integrity of the intestinal mucosa (both 
tight junctions and cell membranes), more safe and 
practical approaches seem to be targeting of recep-
tors, transporters or absorption sites in the gastro-
intestinal tract in terms of enhancing the absorption 
of drugs with poor bioavailabilities. These 
appealing approaches for optimizing oral drug 
delivery will be the focus of the discussions in this 
review.

Receptor-Mediated Endocytosis
The pharmacological effects of a large number of 
macromolecules such as proteins and oligonucle-
otides for the treatment of several human diseases 
are determined by many factors, including receptor 
binding, cellular internalization, intracellular 
sorting and targeting as well as transcellular trans-
port. Therefore, the therapeutic applications of 
most proteins and macromolecular drugs depend 
largely on their ability to be endocytosed (Shen 
et al. 1992). The main mechanism important in this 
regard is known as receptor-mediated endocytosis. 
Receptor-mediated endocytosis is a process of 
internalization of extracellular molecules during 
which binding occurs between these molecules and 
the receptors. The receptors are considered as 
membrane-associated proteins and the intracellular 
molecules which specifi cally bind to these recep-
tors are known as ligands (Shen et al. 1992). 
Following binding to the receptor on the cell 
surface, the resultant ligand-receptor complex is 
internalized via a clathrin-dependent or a clathrin-
independent endocytotic process.

In the clathrin-dependent pathway, the forma-
tion of ligand-receptor complex is followed by 
concentration in clathrin-coated regions or coated 
pits of the plasma membrane. These coated pits 
invaginate from the plasma membranes and turn 
into coated vesicles by pinching inward from the 
membrane. After their formation, the coated 
vesicles lose the clathrin coats rapidly, and as a 
result, smooth membrane vesicles and tubules are 
formed (Morris et al. 1989; Vyas and Sihorkar, 
2000). These early endosomes, which carry recep-
tors and ligands, subsequently participate in a 
sequence of intracellular processing and sorting 
events. The clathrin-independent pathway, on the 
other hand, involves vesicle formation derived 
from the invagination of non-clathrin-coated 
plasma membrane. In general, this type of 
receptor-mediated endocytosis occurs in receptors 

Figure 1. Schematical illustration of the barrier properties of the 
intestinal mucosa. A) The physical barrier includes the tight junctions 
that limit paracellular transport and the epithelial cell membrane that 
limits the transcellular transport and B) The biochemical barrier in-
cludes brush border and/or intracellular metabolism and apical polar-
ized effl ux (with permission from Pauletti et al. 1996).
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with a low population and a slow rate of internal-
ization, when compared to that of the clathrin-
dependent pathway. The exact internalization 
mechanism of this pathway is still largely unknown 
(Shen et al. 1992).

Following receptor-mediated endocytosis 
process, the endocytosed material may be processed 
in one of four ways. Most ligands are dissociated 
from their receptors by the low pH (i.e. <5.5) 
encountered within the endosomes or the recepto-
somes or the Compartment for Uncoupling of 
Receptors or Ligands (CURL) (Geuze et al. 1983). 
The receptors may either be recycled to the cell 
surface or degraded, while the ligand is routed to 
the lysosomes for degradation (Mostov et al. 1985). 
Alternatively, the binding between the receptor and 
ligand may be unaffected by acidifi cation and the 
receptor-ligand complexes are directly sorted to 
lysosomes for degradation e.g. insulin receptor 
(Féger et al. 1994). The internalization of trans-
ferrin-bound iron represents a third process, in 
which the iron dissociates from the transferrin, 
which is then returned to the cell surface (Russel-
Jones, 2001). The fourth case is characteristic of 
epithelial and enterocytic cells, and results in the 
endocytosed material being transcytosed across 
the cell. In this process, the ligands such as thyro-
globulin bind to their receptors on either the apical 
or basolateral membrane. The complex is then 
endocytosed and transported to endosomes via 
coated vesicles. The endosomal material is uncou-
pled from its receptor and then transported across 
the cell in an as yet to be identifi ed membrane 
vesicle (Simons et al. 1985).

The use of receptor-mediated endocytosis in the 
gut is very important for oral drug delivery because 
it can be used to delay intestinal transit of drugs 
(KilPatrick et al. 1985; King et al. 1986; Woodley 
and Naisbet, 1988; Lehr et al. 1992), to target drugs 
to the intestinal epithelial cells (Russel-Jones, 
2001) and for systemic drug delivery (de Aizpurua 
and Russel-Jones, 1987; Pusztai, 1989; Lindner 
et al. 1994). Signifi cant developments in the oral 
delivery of peptides and proteins have been 
conducted involving receptor-mediated endocy-
tosis process in the vitamin B12 uptake system 
(de Aizpurua et al. 1986; Russel-Jones and de 
Aizpurua, 1988; Habberfi eld et al. 1996; Russel-
Jones, 2001), folate absorption (Ward et al. 2000; 
Ni et al. 2002; Lu, 2002) and also system in which 
transferrin-receptors are activated (Qian et al. 
2002; Kovar et al. 2002; Kursa et al. 2003).

Vitamin B12 (cyanocobalamine)
Vitamin B12 is a much larger molecule than other 
vitamins and therefore cannot enter the body 
through simple diffusion, facililated diffusion or 
active transport (Russel-Jones, 2001). During the 
absorption of vitamin B12, intrinsic factor (IF) 
produced in the stomach binds to vitamin B12 
forming a complex which passes down the small 
intestine until it reaches the ileum. Here the 
complex binds to a specifi c IF receptor (IFR) 
located on the apical membrane of the villous 
enterocyte depending on the concentration of 
calcium ions. The complex is then internalized by 
the enterocyte via receptor-mediated endocytosis. 
Once inside the cell, the Vitamin B12 is released 
from IF following the action of cathepsin L on IF 
(Fyfe et al. 1991; Schohn et al. 1991; Guéant et al. 
1992).

Research has demonstrated that it is possible to 
link chemically peptides such as luteinizing 
hormone-releasing hormone (LHRH), and protein 
such as erythropoietin (EPO), granulocyte-colony 
stimulating factor (G-CSF) or interferon-α to 
vitamin B12 in a way which is capable of shuttling 
these molecules across the intestinal epithelia 
without interfering with the ability of vitamin B12 
to bind to IF (de Aizpurua et al. 1986; Russel-Jones 
and de Aizpurua, 1988; Russel-Jones, 1995; 
Habberfi eld et al. 1996). Vitamin B12 conjugated 
to an analogue of LHRH was found to be active in 
stimulating ovulation signifi cantly better in exper-
imental mice than in control mice following an oral 
dose (Russel-Jones, 1995). Habberfi eld and co-
workers linked vitamin B12 to EPO and also to 
G-CSF and used these complexes to examine the 
potential of the vitamin B12 uptake system to trans-
port these systems from the small intestine to the 
circulation in rats (Habberfi eld et al. 1996). It was 
shown that the vitamin B12 uptake system could 
deliver EPO or G-CSF to the circulation in rats at 
a level 4-fold higher than similar administration of 
EPO or G-CSF alone.

The use of receptor-mediated endocytosis for 
oral delivery of nanoparticles linked to vitamin B12 
for systemic circulation has also been demonstrated 
(Russel-Jones, 1995). Nanoparticles containing a 
fluorochrome have been chemically linked to 
vitamin B12 and administered to rats orally. Upon 
histological examination, the fl uorescent particles 
were initially found to be bound to the surface of 
the intestinal villous cells. Some time later, the 
nanoparticles could be found to have crossed the 



Drug Target Insights 2007: 274

Hamman et al

villous epithelial cells and were observed below 
the mucosal cell layer congregating in the central 
lacteal gland for systemic circulation (Russel-
Jones, 1995). 

Folate
In rapidly dividing cells such as cancer cells, recep-
tors are up-regulated and can thus be differentially 
targeted in drug delivery strategies. The folate 
receptor is an ideal candidate for tumor-targeted 
drug delivery because it is upregulated in many 
human cancers. Access to the folate receptor in 
normal tissues can be severely limited due to its 
location on the apical membrane of polarized 
epithelia, and the density of folate receptors 
appears to increase as the stage or grade of the 
cancer worsens (Lu et al. 2002).

The conjugation of folic acid via its γ-carboxylic 
group has resulted in drug binding to cells 
expressing the folate receptor and consequently 
endocytosis taking place (Lu et al. 2002). Folic 
acid has been linked to both drugs of low molecular 
weight and the macromolecular complexes as a 
means of targeting the attached molecules to malig-
nant cells (Lu et al. 2002). Although this conjuga-
tion has been shown to enhance the delivery of 
macromolecules to folate receptor-expressing 
cancer cells in almost all in vitro situations tested, 
mixed effects have however, been observed when 
conducting similar studies in vivo conditions. 
Despite these mixed effects, prominent examples 
do exist where folate targeting has signifi cantly 
improved the outcome of a macromolecule-based 
therapy, leading to complete remission of estab-
lished tumors (Ward, 2000; Lu et al. 2002). For 
example, folate receptor-targeted delivery of lipo-
somal daunorubicin to folate receptor expressing 
cells was found to have signifi cantly increased drug 
cellular uptake and cytotoxicity compared to other 
cells (Ni et al. 2002). 

Transferrin
The use of the transferrin receptor for targeted drug 
delivery has also been receiving attention in 
literature in recent years (Xu et al. 2001; Qian 
et al. 2002; Kovar et al. 2002; Kursa et al. 2003). 
High levels of transferrin receptors are expressed 
on the surface of actively metabolizing cells 
(Iacopetta et al. 1982; Banerjee et al. 1986), certain 
tumors (Faulk et al. 1980), and the brain capillary 
endothelium (Jefferies et al. 1984). The expression 

of high levels of transferrin receptor in the brain 
capillary endothelium is particularly important 
because there is a possibility of delivering drugs 
across the blood-brain barrier. This was demon-
strated using a conjugate of methotrexate with 
anti-transferrin receptor antibody which was 
shown to bind and traverse the blood-brain barrier 
(Frieden et al. 1980). Apart from delivering drugs 
across the blood-brain barrier, conjugates of trans-
ferrin have been successfully used to selectively 
kill cell lines expressing the transferrin receptor in 
certain cancers (Cawley et al. 1981; Raso and 
Basala, 1984). Furthermore, polylysine conjugates 
of transferrin in particular have been used to deliver 
DNA sequences to cell lines in culture for the 
development of gene therapy (Wagner et al. 
1990). 

The potential problem with manipulation of 
transferrin uptake as a means of drug delivery 
across cells is the recyling pathway through which 
both transferrin and its receptor undergo (Dautry-
varsat, 1986). However, research fi ndings have 
now suggested possible means of modulating the 
recycling pathway to achieve greater transport 
across the cells. This was demonstrated with 
Brefeldin A, a drug that causes the disruption of 
transport of secretory proteins from the endoplasmic 
reticulum to Golgi cisternae (Wan et al. 1991). This 
drug showed a capacity to cause a missorting of 
the transferrin receptor from the basal to the apical 
membrane and a consequent 30- and 100-fold 
increase in the transcytosis of transferrin in the 
basal-to-apical and the apical-to-basal direction, 
respectively (Wan et al. 1991). Similarly, monensin 
which is a drug with reversible disrupting activity 
on the Golgi apparatus (Wan et al. 1990) has been 
shown to increase the transcotysis of transferrin 
and its conjugates in the basal-to-apical direction 
by up to 26-fold (Wan et al. 1991).

Membrane Transporters
Many organic solutes such as nutrients (i.e. amino 
acids, sugars, vitamins and bile acids) and 
neurotransmitters are transferred across cell 
membranes by means of specialized transporters. 
These carrier systems comprise integral membrane 
proteins that are capable of transferring substrates 
across cell membranes by means of a passive 
process (i.e. through channels or facilitated trans-
porters) or an active process (i.e. with carriers). 
Carrier-mediated active transport requires energy 
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obtained by adenosine tri-phosphate (ATP) hydro-
lysis or by coupling to the co-transport of a counter-
ion down its electrochemical gradient (e.g. Na+, 
H+, Cl–). Several drugs and pro-drugs share this 
transport pathway with nutrients and it has been 
shown that targeting drugs to these transporter 
carriers can infl uence their bioavailability as well 
as their distribution (Zhang et al. 2002; Steffansen, 
2004).

Targeting drug delivery to intestinal nutrient 
transporters has emerged as an important strategy 
to improve oral bioavailability of poorly perme-
ating therapeutic agents. This approach usually 
entails linking the drug molecule to a natural ligand 
in order to be recognized as a substrate by a specifi c 
nutrient transporter in the apical membrane of the 
epithelial cell. Alternatively, the drug molecule can 
be designed or changed (e.g. formation of deriva-
tives or pro-drugs) in such a way that it mimics the 
three-dimensional features of natural ligands. 
These pro-moieties are then either cleaved within 
the intracellular environment of the epithelial cells 
or elsewhere in the body to free the active drug 
(Zhang et al. 2002; Majumdar et al. 2004). In 
general, transporter proteins that can be targeted 
for this purpose are those that provide transport 
mechanisms for amino acids, dipeptides, monosac-
charides, monocarboxylic acids, organic cations, 
phosphates, nucleosides and water-soluble vita-
mins (Lee, 2000).

Peptide transporters
Exogenic peptides are rapidly metabolized in the 
gastrointestinal tract by proteolytic enzymes into 
smaller oligopeptides, tripeptides, dipeptides as 
well as amino acids. While the absorption of larger 
peptides across intestinal epithelial cells is 
restricted, large amounts of amino acids and di/
tripeptides cross the enterocytic membrane by 
means of transporter systems (Steffansen et al. 
2005). 

Human intestinal membrane transporters 
involved in the uptake of di/tripeptides include the 
peptide transporter PepT1, the peptide/histidin 
transporters PHT1, PHT2 and the peptide trans-
porter PT1. The peptide transporter PepT2 is found 
in other types of tissue than the small intestine and 
only limited information is available on PHT1 and 
PT1, but PepT1 is widely described in the literature 
(Steffansen et al. 2004). PepT1 is an H+-coupled, 
active transport system with a broad substrate 

specifi city, which may range from natural substrates 
in food such as di- and tripeptides to peptide-like 
therapeutic agents such as β-lactam antibiotics and 
angiotensin-converting enzyme (ACE) inhibitors 
(Zhang et al. 2002). Even substances without an 
obvious peptide bond such as δ-amino-levulinic 
acid and ω-amino fatty acids are substrates for this 
transporter (Lee, 2000). 

Due to the wide substrate specifi city of PepT1, 
various approaches with pro-drugs that are aimed 
at targeting this transporter have been attempted. 
One approach is to form dipeptidyl based pro-drugs 
by linking dipeptides with intrinsic affi nity for 
PepT1 to the drug molecule such as Asp-Sar and 
Glu-Sar. It was shown that a variety of derivatized 
dipeptides target PepT1 to improve bioavailability, 
for example the dipeptidyl derivatives of α-methyl-
Dopa as well as p-Glu-l-Dopa-Pro and l-Dopa-Phe 
showed enhanced permeability as compared to the 
parent drugs respectively. Another approach to 
target PepT1 is to form amino acid pro-drugs, for 
example the l-valyl ester pro-drug of acyclovir 
increased its oral bioavailability 3–5 times (Stef-
fansen et al. 2004). Enalapril is an ester pro-drug 
of the ACE-inhibitor, enalaprilat and is a substrate 
for PepT1. Formation of this pro-drug of enala-
prilat resulted in an increase of the oral bioavail-
ability from 3–12% to 60–70% (Zhang et al. 
2002).

Although PepT1 targeted amino acid and dipep-
tidyl pro-drugs show potential for the effective 
delivery of di/tripeptidomimetics and small drug 
molecules, it seems to be limited for the delivery 
of larger peptides or macromolecules (Steffansen 
et al. 2005).

Amino acid transporters
Amino acid transporters are widely expressed by 
almost all living cells and are responsible for the 
absorption of amino acids from the gastrointestinal 
tract into the systemic circulation and distribution 
into tissues. Seven amino acid transport systems 
have been identifi ed in the brush border of the small 
intestine of which some exhibit overlapping 
substrate specifi cities (Hidalgo and Li, 1996). 
These amino acid transporters present a potential 
target for improving the absorption of drugs and 
numerous studies have investigated the possibility 
of targeting pro-drugs and derivatives to be 
absorbed via these carriers. The absorption of 
Gabapentin from the small intestine, for example, 
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is mediated by the large neutral amino acid trans-
porter (Majumdar and Mitra, 2006). 

Nucleoside transporters
Although nucleosides and nucleotides are essen-
tial precursors for the synthesis of nucleic acids, 
they are not required to be taken up by most 
cells because these compounds are synthesized 
intracellularly. However, the synthesis of 
purines and pyrimidines in enterocytes is insuf-
ficient to support their rapid division. These 
building blocks of nucleic acids are therefore 
absorbed from the intestinal lumen through 
equilibrative (facilitated diffusion) transport 
systems and Na+-dependent concentrative 
(energy-dependent active transport) mecha-
nisms (Hidalgo and Li, 1996; Lee, 2000). 
Examples of drugs that are absorbed by equili-
brative nucleoside transporters include s-adneo-
sylmethionine, fludarabine, arabinosylcytosine 
and azidothymidine (Majumdar et al. 2004).

Bile acid transporters
Bile acids are synthesized in the liver and secreted 
into the duodenum after ingestion of a meal, to 
facilitate the digestion and absorption of fats. 
Approximately 90% of the bile acids that are 
secreted into the small intestinal lumen are 
recycled back to the liver to prevent the contin-
uous re-synthesis of large amounts of bile acids. 
Re-absorption of bile acids occurs by passive 
diffusion in the jejunum, but by active transport 
in the ileum. The Na+ -dependent bile acid active 
transport carriers are located in the apical 
membrane of the epithelial cells of the ileum and 
the Na+ gradient required is provided by Na+ /K+ 
ATPase located in the basolateral cell membrane. 
The strategy to enhance drug absorption via this 
active transporter system involves formation of 
bile acid-drug conjugates. It was shown that the 
size of the molecule conjugated to the bile acid 
plays an important role in its ability to be absorbed 
via the bile acid transporters. Another challenge 
to be overcome, before this strategy can be used 
for drug absorption, is to avoid biliary secretion 
of the conjugates back into the gastrointestinal 
lumen. It seems that if the drug is not released 
from the conjugate before reaching the liver, it 
will most probably be secreted into the bile 
(Hidalgo and Li, 1996).

Monocarboxylic acid transporters
The transport of lactic acid, which is produced 
during the metabolic reactions to generate ATP, 
into and out of cells is mediated by H+ -dependent 
monocarboxylic acid transporter family. In addi-
tion, monocarboxylate drugs such as valproic 
acid, salicylic acid and pravastatin have been 
shown to be transported by monocarboxylic acid 
transporters in the intestine. However, because 
the retinal pigmented epithelium expresses a 
monocarboxylic acid transporter, pro-drugs 
targeted at these transporters may be useful in 
enhanced retinal drug permeation to achieve 
higher drug concentrations in the deeper layers 
of the cornea and aqueous humor (Lee, 2000; 
Majumdar et al. 2004).

Miscellaneous (glucose, fatty acid, 
vitamin, organic cation and 
phosphate) transporters
Two types of transporters exist for the transport 
of monosaccharides across biological membranes, 
these include the sodium-dependent Na+/glucose 
co-transporters (SGLT) and sodium-independent 
glucose transporters (GLUT). Because SGLT1 
exhibits a high capacity and broad substrate 
specificity, targeting this receptor for drug 
delivery offers an exciting opportunity to improve 
the bioavailability of drugs (Steffansen et al. 
2004).

Three types of fatty acid transporter proteins 
have been identifi ed of which FATP4 is located in 
the apical membrane of the small intestine with 
long chain fatty acids as substrates (e.g. myristate, 
oleate and palmitate). Not much information is 
currently available on these transporters and further 
investigation is needed to determine their useful-
ness in drug delivery (Steffansen et al. 2004).

Although transporters for uptake of water-
soluble vitamins are expressed in the intestine such 
as those for vitamin C (ascorbic acid) and biotin, 
their general low capacities make them poor trans-
porter candidates to target for enhancement of drug 
absorption (Steffansen et al. 2004).

Many drugs that carry a positive charge at 
physiological pH values (e.g. antihistamines) are 
transported by the organic cation transporters. 
Phosphate transporters hold some potential for the 
delivery of drugs and fosfomycin as well as 
foscarnet have been shown to be substrates for these 
transport carrier systems (Majumdar et al. 2004).
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P-glycoprotein effl ux transporters
P-glycoprotein (P-gp), an MDR1 gene product, 
is the most extensively studied member of the 
superfamily of ATP-binding cassette (ABC) 
transporters. P-gp is associated with multi-drug 
resistance (MDR) in cancer cells, which is 
responsible for failure of chemotherapy with 
many drugs. Although P-gp is over-expressed 
in tumors, it is also localized in several tissues, 
particularly in the columnar epithelial cells of 
the lower gastrointestinal tract, capillary endo-
thelial cells of the brain and testis, canalicular 
surface of the hepatocytes and on the apical 
surface of the proximal tubules in the kidney. 
Clinically, this efflux transporter plays an 
important role in the absorption, disposition, 
metabolism and excretion of a variety of drugs. 
It constitutes a formidable barrier against drug 
absorption by limiting drug uptake from the 
intestinal lumen into the systemic circulation. 
Furthermore, it pumps drug molecules out from 
hepatocytes into the canalicular system, prevents 
distribution of drugs to the brain and restricts 
re-absorption of drug into the systemic circula-
tion from renal tubules (Katragadda et al. 2005; 
Ambudkar et al. 2006; Varma et al. 2006).

The hypothesis that inhibition of P-gp improves 
the bioavailability of drugs that are substrates for 
this effl ux transporter is gaining widespread recog-
nition. Moreover, the pharmacokinetic advantages 
of P-gp inhibition includes improved effi cacy of 
chemotherapeutic agents, enhanced intestinal 
absorption and reduced clearance. Oral co-admin-
istration of the P-gp inhibitor, verapamil, has demon-
strated an increase in the peak plasma level and 
volume of distribution as well as a prolonged half-
life of doxorubicin. However, these fi rst generation 
P-gp inhibitors pose a pharmacological effect 
themselves and therefore possible toxic and or 
other unwanted effects may occur. This has led to 
the design of second and third generation P-gp 
inhibitors with the potential to enhance the absorp-
tion of P-gp substrates without undesirable phar-
macologic or toxic effects (Varma et al. 2003).

Examples of pro-drugs that target an active 
transporter and simultaneously decrease the 
substrate’s interaction with P-gp are the dipeptides 
derivatives of saquinavir, namely l-valine-l-valine-
saquinavir and l-glycine-l-valine-saquinavir. These 
dipeptides pro-drugs that target peptide trans-
porters and diminish interaction with P-gp exhib-
ited an overall increased transport from the apical 

to basolateral side in Caco-2 cell monolayers. This 
example shows the potential of rational pro-drug 
design to decrease P-gp mediated efflux and 
thereby increase the absorption of drugs that are 
substrates for this effl ux pump (Majumdar and 
Mitra, 2006).

Site of Absorption
Site-specific absorption occurs in the gastroin-
testinal tract because of differences in the 
composition and thickness of the mucus layer, 
pH, surface area and enzyme activity (Hamman 
et al. 2005). Furthermore, the physicochemical 
properties of the drug not only influence the site 
of absorption but also the mechanism of absorp-
tion. Despite these differences the most impor-
tant site for intestinal drug absorption is the 
small intestine (Lacombe et al. 2004, Masaoka 
et al. 2006). In general, drug permeability is 
accepted to be higher in the upper region of the 
gastrointestinal tract compared to the lower 
parts (Masaoka et al. 2006). Timing of drug 
delivery is therefore important for optimized 
absorption and in diseases that are related to the 
circadian rhythm such as asthma and rheumatoid 
arthritis (Weidner, 2001). 

In a recent study by Masaoke et al. (2006), 
various factors that may contribute to the regional 
absorption of drugs from the intestine were studied. 
They concluded that the epithelial surface area 
should not be a determining factor in drug absorp-
tion for highly permeable drugs in the different 
regions of the gastrointestinal tract. In contrast, the 
effects of the mucus layer and fl uidity of the cell 
membrane of the different regions were found to 
contribute to dissimilarities in intestinal drug 
permeability. Regional membrane fluidity 
decreased from the upper to the lower parts of the 
gastrointestinal tract. Atenolol, a drug with low 
permeability, was observed to be absorbed in the 
middle and lower portions of the jejunum, while 
highly permeable drugs such as antipyrine and 
metoprolol were generally absorbed in the upper 
part of the intestine and also possibly in the 
stomach. The drug permeability of griseofulvin 
and naproxen was higher in the colon compared to 
the jejunum. It was found that removal of the 
mucus layer of the jejunum signifi cantly enhances 
griseofulvin absorption to almost the same levels 
as those observed in the ileum and colon. They 
concluded that the main factors affecting drug 
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absorption are membrane permeability, luminal 
drug concentration and residence time in the 
different parts of the gastrointestinal tract, while 
regional pH differences are specifi cally important 
for poorly permeable drugs. 

Upper gastrointestinal delivery
The stomach is responsible for initial digestion, 
temporary food storage and controlled release of 
the resulting chime into the duodenum. The small 
surface area and short residence time in the 
stomach limits gastric absorption, however, gastric 
retentive systems can be used for local action in 
the stomach (e.g. antacids, misoprostol, antibiotics 
for Helicobacter pylori), absorption of drugs in the 
stomach and upper small intestine (e.g. l-DOPA, 
p-aminobenzoic acid, furosemide, ribofl avin and 
fl avin mononucleotide), drugs that are unstable in 
the intestine and colon (e.g. captopril and raniti-
dine) or for drugs that exhibit low solubility at high 
pH values (e.g. diazepam, chlordiazepoxide and 
verapamil). Gastric retention is not desirable when 
drugs cause gastric irritation (e.g. non-steroidal 
anti-infl ammatory drugs), are unstable in the acid 
pH of the stomach or for drugs that exhibit signif-
icant fi rst-pass liver metabolism (e.g. nifedipine) 
(Streubel et al. 2006). 

Various formulation techniques have been used 
to achieve gastric retention, including bioadhesive 
systems, gastric swellable systems, density 
controlled systems that fl oat or sink in gastric fl uid 
and magnetic systems that require positioning of 
an external magnet. Each of the above techniques 
face their own challenges such as the high turnover 
rate of gastric mucus for bioadhesive systems, the 
low-density fl oating systems are dependent on the 
fl uid volume in the stomach and magnetic systems 
require accurate external magnet positioning that 
patients may not be able to comply with (Bardonnet 
et al. 2006; Streubel et al. 2006). 

Enteric coating
Enteric coating is employed to delay release of the 
active ingredient until it reaches the small intestine. 
This coating technique has been used to release 
drugs in the small intestine such as aspirin in order 
to reduce gastric irritation and erythromycin that 
exhibits acid degradation. Various polymers have 
been used as enteric polymers that become 
“soluble” once the pH of the environment reaches 
the range between 5 and 7. Polymers that degrade 

above a pH of 7 have been used in an attempt to 
target colonic drug delivery in diseases such as 
colitis (Gibaldi, 1984). However, the use of enteric 
coating to obtain colonic delivery has been reported 
to be less successful (Basit et al. 2004).

Magnesium chloride is an example of a 
compound that is prone to gastric irritation due to 
excessive formation of hydrochloric acid in the 
stomach when formulated into immediate release 
products. Magnesium is actively absorbed from 
the small intestine (Reynolds, 1993) and attempts 
have been made to target this area by means of 
enteric coating. The targeting of the proximal 
regions of the small intestine by enteric coating 
has, however, been criticized because release of 
the active ingredient may only occur 1–2 hours 
after expulsion from the stomach (Basit et al. 
2004). This suggests release of the drug in the distal 
parts of the small intestine. Another potential 
drawback is that enteric coated tablets may be 
retained in the stomach for an extended period of 
time when taken with a heavy breakfast (Friend, 
2005).

Ranitidine was used as a model drug to inves-
tigate differences in the bioavailability when 
administered in the form of immediate release, 
enteric coated and colon targeted delivery systems. 
The absolute mean bioavailability of ranitidine was 
found to be statistically similar for the immediate 
and enteric coated formulations, while it was much 
lower for the colonic release formulation. This was 
despite the fact that effective colonic release was 
demonstrated which was achieved by using a 
mixture of amylose and ethylcellose. Amylose is 
susceptible to degradation by amylase producing 
bacteria that reside in the colon (Basit et al. 2004). 
In this case the poor colonic bioavailability of 
ranitidine was ascribed to colonic bacterial metab-
olism (Friend, 2005).

Colonic delivery
Targeting of the colon as a site of absorption has 
recently received attention by various authors 
because of its favorable properties particularly for 
the absorption of peptide drugs, proteins and 
biotechnical molecules (Weidner, 2001, Gazzaniga 
et al. 2006). Some of the advantages of colonic 
delivery for these types of drugs include the 
reduced concentration of enzymes such as pepti-
dases that degrade peptide drugs, the colon is a site 
with significant absorption due to the long 
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residence time in this part of the gastrointestinal 
tract, it exhibits enhanced sensitivity to absorption 
enhancers, demonstrates natural absorptive char-
acteristics and the abundance of lymphoid tissue 
follicles may be responsible for macromolecule 
uptake (Weidner, 2001, Hamman et al. 2005, 
Gazzaniga et al. 2006). The colon has been used 
as a target for treatment of conditions that affect 
this part of the gastrointestinal tract such as ulcer-
ative colitis, Crohn’s disease and adenocarcinoma 
(Weidner, 2001, Gazzaniga et al. 2006).

Colonic targeting has been studied using various 
formulation techniques such as reservoir systems 
with rupturable- , erodible-, diffusive polymeric 
coats, release controlling polymeric plugs and 
osmotic systems. Currently only micro fl ora-, pH 
dependent pressure- and time controlled technolo-
gies are available on the market. Potential problems 
associated with some of the above systems include 
intra- and inter-subject intestinal pH variability, 
physiological fl uctuation and disease conditions. 
Micro flora imbalances due to diet and habit 
changes are also a cause for concern when targeting 
the colon particularly when using systems based 
on metabolism of coatings for colonic delivery. 
Most of these disadvantages can be circumvented 
by using time-controlled systems (Gazzaniga et al. 
2006), however in patients with irritable bowl 
syndrome intestinal transit times can vary from 
those observed in healthy subjects and patients 
with ulcerative colitis commonly experience diar-
rhea (Friend, 2005).

Specialized delivery systems
Superporous hydrogels and composites thereof 
have been described for use in specialized systems 
designed for the delivery of peptide drug. They 
swell very quickly and mechanically interact with 
intestinal membranes at the specifi c site of absorp-

tion. The lag time provided by the system enables 
drug release from the core to achieve optimal 
absorption (Dorkoosh et al. 2001).

Other specialized dosage forms include partic-
ulate systems that are designed to protect the drug 
against enzymatic degradation and to provide a 
high transfer rate of drug across the epithelial 
mucosa. Some particulate systems are capable of 
being taken up through Peyer’s patches without 
addition of absorption enhancers. These systems 
include nanoparticles, liposomes, microspheres 
and lipid based systems. Despite increased oral 
peptide delivery with modifi ed liposomes, solid 
particles appear to be more effective for the 
delivery of hydrophilic macromolecules (Morishita 
and Peppas, 2006). 

Nano-sized particles such as chitosan-coated 
nanoparticles have illustrated limited success as 
peptide delivery systems. These systems have also 
been linked to ligands to target specifi c absorption 
carriers, however, these types of systems still have 
serious problems with the manufacturing process 
and safety issues such as accumulation of the 
carrier in tissues (Hamman et al. 2005, Morishita 
and Peppas, 2006).

Examples of marketed drug products and drugs 
under investigation are listed in Table 1.
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