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Summary and perspectives 

 

Summary 

A general introduction is presented in chapter one, concerning ABC 

transporters. For a selection of ABC proteins the characteristics are discussed 

as well as diseases linked to mutations in their genes. Furthermore, an 

overview is given about canalicular transporters as targets for drug delivery. 

PFIC1 and BRIC1 are caused by mutations in the gene ATP8B1. Cholestasis 

develops when the activity of the bile salt transporter, ABCB11, is 

compromised. In chapter two we studied the hypothesis that excessive 

cholesterol extraction from the canalicular membrane impairs the activity of 

ABC transporters, for instance ABCB11. In Atp8b1-deficient mice, the murine 

model for PFIC1, a dramatic increase in the biliary extraction of cholesterol 

from the canalicular membrane of the hepatocyte is observed. As a 

consequence, Abcb11-mediated taurocholate (TC) transport was reduced at 

least 4-fold. In vitro depletion of cholesterol from mouse liver plasma 

membranes demonstrated a relation between cholesterol content of the 

membranes and ATP-dependent taurocholate transport mediated by Abcb11. 

A similar behaviour was observed for ABCC2. Cholesterol repletion of these 

membranes restored the transport. In conclusion, the cholesterol content of 

the plasma membrane is an important determinant of the activity of ABC 

transporters, such as the bile salt export pump, Abcb11, providing an 

explanation for the etiology of ATP8B1 disease. 
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The bile salt derivative cholyl-L-lysyl-fluorescein (CLF) is a candidate agent for 

a liver function test. Yet, the hepatic import- and export proteins involved in its 

hepatic disposition are not characterized. In chapter three, we show that 

although CLF is a bile salt derivative, the bile salt transporters NTCP and 

ABCB11 are unable to mediate the transport of CLF. Instead, we show with 

experiments with transfected Chinese hamster ovary cells and membrane 

vesicles, that OATP1B3, ABCC2 and ABCC3 are able to mediate the 

transport of CLF with high affinity. Lack of Abcc2 in a murine model strongly 

diminished biliary output of intravenously injected CLF and plasma clearance 

was affected. Finally, intestinal uptake of CLF was minimal in comparison to 

taurocholate. In conclusion, OATP1B3 and ABCC2/Abcc2 most likely mediate 

hepatic uptake and biliary excretion of CLF, respectively. Furthermore, CLF 

can be transported back into blood by ABCC3 and finally enterohepatic 

circulation of CLF is minimal. Hence, although CLF is suitable as an agent to 

assess in vivo liver function, its pharmacokinetics do not depend on the 

dedicated bile salt transporters. 

The widely used over-the-counter analgesic and antipyretic drug 

acetaminophen (paracetamol) causes hepatotoxicity and is, by far, the most 

common cause of acute liver failure in both the United States and United 

Kingdom. We investigated in chapter four the role of Abcc3 in the disposition 

of acetaminophen. Lack of Abcc3 in a murine model resulted in a more than 

ten-fold decrease of transport of the glucuronide from hepatocyte to blood and 

an increase of its biliary excretion after intravenous injection of 

acetaminophen. Furthermore, the role of Abcc3 in the transport of the 

glucuronide was underscored with liver perfusion experiments. Interestingly, 
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acetaminophen hepatotoxicity was less in Abcc3-/- versus wild type mice, after 

feeding a toxic dose of acetaminophen. In conclusion, excretion of hepatic 

acetaminophen glucuronide to blood is preferentially dependent on Abcc3. 

The lack of function of Abcc3 results in re-routing of the glucuronide to bile. 

These data show that the activity and expression of Abcc3 determine the 

extent of urinary excretion (which displays considerable species differences).  

Hypercholesterolemia can be treated by inhibition of synthesis and/or 

intestinal uptake. The only known inhibitor of intestinal uptake used in the 

clinic is ezetimibe. Ezetimibe is extensively glucuronidated in the intestine and 

the liver and undergoes enterohepatic circulation. Discussed in the ensuing 

chapter five are the transporters involved in the enterohepatic circulation of 

this compound. Transport experiments with plasma membrane vesicles and 

Ussing chambers using intestinal explants of mice revealed a role for Abcc3 in 

the transport of ezetimibe-glucuronide from enterocyte to blood. In vivo murine 

experiments where the extrusion of ezetimibe-glucuronide into bile was 

investigated, unmasked the importance of Abcc2 and Abcg2 in that process. 

These data demonstrate that the enterohepatic circulation of ezetimibe-

glucuronide strongly depends on the joint function of Abcc3, Abcc2, and 

Abcg2. 

Cephalosporins are the most frequently prescribed class of antibiotics. 

Accordingly, resistance occurs and the need for new generations of 

cephalosporins is of great importance. There are only a small number of orally 

available cephalosporins (although this is preferable). Data from literature 

showed that uptake of cephalosporins into the enterocyte depends on PepT1 

and is size dependent. A negative correlation between size and uptake was 
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found. In chapter six we found a positive relation between molecular size and 

affinity for the transporters ABCC2, ABCC3 and ABCC4 for cephalosporins. 

For ABCC2 the difference in affinity was large, whereas for ABCC4 this was 

relatively small. As a consequence the affinity of ABCC4 for small 

cephalosporins could be sufficient to mediate transport at a significant rate, as 

opposed to ABCC2. Indeed, membrane vesicle experiments, Ussing chamber 

experiments and in vivo intestinal uptake experiments showed that Abcc4 is 

relevant at least in part for the transport of orally available cephalosporins 

from enterocyte to blood. Furthermore, we found indications that Abcc3 is able 

to take over this transport. Hence, oral availability of cephalosporins involves 

PepT1 and in part, Abcc3 and Abcc4.  

Multidrug resistance is a role attributed to ABCC2. In chapter seven the role 

of Abcc2 in the defense against the food derived carcinogen PhIP was 

studied. In rats deficient in Abcc2 less biliary and intestinal secretion was seen 

of PhIP and its metabolites, which were redirected into urine. Experiments 

with rats, where hepatic glutathione was lowered, revealed the importance of 

glutathione in the transport of PhIP mediated by Abcc2. This shows an 

important role for Abcc2 in the protection against the toxic effects of PhIP. 

Transport of a number of endogenous substrates is mediated by several ABC 

transporters. The endogenous compound PGE2 is found in bile but the 

mechanism by which this occurs is unknown. As PGE2 is an anion we 

investigated in chapter eight the hypothesis that Abcc2 mediates the 

transport of PGE2 into bile. To this end transport experiments were done with 

plasma membrane vesicles. ABCC2 mediated transport of the model 

compound DNP-SG, which could be dose dependently inhibited by PGE2. 

151



 152 

Interestingly, the stereoisomer of PGE2, isoprostane E2 showed no inhibition. 

Also, direct transport of PGE2 by ABCC2 was demonstrated in membrane 

vesicles. Furthermore, liver perfusion experiments showed decreased output 

of PGE2 in bile of Abcc2 deficient rats versus wild type rats. This indicates that 

PGE2 is an endogenous substrate for Abcc2, explaining the mechanism of its 

occurrence in bile.  
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Perspectives 

 

After the discovery of ABC transporters diseases were characterized by single 

mutations in single genes: e.g. Dubin Johnson and PFIC 2, with mutations in 

the genes ABCC2 and ABCB11, respectively. Research groups were eager to 

create new knockout mice for ABC transporters since it was expected that 

mice lacking ABC genes, would also have a clear endogenous phenotype or 

at least increased drug sensititvity. However, with some of these knockouts 

this led to disappointment because this was not the case, e.g. Abcc3 and 

Abcc4. A likely explanation is that ABC transporters have redundant functions. 

This thesis describes two examples: The first example is the biliary extrusion 

of ezetimibe-glucuronide. Although the Abcc2 knockout mouse was somewhat 

affected, the Abcg2 knockout mouse was not, but the double knockout, Abcc2 

and Abcg2, was severely affected in its biliary extrusion of ezetimibe-

glucuronide. The second example concerns mice which were single knockout 

for the proteins ABCC3 and ABCC4. They were not affected in the transport of 

cefadroxil from enterocyte into blood. However, transport was affected in mice 

lacking both these transporters. Moreover, mice lacking ABCC3 and ABCC4 

still transport about 50% of the amount being transported in wild type mice. 

Likely at least one other transporter is involved. Apparently, during evolution it 

was advantageous to have an overcapacity of different ABC transporters to be 

well equipped in elimination of toxic compounds and metabolites.  

What determines if a substrate is orally available? Oral availability of 

substrates depends on ABC transporters, e.g. ABCC2 and ABCC4. One 

important factor is the expression level of these transporters. In the intestine 
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the expression of ABCC2 is high but declines distally. The levels of ABCC4 

are low. When a substrate has a similar affinity towards ABCC2 and ABCC4 

no oral availability is expected because the apical elimination by MRP2 will 

dominate. Is there a property of a substrate which could predict oral 

availability then? Yes, in the past data was presented that there is a good 

relation between size and affinity of a substrate for ABCC2. We underscored 

this result by finding a relation between size of cephalosporins and their 

capability to inhibit the transport of a model substrate for ABCC2. This 

relationship, we found, also holds true for ABCC4. However for small 

cephalosporins there was a huge difference in the capability to inhibit the 

transport of a model compound when using ABCC4 versus ABCC2. For small 

molecules the former had a more than ten-fold smaller IC50 value than the 

latter. Based on these facts only small molecules are predicted to be the 

better substrates for ABCC4 and thus may be orally available.     

These are just examples to show that the disposition of drugs and toxins 

depends on the delicate balance of expression levels, affinities of ABC 

transporters and the presence of other transport systems. It is clear that drug 

development will have to include the characterization of the affinity of a new 

compound for the whole set of drug transporters, after which a reasonable 

estimation can be made of its pharmacokinetics on the basis of the tissue 

expression levels of these transporters. Whereas in the past drug metabolism 

has been the mainstay of pharmacokinetics, studies on transporters of the 

ABC and SLC superfamilies have shown that drug transport is at least as 

important. 
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