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Abstract

To determine whether the liver toxin phalloidin is transported into hepatocytes by one of the known bile salt transporters, we expressed
the sodium-dependent Na'/taurocholate cotransporting polypeptide (Ntcp) and several sodium-independent bile salt transporters of the
organic anion transporting polypeptide (OATP/SLCO) supertamily in Xenopus laevis oocytes and measured uptake of the radiolabeled
phalloidin derivative [3H]demethylphalloin. We found that rat Oatp1b2 (previously called Oatp4 (Sic21al0)) as well as human OATP1B1
(previously called OATP-C (SLC21A46)) and OATPIB3 (previously called OATPS (SLC2148)) mediate uptake of [*H]demethylphalloin
when expressed in X. laevis oocytes. Transport of increasing [?H]demethylphalloin concentrations was saturable with apparent K, values of
5.7 uM (Oatp1b2), 17 uM (OATP1B1) and 7.5 pM (OATP1B3). All other tested Oatps/OATPs as well as the rat liver Ntcp did not transport
[*H]demethylphalloin. Therefore, we conclude that rat Oatp1b2 as well as human OATP1B1 and OATPIB3 are responsible for phalloidin

uptake into rat and human hepatocytes.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Organic anion transport; OATP; Phalloidin

1. Introduction

Phalloidin, a bicyclic heptapeptide produced by the
mushroom Amanita phalloides, is actively taken up into
hepatocytes, where it blocks actin filaments and leads to
hepatocyte necrosis [1]. In order to reach its site of action,
phalloidin has to cross the sinusoidal (basolateral) plasma
membrane of hepatocytes by a carrier-mediated process.
Several lines of evidence suggest that this carrier-mediated
process is shared by bile salts. First, toxic accumulation of
phalloidin in isolated liver cells can be prevented in the
presence of extracellular bile salts [2], indicating that both
compounds interact at the same transport site. Second, bile
salts inhibit competitively the uptake of [*H]demethylpal-
loin into isolated rat hepatocytes [3] and primary cultured
hepatocytes [4], suggesting that both compounds are trans-
ported by the same transport system(s). And third, hepato-
cellular uptake of both phalloidin and bile salts is dependent
on similar driving forces [5]. These results indicate that
phalloidin is a substrate of one or several multispecific bile-
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salt transporter(s), expressed at the sinusoidal (basolateral)
plasma membrane of rat hepatocytes [6].

Several multispecific bile salt transport systems have
been identified and characterized at the sinusoidal mem-
brane of rat hepatocytes. The Na/taurocholate cotransport-
ing polypeptide (Ntcp, gene symbol Sic/0al) mediates
hepatocellular uptake of mainly conjugated bile salts in a
sodium-dependent and electrogenic manner [7—9]. Ntcp is
the major sodium-dependent bile salt uptake system of
mammalian liver [10] and has a narrow substrate specificity,
which besides bile salts also includes estrone-3-sulfate [11]
and bromosulfophthalein [12]. In addition, the sinusoidal
membrane of mammalian hepatocytes localizes several
organic anion transporting polypeptides (Oatps in rodents,
OATPs in man), which belong to the OATP/SLCO super-
family of membrane transporters [13]. These Oatps/OATPs
mediate sodium-independent transport of a wide variety of
amphipathic organic compounds including bile salts, ste-
roids, bilirubin, oligopeptides and numerous drugs [14]. Rat
hepatocytes express Oatplal (previously called Oatpl
(Slc21al)) [15], Oatplad (previously called Oatp2
(Slc21a5)) [16] and Oatplb2 (previously called Oatp4
(Slc21al0)) at their sinusoidal plasma membrane domain
[17]. Human hepatocytes express OATP1B1 (previously
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called LST1, OATP2 or OATP-C (SLC2146)) [18-20],
OATPIB3 (previously called OATPS (SLC21A48)) [21,22]
and OATP2B1 (previously called OATP-B (SLC21A49))
[23,24]. Although these rat and human Oatps/OATPs ex-
hibit largely overlapping substrate specificities, Oatplb2
and OATP1B3 mediate selective uptake of the linear peptide
cholecystokinin 8 (CCK-8) into rat and human hepatocytes,
respectively [25]. Furthermore, rat Oatplb2 as well as
human OATP1B1 and OATPIB3 are efficient transport
systems for the linear and cyclic peptides BQ-123, p-
penicillamine-enkephalin, [p-Ala, p-Leu]-enkephalin and
microcystin [17,23,26,27].

Based on these multispecific transport properties we
hypothesized that one or several of the sinusoidal bile salt
uptake system(s) mediate also uptake of the bicyclic hepta-
peptide phalloidin into rat and human hepatocytes. This
assumption was investigated in cRNA injected Xenopus
laevis oocytes expressing rat Ntcp, Oatplal, Oatplad4 and
Oatplb2 as well as human OATPIBI, OATP1B3 and
OATP2B1. We have used in all our studies [*’H]demethyl-
phalloin, which is structurally very similar to phalloidin and
has been shown to be a biological equivalent of phalloidin
[1,4]. Tt can easily be synthesized in radiolabeled form and
was previously used in several phalloidin transport studies
[4,28,29].

2. Materials and methods
2.1. Animals

Female X. laevis were purchased from the African
Xenopus facility c.c., Noordoek, R. South Africa.

2.2. Materials

[*H]Demethylphalloin (8.9 GBg/mmol) was synthesized
as described [30]. [*H]Taurocholic acid (129.5 GBq/mmol)
was obtained from NEN Life Science Products AG (Boston,
MA, USA). Unlabelled phalloidin was purchased from
Fluka (Buchs, Switzerland).

2.3. Uptake studies

For in vitro synthesis of cRNA, the cDNA clones were
linearized with Notl and capped cRNA was synthesized
using the mMESSAGE mMACHINE T3 kit (Ambion,
Austin, TX, USA) for Ntcp and the mMESSAGE mMA-
CHINE T7 kit (Ambion) for all Oatps/OATPs. X. laevis
oocytes were prepared and handled as described previously
[10]. After an overnight incubation at 18 °C, oocytes were
injected with 0.5 ng or 5 ng of Ntcp- or Oatp/OATP-cRNA,
respectively. After 3 days in culture, uptake of [*H]tauro-
cholate or [*H]demethylphalloin was measured at 25 °C in a
medium containing either 100 mM NaCl or 100 mM choline
chloride, 2 mM KCI, 1 mM CaCl,, 1 mM MgCl, and 10

mM HEPES/Tris, pH 7.5, as described previously [7]. For
certain experiments, the pH was adjusted to 6.5 or 8.0 with
10 mM HEPES/Tris.

3. Results

To determine whether the transport function of the rat
liver bile salt transporters is inhibited by extracellular
phalloidin, we measured taurocholate uptake in the presence
and absence of 500 pM of phalloidin in Ntcp, Oatplal,
Oatpla4 and Oatplb2 expressing oocytes. As shown in
Table 1, only Oatplb2-mediated taurocholate transport was
significantly inhibited in the presence of phalloidin (64.4%
inhibition). These results indicate that Oatplb2 represents
the major candidate transporter for sinusoidal uptake of
phalloidin into rat hepatocytes. To directly test this predic-
tion, we measured uptake of the radioactive derivative
[*H]demethylphalloin, which was previously used to char-
acterize the phallotoxin uptake systems in rat hepatocytes
[4,5,30,31]. Oocytes expressing Oatplb2 accumulated
[*H]demethylphalloin about fourfold over water-injected
control oocytes (Fig. 1A). Neither Ntcp nor Oatplal or
Oatpla4 expressing oocytes were able to transport
[*H]demethylphalloin in excess of water injected oocytes
(Fig. 1A). These results indicate that Oatp1b2 represents the
only phalloidin uptake system of rat hepatocytes.

To further characterize Oatp1b2-mediated [*H]demethyl-
phalloin transport, we performed saturation kinetics. Initial
experiments demonstrated that uptake was linear over at
least 30 min, and that [*’H]demethylphalloin concentrations
above 10 pM were toxic for oocytes. Therefore, we mea-
sured uptake of [*H]demethylphalloin at increasing concen-
trations (up to 10 uM) for 30 min in oocytes expressing
Oatplb2. As shown in Fig. 1B, Oatplb2-mediated
[*H]demethylphalloin transport saturated with an apparent
K., value of 5.7 pM and a V., of 323 fmol/oocyte.

Even though Oatps/OATPs represent sodium-indepen-
dent transport systems [14], Oatplb2-mediated [*H]deme-
thylphalloin uptake was ~ 2-fold higher in the presence of

Table 1
Effect of phalloidin on Ntcp- and Oatp-mediated taurocholate transport in
X. laevis oocytes

Taurocholate uptake

Oocytes (pmol/oocyte X 30 min) %Inhibition P values
injected with _ ppojioidin~ + Phalloidin

Water 0.058 +£0.005  0.054 + 0.004 6.9 0.57
Oatplal-cRNA  2.430+0.197 2.289 £0.187 5.8 0.61
Oatpla4-cRNA  1.135+£0.150 1.158£0.277 —2.0 0.94
Oatplb2-cRNA  1.161 £0.096 0.413+0.038 644 <0.001
Ntcp-cRNA 11.855+£1.248 10.468 £0.723 11.7 0.36

Oocytes were injected with 5 ng of Oatp-cRNA, 0.5 ng of Ntcp-cRNA or
50 nl of water and after 3 days in culture, uptake of 10 uM [*H]taurocholate
was measured in a NaCl-containing medium in the presence or absence of
500 puM unlabelled phalloidin. Values represent means + S.E. of individual
uptake measurements in 8—10 oocytes.
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Fig. 1. Transport of demethylphalloin by X. laevis oocytes expressing rat Oatplb2. (A) Screening of [*H]demethylphalloin uptake by X. laevis oocytes
expressing rat bile salt transporters Oatplal, Oatplad, Oatp1b2 and Ntcp. Oocytes were injected with 5S-ng cRNA of the rat Oatps, 0.5 ng of rat Ntcp or 50 nl of
water. After 3 days in culture, uptake of 4 uM [*H]demethylphalloin was measured at 25 °C for 30 min with 9—12 oocytes per condition. Means + S.E. are
presented. (B) Saturation kinetics of initial (30 min) Oatp1b2-mediated [*H]demethylphalloin transport. Oocytes were injected with 5-ng cRNA of Oatp1b2 or
50 nl of water and after 3 days in culture, uptake of increasing concentrations of [*H]demethylphalloin was measured at 25 °C for 30 min with 8—12 oocytes
per condition. Net demethylphalloin uptake was calculated by subtracting values obtained with water-injected oocytes from the values obtained with Oatp1b2-
injected oocytes. Data represent means + S.E. of a representative experiment performed in duplicate.

extracellular NaCl than cholineCl (Fig. 2A). Similar results
were obtained when sodium was replaced by potassium and
tetramethylammonium (data not shown). Furthermore, an
extracellular acidic pH stimulated Oatplb2-mediated
[’H]demethylphalloin uptake (Fig. 2B). These data are
consistent with a partial Na'-dependency of phalloidin
uptake in rat hepatocytes [5] and the general pH dependency
of Oatp/OATP-mediated transport [32,33].

After having identified the rodent Oatp1b2 as phalloidin
uptake system, we wondered whether human liver OATPs
also mediate uptake of phalloidin. Therefore, we expressed
OATPI1B1, OATP1B3 and OATP2BI in oocytes and mea-
sured uptake of ["H]demethylphalloin. As shown in Fig. 3A,
both OATP1B1 and OATP1B3 transported radioactive
[’H]demethylphalloin two- to fourfold above the water
injected control oocytes. In contrast, OATP2B1 did not
show any [*H]demethylphalloin transport although it trans-
ported the positive control estrone-3-sulfate (data not
shown). Similar negative results were obtained for
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OATP1A2 (previously called OATP-A (SLC21A42)) (data
not shown). Kinetic analysis of OATP1B1- and OATP1B3-
mediated [*H]demethylphalloin transport yielded apparent
K/Vinax values of 17 pM/712 fmol/oocyte and 7.5 pM/69
fmol/oocyte, respectively (Fig. 3B and C).

4. Discussion

The present study provides direct evidence that rat
Oatp1b2, human OATP1B1 and human OATP1B3 represent
the phalloidin uptake systems in rat and human liver. We
demonstrate that rat Oatp1b2, human OATP1B1 and human
OATPIB3 transport [*H]demethylphalloin while all other
tested hepatic bile salt carriers do not transport this phalloidin
derivative.

Oatplb2 is the major phalloidin uptake system of rat
hepatocytes. This observation is supported by the following
findings. First, phalloidin inhibited Oatp1b2-mediated taur-
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Fig. 2. Sodium and pH dependency of demethylphalloin transport by rat Oatp1b2. Oocytes were injected with 5 ng of Oatp1b2-cRNA or water. After 3 days in
culture, uptake of 4 uM [*H]demethylphalloin was measured at 25 °C for 30 min with 9—12 oocytes (A) in the presence (NaCl) or absence (CholineCl) of
sodium in the incubation solution or (B) in a choline chloride containing solution at pH 6.5 or 8.0. Means + S.E. are presented.



F. Meier-Abt et al. / Biochimica et Biophysica Acta 1664 (2004) 64—69 67

>
w
o

3001 _.300 _6of
Q) ) 2
g g g
o T o k)
L = S
E 200 £ 200+ 240— —
(0] ] ;
S 5 s
c -
5 1001 5 100 £ 20
o S S
T @ IS
0 0 | | | 0 L | |
& T P 0 4 8 12 0 4 8 12
ISAOESAEEN phalloidin conc [uM] phalloidin conc [uM]

Fig. 3. Transport of demethylphalloin by X. laevis oocytes expressing human OATP1B1 and OATP1B2. (A) Screening of [*H]demethylphalloin uptake by X.
laevis oocytes expressing human liver OATPs OATP1B1, OATP1B3 and OATP2B1. Oocytes were injected with 5-ng cRNA of OATPs or 50 nl of water. After
3 days in culture, uptake of 4 pM [*H]demethylphalloin was measured at 25 °C for 30 min with 9—12 oocytes per condition. Means + S.E. are presented. (B)
OATP1BI-mediated and (C) OATP1B3-mediated saturation kinetics of initial (30 min) [*H]demethylphalloin transport. Oocytes were injected with 5-ng cRNA
of OATP1BI (B) or OATP1B3 (C) or 50 nl of water. After 3 days in culture, uptake of increasing concentrations of [*H]demethylphalloin was measured at 25
°C for 30 min with 8—12 oocytes per condition. Net demethylphalloin uptake was calculated by subtracting values obtained with water-injected oocytes from

the values obtained with OATP-injected oocytes. Data represent means + S.E. of a representative experiment performed in duplicate.

ocholate uptake, but not taurocholate uptake mediated by
other bile salt transporters of rat hepatocytes (Table 1).
Second, only Oatplb2-expressing oocytes transported
[*H]demethylphalloin while oocytes expressing other
known hepatocellular bile salt transporters did not transport
[*H]demethylphalloin (Fig. 1). Third, the calculated ap-
parent K, value of 5.7 uM is in good agreement with the
published values of 2.5 uM [4] and 12 pM [28] obtained
with short-term cultured rat hepatocytes. Forth, similar to
previous studies in rat hepatocytes [5], Oatplb2-mediated
[*H]demethylphalloin uptake was stimulated by extracellu-
lar sodium (Fig. 2). Although Oatps/OATPs represent in
general sodium-independent transport systems [14], partial
sodium dependency has been previously also observed for
OATP1A2-mediated estrone-3-sulfate and dehydroepian-
drosterone sulfate transport [34,35]. The exact mechanisms
for the partial sodium-driven Oatp1b2-mediated [*H]deme-

thylphalloin transport is unknown at present, but it could,
for example, involve indirect coupling with Na'/H"-ex-
change. In fact, an out to in proton gradient also stimulated
Oatplb2-mediated [*H]demethylphalloin uptake (Fig. 2),
thus supporting a possible indirect effect of sodium on
pH-dependent Oatp1b2-mediated transport.

Both OATPIB1 and OATPI1B3 transport phalloidin.
These human liver OATPs are close homologs of rat
Oatp1b2 with 64% (OATP1B1) and 66% (OATP1B3) amino
acid identities. Various substrates of rat Oatplb2 are also
transported by both of these human carriers [14], while
others, e.g. CCK-8, are only transported by OATP1B3
[25]. These data suggested that human OATPI1BI1 and
OATP1B3 could also transport phalloidin. Indeed, similar
to Fehrenbach et al. [29] who used stably transfected
HEK293 cells and identified OATP1B1 as the major phal-
loidin transport system in human hepatocytes, our results

Table 2

Peptides transported by members of the OATP superfamily

Peptide Oatplal OATP1A2 Oatpla4 Oatpla5 OATP1BI1 Oatp1b2 OATP1B3 References
Linear peptides

CRC220 30 nd nd nd nd nd nd [36]
Deltorphin 1T 137 330 - - - — + [37]
CCK-8 - - - - - 15 11 [25]
DADLE nd nd nd nd + nd nd [27]
Cyclic peptides

BQ-123 600 + 30 417 + 14 + [17,23,38]
DPDPE 48 202 19 137 + 22 + [17,23,37]
Phalloidin - - - nd 17 5.7 7.5 this study
Microcystin — + — — + + + [39]

Numbers represent apparent K, values; —, not transported; +, transported; nd, not determined. Abbreviations: CCK-8, cholecystokinin octapeptide; DADLE,
p-ala2-p-leuS-enkephalin; DPDPE, [p-Pen2, p-Pen5]-enkephalin.
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with X. laevis oocytes confirm that OATP1B1 is the major
phalloidin uptake system of human hepatocytes (Fig. 3A and
B). Furthermore, using the X. laevis expression system, we
also found that OATP1B3 transports phalloidin, albeit with a
10-fold lower transport capacity than OATP1B1 (Fig. 3C).
Fehrenbach et al. [29] observed only a small and statistically
insignificant accumulation of [*H]demethylphalloin in
HEK293 cells expressing OATP1B3. The main reason for
this discrepancy lies most probably in the higher signal-to-
noise ratio obtained with the oocyte expression system as
compared with HEK293 cells. This suggestion is further
supported by the finding that OATP1B3-expressing oocytes
transported taurocholate and glycocholate [23] while stably
transfected HEK293 cells did not show any OATP1B3-
mediated taurocholate or glycocholate uptake [22].

Since phalloidin is an amphipathic bicyclic heptapeptide,
our results suggest that rat Oatp1b2, human OATPIB1 and
human OATP1B3 are good transporters for cyclic and in
part also linear oligopeptides (Table 2). Their common
peptide substrates include the endothelin antagonist BQ-
123, the opioid receptor agonist [D-Pen2, p-Pen5]-enkeph-
alin (DPDPE), phalloidin and microcystin [14]. The same
peptides have also been demonstrated to be transported,
albeit with somewhat lower affinities, by other members of
the OATP1 family including rat Oatplal, Oatpla4, Oatpla$
(previously called Oatp3 (Slc21a7)) and human OATP1A2
(Table 2). Interestingly, the linear peptide CCK-8 is selec-
tively transported only by Oatp1b2 and OATP1B3, indicat-
ing that these Oatsp/OATPs are exclusively responsible for
hepatic clearance of CCK-8 [25].

In conclusion, this study has identified Oatplb2,
OATPIBI1 and OATP1B3 as the phalloidin uptake systems
in rat and human liver. These findings support and further
extend the important role of the OATP1B subfamily for
overall hepatic elimination and detoxification processes.
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