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SUMMARY

The aim of this thesis was to identify and characterize the membrane proteins
responsible for the carrier-mediated uptake of endogenous and exogenous organic
cations into the liver (chapter 1). Based on cis-inhibition studies in the isolated
perfused rat liver and in rat hepatocytes, organic cations are usually classified into
small type I and bulky type II cations. Uptake of type I cations is inhibited by type II
cations, but not by bile salts and cardiac glycosides. In contrast, uptake of type II
cations is inhibited by bile salts and cardiac glycosides, but not by type I cations.
Candidate carrier families for the hepatic uptake of organic cations are the organic
cation transporters (OCTs) for type I cations and the organic anion transporting
polypeptides (rodents: Oatps/humans: OATPs) for type II cations. Chapter 2 gives
an overview on the tissue distribution and function of these carrier families. Many
members of the Oatp/OATP family are expressed at the sinusoidal membrane of
hepatocytes where they mediate sodium-independent uptake of bile salts, steroid
hormones and their conjugates, anionic peptides, cardiac glycosides, and bulky
organic cations. The OCTs complement the Oatps/OATPs in taking up small organic
cations in liver and kidney. Small organic anions are transported by the organic anion
transporters (OATs) which belong to the same superfamily as the OCTs. The tissue
distribution and substrate specificity of these uptake carriers could explain the
observation that large compounds are mainly eliminated by the liver, whereas small
compounds are predominantly eliminated by the kidneys.

Gadoxetate is a magnetic resonance imaging contrast agent which is
specifically taken up by hepatocytes and excreted into bile. Therefore, it is used to
diagnose liver diseases such as hepatocellular carcinomas. Functional studies
showed that the hepatic uptake of gadoxetate could be inhibited by
bromosulfophthalein (BSP). This finding suggested an involvement of one or several
of the organic anion transporting polypeptides (Oatps/OATPs) which were shown to
transport BSP. This hypothesis was tested in the studies described in chapter 3 with
rat Oatp1 cRNA-, Oatp2 cRNA-, and human OATP-A (formerly called OATP) cRNA-
injected Xenopus laevis oocytes. Gadoxetate was exclusively transported by Oatp1,
but not by Oatp2 or OATP-A. The apparent Km value of Oatp1 mediated gadoxetate
uptake was 3.3 mM and in close agreement with the apparent Km value determined
in vivo of 2.7 mM. In addition, the cis-inhibition pattern of gadoxetate uptake in vivo
fitted with the pattern found for Oatp1 mediated gadoxetate uptake suggesting that
Oatp1 contributes significantly to gadoxetate uptake into rat liver. Furthermore, these
results confirm the preference of Oatp1 for organic anions.

The inhibition studies mentioned in the first paragraph indicated that hepatic
uptake of type II organic cations is mediated by bile salt and organic anion transport
systems. Therefore, in the studies described in chapter 4 a series of type I and type
II organic cations was tested for transport with Oatp1 cRNA-, Oatp2 cRNA-, and
OATP-A cRNA-injected Xenopus laevis oocytes. While the type II organic cations N-
(4,4-azo-n-pentyl)-21-deoxyajmalinium (APDA) and rocuronium were transported by
all three carriers, only OATP-A mediated transport of the new model compounds N-
methyl-quinine (Km ∼ 5 µM) and N-methyl-quinidine (Km ∼ 26 µM). None of the three
carriers transported small type I cations. These findings indicate that Oatp1, Oatp2,
and OATP-A are involved in hepatic uptake of type II organic cations. OATP-A
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showed the broadest transport activity for the organic cations tested, followed by
Oatp2 and Oatp1. The differences in organic cation transport activity between the rat
and human proteins suggest that these carriers are different gene products and that
the respective orthologues remain to be identified.

The next study included the organic cation transporters rOCT1 and hOCT1 to
complete the picture with respect to type I organic cation transport. Using the same
model compounds and inhibitors as originally used in rat hepatocytes to establish the
type I and type II classification of organic cations, it could be demonstrated that
rOCT1 corresponds to the type I organic cation uptake system, while Oatp2
represents the uptake system described for type II organic cations (chapter 5).
rOCT1-mediated uptake of the type I cation tributylmethylammonium was inhibited by
the type II cation rocuronium, but not by taurocholate or cardiac glycosides.
Rocuronium uptake by Oatp2 was inhibited by taurocholate and cardiac glycosides,
but not by type I cations. hOCT1 showed a similar cis-inhibition pattern as rOCT1,
but there were considerable differences between Oatp2 and OATP-A in that OATP-A
was inhibited by the type I cation azidoprocainamide methoiodide, but not by the
cardiac glycoside ouabain. These differences indicate that the type I and type II
classification of organic cations and its association with distinct carriers cannot be
extended from rats to humans without modifications. rOCT1 and hOCT1 did not only
transport type I organic cations, but surprisingly also the supposed type II cations N-
methyl-quinine and N-methyl-quinidine suggesting that a positive charge and a bulky
structure alone do not qualify a compound as a type II cation but that the cationic
group should not be separated too much from the (aromatic) ring structure. It was
shown in previous studies by other authors that quinine and quinidine inhibit OCT
mediated transport without being transported at physiological pH. However, when the
pH in the uptake experiment was lowered to 6.0, at which almost all quinidine
molecules are protonated, transport of quinidine by OATP-A, rOCT1, and hOCT1
becomes detectable. This finding is an indication that quinidine molecules need a
positive charge to be transported by these carriers.

During the course of this thesis work more Oatps were cloned which could
potentially play a role in organic cation transport. Therefore the properties of rat
Oatp3 and Oatp4 were investigated in more detail (chapter 6). In previous studies by
other authors, Oatp3 was localized to the luminal membrane of enterocytes and
shown to transport bile acids. In this study, the substrate specificity of Oatp3 was
extended to bromosulfophthalein, steroid hormone conjugates, anionic peptides,
cardiac glycosides, and rocuronium. N-methyl-quinine was not transported by Oatp3.
Consequently, Oatp3 has a similar broad substrate specificity as Oatp1 and Oatp2,
although in general with lower affinities. Oatp3 is only minimally expressed in rat liver
and therefore its role is more important in the intestinal absorption of bile acids,
nutrients and drugs. In contrast, Oatp4 is exclusively expressed in rat liver and the 85
kDa protein was localized in this study to the basolateral membrane of hepatocytes.
Oatp4 was also shown to be a multispecific carrier and mediated uptake of
bromosulfophthalein, taurocholate, steroid hormone conjugates, eicosanoids, and
anionic peptides, but not of organic cations. As Oatp1 and Oatp2 are also expressed
at the basolateral membrane of rat hepatocytes and show overlapping substrate
specificities with Oatp4, the special role of the liver-specific Oatp4 besides these
carriers remains to be established. A distinct feature of Oatp4 might be its preference
for organic anions and anionic peptides.

A powerful means to assess the physiological importance of a carrier is the
generation of a gene knockout mouse. As Oatp2 seemed to be the most important
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cation carrier among the Oatps, mouse Oatp2 was isolated and characterized in the
studies described in chapter 7 as the first step towards an Oatp2 gene knockout
mouse. In addition, the chromosomal localization of mouse Oatp2 was determined.
Mouse Oatp2 is composed of 670 amino acids with a predicted twelve
transmembrane domain topology. It is nine amino acids longer than rat Oatp2 and its
C-terminal end is more similar to mouse Oatp1 and Oatp3 than to rat Oatp2. Mouse
Oatp2 mRNA is similarly distributed as the mRNA of rat Oatp2 with a strong
expression in liver and weaker signals in kidney and brain. The substrate specificity
of mouse Oatp2 differed from rat Oatp2 in that mouse Oatp2 showed a considerably
lower affinity for digoxin (apparent Km value 5.7 µM versus 0.24 µM) and surprisingly
did not transport rocuronium. Furthermore, mouse Oatp2 mediated transport of
bromosulfophthalein, which is not a substrate of rat Oatp2. The mouse Oatp2 gene
was localized to locus 6G1-G3. Mouse chromosome 6 is syntenic with human
chromosome 12 on which the human OATP-A, OATP-C and OATP8 genes are
located. Because of too divergent tissue distributions and substrate specificities,
mouse Oatp2 cannot be assigned as orthologue to any of these human genes.

Ongoing studies in our groups address the question of the binding site of rat
Oatp2. By constructing chimeras with Oatp1 and measuring digoxin uptake in cRNA-
injected Xenopus laevis oocytes, regions which may be important in digoxin binding
by Oatp2 were identified. Mutations in these regions will hopefully identify the amino
acid residues which belong to the binding site of Oatp2 for digoxin.

This PhD project was performed in the framework of the “Ubbo Emmius”
internationalization program of the University of Groningen, The Netherlands. In total,
four different laboratories participated in the project and provided specific expertise:
- Research group Pharmacokinetics and Drug Delivery (Univ. Centre for Pharmacy,

Univ. Groningen, The Netherlands)
- Division of Clinical Pharmacology and Toxicology (Univ. Zürich, Switzerland)
- Department of Anatomy (Univ. Würzburg, Germany)
- Division of Gastroenterology and Hepatology (Faculty of Medical Sciences, Univ.

Groningen, TheNetherlands
Experimental work was done in Zürich and Groningen in the research school
“Groningen University Institute for Drug Exploration (GUIDE)”.
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Figure 1. Rat and human hepatocytes with the uptake carriers and substrates used in this thesis and
the putative canalicular carriers for these substrates. APDA, N-(4,4-azo-n-pentyl)-21-deoxyajmalinium;
APM, azidoprocainamide methoiodide; APQ, N-(4,4-azo-n-pentyl)-quinuclidine; BSP,
bromosulfophthalein; Mdr/MDR, multidrug resistance protein; Mrp/MRP, multidrug resistance
associated protein; NMQ, N-methyl-quinine; NMQD, N-methyl-quinidine; Oatp/OATP, organic anion
transporting polypeptide; OCT, organic cation transporter; TBuMA, tributylmethylammonium.
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