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General Introduction 

Drugs and toxins orally ingested 

follow the gastrointestinal tract or gut 

which is the route from mouth to the 

anus (Fig 1).  

The gastrointestinal tract can absorb 

these drugs and toxins. Once 

substances are absorbed by 

enterocytes they can be excreted 

back into the gut or transported into 

blood or metabolized and then 

excreted into gut or blood. The 

uptake of the substances can be 

performed by several transporters. 

Important for this thesis (and therefore 

mentioned here) is the uptake of: cholesterol by Niemann-Pick C1 Like 1 

(NPC1L1) (1), bile salts by the apical sodium dependent bile salt transporter 

(ASBT)  (2-4) and cephalosporins by peptide transporter 1 (PepT1) (5) (Fig. 

2). The extrusion of substances can also be mediated by several transporters. 

This thesis presents data concerning the export via ATP binding cassette 

transporters (ABC transporters). Extrusion can go two ways: First, back into 

the lumen, i.e. via the mucosal or apical side. Second, into the blood, i.e. via 

the serosal or basolateral side (Fig. 2). 
All blood coming from the intestines passes the liver (the largest organ in the 

human body). The liver is considered the major gatekeeper with regard to 

Figure 1: the gastrointestinal tract 
 
 
 
 
 

10



 11 

 

 

 

 

 NPC1L1 

PepT1 

ABCC2 

ABCB1 

 ABCG5/8 

 

 

ABCC1 

ABCC3 

 ABCC6 

 ABCC5 

ABCG2 

 OSTα/ß 

 ASBT 

substrates the human body will encounter: Substrates absorbed by the 

intestine are directed via the portal vein to the liver where they are selectively 

taken up and metabolized (e.g. bile salts, bilirubin and amino acids), stored 

(e.g. vitamins, iron, glucose), re-excreted into blood for use by other cells (e.g. 

lipids) or excreted into bile for the digestion of lipids in the small intestine (e.g. 

bile salts). Specific and non-specific transporters are involved in the uptake of 

substrates by the liver. After uptake by the liver, substrates can be 

metabolized and subsequently be secreted into bile or into blood. For some 

compounds (e.g. bile salts or phosphatidylcholine) dedicated ABC 

transporters are specifically expressed in the canalicular membrane of the 

hepatocytes where bile formation takes place. Compounds excreted into bile 

are entering the intrahepatic bile ducts, which merge into the common hepatic 

bile duct and are stored in the gallbladder where bile is concentrated (Fig. 3). 

Upon ingestion of a meal, bile is released into the proximal small intestine.  

 

Figure 2: transporters in the enterocyte 

Luminal 
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Portal 
blood 
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Here, bile salts contribute to the solubilization of dietary lipids and are taken 

up again in the terminal ileum. The cycling of compounds from the intestine 

via the liver back to the duodenum is called the enterohepatic circulation. 

 

 

Drug metabolism 

Biotransformation of endogenous and exogenous toxic compounds is an 

important aspect of drug disposition in vivo. The result of such 

biotransformation, in general, is the more efficient removal of these 

compounds from the body. Otherwise these compounds could accumulate to 

toxic levels especially in fat tissue. In most cases biotransformation makes 

drugs more polar than the parent compound and therefore more water-

soluble. Biotransformation is often divided in two types of reactions: phase 1 

and phase 2. Phase 1 reactions generally modify the structure of a xenobiotic 

Figure 3: the route biliary excreted substances 
follow from liver to the duodenum 
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Figure 4: 
Proportion of drugs metabolized by 
cytochrome P450 enzymes 

so as to introduce a functional group suitable for phase 2 reactions. Phase 1 

reactions represent oxidative, reductive or hydrolytic processes. Phase 2 

reactions represent conjugation with e.g. glucuronic acid, glutathione and 

sulfate. 

 

 

Phase 1 reactions: Cytochrome P450 enzymes 

The major enzymes involved in the phase 1 metabolism are the Cytochrome 

P450 (CYP) enzymes. CYPs are located in the endoplasmic reticulum or the 

inner membrane of mitochondria of cells. Humans have 57 genes and more 

than 59 pseudogenes divided over 18 families of CYP genes and 43 

subfamilies. The number of CYP genes in humans is much smaller than that 

seen in e.g. rice (323 genes), Thale cress (249 genes) or in the mouse (102 

genes), but similar to what is observed in dog (54 genes) (6). A few CYPs are 

able to metabolize highly diverse substrates. More than 80% of all drugs are 

metabolized by only four CYPs (Fig 4). To discuss the CYPs in depth is 

beyond the scope of this thesis. However, the importance of CYPs in the 
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metabolism and subsequent toxicity of acetaminophen and the heterocyclic 

amine 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), compounds 

studied in this thesis, are discussed briefly: 

Acetaminophen 

The analgesic and antipyretic drug acetaminophen is safe when used at 

therapeutic doses. However, in the case of an overdose, the drug can lead to 

fulminant hepatic necrosis. In this case, the reactive intermediate, N-acetyl-p-

benzoquinone imine is formed at high levels in the liver (7) and the 

detoxification via conjugation with glutathione becomes inadequate because 

of depletion of hepatic glutathione. The result is that the reactive intermediate 

binds to various hepatic proteins leading to the toxicity (8, 9). Using purified 

CYP proteins it was established that the reactive intermediate could be 

formed by several CYP enzymes, namely 1A2, 2A6, 2D6, 2E1 and 3A4 (10-

13). 

PhIP 

Heterocyclic amines are formed during broiling and frying of meat and fish by 

the pyrolysis of amino acids and glucose. The most abundant example of 

such a heterocyclic amine is PhIP, which is mutagenic and carcinogenic. PhIP 

is metabolized into two major products: 2-hydroxyamino-PhIP and 4-

hydroxyamino-PhIP. The former is mutagenic and is formed by several CYPs: 

1A1, 1A2 and 1B1 (14, 15); the latter is non-mutagenic. CYPs 3A4, 2D6 and 

1A2 show highest expression in the liver. However, expression of CYPs in 

extrahepatic tissues like the small intestine is more and more recognized as 

being important in metabolism of drugs and xenobiotics (16). 
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Phase 2 reactions important for this thesis: UDP-glucuronyl transferases 

The major enzymes involved in phase 2 metabolism are the UDP-

glucuronosyl transferases (UGT). They are expressed in the endoplasmatic 

reticulum of almost all tissues. This conjugation consists of the transfer of the 

glucuronyl group from uridine 5'-diphospho-glucuronic acid (UDPGA) to 

substrate molecules that contain hydroxyl, nitrogen, sulfur or carboxyl 

functional groups (17). The resulting glucuronide is in general more polar and 

therefore more water-soluble and more easily excreted into urine and/or bile. 

For instance, bilirubin, the yellow breakdown product of heme is insoluble in 

water and becomes water soluble after conjugation with glucuronic acid. Like 

the CYPs, the UGTs (in humans) consist of two families, which together 

harbour 19 UGT enzymes (18). The UGTs are predominantly expressed in 

liver and intestine (19). Furthermore, substrates are generally recognized and 

glucuronidated by more than one UGT (19). However, bilirubin, is 

glucuronidated by only one human UGT, namely UGT1A1 (20). Many 

polymorphisms for human UGT1A1 exist and lead to partially active proteins 

(e.g. Crigler-Najjar syndrome type II and Gilbert’s disease) or inactive proteins 

(e.g. Crigler-Najjar syndrome type I) (21-23). To discuss the UGTs in depth is 

beyond the scope of this thesis. However, the importance of UGTs in the 

metabolism and subsequent toxicity of acetaminophen, PhIP, and ezetimibe, 

compounds studied in this thesis are discussed briefly (see below). 
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Other phase 2 reactions: 

 

Sulfotransferases 

Apart from conjugation with glucuronic acid there are several other 

conjugation reactions: First the formation of sulfate conjugates mediated by 

sulfotransferases (SULTs). These enzymes catalyse the conjugation of 3’-

phosphoadenosine-5’-phosphosulfate (PAPS) with an O-, N- or S-acceptor 

group of an appropriate molecule. In man, four SULT families have been 

identified, SULT1, SULT2, SULT4 and SULT6, with at least 13 members. 

SULTs are cytosolic or membrane bound. In the latter case they are localized 

in the Golgi apparatus and are responsible for the sulfonation of peptides, 

proteins, lipids and glycosaminoglycans. The cytosolic SULTs are involved in 

the sulfonation of xenobiotics and endogenous molecules like steroids, bile 

salts and neurotransmitters (24). The SULTs are expressed widely, also in 

liver and intestine (25). 

 

Glutathione S-transferases 

The formation of thioether conjugates between the endogenous tripeptide 

glutathione (GSH) and compounds is performed by glutathione S-transferases 

(GSTs). Two classes can be distinguished, namely the soluble and membrane 

associated. The former is predominantly expressed in the cytoplasm but also 

in the nucleus, mitochondria and peroxisomes (26, 27). The membrane 

associated GSTs are involved in arachidonic acid metabolism (28, 29). 

Substrates for GSTs are all compounds that are able to react with the thiol 

moiety of glutathione, including e.g. acrolein, aflatoxin B1-8,9-epoxide, 4-
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hydroxynonenal, adenine and thymine propenals (30). Soluble and membrane 

bound glutathione S-transferases are widely distributed and found for instance 

in liver and intestine (30). 

 

Conjugation with amino acids 

The conjugation of compounds with amino acids is performed by 

acyltransferases. Important for this thesis is the conjugation of bile salts, 

which is supposed to be mediated by bile acid-CoA:amino acid N-

acyltransferase (BAAT) (31). Recent evidence suggests that BAAT is a 

peroxisomal enzyme, which implies that bile salt conjugation occurs in the 

peroxisomes (32, 33). The CoA-activated bile salts are formed by bile acid-

CoA synthetases, which are localized in the microsomes and peroxisomes of 

the liver (34, 35). In man, glycine and taurine conjugates are formed while the 

mouse almost exclusively makes taurine conjugates. 

There are other phase 2 conjugation reactions like acetylation and 

methylation, but since these conjugates are not substrates relevant for this 

thesis they will not be further discussed. Hereafter, the importance of UGTs in 

the metabolism of acetaminophen, PhIP, and ezetimide are discussed briefly: 

 

 

Acetaminophen 

Acetaminophen (APAP) can be conjugated to acetaminophen-glucuronide by 

UGT 1A1, 1A6 and 1A9 (36). At normal doses more than 60% of APAP is 

glucuronidated. When high amounts of APAP are ingested this reaction 

becomes saturated and more CYP-dependent formation of the reactive 
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intermediate, N-acetyl-p-benzoquinone imine occurs. About 30% of ingested 

APAP is sulfated. 

PhIP 

PhIP can be glucuronidated to N-OH-PhIP-glucuronide (mainly N2- or N3-

glucuronide), PhIP-glucuronide or after CYP mediated metabolism to 4’-OH-

PhIP, to 4’-O-PhIP-glucuronide involving UGT1A1 and UGT1A10 (37-39). 

These UGTs are not only expressed in the liver but also in the intestine (19). 

Glucuronidation in these cases is considered as being detoxification steps 

(37). 

Ezetimibe 

One way of lowering cholesterol in blood is to inhibit the uptake of cholesterol 

in the intestine. Ezetimibe is a drug that inhibits cholesterol uptake via the 

sterol transporter NPC1L1 in the intestine (40, 41). The main circulating 

metabolite of this drug in human plasma is SCH 60663, the phenolic 

glucuronide conjugate of ezetimibe and is formed by UGT 1A1, 1A3, and 

2B15 (42). The minor metabolite, the benzylic glucuronide of ezetimibe is 

formed by UGT 2B7 (42). Clearance of ezetimibe from blood exhibits multiple 

peaks and is thought to be caused by enterohepatic circulation of the 

glucuronide (41, 43, 44). The residence time of ezetimibe is therefore 

dependent on the intestinal glucuronidation of the compound (43), 

underscoring the importance of intestinal UGTs. 
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Discovery of ABC transporters 

Besides radiation and surgery, tumors are treated with chemotherapeutic 

drugs. Unfortunately, relapses occur due to resistance of a subset of tumor 

cells. Moreover, use of a single cytotoxic drug can lead to resistance to other 

structurally unrelated drugs. This phenomenon is called multidrug resistance 

(MDR). Dano described this mechanism of MDR as being an energy-

dependent drug efflux mechanism (45). Next, Juliano and Ling described a 

candidate protein for this classical form of MDR, which they called 

Permeability-glycoprotein (P-gp) (46). This was based on the finding that 

overexpression of P-gp correlated with MDR (47). After cloning of the cDNA 

encoding human P-gp, its role in MDR was established (48). P-gp was 

identified as an ATP-dependent efflux pump for chemotherapeutic 

compounds. After the finding that not all forms of MDR could be explained by 

P-gp, another protein involved in MDR was identified, namely multidrug 

resistance-associated protein 1 (MRP1, ABCC1) (49, 50). Whereas P-gp 

mostly transports amphipatic uncharged compounds, MRP1 was found to 

prefer glutathione-S-conjugates (51). Similar ATP-dependent transport of 

multivalent anions (in particular glutathione-S-conjugates) was observed into 

bile of rodents and this transport was deficient in Abcc2 deficient TR- rats (52). 

Since ABCC1 is localized in the basolateral membrane of polarized cells the 

hypothesis was raised that an apical (canalicular) equivalent of ABCC1 should 

exist in the liver. Paulusma et al. cloned the cDNA of this protein, which was 

already known as the canalicular multispecific organic anion transporter 

(cMoat, later renamed MRP2, encoded by the ABCC2 gene) (53, 54). ABCC2 

is involved in multidrug resistance, it mediates for instance transport of the 
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Figure 5: Schematic topological structure 
of representative ABC transporters: ABCB1, 
ABCC1, and ABCG2. 

anticancer drug vinblastine (55), but it has a particularly important role in the 

excretion of endogenous organic anions, like bilirubin and glutathione into bile 

(52, 56). Considering that other species like Caenorhabditis elegans, express 

more than four MRP homologues (57), a search went on for other human 

MRPs. This led to the discovery of the other ABC transporters discussed in 

this thesis: ABCB4, ABCC3, ABCC4, ABCC5, ABCC6, ABCB11 ABCG2, 

ABCG5 and ABCG8 (58-70). 

 

 

Structure and mechanism of 

transport 

ABC transporters share a common 

basic structure consisting of two 

different domains: a transmembrane 

domain (TMD) and a (cytosolic) 

nucleotide-binding domain (NBD). 

The TMD consists of six 

transmembrane spans. A 

monomeric ABC transporter can 

have one, two or three TMDs. 

Shown in figure 5 are the structures 

of representative ABC transporters: 

ABCB1, ABCC1 and ABCG2 (71). The 

ABC transporters that consist of one 

TMD are only functional as a dimer, 
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therefore, functional ABC transporters consist of two or three TMDs and two 

NBDs. ABC proteins are predominantly localized in the plasma membrane, 

but in eukaryotes some ABC transporters are found in organellar membranes 

(such as ER and peroxisomes), in which case the NBDs are still situated on 

the cytoplasmic side of the organelle membrane. Characteristic for ABC 

transporters is the presence of conserved, short defining sequences 

containing Walker motifs. They are found within a two hundred amino acid 

residue region of the NBDs of ABC transporters. Furthermore, they have a 

two-domain architecture (appearing in general as an L-shape) consisting of a 

RecA-like catalytic domain and a smaller, second helical domain (72). A 

generally accepted model for transport is the “switch model” (73-75): In the 

basal state, substrate binding sites in the TMDs are empty and the NBDs are 

in an open-dimer conformation. Upon binding of substrate, transport is 

initiated by changing the conformation of the NBDs. This results in allowance 

of ATP binding and closed dimer formation. The latter results in a 

conformational change in the TMDs and facilitates substrate translocation. 

After the hydrolysis of ATP, the open-dimer conformation of the NBDs is 

restored. Finally, ADP and phosphate are released and the transporter is 

reset. 

 

 

Role in epithelia 

Epithelial tissue is a continuous sheet of cells that covers a body surface or 

lines a body cavity. Epithelia form boundaries between different environments. 

All epithelia have an apical surface, exposed to the body exterior and a basal 
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surface. Hence, all epithelia exhibit polarity, meaning that membrane domains 

at the apical surface differ from those at the basal surface in both structure 

and function. Epithelia exert several functions: Protection, absorption, 

filtration, excretion, secretion, sensory reception. ABC transporters expressed 

in epithelia are involved in excretion and secretion, emphasized by the 

expression of several distinct transporters in different epithelia: The ABC 

transporters ABCB11, ABCG5/G8, ABCC2 and ABCB4 expressed in the 

canalicular membrane of hepatocytes mediate the transport of bile salts, 

cholesterol, glutathione and phospholipids, respectively. In this way these 

transporters are important in the production of bile. The ABC transporter 

ABCC4 is expressed in the brush-border of kidney proximal tubule cells and 

mediates the transport of diuretics, reverse transcriptase inhibitors and para-

aminohippuric acid. So, ABCC4 has a role in renal elimination. Moreover, the 

ABC transporters ABCB1, ABCC2 and ABCG2 at the apical surface of the 

enterocyte mediate the transport of vinblastine, PhIP and sulfazalazine, 

respectively. By extrusion of these compounds back into the gut lumen 

ABCB1, ABCC2 and ABCG2 lower the oral availability of these molecules. In 

addition, the ABC transporter ABCB1A expressed at the choroids plexus 

epithelial cells and in capillary endothelial cells in murine brain mediates 

transport of ivermectin and vinblastine. Therefore, ABCB1A is involved in 

protecting the brain from toxic levels of these compounds. The same holds 

true for the role of ABCB1A in the ear. In fact, ABCB1A expressed in capillary 

endothelial cells of the ear lowers the levels of doxorubicin and vinblastine. 

Thereby, protecting mice from hearing impairment, as is the case for 

doxorubicin and vinblastine treated Abcb1a knockout mice (76). Next, ABCG2 
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is expressed in placenta, in particular the apical membrane of the trophoblast 

where it mediates the transport of topotecan (77). Lack of ABCG2 results in 

accumulation of topotecan in mouse fetuses suggesting that this transporter 

pumps chemicals from the fetus to the mother. Mammary glands of lactating 

women express ABCG2 at the apical epithelial surface (78). Remarkably, 

murine ABCG2 is responsible for the active secretion of clinically and 

toxicologically important substrates such as the dietary carcinogen PhIP, the 

anticancer drug topotecan and the antiulcerative drug cimetidine into milk. 

Therefore, a role for ABCG2 secretion of nutrients into milk was considered, 

however, suckling pups from Abcg2-/- mice did not show any signs of reduced 

health. Also, no indication was found for the secretion into milk of known 

physiological substrates such as dehydroepiandrosterone sulfate and folic 

acid (79). The human sertoli cells in the testes express ABCC1 in the basal 

plasma membrane (80). Absence of ABCC1 leads to testicular damage after 

exposure to methoxy-chlor, observed as a reduced number of developing  

 

 

Table 1: Basolateral transporters 

    Gene code          trivial names 

ABCC1  MRP1 MRP GS-X pump 

ABCC3  MRP3 MLP2 MOAT-D cMOAT2 

ABCC4  MRP4 MOAT-B   

ABCC5  MRP5 MOAT-C SMRP pABC11 

ABCC6  MRP6 ARA MLP1 MOAT-E 
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spermatocytes in comparison to wild type mice (81). This underscores the 

importance of this efflux transporter in the protection of the testis against 

xenobiotics.  

Hereafter, two groups of ABC transporters will be discussed: The basolateral 

and apical ABC transporters, respectively. First, the transporters residing in 

the basolateral membrane of epithelia, including hepatocytes and enterocytes 

are discussed (Table 1). For every transporter its topology, tissue distribution, 

diseases associated with mutations in the corresponding gene, substrates and 

function will be discussed. 

 

 

Basolateral ABC transporters 

 

ATP-binding cassette sub-family C member 1 (ABCC1): 

ABCC1 (MRP1, GS-X pump, MRP) is a 180 to 195-kDa integral membrane 

glycoprotein (50, 82, 83). It consists of 17 transmembrane helices and 2 

nucleotide binding domains (84, 85). Expression of ABCC1 is found in several 

tissues (Table 2, 3 and 4). No disease is linked to a non-functional protein. 

However, the Abcc1-/- mouse exhibits markedly increased damage of bone 

marrow, oropharyngeal mucosal surfaces, enterocytes and testes on 

exposure to cytotoxic drugs. In addition, an impaired inflammatory response, 

which is thought to be related to a decreased secretion of leukotriene C4 from 

leukotriene synthesizing cells has been reported in these mice (86-90).  
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Table 2: mRNA expression of single ABC transporters in different tissues. 
Number of filled circles means relative expression values on a linear scale (91):  

(Vertical comparison: the table is created in such a way that the comparison should made for the 

expression of a particular ABC transporter within different tissues. For comparison of expression of 

different ABC transporters in a specific tissue Table 3 must be used.) 

 

 
 
 
 
 
 
 
 
 

  

ABC
B1 

ABC
B4 

ABC
B11 

ABC
C1 

ABC
C2 

ABC
C3 

ABC
C4 

ABC
C5 

ABC
C6 

ABC
G2 

ABC
G5 

ABC
G8 

                          

Small 
intestine ● ● ● ● ● ● ● ● ●● ● ●●●●● ●●●● 

Colon ● ● ● ●● ● ● ● ● ●● ● ●●●● ●●●●● 

Liver ● ●●●●● ●●●●● ● ●●● ●● ● ● ●●●●● ● ● ● 

Kidney ●● ● ● ● ●● ● ● ●● ●●●●● ● ● ● 

Lung ● ● ● ●●●●● ● ● ● ●●●● ●●● ● ● ● 

Trachea ● ● ● ●●●●● ● ● ● ●●●●● ●● ● ● ● 

Spleen ● ●●● ● ●●●●● ● ● ● ●●●● ● ● ● ● 

Thymus ● ● ● ●●● ● ● ● ●● ● ● ● ● 

Prostate ● ● ● ●●●● ● ● ●●●●● ●●●● ● ●●●●● ● ● 

Testis ● ●● ●●●●● ●●●●● ● ● ● ●●●● ● ● ● ● 

Uterus ● ● ● ●●●●● ● ● ● ●●●● ● ●●●●● ● ● 

Adrenal 
gland ●●●●● ●●● ● ●●●● ● ●●●●● ● ●● ● ● ● ● 

Placenta ● ● ● ●● ● ● ● ● ● ●● ● ● 

Bone 
marrow ● ● ● ●● ● ● ● ●● ● ● ● ● 

Thyroid 
gland ● ● ● ●● ● ● ● ● ● ● ● ● 

Brain, 
whole ● ● ● ● ● ● ● ●● ● ● ● ● 

Heart ● ● ● ● ● ● ● ● ● ● ● ● 

Salivary 
gland ● ● ● ● ● ● ● ● ● ● ● ● 

Skeletal 
muscle ● ● ● ● ● ● ● ● ● ● ● ● 
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Table 3: mRNA expression level of several ABC transporters in a given 

tissue. 
(○) very low, (●) low, (●●) medium and (●●●) high expression (91). 

(Horizontal comparison: the table is created in such a way that the comparison should made for the 

expression of ABC transporter in a specific tissue. For comparison of expression of a particular ABC 

transporter within different tissues Table 2 must be used.) 

 

 

 

ABC 
B1 

ABC 
B4 

ABC 
B11 

ABC 
C1 

ABC 
C2 

ABC 
C3 

ABC 
C4 

ABC 
C5 

ABC 
C6 

ABC 
G2 

ABC 
G5 

ABC 
G8 

             

Small 
intestine ●● ● ○ ●● ●● ●● ●● ●● ●● ●● ●● ●● 

Colon ●● ● ● ●● ○ ●● ●● ●● ●● ● ○ ● 

Liver ●● ●●● ●● ● ●●● ●● ● ●● ●● ●● ●● ●●● 

Kidney ●●● ● ●● ● ●● ● ●●● ●● ●● ●● ● ● 

Lung ●● ● ○ ●● ● ● ●● ●●● ●● ●● ○ ● 

Trachea ●● ●● ● ●● ● ● ●●● ●●● ●● ●● ● ● 

Spleen ●● ●● ○ ●● ● ● ●● ●●● ● ●● ○ ● 

Thymus ●● ● ● ●● ● ● ●● ●● ○ ● ○ ○ 

Prostate ●● ●● ● ●● ● ●● ●●● ●●● ● ●●● ● ○ 

Testis ●● ●● ●● ●● ●● ● ●●● ●●● ● ●● ●● ● 

Uterus ●●● ●● ○ ●● ● ● ●●● ●●● ● ●●● ● ○ 

Adrenal 
gland ●●● ●● ○ ●● ● ●●● ●● ●● ● ●● ● ● 

Placenta ●● ● ○ ●● ● ● ● ●● ● ●● ○ ○ 

Bone 
marrow ● ● ○ ●● ● ● ●● ●● ● ●● ○ ○ 

Thyroid 
gland ●● ● ○ ●● ● ● ●● ●● ● ●● ○ ○ 
Brain, 
whole ●● ● ○ ● ○ ○ ●● ●● ○ ●● ● ● 

Heart ● ● ○ ● ○ ○ ● ●● ○ ○ ○ ○ 

Salivary 
gland ● ● ○ ● ● ● ●● ●● ● ●● ○ ○ 
Skeletal 
muscle ○ ● ○ ● ○ ○ ● ●● ○ ○ ○ ○ 
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Table 4: Expression of ABC transporters reported in other tissues. 
(Yes) means observed expression, (?) indicates not known (58, 59, 61, 64, 66, 68, 92-125).     

 

ABC 
B1 

ABC 
B4 

ABC 
B11 

ABC 
C1 

ABC 
C2 

ABC 
C3 

ABC 
C4 

ABC 
C5 

ABC 
C6 

ABC 
G2 

ABC 
G5 

ABC 
G8 

             

Haemopoetic 
progenitor 
cells yes ? ? ? ? ? ? ? ? Yes ? ? 
Blood-brain 
barrier yes ? ? ? yes ? ? ? ? ? ? ? 
Tonsil ? yes ? ? ? yes ? yes ? ? ? ? 
Ovary ? ? ? yes ? ? ? yes ? Yes ? ? 
Stomach ? ? ? yes ? ? ? ? ? Yes ? ? 
Bladder ? ? ? yes ? yes ? yes ? ? ? ? 
Gallbladder ? ? ? yes yes ? ? yes ? ? ? ? 
NK-, T- and 
B-cells ? ? ? yes ? ? ? ? ? ? ? ? 
Erythrocytes ? ? ? yes ? ? yes yes ? Yes ? ? 
Platelets ? ? ? yes ? ? yes ? ? ? ? ? 
Dendritic 
cells ? ? ? yes ? yes yes yes ? ? ? ? 
Macrophages ? ? ? yes ? yes yes yes ? ? ? ? 
Monocytes ? ? ? yes ? yes yes yes ? ? ? ? 
Pancreas ? ? ? ? ? yes yes yes ? Yes ? ? 
Langerhans 
cells ? ? ? ? ? ? yes ? ? ? ? ? 
Leukocytes ? ? ? ? ? ? yes ? ? ? ? ? 
Nerve ? ? ? ? ? ? ? yes ? ? ? ? 
Esophagus ? ? ? ? ? ? ? ? yes ? ? ? 
Skin ? ? ? ? ? ? ? ? yes ? ? ? 
Retina ? ? ? ? ? ? ? ? yes ? ? ? 
Vessel walls ? ? ? ? ? ? ? ? yes ? ? ? 
Central 
nervous 
system ? ? ? ? ? ? ? ? ? Yes ? ? 
Lactating 
breast ? ? ? ? ? ? ? ? ? Yes ? ? 

 

 

 

Endogenous substrates (Table 5) are reduced and oxidized glutathione (51, 

126, 127), the GSH conjugates leukotriene C4, -D4 and -E4 (51, 126, 127), 

prostaglandin A2-SG (128) and hydroxynonenal-SG (129), the glucuronide 

conjugates estradiol-17-β-D-glucuronide (127, 130), bilirubin-mono- and  
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Table 5: Endogenous substrates of the transporters ABCC1, ABCC3, 

ABCC4, ABCC5 and ABCC6 (51, 127, 128, 130-153). 

 

ABCC1 ABCC3 ABCC4 ABCC5 ABCC6 

GSH 

Bilirubin-

glucuronides E217ßG glutathione 

leukotriene 

C4 

GSSG E217ßG DHEAS cAMP  

leukotriene C4 hyodeoxycholate-
glucuronide 

prostaglandin-E1 cGMP  

leukotriene D4 hyocholate-
glucuronide 

prostaglandin-E2   

leukotriene E4 leukotriene C4 prostaglandin-F2α   

prostaglandin A2-SG taurocholate thromboxane-B2   

hydroxynonenal-SG glycocholate leukotriene B4   

E217ßG 

taurolithocholate-

sulfate 

leukotriene C4 

  

bilirubin-glucuronides  cAMP   

estrone-3-sulfate  cGMP   

DHEAS  ADP   

Sulfatolithocholyltaurine  cholate   

  taurocholate   

  glycocholate   

  glycodeoxycholate   

  glycochenodeoxycholate   

  taurochenodeoxycholate   

  glycoursodeoxycholate   

  tauroursodeoxycholate   

  folate   

  urate   

 

 

bilirubin-di-glucuronide (131) and the sulfate conjugates estrone 3-sulfate 

(132), dehydroepiandrosterone 3-sulfate (127) and sulfatolithocholyl taurine 
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Table 6: Exogenous substrates of the transporters ABCC1, ABCC3, 

ABCC4, ABCC5 and ABCC6 (135-138, 148, 149, 153-176, 176-187). 

ABCC1 ABCC3 ABCC4 ABCC5 ABCC6 

aflatoxinB1-SG ethinylestradiol- 
glucuronide 

methotrexate 5-FdUMP BQ-123 

chlorambucil-SG etoposide-

glucuronide topotecan alaninyl-d4TMP 

N-ethyl 

maleimide-SG 

melphalan-SG E3040-

glucuronide leucovorin methotrexate  

4-
(methylnitrosamino)-

1-(3-pyridyl)-1-
butanol-glucuronide 

morphine-

glucuronide adefovir methotrexate- 
glucuronide 

 

doxorubicin acetaminophen- 
glucuronide 

tenofovir pemetrexed  

methotrexate DNP-SG ceftizoxime PMEA  

saquinavir methotrexate cafazolin 6-mercaptopurine  

ritonavir etoposide cefotaxime thioguanine  

sodium arsenite teniposide cefmetazole DNP-SG  

potassium 

antimonite vincristine hydrochlorothiazide 
5-chloromethyl- 

fluorescein 
diacetate 

 

N-acetyl-Leu-Leu-
norleucinal 

phytoestrogen-

glucuronide furosemide fluorescein  
diacetate 

 

FK228 

resveratrol-

glucuronide olmesartan 

2*,7*-bis-(2-
carboxyethyl)-5 

(and 6)-
carboxyfluorescein 

acetoxymethyl 
ester 

 

apicidin  edaravone- 
glucuronide 

  

calcein-AM  para-aminohippuric 
 acid 

  

calcein     

BCECF     

ciprofloxacin     

grepafloxacin     

pirarubicin     

etoposide     

vincristine     

methoxychlor     
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(127). Exogenous substrates (Table 6) are the glutathione and glucuronide 

conjugates of toxins and furthermore, several anticancer drugs, HIV protease 

inhibitors, metalloids, histone deacetylase inhibitors, fluorescent probes and 

antibiotics. Considering the broad substrate specificity and the basolateral 

localization of ABCC1, the likely role of ABCC1 is to protect cells from toxic 

insults of xeno- and endobiotics rather than direct excretion of these toxins 

from the body. Examples of these cell types and toxicants are: Bone marrow, 

oropharyngeal mucosal surfaces, enterocytes and the testes, which are 

protected by ABCC1 against compounds like etoposide (87-89), methotrexate 

(86), vincristine (90) and methoxychlor (81). This concept of selfprotection is 

supported by the observation of high levels of ABCC1 in cells with a high 

proliferative status, including hyperplastic reactive type II pneumocytes in the 

lung (188), Paneth cells in the small intestine (189) and hepatic progenitor 

cells in the damaged liver (190). Moreover, ABCC1 is located at the luminal 

side of brain capillary endothelial cells and therefore, is able to protect the 

brain against influx of compounds (107, 191-193). The same holds true for the 

basolateral expression in choroidal and ependymal cells (194, 195). This 

indicates that ABCC1 helps to limit tissue distribution of certain drugs and 

contributes to the blood-CSF drug-permeability barrier. Fetal vessel 

endothelial cells and epithelial cells of the endoplacental yolk sac express 

ABCC1 at the basolateral side (196, 197). This indicates another example of 

ABCC1 involvement in tissue defense. A remarkable role for ABCC1 is 

presumed in Leydig cells of the testis. These cells are known to be a major 

site for conjugation of estrogens. As estrogen conjugates are high-affinity 

substrates for ABCC1, it is assumed that ABCC1 protects the testis from 
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feminizing (132). A different physiological role for ABCC1 is the involvement in 

leukotriene metabolism. Not only the inflammatory leukotriene C4 but also its 

metabolites leukotriene D4 and leukotriene E4 are substrates of ABCC1 (140, 

198). Treatment of wild type and Abcc1-/- animals with arachidonic acid 

showed an impaired immune response in Abcc1-/- mice in comparison with 

their wild type littermates. This resulted in a decreased ear edema and 

vascular permeability in the knockout mice, which is thought to be related to a 

decreased secretion of leukotriene C4 (88). Furthermore, mobilization of 

dendritic cells is greatly reduced in Abcc1-/- animals that could be restored 

after administration of exogenous leukotriene D4 and leukotriene E4 (199). 

Moreover, Abcc1-/- mice are more resistant to Streptococcus pneumonia-

induced pneumonia than wild type animals: Intracellular leukotriene C4 

accumulated in the leukotriene-producing cells and as a result the precursor 

leukotriene A4 accumulated thereby increasing conversion to leukotriene B4. 

Indeed, leukotriene B4 was elevated in bronchoalveolar lavage fluid of the 

knockout animals. Furthermore, in response to arachidonic acid, more 

leukotriene B4 was produced by peritoneal macrophages (200). All in all, 

these results underscore an involvement of ABCC1 in leukotriene metabolism 

and immune response. Next, evidence is presented for involvement of ABCC1 

during oxidative stress. Endogenously expressed ABCC1 mediates release of 

GSSG in response to oxidative stress in astrocytes and endothelial cells (201, 

202). This could mean that ABCC1 is a backup system activated when the 

activity of GSSG reductase becomes rate limiting. Moreover, cells that have a 

high oxidative status produce the toxic lipid peroxidation product 4-

hydroxynonenal, which is extruded as its glutathione conjugate by ABCC1 
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(142). Interestingly, hepatic stellate cells express ABCC1 and upon activation, 

further increase ABCC1 expression. Treatment of activated hepatic stellate 

cells with the inhibitor MK571 induces necrosis. From these results it was 

hypothesized that ABCC1 protects hepatic stellate cells against cell death 

during chronic liver disease. However, the putative substrate involved is still 

unknown (203). In summary, ABCC1 functions not only as part of a defense 

system against toxic compounds and metabolites but also contributes to 

immunological responses and to elimination of waste products during 

oxidative stress. 

ABCC1 contributes to multidrug resistance of several tumors: acute 

myeloblastic leukemia (204), acute lymphoblastic leukemia (205), chronic 

lymphoblastic leukemia (206), nonsmall-cell lung cancer (207), small-cell lung 

cancer (207), breast cancer (208), prostate cancer (209), gastric carcinoma 

(210), esophageal squamous cell carcinoma (211), colorectal cancer (211), 

endometrial carcinoma (212), glioma (213), neuroblastoma (214) and 

retinoblastoma (215). The use of inhibitors of ABCC1 however, is not 

preferable considering the reduced function of physiological barriers 

mentioned above. 

 

 

ATP-binding cassette sub-family C member 3 (ABCC3): 

ABCC3 (MRP3, MLP2, MOAT-D, cMOAT2) is a 170 to 190-kDa integral 

membrane glycoprotein (65). It consists of 17 transmembrane helices and 2 

nucleotide binding domains (58, 63, 65). Expression of ABCC3 is found in 

numerous tissues (Table 2, 3 and 4). Hepatic expression of ABCC3 is 
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reciprocally linked to expression of the apical ABCC2 (see below) in the liver; 

absence of ABCC2 in Dubin Johnson patients leads to upregulion of ABCC3 

expression (63). In line with this observation is the upregulation of ABCC3 in 

Abcc2 null rats and Abcc2-/- mice, although the extent of upregulation in rat is 

much higher than in mouse (216-219). Furthermore, bile duct ligation, a 

condition of severe, experimental cholestasis, in Sprague-Dawley rats 

increased expression of ABCC3 in the liver (220, 221). No disease is linked to 

ABCC3 deficiency. Furthermore, Abcc3-/- mice are not hypersensitive to the 

ABCC3 substrate and podophyllotoxin derivative, etoposide. On the other 

hand, bile duct ligation showed decreased serum levels of bilirubin-

glucuronide in Abcc3-/- mice, suggesting that bilirubin-glucuronides are 

endogenous substrates for ABCC3. Evidence was presented by Lee et al. that 

ABCC3 could mediate transport of bilirubin-glucuronide (139). Other 

endogenous substrates (Table 5) are glucuronic acid conjugates of estradiol 

(149, 153), hyodeoxycholic- and hyocholic acid (152). Also, the glutathione 

conjugate of leukotriene C4 is a ABCC3 substrate (153). Furthermore, data 

have been presented that the bile salts taurocholate, glycocholate and 

taurolithocholatesulfate are substrates of ABCC3 (133, 136, 150, 153). This 

knowledge combined with the observed upregulation of hepatic ABCC3 during 

cholestasis and the expression in the small intestine led to the hypothesis that 

ABCC3 is involved in the enterohepatic cycling of bile salts. However, Abcc3-/- 

mice exhibit normal trans-ileal transport of taurocholate (152). Furthermore, 

bile duct ligated wild type and Abcc3-/- mice did not show different serum bile 

salt levels (152). In mice, Dawson et al. showed that the Ostalpha-Ostbeta 

heteromeric transporter is the major basolateral bile salt carrier responsible for 
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bile salt efflux in ileum and other ASBT-expressing tissues (222, 223). 

Exogenous substrates (Table 6) are anticancer drugs and different glucuronic 

acid conjugates, namely ethinylestradiol (155), etoposide (149), E3040 (136), 

morphine (185), resveratrol (186), phytoestrogens (187) and acetaminophen 

(183). As mentioned, the adrenal gland expresses ABCC3 to the highest level 

(table 2 and 3), still the reason for this is unclear. Transport of glucuronidated 

steroids is an obvious feasibility however, Abcc3-/- mice were healthy, fertile 

and displayed no overt phenotype (152, 224). 

Furthermore, the glutathione conjugate of 1-chloro-2,4-dinitrobenzene, DNP-

SG, is an ABCC3 substrate (153). Other ABCC3 substrates are the anticancer 

drugs, methotrexate, etoposide, teniposide and vincristine (65, 153). However, 

an in vivo role for ABCC3 in the protection against etoposide could not be 

established since Abcc3-/- mice did not exhibit enhanced lethality to etoposide 

phosphate (224). 

 

 

ATP-binding cassette sub-family C member 4 (ABCC4): 

ABCC4 (MRP4, MOAT-B) is a 170-180-kDa integral membrane glycoprotein 

(103, 110). It consists of 12 transmembrane helices and 2 nucleotide binding 

domains (58, 64, 68). ABCC4 is expressed in multiple tissues (Table 2, 3 and 

4). Expression of ABCC4 in human liver is (very) low but significantly 

upregulated during cholestatic conditions, both in patients with the cholestatic 

disorder Primary Biliary Cirrhosis (PBC) and in children with Progressive 

Familial Intrahepatic Cholestasis (PFIC) (225-227). ABCC4 upregulation was 

also found in mice that underwent bile duct ligation (228). No disease is linked 
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to mutations in the ABCC4 gene. However, Abcc4-/- mice, which appear to be 

normal, are hypersensitive to the ABCC4 substrate, 9’-(2’-

phosphonylmethoxyethyl)adenine (229). Endogenous substrates (Table 5) are 

the conjugated steroids, estradiol-17-β-D-glucuronide (134) and 

dehydroepiandrosterone-sulfate (151). Also the eicosanoids, prostaglandin-E1 

(141, 144), -E2 (141, 144), F2α (144), thromboxane-B2 (144), leukotriene-B4 

(110) and -C4 (110). Moreover, the cyclic nucleotides, cAMP (134) and cGMP 

(134, 146, 147), and related adenosine diphosphate can be transported (100). 

Furthermore, the bile salts, cholate (145), taurocholate (143, 145), 

glycocholate (145), glycodeoxycholate (145), glycochenodeoxycholate (145), 

taurochenodeoxycholate (145), glycoursodeoxycholate (145) and 

tauroursodeoxycholate (145). Finally, the compounds folate (135) and urate 

(147) are also transported. Still, the physiological functions and role in drug 

resistance of ABCC4 are poorly understood. Removal of cyclic nucleotides by 

ABCC4 might supplement their degradation by phosphodiesterases. By 

effluxing leukotrienes and prostanoids, ABCC4 could have a role in the 

extracellular signalling of these potent mediators of physiological processes 

and the inflammatory response. Abcc4-/- mice indeed showed decreased 

plasma PGE-metabolites and an increase in inflammatory pain treshold 

compared to wild type mice (230). Although hepatic expression of ABCC4 is 

relatively low, it increases when the major bile salt transporter, ABCB11, is 

downregulated (231). Combining this result with the capability of ABCC4 to 

transport bile salts and the upregulation of ABCC4 during bile duct ligation 

makes hepatic ABCC4 expression function as an adaptive response that 

provides an alternative pathway to ameliorate hepatocellular overloading with 
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bile acids during cholestasis (232, 233). Another physiological function of 

ABCC4 could be the export of hormones from the adrenal gland: Evidence is 

presented that dehydroepiandrosterone is synthesized by the adrenal gland, 

its sulfate is being transported by ABCC4 and, furthermore, ABCC4 is 

detected in the adrenal (151). ABCC4 presumably has a role in excretion of 

urate in various tissues, like kidney, vascular smooth muscle, liver, intestine 

and blood cells (147). Exogenous substrates (Table 6) are from the groups of 

anticancer drugs, adjuvants, reverse transcriptase inhibitors, antibiotics, 

diuretics, angiotensin II receptor agonists and neuroprotective agent 

conjugates. Human brain expresses ABCC4 in the capillary endothelium, the 

basolateral membrane of the choroid plexus and in astrocytes (107). The 

expression of ABCC4 at these locations indicates that it may contribute to the 

barrier function of the blood-brain-barrier. In the Abcc4-/- mice a higher level of 

the anticancer agent topotecan in the brain was found in comparison with their 

wild type littermates, which confirms this hypothesis (166). Although ABCC4 

expression is shown in human cancer cell lines, evidence for a correlation 

between increased ABCC4 levels and tumor prognosis is not overwhelming. 

Norris et al. found a correlation and attributed this to the ability of ABCC4 to 

transport irinotecan and its active metabolite SN38 (234). Although in different 

polarized cells ABC transporters are expressed on one site only, namely 

apical or basolateral, ABCC4 is an exception to that rule: In prostate 

tubuloacinar cells, hepatocytes and choroid plexus epithelium, ABCC4 is 

localized basolateral. However, renal proximal tubule cells and brain capillary 

endothelium show apical expression of ABCC4 (143, 151, 166, 181, 235). 
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Functional experiments suggest that in the gut ABCC4 is located basolaterally 

(this thesis). 

 

 

ATP-binding cassette sub-family C member 5 (ABCC5): 

ABCC5 (MRP5, MOAT-C, SMRP, pABC11) is a 160-180-kDa integral 

membrane glycoprotein (148, 236). It consists of 12 transmembrane helices 

and 2 nucleotide binding domains (58, 64, 148). ABCC5 is expressed in 

several tissues (Table 2, 3 and 4). Expression of ABCC5 in human liver is low 

but significantly upregulated during cholestatic conditions, as seen in patients 

with primary biliary cirrhosis (236). Furthermore, evidence is presented that 

also in rodent models for intrahepatic cholestasis ABCC5 is upregulated (237, 

238). No disease is linked to ABCC5 deficiency. Endogenous substrates are 

glutathione (148) and the cyclic nucleotides cAMP and cGMP (138) (Table 5). 

The physiological functions and role in drug resistance of ABCC5 are not 

defined. Since ABCC5 is able to transport cyclic nucleotides, the removal of it 

by ABCC5, might supplement the degradation by phosphodiesterases. 

Exogenous substrates (Table 6) are among others, anticancer drugs and HIV 

protease inhibitors.  

 

 

ATP-binding cassette sub-family C member 6 (ABCC6): 

ABCC6 (MRP6, ARA, MLP1, MOAT-E) is a 150-180-kDa integral membrane 

glycoprotein (66, 115, 137, 169, 236). It consists of 17 transmembrane helices 

and 2 nucleotide binding domains (137, 239). ABCC6 is expressed in different 
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tissues (Table 2, 3 and 4). Pseudoxanthoma elasticum (PXE), a rare heritable 

disorder which results in calcification of elastic fiber, resulting in skin, arterial 

and eye disease, is caused by mutations in ABCC6 (Table 8) (92, 240-242). 

Although a spectrum of mutations within the ABCC6 gene is responsible for 

PXE, the functional relationship between lack of functional ABCC6 protein and 

the phenotype is still not understood. Since expression of ABCC6 is the 

highest in liver and kidney (66, 91, 135, 169, 239), the cause of PXE may be 

that certain metabolites are not transported from the liver to peripheral tissues 

like the skin (243). Support for involvement of the liver and not the skin is the 

following: Wild type skin tissue transplanted to Abcc6-/- mice calcifies. 

However, skin tissue transplanted from Abcc6-/- mice to wild type mice 

remains normal. Furthermore, transplantation of hepatocytes of wild type mice 

rescues the defects. These findings lead to the hypothesis for involvement of 

vitamin K (244) or Fetuin-A (245). The widely accepted hypothesis is that 

substrate(s) involved in the formation of normal elastic fiber is exported by the 

liver via ABCC6 and then reaches the skin. Vitamin K is involved in γ-

carboxylation of elastin and might therefore be a candidate substrate. 

However, no evidence for this exists yet. An endogenous substrate is 

leukotriene-C4 (137). Exogenous substrates (Table 6) are the cyclic 

pentapeptide endothelin receptor inhibitor BQ-123 (169) and the glutathione 

conjugate of N-ethylmaleimide (137). 
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Apical ABC transporters and bile formation 

Bile formation is an osmotic process that depends on the transport of bile salts 

and other compounds across the apical (canalicular) membrane of the liver 

cell (hepatocyte). The concentration of these substances exceeds the 

concentration in the liver and blood, thereby creating an osmotic gradient that 

attracts water. As a consequence, transporters important in the formation of 

bile excrete substrates against a steep gradient. For bile salts the 

concentration factor can go up to a 1000-fold. Besides this role in the liver, 

apical ABC transporters have also important roles in other tissues, like the gut 

and kidney. In this section the ABC transporters are discussed which reside in 

the canalicular membrane of the hepatocyte and the apical membrane of the 

enterocyte (Fig. 1 and table 7). ABCB11, ABCB4 and ABCG5/G8 are ABC 

transporters that are crucial for bile formation per se. Important for elimination  

 

 

Table 7: Canalicular transporters 

    Gene code          trivial names 

ABCB1  P-gp MDR1 PGY1 GP170 

ABCB4  MDR3 PGY3   

ABCB11  BSEP SPGP PGY4  

ABCC2  MRP2 cMOAT cMRP  

ABCG2  BCRP1 MXR1 ABCP  

ABCG5  sterolin-1    

ABCG8  sterolin-2    
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of drugs and metabolites of endogenous and exogenous compounds are 

ABCC2, ABCG2 and ABCB1. Next, for every transporter its topology, tissue 

distribution, diseases associated with mutations in the corresponding gene, 

substrates and function will be discussed. Thereafter, relations between the 

different transporters concerning the homeostasis of endogenous compounds 

and elimination of exogenous compounds are discussed. Also the question is 

discussed whether these transporters are potential (anti-)targets in drug 

delivery. 

 

 

ATP-binding cassette sub-family C member 2 (ABCC2): 

ABCC2 (MRP2, cMOAT, cMRP) is a 190-200-kDa integral membrane 

glycoprotein (53). It consists of 17 transmembrane helices and 2 nucleotide 

binding domains (NBD) (246). ABCC2 is expressed in various tissues (Table 

2, 3 and 4). Mutations in the ABCC2 gene cause the Dubin-Johnson 

syndrome (247) (Table 8). These patients suffer from an inherited conjugated 

hyperbilirubinemia, which indicates that bilirubin is taken up by the liver from 

blood, conjugated with glucuronic acid but is not excreted into bile via ABCC2, 

which is defective in these patients. Instead it is secreted back into blood most 

likely via ABCC3, which is induced in these patients (247, 248). ABCC3 

shares substrates with ABCC2 but is situated on the opposite side of the 

hepatocyte in the basolateral membrane. 
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Table 8: Transporters and related diseases. 

transporter  disease 

ABCC6  pseudoxanthoma elasticum 

ABCB11  Progressive Familial Intrahepatic Cholestasis type 2 (PFIC 2) 

ABCB4  Progressive Familial Intrahepatic Cholestasis type 3 (PFIC 3) 

   Benign Recurrent Intrahepatic Cholestasis type 2 (BRIC 2) 

Intrahepatic Cholestasis of Pregnancy (ICP) 

Cholesterol Gallstone Disease 

ABCC2  Dubin-Johnson 

ABCG5/G8  Sitosterolemia 

ABCA1  Tangier disease 

ABCA4   Stargardt disease 

ABCC7  Cystic fibrosis 

ABCD1  X-linked ALD 

ABCC8  Persistent hyperinsulinemic hypoglycemia of infancy 

 

 

Other endogenous substrates of ABCC2 are reduced and oxidized glutathione 

(249, 250), leukotriene C4 (251), glucuronic acid conjugates of estradiol 

(E217ßG) (251) and hyodeoxycholate (252), tauroursodeoxycholate (52, 53, 

253-255), 6α-hydroxytaurocholate (256), taurolithocholate sulfate (257), 

cholecystokinin-8 sulfate (258),  prostaglandin E2 (PGE2) (259) and estrone-3-

sulfate (260) (Table 9). Many exogenous molecules, conjugated or 

unconjugated were also found to be substrates of ABCC2 (Table 10); these 

include: anticancer drugs, some heavy metal cations, antibiotics, dyes, statins, 
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Table 9: Endogenous substrates of the transporters ABCC2, ABCG2 and 

ABCB1 (52, 53, 101, 253-256, 261-274). 

ABCC2   ABCG2   ABCB1 

bilirubin-monoglucuronide  estrone-3-sulfate   cortisol                               

bilirubin-diglucuronide  taurolithocholate-sulfate  aldosterone 

GSH    estradiol-17ß-glucuronide  ethynylestradiol 

GSSG    protoporphyrin IX   estrone 

leukotriene C4   riboflavin   estriol 

estradiol-17ß-glucuronide  flavin mononucleotide  estradiol-17ß-glucuronide 

hyodeoxycholate-glucuronide biotin    6α-hydroxytaurocholate 

taurolithocholate-sulfate  menadione 

cholecystokinin-8-sulfate 

PGE2 

estrone-3-sulfate 

tauroursodeoxycholate 

6α-hydroxytaurocholate 

 

 

uricosurics, carcinogens and analgesics. Some anions are transported by 

ABCC2 after formation of a complex with GSH: α-naphtylisothiocyanate (275), 

heavy metal ions like Cd2+ and Zn2+ GSH (276, 277) and arsenite (278). 

Furthermore, transport of uncharged compounds like vinblastine, the food 

derived carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) 

and sulfinpyrazone can be mediated by ABCC2 in co-transport with GSH 

(279, 280). In case of transport of uncharged and positively charged 

molecules, complex formation gives the molecule a negative charge receiving 

the requirement to be transported by ABCC2.  
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Table 10: Exogenous substrates of the transporters ABCC2, ABCG2 and 

ABCB1 (56, 101, 113, 208, 262, 270, 271, 281-316) 

ABCC2    ABCG2    ABCB1 

Dibromosulfophtalein   PhIP     doxorubicin 

indocyanine green   pheophorbide α    daunorubicin 

ampicillin    anthracyclines    vincristine 

ceftriaxone    anthracenes    vinblastine 

carboxydichlorofluorescein-diacetate camptothecin derivates   paclitaxel  

pravastatin    methotrexate    etoposide 

probenecid    nucleoside analogs   teniposide 

α-naphtylisothiocyanate   rhodamine 123    topotecan 

arsenite     Hoechst 33342    mitomycin C 

PhIP     Lysotracker green   colchicines 

Vinblastine  pitavastatin    ethidium- 

        bromide 

Sulfinpyrazone    4-methylumbelliferone-glucuronide  gramicidin D 

cadmium    E3040-glucuronide   valinomycin 

zinc     4-methylumbelliferone-sulfate  opioid- 

peptides 

bromo-sulfophtalein-glutathione  dinitrophenyl-glutathione   ritonavir 

dinitrophenyl-glutathione   mitoxantrone    indinavir 

acetaminophen-glutathione  daunomycin    saquinavir 

acetaminophen-glucuronide  doxorubicin    Hoechst 

33342 

mycophenolic acid-glucuronide  prazosin     rhodamine 

123 

indomethacin-glucuronide   topotecan    calcein-AM 

phenobarbital-glucuronide   imatinib     ivermectin 

acetaminophen-sulfate   albendazole sulphoxide   losartan 

resveratrol-sulfate   plumbagin    talinolol 

phenolphthalein-sulfate   17α-ethinylestradiol   digoxin 

paclitaxel         quinidine 

morphine-glucuronide        amitryptiline 

methotrexate         rifampin 

          domperidon 

          cimetidine 

          ranitidine 

          cyclosporine 

          chloropro- 

mazine 
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As mentioned above bile formation is an osmotic process that depends largely 

on canalicular excretion of bile salts and glutathione. In rodents the lack of 

functional ABCC2 protein (in the animal models, the TR- rat, the EHBR rat as 

well as Abcc2-/- mice) diminishes bile flow roughly by one third, due to almost 

complete abrogation of biliary glutathione excretion. Since there is no 

apparent pathology in livers of Dubin-Johnson patients, it may be suggested 

that alternative elimination routes are at least partially capable of lowering 

hepatic levels of endogenous and exogenous substrates of ABCC2. ABCC3 in 

the basolateral membrane has a preference for glucuronides and is therefore 

probably the most important transporter responsible for the extrusion back into 

blood of the glucuronic acid conjugates such as bilirubin glucuronides and of 

hyodeoxycholate and estradiol (248, 317). Furthermore, the canalicular 

transporter ABCG2 (see below) is also capable of transporting organic anions 

such as estradiol-17ß-glucuronide into bile (318, 319). The elimination of 

leukotriene C4 and PGE2 will take place via ω- and ß-oxidation for the former 

and ß-oxidation for the latter. Hepatic taurolithocholate sulfate and E1S (319) 

can be excreted into bile via ABCG2 and the former can be alternatively 

eliminated via another basolateral transporter, most likely ABCC4 (320), into 

the blood compartment. 

Based on its apical localization in enterocytes of the gut, intestinal ABCC2 has 

a role in lowering the oral availability of compounds. This was shown for the 

carcinogen PhIP (321). Another physiological role of ABCC2 is 

chemoprotection by excretion into urine. This has been shown for the 

environmental toxicant methylmercury after forming a complex with the amino 

acid derivative N-acetyl-L-cysteine (322). The general picture that emerges 
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from the substrate spectrum of ABCC2 is that it transports anions with one or, 

preferably, two negative charges. These can be parent compounds like 

glutathione, and glucuronic-, sulfuric acid or glutathione conjugates. 

How ABCC2 transports substrates is not known in detail. The mechanism of 

transport has been described in a model based on transport studies. First, 

Bakos et al. demonstrated that the transport of the GSH conjugate of N-

ethylmaleimide by ABCC2 is stimulated by several other organic anions (323). 

Experiments with polarized cells resulted in a model in which ABCC2 co-

transports drugs from two distinct binding sites (280). Zelcer et al. studied 

drug interactions with ABCC2 using transport assays with membrane vesicles 

from Spodoptera Frugiperda insect cells that were infected with a baculovirus 

construct containing ABCC2. They propose that ABCC2 contains two 

distinguishable binding sites: one site from which drug is transported and a 

second site that allosterically regulates the former (324, 325). On the basis of 

their own data Bodo et al. proposed a similar model (325). Apart from 

stimulation of ABCC2 activity by drugs, expression of the ABCC2 gene can 

also be upregulated under the influence of drugs. Hormones like the 

glucocorticoid dexamethasone and structurally unrelated drugs like 2-

acetylaminofluorene, phenobarbital (PB), rifampicin, pregnenolone 16α- 

carbonitrile (PCN), 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP), 

clotrimazole, ursodeoxycholate, chenodeoxycholate, arsenite and hyperforin 

can provoke such induction (326-330). These molecules induce expression 

directly via nuclear receptors.  

Three different nuclear receptors are thought to be involved in regulation of 

ABCC2 transcription: farnesoid X-activated receptor (FXR), pregnane X 
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receptor (PXR) and constitutive androstane receptor (CAR). All three 

receptors form a heterodimer with the 9-cis-retinoic acid receptor α (RXRα) 

and are thought to bind to a 26-bp sequence within the ABCC2 promotor 

(326). Ligands for FXR are bile salts, like chenodeoxycholic acid, and the 

synthetic agonists GW4064 and 6-EDCA. Furthermore, ligands for PXR are 

bile salts, like 3-keto-lithocholic acid and lithocholic acid, clotrimazole, PCN, 

rifampicin, phenobarbital, statins, St. John’s Wort and dexamethasone. 

Ligands for CAR are PB, Yin Chin, dimethylesculetin, CITCO and TCPOBOP. 

All can induce the expression of human ABCC2 or mouse Abcc2, although a 

difference is found for the specificity between humans and rodent towards 

PCN and rifampicin (326, 330-341). 

These nuclear receptors also regulate expression of drug metabolizing 

enzymes, including different cytochrome P450 (CYP) proteins, UDP-

glucuronosyltransferases and glutathione sulfotransferases (342). In that way 

coordinated up regulation of phase I (CYPs; activation), phase II (conjugation) 

and phase III (transport) genes enhances the elimination and clearance of 

compounds. 

 

 

ATP-binding cassette sub-family G member 2 (ABCG2): 

ABCG2 (BCRP, MXR1, ABCP) is a 60-70-kDa integral membrane protein 

(343, 344). The functional transporter is a homodimer, which consists of 12 

transmembrane helices and 2 nucleotide binding domains (343, 344). ABCG2 

is expressed in various tissues (Table 2, 3 and 4). No disease is linked to 

46



 47 

ABCG2. Abcg2-/- mice are viable and fertile and have no phenotype (101). 

However, feeding Abcg2-/- mice (partially fermented) alfalfa (a leaf 

concentrate) resulted in phototoxicity, protoporphyria and possibly other 

porphyrin-related toxicities, due to accumulation of pheophorbide a, which is 

an ABCG2 substrate (101). Endogenous substrates (Table 9) of ABCG2 are 

estrone-3-sulfate, taurolithocholate-sulfate, E217ßG, riboflavin, flavin 

mononucleotide, biotin, folate, menadione and protoporphyrin IX (261, 270, 

273, 318, 319, 345). Estrone-3-sulfate, taurolithocholate-sulfate and E217ßG 

are also known substrates for ABCC2. Examples of exogenous substrates for 

ABCG2 are among others, anticarcinogen drugs, alpha-adrenergic blockers 

and dyes (Table 10). ABCG2  and ABCC2 have overlapping substrate-

specificity i.e. glucuronic acid conjugates: E217ßG, 4-methylumbelliferone-

glucuronide (4-MUG) and E3040-glucuronide (E3040G) (319). Sulfuric acid 

conjugates: E1S, TLC-S, 4-methylumbelliferone-sulfate (4-MUS) and E3040-

sulfate (E3040S) (319). Glutathione conjugate: DNP-SG (319). Indeed, 

ABCG2 shares with ABCC2 that glutathione, glucuronic acid and sulfuric acid 

conjugates are substrates but it is not a general rule that when a conjugate of 

a drug is a substrate for ABCC2, it is also a substrate for ABCG2. Certain 

neutral amphipathic drugs (e.g. PhIP, vinblastine and sulfinpyrazone) are 

transported by ABCC2 in co-transport with GSH but transport of neutral 

amphipathic drugs (e.g. PhIP and mitoxantrone) by ABCG2 does not require 

GSH (279, 346).  

ABCG2 is responsible for the active secretion of clinically and toxicologically 

important substrates such as PhIP, the anticancer drug topotecan and the 

antiulcerative drug cimetidine into mouse milk. Therefore, a role for ABCG2 in 
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nutrient secretion into the milk was considered, however, suckling pups from 

Abcg2-/- mice did not show any signs of reduced health. Also, no indication 

was found for the secretion into milk of known physiological substrates such 

as dehydroepiandrosterone sulfate and folic acid (79). ABCG2 is expressed in 

placenta, in particular in the apical membrane of the trophoblast and mediates 

the transport of topotecan (77). Lack of ABCG2 results in accumulation of 

topotecan in fetuses which suggests that this transporter pumps chemicals 

from the fetus to the mother, and in that way protects the fetus from toxic 

compounds. Similarly, the brain is protected from toxic compounds by 

ABCG2. For instance, Enokizono et al. showed a 9.2-fold and 6.3-fold 

increase in brain penetration of the phytoestrogen genistein and the muscle 

relaxant dantrolene, respectively, in Abcg2-/- mice compared to wild-type mice 

(347, 348). Furthermore, ABCG2 protects the testis. Again Enokizono et al. 

showed a 5.8-fold and 16.5-fold increase in testis accumulation of genistein 

and dantrolene, respectively, in Abcg2-/- mice compared to wild-type mice 

(347, 348). In addition, several studies showed that ABCG2 is highly enriched 

in hematopoietic stem cells, the so called side population of human bone 

marrow. In these cells, ABCG2 might function as a guardian against 

xenobiotics. For example, data are presented by Zhou et al. that ABCG2 

protects stem cells against the chemotherapy agent mitoxantrone (349). Oral 

availability of some compounds is limited by ABCG2. One example is 

sulfazalazine, a drug used in the treatment of ulcerative colitis. Oral 

administration led to an approximately 110-fold higher area under the plasma 

concentration in Abcg2-/- compared to wild type mice (350). Furthermore, lack 

of ABCG2 led to phototoxic lesions because absorption of pheophorbide α 
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from some plant derived food, was no longer limited (101). Moreover, ABCG2 

functions as a transporter involved in the elimination of compounds from the 

liver. Examples of such compounds are ezetimibe-glucuronide (this thesis), 

pitavastatin (291) and methotrexate (351). The same holds true for the 

elimination from the kidney by ABCG2 of compounds, for example E3040S 

(352). Finally, ABCG2 has a role in development of multidrug resistance 

against anticancer drugs: mitoxantrone, topotecan derivatives, anthracyclines, 

bisantrene, etoposide, prazosin and flavopiridol (78, 353-356). 

Data have been presented that ABCG2 consists of two identical units with two 

symmetric binding sites (357). One site on each unit exclusively interacts with 

rhodamine123 and the other site interacts with daunomycin, doxorubicin, 

prazosin, mitoxantrone and Hoechst33342. Furthermore, binding of 

daunomycin, doxorubicin and prazosin has a negative allosteric interaction 

and binding of mitoxantrone and Hoechst33342 has a positive allosteric 

interaction with the doxorubicin binding site on the other unit. For the 

rhodamine123 site such a mechanism was not possible to prove (358). So far, 

there is no disease known that is linked to mutations within the ABCG2 gene. 

Furthermore, no polymorphisms are known that lead to altered transporter 

expression, stability or function (359).   

Like ABCC2, also ABCG2 expression is upregulated via CAR and PXR after 

treatment with the CAR ligand PB, with the PXR ligand rifampicin in primary 

human hepatocytes (360) and with the PXR ligand 2-acetylaminofluorene (2-

AAF) in murine liver (331). 
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ATP-binding cassette sub-family B member 1 (ABCB1): 

ABCB1 (MDR1, P-gp, PGY1, GP170) is a 170-kDa integral membrane 

glycoprotein (48). It consists of 12 transmembrane helices and 2 nucleotide 

binding domains (48). Numerous tissues express ABCB1 (Table 2, 3 and 4). 

There is no disease known that is linked to a non-functional protein due to 

mutations within the ABCB1 gene. In recent years many screening studies in 

humans have been performed on the association between ABCB1 

polymorphisms and ABCB1 expression and function in tissues and with the 

pharmacokinetics and pharmacodynamics of drugs (361). However, there are 

still discrepancies with regard to results and no firm conclusions can be drawn 

to relate ABCB1 genotypes to altered pharmacokinetics of drugs (362). Since 

no disease is linked to the ABCB1 gene, disruption of this gene in mice was 

not expected to have a phenotype either. However, unlike humans, that have 

only one ABCB1-type P-gp, mice have two: Abcb1a and Abcb1b P-gp. Not 

only the single knockout mice, Abcb1a-/- and Abcb1b-/- P-gp, but also the 

double knockout mice Abcb1a/b-/- are viable and fertile and show no 

endogenous abnormalities (363, 364). Potential physiological substrates are 

platelet activating factor and steroids like, cortisol, aldosterone, 

ethynylestradiol, estrone and estriol (365-367) (Table 9). Evidence is 

presented that 6α-hydroxytaurocholate is a physiological substrate for ABCB1 

(256). Furthermore, work with Abcb1-/- and Abcb11-/- knockout mice indicated 

a role for ABCB1 in the transport of bile salts (274). Exogenous substrates 

include pesticides, chemotherapeutic drugs, antihypertensive agents, anti-

arrhythmics, antidepressants, antimicrobial agents, anti-emetics, H2-
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antagonists, immunosuppressants, neuroleptics, peptides and HIV protease 

inhibitors (Table 10). 

There are several physiological roles for ABCB1. Firstly, ABCB1 limits the oral 

availability of compounds. Oral availability of paclitaxel went from 11% in wild 

type mice to 35% in Abcb1a-/- mice (368). Furthermore, Cao et al. showed that 

rats treated with the ABCB1 inhibitor verapamil, exhibited an almost 2-fold 

higher area under the plasma concentration-time curve of the flavonoid 

glabridin in comparison with untreated animals. The same authors presented 

a 3.8-fold higher area under the plasma concentration-time curve of glabridin 

in Abcb1a-/- mice compared to wild type mice (369). The second physiological 

role of ABCB1 is the defense against xenotoxins and drugs. In the brain, 

ABCB1 protects against a range of compounds. For example vinblastine, 

digoxin and nelfinavir are 20-fold, 200-fold and 36-fold higher in the brain of 

Abcb1a-/- mice, respectively, in comparison with their wild type littermates 

(363, 370, 371). Moreover, the latter two compounds accumulated also in the 

lung of Abcb1a-/- mice in comparison with wild type mice (3.6-fold and 5.4-fold, 

respectively) (370, 371). Strikingly, Abcb1-/- mice show an extreme sensitivity 

towards the broad-spectrum antiparasitic drug, ivermectin; in fact at doses 

normally used to eradicate worms in wild type mice, ivermectin turned out to 

be very neurotoxic in Abcb1a-/- mice  (307).  

Accumulation of digoxin is observed in muscle, liver, gallbladder, kidney, 

spleen, heart, thymus, ovaries and eyes of Abcb1a-/- mice in comparison with 

wild type mice (5.0-fold, 4.8-fold, 7.6-fold, 3.0-fold, 3.2-fold, 4.3-fold, 2.0-fold, 

1.9-fold and 3.9-fold, respectively) (371). Also testis is protected against 

ivermectin and vinblastine as shown by Schinkel et al.; Abcb1a-/- mice showed 
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a 7.4 and 2.5-fold higher concentration in this tissue for ivermectin and 

vinblasine, respectively (363). Bone marrow of Abcb1a-/- mice was also found 

to be more vulnerable to toxicity towards vincristine in comparison with wild 

type mice (372). Finally, digoxin, saquinavir and paclitaxel, when given 

intravenously to pregnant mice, penetrated Abcb1a/b-/- fetuses more 

effectively than wild type fetuses. This suggests a role for ABCB1 in limiting 

the fetal penetration of various potentially harmful or therapeutic compounds 

(373). Last but not least, ABCB1 plays a major role in clinical anticancer drug 

resistance of tumors (374). In general, ABCB1 substrates are neutral or 

positively charged amphipaths. However, there is also an example of a 

negatively charged substrate, namely estradiol-17ß-glucuronide (375). ABCB1 

is organized as two homologous halves that are joined by a linker region (like 

all other ABC transporters) (376). The drug-binding pocket is at the interface 

between TMDs (376-379). How ABCB1 is able to recognize so many 

structurally diverse compounds is still a matter of debate. One suggestion is 

that ABCB1 contains several, up to four drug-binding sites (380-383). Another 

model proposes a common drug-binding pocket in which drugs bind through a 

‘substrate-induced fit’ mechanism (379). The common drug-binding pocket is 

thought to be relatively large and can accommodate different substrates 

simultaneously (378, 383-385). For both models holds that binding of one 

substrate affects the binding of another one (379, 382, 386, 387). Expression 

of ABCB1 can be strongly upregulated via PXR after binding with ligands like 

HIV protease inhibitors (388) and hyperforin (the active compound of St. 

John’s Wort) (389).  
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ATP-binding cassette sub-family B member 4 (ABCB4): 

ABCB4 (MDR3, Mdr2, PGY3) is a 140-170-kDa integral membrane 

glycoprotein (390-393). It consists of 12 transmembrane helices and 2 

nucleotide binding domains (62, 394-396). ABCB4 is expressed in a small 

number of tissues (Table 2, 3 and 4). Mutations in the ABCB4 gene lead to 

progressive familial intrahepatic cholestasis type 3 (PFIC3), intrahepatic 

cholestasis of pregnancy (ICP) and cholesterol gallstone disease (397-400) 

(Table 8). Mutations in this gene have also been found in patients with 

symptoms of primary biliary cirrhosis (PBC) (401). PFIC3 patients (nearly) 

completely lack functional ABCB4 activity and therefore are unable to 

translocate phosphatidylcholine (PC) into bile. Consequently, these patients 

have toxic bile which causes very severe damage to hepatocytes and 

cholangiocytes (402). In the other forms of disease milder mutations or 

heterozygosity give rise to a less severe phenotype. No other canalicular ABC 

transporter can transport PC and therefore, the concentration of PC in bile of 

PFIC3 patients is virtually absent. In these patients, liver histology reveals 

fibrosis (progressing into cirrhosis) with portal inflammation and strong bile 

duct proliferation. No other endogenous compound, except PC, is reported to 

be a substrate for ABCB4 (Table 11). Since ABCB4 and ABCB1 are 77% 

identical at the amino acid level, attempts were made to examine if exogenous 

ABCB1 substrates could also be ABCB4 substrates. Using polarized 

monolayers of ABCB4-transfected cells Smith et al. found, that the ABCB1 

substrates digoxin, paclitaxel, and vinblastine are also ABCB4 substrates 

(403). Furthermore, analysis of B-cell leukemias showed a correlation 

between ABCB4 overexpression and daunorubicin transport (404, 405). Kino 
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et al. provided results that suggest that ABCB4 transports aureobasidin A 

(406). Nowadays, it is accepted that ABCB4 is a “floppase” that translocates 

PC from the inner to the outer leaflet of the canalicular membrane. How PC 

subsequently leaves the plasma membrane is still a matter of debate. For 

detailed reviews see references (402, 407). Expression of ABCB4 is 

upregulated via FXR by the FXR ligands chenodeoxycholate and GW4064 

(408). 

 

 

ATP-binding cassette sub-family B member 11 (ABCB11): 

ABCB11 (BSEP, SPGP, PGY4) is a 150-170-kDa integral membrane 

glycoprotein (60, 409). It consists of 12 transmembrane helices and 2 

nucleotide binding domains (409). Expression of ABCB11 is found in a 

selected amount of tissues (Table 2, 3 and 4). Mutations in the ABCB11 gene 

lead to progressive familial intrahepatic cholestasis type 2 (PFIC2) (410, 411) 

(Table 8). These patients lack a functional ABCB11 protein and therefore, are 

unable to transport bile salt into bile. Biliary bile salt concentrations in these 

patients are less than 1% of normal (411). In liver biopsies, there is a 

prominent giant cell transformation of hepatocytes, chronic inflammation and 

fibrosis. Endogenous substrates are taurine and glycine conjugated bile salts 

(412-415) (Table 11). The transport of bile salts in humans is largely 

dependent on ABCB11. In mice, however, other canalicular transporters can 

take over the transport of bile salt to a considerable extent, as it was observed 

that ABCB11 knockout animals suffer from mild and not severe cholestasis 

(416). It has been suggested that ABCB1 may fulfill this function (417).  
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Table 11: Endogenous substrates of the canalicular transporters ABCB4, 

ABCB11 and ABCG5/G8 (59, 60, 104, 418-421). 

 

ABCB4   ABCB11   ABCG5/G8 

phosphatidylcholine  taurocholate   cholesterol 

    glycocholate   sitosterol 

    taurochenodeoxycholate  stigmasterol 

    glycochenodeoxycholate  campesterol 

    taurodeoxycholate  5α-cholestanol 

    glycodeoxycholate  5α-campestanol 

    tauroursodeoxycholate  5α-sitostanol 

        22-dehydrocholesterol 

        brassicasterol 

        24-methylene cholesterol 

 

 

Indeed, Abcb1a-/-/Abcb1b-/-/Abcb11-/- triple knockout mice show diminished 

gallbladder volume and increased mortality, after feeding 0.5% cholate, 

compared to Abcb11-/- single knockout mice and also wild type mice. 

However, no difference was seen in bile flow rate and bile salt output between 

Abcb1-/-/Abcb11-/- and Abcb11-/- knockout mice. The difference in phenotype 

between mice and man is also, at least partially, caused by the different bile 

salt composition in these two species. There are some reports that suggest 

that ABCB11 also transports non-bile salts like taxol and vinblastine but 

otherwise, ABCB11 seems to be a specific bile salt transporter (422, 423). 

There are no reports describing (the) ligand binding site(s) on ABCB11 and 

furthermore, whether drugs can modulate the activity of the protein (thus the 

binding of one ligand influences the transport of another ligand). Expression of 
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ABCB11, is tightly regulated by the nuclear receptor FXR that is activated by 

bile salts. After binding of bile salts to FXR, a complex with RXR is formed 

which can bind to an inverted repeat-1 (IR-1) element on the ABCB11 

promoter. As a consequence transcription and expression of ABCB11 is 

induced (424, 425). This induction can be counteracted by the vitamin D 

receptor (VDR) after binding of the ligand 1,25-dihydroxyvitamin D3 (426). 

Furthermore, VDR is also activated by bile salts like lithocholate and its 

metabolites, as is the nuclear receptor PXR (427-429). FXR not only regulates 

the expression of ABCB11, but also the synthesis of bile salts from 

cholesterol, through reduction of expression of the rate limiting enzymes 

CYP7A1 and CYP8B1 via induction of expression of the small heterodimeric 

partner (SHP) (430, 431). Also, binding of lithocholate to PXR results in down 

regulation of expression of CYP7A1 (429). Bile salt metabolizing enzymes can 

also be induced. Chenodeoxycholate can up regulate the expression of 

dehydroepiandrosterone sulfotransferase after binding to FXR (432). 

Furthermore, chenodeoxycholate can increase expression levels, after binding 

to FXR, of uridine 5-diphosphate-glucuronosyltransferase 2B4 (UGT2B4), an 

enzyme responsible for glucuronidation of bile salts (433). 

 

 

ATP-binding cassette sub-family G members 5 and 8 (ABCG5 

and ABCG8): 

ABCG5 (sterolin-1) and ABCG8 (sterolin-2) are two halftransporters which 

form a heterodimer. The size of the monomers is 65-70 kDa (434). The 

heterodimer consists of 12 transmembrane helices and 2 nucleotide binding 
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domains (59, 104). Expression of ABCG5 and ABCG8 is found in several 

tissues (Table 2, 3 and 4). Mutations in the ABCG5 or ABCG8 gene lead to 

sitosterolemia (59, 104) (Table 8). These patients lack a functional ABCG5/G8 

protein and are characterized by increased intestinal absorption and 

decreased biliary excretion of dietary sterols, particularly plant sterols but also 

cholesterol (Table 11). As a consequence they suffer from 

hypercholesterolemia and premature coronary atherosclerosis (59). Patients 

with sitosterolemia have elevated levels of cholesterol and plant sterols such 

as sitosterol, stigmasterol, campesterol, 5α-cholestanol, 5α-campestanol, and 

5α-sitostanol, 22-dehydrocholesterol, brassicasterol and 24-methylene 

cholesterol (Table 11). Since sitosterolemia is caused by mutations in the 

ABCG5 or ABCG8 gene, it was concluded that cholesterol and plant sterols 

are substrates for ABCG5/G8. Since only the heterodimer shows transport of 

substrates the protein complex will be named hereafter, ABCG5/G8. There 

are no reports describing (the) ligand binding site(s) on ABCG5/G8 and it is 

also not known whether drugs can modulate the activity of the protein. 

Expression of ABCG5/G8, however, is regulated by the nuclear receptor LXR 

which binds oxysterols like 24(S),25-epoxycholesterol, 22(R)-

hydroxycholesterol and 24(S)-hydroxycholesterol (435-437). Furthermore, 

deoxycholate represses expression of ABCG5/G8 indirectly via the nuclear 

receptor FXR. FXR induces the expression of the SHP and subsequently SHP 

reduces the expression of the liver receptor homolog-1 (LRH-1). LRH-1 is a 

regulator of expression of ABCG5/G8 and therefore, reduction of expression 

of LRH-1 results in a reduction of expression of ABCG5/G8 (438). FXR not 

only indirectly regulates the expression of the export pump of cholesterol but 
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also the metabolism of cholesterol to bile salts, through reduction of 

expression of the bile salt synthesis rate limiting enzymes CYP7A1 and 

CYP8B1 via induction of expression of SHP (430, 431). Furthermore, LXR up 

regulates the expression of ABCG5/G8 but also CYP7A1. (439). 

 

 

Canalicular transporters as targets for drug delivery 

 

Targeting of antibiotics to the enterohepatic cycle 

For several therapeutic purposes it is desirable to aim for excretion of drugs 

via canalicular transporters. First, delivery of drugs to bile can promote drug 

action in the biliary tree. Secondly, it may be attractive in terms of 

pharmacokinetics to have a drug that undergoes enterohepatic circulation 

which involves transport via canalicular transporters. Examples of these 

applications will be discussed hereafter. 

Bacterial infections of the biliary tract can be treated with antibiotics delivered 

in bile. Particularly cephalosporins have good activity against organisms 

involved in these infections (440). Treatment of these infections requires a 

sufficient concentration at the site of action at non-toxic doses. Ceftriaxone fits 

these requirements being transported into bile when applied at a single dose 

of 1 g per day resulting in an average concentration in bile of 250 µg/ml, which 

substantially exceeds the minimum effective concentration of 10 µg/ml (441). 

In ABCC2 deficient rats no ceftriaxone is seen in bile; hence, ABCC2 is the 

specific target for ceftriaxone delivery in bile (442). Probably ABCC2 is also 

the specific target for biliary delivery of ceftriaxone in humans. Similarly, 
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specific antibiotic targeting to the biliary tract can be performed with another 

ABCC2 substrate, namely ampicillin (443). 

 

Targeting of drugs to the biliary tract 

Surgery is currently the only treatment option for biliary tract cancer. Patients 

with an unresectable advanced stage of disease receive often palliative 

systemic chemotherapy. Some combination therapies against biliary tract 

cancers were used, like the FAM regimen (5-fluorouracil (5-FU), doxorubicin 

and mitomycin) and the CEF regimen (5-FU, cisplatin and epirubicin), 

however, no survival benefit was observed (444-447). Recently, a protocol 

combining cisplatin and gemcitabine has resulted in a minor improvement of 

life expectancy of 3 months of a cohort of patients with bile duct and 

gallbladder cancer (448). In case of the FAM regimen multiple ABC 

transporters may be involved in the biliary excretion: ABCB1 is known to 

transport doxorubicin and mitomycin (449), ABCG2 is also known to transport 

doxorubicin (450). For the CEF regimen biliary transport of cisplatin is 

mediated by ABCC2 (451) and biliary transport of epirubicin is mediated by 

ABCB1 (449) and ABCG2 (452). In case of ceftriaxone, levels of ceftriaxone in 

bile were high enough to be effective, in case of doxorubicin, epirubicin, 

mitomycin and cisplatin this is questionable. Cholangiocarcinoma cells also 

express the transporters involved (namely ABCC2, ABCG2 and ABCB1) and 

therefore, are able to excrete these anticancer drugs. Moreover, these 

transporters are also expressed in the intestine (453) and therefore, are able 

to transport drugs, absorbed by the enterocytes, back into the lumen of the 

intestine. 
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Targeting of drugs to the intestine 

Treatment of hypercholesterolemia can be performed by inhibition of uptake of 

cholesterol in the intestine. This can be achieved by treatment with ezetimibe 

(454, 455). The target of ezetimibe is NPC1L1, which is involved in cholesterol 

uptake (456, 457). Ezetimibe itself is also taken up by enterocytes and 

extensively glucuronidated (455). Conjugation in general makes drugs more 

hydrophilic and elimination is in that way facilitated. However, clearance of 

ezetimibe-glucuronide from blood is not straightforward; the concentration-

time profiles exhibit multiple peaks (458, 459). This is caused by 

enterohepatic circulation: after being glucuronidated in the enterocyte, 

ezetimibe travels via portal blood to the liver, is then extruded into bile, 

presumably by ABCC2 (460, 461) and enters the intestine again, the site 

where inhibition of uptake of cholesterol takes place. In this way enterohepatic 

circulation is necessary for prolonged inhibition of NPC1L1, with ABCC2 being 

the target for biliary excretion of ezetimibe-glucuronide. 

 

In conclusion, canalicular transporters play a crucial role in pharmacokinetics 

and pharmacodynamics of many drugs; e.g. delivery of ceftriaxone mediated 

by ABCC2 to the biliary tract after a bacterial infection is applicable. On the 

other hand, delivery of anticancer drugs to cells of the biliary tract is limited by 

the expression of the same transporters in cholangiocarcinoma cells. The use 

of inhibitors of ABC transporters to increase intestinal drug uptake may have 

serious potential side effects. Furthermore, patients with chronic intrahepatic 

cholestasis can be treated with ursodeoxycholate with the canalicular 

transporter ABCB11 being the specific target for biliary delivery.  
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Scope of this thesis 

In the last two decades several ABC transporters were cloned: ABCB1 (48, 

462), ABCB4 (70, 96, 463), ABCB11 (418, 464, 465), ABCC1 (49, 466), 

ABCC2 (53, 467), ABCC3 (58, 65, 102), ABCC4 (68), ABCC5 (58, 148), 

ABCC6 (66), ABCG2 (61, 353) and ABCG5/G8 (59, 69, 104). This resulted in 

the acquisition of information concerning: Diseases linked to mutations of the 

genes of interest, tissue distribution, localization in polarized cells, 

endogenous and exogenous substrates. Research depicted in this thesis is an 

extension of the knowledge about endogenous and exogenous substrates of 

some of these transporters, the role of their specific localization in drug 

disposition, the interplay between different transporters and the influence of 

the membrane composition on transporter activity. Mutations in some of these 

proteins lead to a disease (e.g. mutations in ABCB11 lead to PFIC2). 

Circumstances that reduce the activity of transporters, like the bile salt 

transporter ABCB11, may have detrimental effects. In chapter two we 

investigated the influence of the amount of cholesterol in the canalicular 

membrane on the activity of ABCB11 and ABCC2. 

Patients with liver disease may have a diminished liver function and it is 

important to assess the severity of this loss. One way of determining the 

degree of liver damage is a liver biopsy. Less invasive methods are 

measurement of serum bilirubin or bile salts. A more convenient and sensitive 

method would be to analyze the clearance of fluorescent bile salt derivatives. 

Cholyl lysyl fluorescein is a fluorescent bile salt derivative that is being 

developed as an agent to determine in vivo liver function. In chapter three we 
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studied the mechanisms of uptake and excretion by hepatocytes of cholyl lysyl 

fluorescein.  

Compounds can be cleared from the bloodstream by the liver. One of these 

compounds is the widely used over-the-counter analgesic acetaminophen 

(paracetamol). After hepatic conjugation of acetaminophen with UDP-

glucuronic acid, the glucuronide can be excreted back into blood. As ABCC3 

can mediate transport of glucuronides we investigated in chapter four, the 

role of ABCC3 in the excretion of acetaminophen metabolites, in particular the 

glucuronide, into blood. 

The cholesterol lowering drug ezetimibe shows an extensive enterohepatic 

circulation. We examined in chapter five which ABC transporters are involved 

in the enterohepatic circulation of ezetimibe. In particular we investigated the 

transport from enterocyte into blood and the subsequent extrusion into bile. 

Some cephalosporins, a class of widely used ß-lactam antibiotics, are orally 

available. One example is cefadroxil. It is known that PepT1 mediates the 

import of cefadroxil into the enterocyte. However, it is unknown which 

transporter is involved in the extrusion of cefadroxil into blood. In chapter six 

this is explored. 

From the literature it is known that cooking, frying and grilling of food stuffs 

(particularly meat) results in the production of heterocyclic amines of which 

PhIP presents the most abundant one. PhIP is known to give rise to colon and 

breast carcinomas in rats. Because ABC transporters are involved in 

multidrug resistance we investigated in chapter seven the involvement of 

ABCC2 in the excretion of PhIP and its metabolites in intestine and liver, in a 

rat model. 
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Prostaglandins are potent autocrine- or paracrine-signaling molecules. It is 

therefore important that these eicosanoids are efficiently cleared from blood. 

One of these molecules, PGE2, is detected in bile of prairie dogs and rats. 

Since ABCC2 mediates transport of the glutathione conjugate of prostaglandin 

A2 we postulated a role of ABCC2 in the biliary excretion of PGE2. This is 

described in chapter eight.  

 

The data presented in this thesis underscore the importance of ABC 

transporters in the elimination and oral availability of toxic waste products and 

clinically relevant drugs, respectively. 
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