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GENERAL DISCUSSION AND PERSPECTIVES

It has been estimated that at least 50% of the presently available therapeutic
agents have a (partly) cationic character (10). The positive charge of these organic
cations is due to functional groups such as permanently positively charged
quaternary ammonium groups or tertiary amine groups, which are protonated to a
large extent at physiological pH (28). Organic cations are predominantly eliminated
from the body by the kidneys and the liver. In general, small organic cations are
excreted by the kidneys, while the liver eliminates large organic cations (14, 15).
However, large organic cations can nonetheless be excreted by the kidneys if the
polar and nonpolar parts of their structure are not properly balanced (27). Historically,
organic cations were divided into small (type I) and large (type II) organic cations
(32). This division was derived from their structure and inhibition pattern in uptake
studies with isolated hepatocytes (39). 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 unaffected by type I
cations (39). With the cloning of the uptake systems for organic cations in kidney and
liver, it became possible to correlate these functional findings with the tissue
distribution and the transport properties of the involved carriers.
The aim of this thesis was to identify the membrane proteins responsible for the
carrier-mediated uptake of endogenous and exogenous organic cations in the liver.
Previous studies on the molecular properties of the cloned carriers (summarized in
chapter 2) led to the hypothesis that members of the organic anion transporting
polypeptide family (Oatps (rodents)/OATPs (humans)) are the candidate carriers for
the hepatic uptake of large type II organic cations, whereas members of the organic
cation transporter family (OCTs) are responsible for hepatic uptake of small type I
organic cations (2, 3, 11). It should be noted here that although small organic cations
are rapidly taken up by the liver, they are not excreted into bile (29). Therefore, the
OCTs are much more important for the elimination of small organic cations in the
kidney where they are also expressed and where at the luminal side of the tubulus
cells a H+/cation transporter is needed for further excretion into the urine (17). To
investigate the role of members of the Oatp/OATP and of the OCT family in organic
cation transport, the substrate specificities of the hepatically expressed Oatp1,
Oatp2, Oatp3, Oatp4, OATP-A, rOCT1 and hOCT1 were studied in more detail in this
thesis. It is of interest that some Oatp/OATP isoforms can transport both cationic and
anionic agents.

In the first study, this multifunctional character of Oatps/OATPs in drug
transport was demonstrated by studying the uptake process for the model organic
anion gadoxetate (chapter 3). Gadoxetate is a hepatobiliary magnetic resonance
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imaging contrast agent which is negatively charged at physiological pH. In vivo
studies in the rat showed a decreased liver uptake of gadoxetate upon
coadministration of bromosulfophthalein (BSP), which is a typical Oatp1 substrate
(8). Indeed, it could be shown in this study that gadoxetate is specifically taken up by
Oatp1, but not by Oatp2 or OATP-A (formerly called OATP) (41). The apparent Km

value for Oatp1 mediated gadoxetate uptake was 3.3 mM and fitted with the apparent
Km value determined in vivo of 2.7 mM (36). These results suggest an important role
for Oatp1 in hepatic gadoxetate uptake in the rat. Furthermore, the results support
the preference of Oatp1 for organic anions compared to Oatp2 (34). Another aspect
of the study is the possible importance of Oatp1 in the hepatobiliary elimination of
heavy metals as gadoxetate is a complex of gadolinium with an ethoxybenzyl-
diethylenetriamine-pentaacetic acid molecule. Biliary excretion is a major route of
elimination for metals, and several metals are transported into bile as glutathione-
mercaptides (1). It is not yet known which of the human OATPs is involved in hepatic
gadoxetate uptake as OATP-A did not transport gadoxetate and no other human
OATP has been tested so far with regard to gadoxetate uptake (41).

The studies of Bossuyt et al. showed that Oatp1 and OATP-A were able to
transport the type II organic cation N-(4,4-azo-n-pentyl)-21-deoxy-ajmalinium (APDA)
(2, 3). In addition, both carriers were shown to transport bile acids and the uncharged
cardiac glycoside ouabain which are known inhibitors of the hepatic uptake of type II
organic cations (2, 3, 19, 20, 39). Therefore, a series of type I and type II organic
cations was tested with Oatp1, Oatp2 and OATP-A to elucidate the role of these
carriers in organic cation transport (chapter 4). The type II cations APDA and
rocuronium were transported best by OATP-A, followed by Oatp2 and Oatp1. The
newly synthesized and proposed type II organic cations N-methyl-quinine (Km 5.1
µM) and N-methyl-quinidine (Km 25.6 µM) were only transported by OATP-A.
However, none of the type I cations tributylmethylammonium (TBuMA), azidoprocain-
amide methoiodide (APM), N-(4,4-azo-n-pentyl)-quinuclidine (APQ), and choline was
transported by Oatp1, Oatp2 or OATP-A, suggesting the involvement of another
carrier family. These results show that Oatp1, Oatp2, and OATP-A can account for
type II organic cation uptake into rat and human liver although to different extents.
The differences in organic cation transport activity were an additional indication that
neither Oatp1 nor Oatp2 represents the rat orthologue of OATP-A. While gadoxetate
is a specific substrate for Oatp1 and digoxin for Oatp2, none of these substrates is
transported by OATP-A (22, 30, 41). The preference of OATP-A for organic cations
was confirmed in a later study in which it was compared to other human OATPs such
as OATP-B, OATP-C and OATP-D (22). Thus, Oatp1, Oatp2, and OATP-A have
partially overlapping, but also partially selective substrate specificities. The ability to
transport a wide variety of substrates of different charges by the same carrier raises
the question of the transport mechanism which is discussed further below.

As neither Oatp1, Oatp2 nor OATP-A transported type I cations, rOCT1 and
hOCT1 were included in the next study to close this gap (chapter 5). Together with
Oatp2 and OATP-A, they were tested with the same model compounds and inhibitors
as originally used in rat hepatocytes to establish the type I and type II classification of
organic cations (39). Oatp1 was not included in this study as it showed a lower
transport activity for organic cations than Oatp2 and in addition a lower affinity to
cardiac glycosides which are inhibitors of type II organic cation uptake. Uptake of the
type I organic cation TBuMA by rOCT1 was inhibited by the type II cation rocuronium,
but not by taurocholate or the cardiac glycosides ouabain and K-strophantoside.
Oatp2-mediated rocuronium uptake was inhibited by taurocholate and cardiac
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glycosides, but not by type I cations. Therefore, rOCT1 and Oatp2 indeed correspond
to the hepatic uptake systems for type I and type II organic cations, respectively.
However, the type I and type II classification of organic cations and its association
with distinct carriers cannot be extended to the human situation without
modifications. While the cis-inhibition pattern of hOCT1 was similar to rOCT1,
considerable differences were found between Oatp2 and OATP-A. In contrast to
Oatp2, OATP-A was inhibited by the type I cation APM, but not by the cardiac
glycoside ouabain. In addition, the new model compound N-methyl-quinidine and
unmethylated quinidine inhibited TBuMA uptake by rOCT1 and hOCT1 and
rocuronium uptake by OATP-A, whereas they did not affect rocuronium uptake by
Oatp2. Discrepancies in type II organic cation uptake between rat and human liver
were also found in experiments with human hepatocytes in which rocuronium uptake
was inhibited by a type I cation, but not by taurocholate (31).

As for Oatp1, Oatp2 and OATP-A in the previous chapter, the whole series of
type I and type II organic cations was tested for uptake by rOCT1 and hOCT1. As
expected, rOCT1 and hOCT1 transported the type I organic cations TBuMA, APM
and APQ, but surprisingly also the supposed type II cations N-methyl-quinine and N-
methyl-quinidine. These compounds were originally considered to represent type II
organic cations because of their bulky structure (40). On closer examination, the
cationic group is surrounded by aliphatic moieties and spatially separated from the
aromatic ring structure, which corresponds more to the typical structural features of
type I cations than of type II cations. The only true type II organic cation which meets
the definition of exclusive and taurocholate/cardiac glycoside inhibitable transport by
Oatp2 is rocuronium. In the rocuronium molecule, the cationic group is not clearly
separated from the bulky steroid ring structure and contains a second tertiary amine
structure with the potential to form bivalent cationic molecules. In addition,
rocuronium is sufficiently lipophilic to compensate for the positive charge. While there
is a clear separation of type I and type II organic cation transport by rOCT1 and
Oatp2, the substrate specificities of hOCT1 and OATP-A overlap with reference to N-
methyl-quinine and N-methyl-quinidine which is a further indication for species
differences between rats and humans. Up to now, no human OATP was shown to
transport both rocuronium and digoxin and therefore a human orthologue of Oatp2
might not exist. In addition, transport of N-methyl-quinine and N-methyl-quinidine is
accomplished by rOCT1 and presumably no rat orthologue of OATP-A is needed for
this task.

Not only N-methyl-quinidine but also quinidine inhibited rOCT1, hOCT1 and
OATP-A. In direct transport experiments, quinidine was not taken up by these
carriers 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 rOCT1, hOCT1 and OATP-A became detectable as the unspecific
diffusion into water-injected control oocytes was markedly reduced. This finding is an
indication that quinidine molecules can be transported by rOCT1, hOCT1 and OATP-
A in the protonated form while the uncharged base can enter the oocytes by
diffusion. It was shown recently in macropatches of rOCT2 cRNA-injected oocytes
that the diastereomer quinine inhibits rOCT2 competitively from the inside after
crossing the lipid bilayer in its uncharged form (4).

The family of the organic anion transporting polypeptides grew during the
course of this thesis and the substrate specificity of the new members Oatp3 and
Oatp 4 was investigated in more detail in chapter 6. It could be shown that both
carriers transport a broad range of substrates among which common Oatp substrates
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such as bromosulfophthalein, estrone-3-sulfate, estradiol-17ß-glucuronide,
dehydroepiandrosterone sulfate, triiodothyronine, thyroxine and the peptides BQ-123
and D-penicillamine-enkephalin (DPDPE). Uptake of bile salts by Oatp3 and Oatp4
was shown in previous studies (5, 42). In addition, both transported leukotriene C4

and prostaglandin E2. The substrate specificity of Oatp3 was even broader and
comprised also the cardiac glycosides digoxin and ouabain and the type II organic
cation rocuronium. Neither Oatp3 nor Oatp4 transported N-methyl-quinine. As Oatp3
transports bile salts, cardiac glycosides and rocuronium, it could possibly represent
another type II organic cation carrier beside Oatp2. However, it is not clear whether
and where Oatp3 is expressed in the liver. Oatp3 mRNA could only be detected
faintly in liver and the protein expression could not be studied as antibodies against
Oatp3 crossreact with Oatp1 because of very similar C terminal ends (42). In
addition, Oatp3 showed for most substrates a considerably lower affinity than Oatp1,
Oatp2 or Oatp4. Therefore, Oatp2 might be more important in hepatic type II organic
cation uptake than Oatp3. As suggested by other authors, the main role of Oatp3
might be in the intestinal absorption of bile acids, nutrients and drugs as it was
localized to the luminal membrane of enterocytes (42). 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. The distinct role of the liver-specific Oatp4
beside Oatp1 and Oatp2 which are also expressed at the basolateral membrane of
rat hepatocytes and show overlapping substrate specificities remains to be
established. As Oatp1, Oatp4 seems to have a preference for organic anions, but it
transports in addition prostaglandin E2 and shows higher affinities for anionic
peptides. In addition to the new rat Oatps studied here, the substrate specificity of
newly cloned human OATPs such as OATP-B, OATP-C, and OATP8 was
investigated recently by Kullak-Ublick et al. and none of these carriers was shown to
transport organic cations (22). Thus, OATP-A is the only human OATP for which
transport of organic cations could be demonstrated until now.

Among the rat Oatps studied so far, Oatp2 seems to be the most important
hepatic uptake carrier for organic cations. Therefore, the orthologous mouse Oatp2
was isolated and characterized in chapter 7 as a first step towards the generation of
a gene knockout mouse to assess the physiological importance of Oatp2. Mouse
Oatp2 was isolated from mouse liver and is composed of 670 amino acids with a
predicted twelve transmembrane domain topology. Mouse Oatp2 is nine amino acids
longer than rat Oatp2, does not have an amino acid deletion at position 117 and its
C-terminal end corresponds more to mouse Oatp1 and Oatp3 than to rat Oatp2.
While the tissue distribution of rat and mouse Oatp2 are similar (liver, kidney and
brain), there are striking differences in their transport properties. The unique feature
of rat Oatp2 is its high-affinity uptake of digoxin (apparent Km value 0.24 µM). In
contrast, mouse Oatp2 showed a considerably lower affinity for digoxin (apparent Km

value 5.7 µM). In addition, mouse Oatp2 did not transport rocuronium, but mediated
transport of bromosulfophthalein which is not a substrate of rat Oatp2. As the
substrate binding sites of rat and mouse Oatp2 have not been identified yet, it can be
speculated that the additional amino acid at position 117 in mouse Oatp2 and/or the
different C-terminal ends might be involved in these differences in substrate
specificity and affinity.

The mouse Oatp2 gene was localized to locus 6G1-G3. The mouse Oatp3
gene was also localized to chromosome 6, while the mouse Oatp1 gene was found
on the X chromosome (12, 42). Mouse chromosome 6 is syntenic with human
chromosome 12 on which the human OATP-A, OATP-C and OATP8 genes are
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located (18, 21). Therefore, there might be possible orthologues among these genes.
Mouse Oatp2 and Oatp3 are most closely related to human OATP-A (see
phylogenetic tree in chapter 2, Figure 3). Because the tissue distribution and
substrate specificity of mouse Oatp2 and human OATP-A are too divergent, it is
more likely that mouse Oatp3 is the possible orthologue of human OATP-A as it was
suggested by Walters et al. (42).

This thesis deals mainly with the substrate specificity of Oatps/OATPs and
OCTs and the next step would be to study their transport mechanisms and binding
sites to understand the differences between the individual carriers. OCTs transport
organic cations and can make use of the inside negative potential of cells.
Consequently, their driving force is the electrochemical potential (16). First steps
have been taken to identify the binding site of the OCTs. For rOCT1, it could be
demonstrated that aspartate at position 475 in transmembrane domain eleven is
important in substrate translocation (9).

It is more difficult to identify a common driving force for the Oatps/OATPs as
they can mediate transport of compounds of different charges. For Oatp1, exchange
of intracellular anions such as HCO3

- or glutathione was suggested as a driving force,
whereas coupling of substrate uptake to glutathione efflux could not be demonstrated
for Oatp2 (24, 25, 35). For the prostaglandin transporter PGT, obligatory,
electrogenic anion exchange with a net outward movement of negative charge during
the translocation event was proposed as transport mechanism (6). These
mechanisms were studied for the translocation of organic anions, but until now,
nothing is known about the driving force for transport of organic cations or neutral
compounds.

The differences in substrate specificity and digoxin affinity between rat and
mouse Oatp2 (chapter 7) raised the question of their binding sites as there are some
differences in their sequence which might be involved in substrate translocation. A
first step to identify the binding site of rat Oatp2 was taken in our groups. In general,
Oatp1 and Oatp2 have overlapping substrate specificities, but there are unique
substrates for each carrier such as bromosulfophthalein for Oatp1 and digoxin for
Oatp2. To determine the structural domains which are important in substrate
translocation by Oatp2, chimeric proteins between Oatp1 and Oatp2 were created by
overlap extension PCR and their function characterized in the Xenopus laevis
expression system by measuring uptake of digoxin. It could be shown that a chimera
consisting of the first half of Oatp1 (amino acids 1 to 323) and the second half of
Oatp2 (amino acids 324 to 661) mediated digoxin transport to the same extent as full
length Oatp2. When the portion of Oatp1 was extended to amino acid 388, digoxin
transport was abolished suggesting that the region between amino acids 324 to 388
in Oatp2 might be important for digoxin binding. These amino acids correspond to
part of the putative transmembrane domain 7, transmembrane domain 8 and the
beginning of transmembrane domain 9. In a next step, mutations were introduced in
this region by individually changing the amino acids in Oatp2 which differ between
Oatp1 and Oatp2 to the amino acids in Oatp1 and measuring digoxin uptake. Digoxin
uptake was substantially lowered in Oatp2 containing the mutations F328V, S334K,
and M361S pointing to a role of these three residues in digoxin transport by Oatp2.
The sequence of mouse Oatp2 also contains a valine at position 328 and the affinity
of mouse Oatp2 for digoxin is considerably lower than of rat Oatp2. These
experiments are still ongoing as the uptake results need to be validated against the
expression level of the chimeric and mutated proteins. Lower uptake rates can
indeed be due to an impaired function but they can also be caused by a decreased
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expression of the protein at the plasma membrane. This possibility has to be tested
before the transport experiments are interpreted in detail. In addition, other
substrates than digoxin should be considered to determine if the identified possible
binding site of Oatp2 for digoxin is the same for other substrates or if there are
multiple binding sites. It might also be worth to mutate the differing amino acids in the
region 324 to 388 in Oatp1 to the ones in Oatp2 and to find out if this might result in
increased digoxin uptake by Oatp1.

Different results were obtained for other Oatps and for other substrates. r-lst1
is a shorter isoform of Oatp4 and misses transmembrane domain 9. The only known
substrate of r-lst1 is taurocholate which suggests a role of the first nine
transmembrane domains for taurocholate transport in both proteins and of the last
four transmembrane domains for additional Oatp4 substrates (5). OAT-K2 misses the
first four transmembrane domains of OAT-K1, but transports taurocholate and
prostaglandin E2 which are not substrates of OAT-K1 (26). The binding site of rat
PGT was localized to the region around Cys-530 in putative transmembrane domain
10 and chimeras between mouse and human PGT indicated that the C-terminal
domain of human PGT dictates the Km value (7, 33). These examples show that
there might not be a common binding site in all Oatps and that the binding site might
differ depending on the substrate.

A detailed knowledge of the transport properties of the hepatic and renal
uptake carriers might be helpful for developing strategies for drug targeting to these
organs. An example for hepatocyte targeting is the development of a nonviral vector
for gene therapy of hepatocellular carcinoma based on the Oatp1 substrate
gadoxetate (chapter 3). Although this vector is taken up by hepatocytes, it is not
taken up by hepatoma cells and needs to be further developed for an application in
the early stage of hepatocarcinogenesis (23).

Most of the transport characteristics of members of the Oatps/OATPs and
OCTs were studied individually in expression systems. Therefore, their contribution
to overall drug uptake in vivo is not yet clear as many of them share the same
membrane localization and the same substrates. We are only beginning to
understand their physiological relevance as more knowledge becomes available on
their role in physiological processes and their regulation by important principles. The
regulation of Oatp1 by the hepatocyte nuclear factors 1α and 4α and of Oatp2 by the
hepatocyte nuclear factor 1α and the pregnane X receptor suggests roles for these
carriers in lipid homeostasis and drug elimination, respectively (13, 37, 38). The
generation of gene knockout mice could clarify their physiological relevance further.
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