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bstract

The PLHC-1 hepatoma cell line derived from topminnow (Poeciliopsis lucida) is one of the most frequently used fish cell lines in aquatic
cotoxicology. These cells have been well characterized regarding the presence of phase I and phase II enzymes involved in the metabolism of
enobiotics. However, the presence of the ABC transport proteins possibly involved in the MultiXenobiotic Resistance (MXR) mechanism as
hase III of cellular detoxification has never been described in the PLHC-1 cells. The main goal of this study was the detection and functional
haracterization of toxicologically relevant xenobiotic efflux transporters from ABCB and ABCC subfamily in the PLHC-1 cells. Using specific
rimer pairs two PCR products 1769 and 1023 bp in length were successfully cloned and sequenced. Subsequent multiple alignment and phylogenetic
nalysis showed that these sequences share a high degree of homology with the P-glycoprotein (Pgp1; ABCB1) and the MRP3 (ABCC3). Functional
xperiments with fluorescent model substrates and specific inhibitors were used to verify that transport activities of Pgp- and MRP-related proteins
re indeed present in PLHC-1 cells. Accumulation or efflux/retention rates of rhodamine 123, calcein-AM or monochlorbimane were time- and
oncentration-dependent. Cyclosporine A, MK571, verapamil, reversine 205, indomethacine and probenecid were used as specific inhibitors of
gp1 and/or MRPs transport activities, resulting in a dose dependent inhibition of related transport activities in PLHC-1 cells. Similar to mammalian

ystems, the obtained IC50 values were in the lower micromolar range. Taken together these data demonstrate that: (1) the PLHC-1 cells do express
functional MXR mechanism mediated by toxicologically relevant ABC efflux transporters; and (2) the presence of all three critical phases of

ellular detoxification additionally affirms the PLHC-1 cells as a reliable in vitro model in aquatic toxicology.
2007 Published by Elsevier B.V.
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. Introduction

Fish liver cells are frequently used models in studying
etoxification mechanisms of different xenobiotics in aquatic
cotoxicology (Fent, 2001; Schirmer, 2006). Although primary
sh hepatocytes are advantageous in terms of resemblance to

he in vivo situation, liver cell lines are easier to manipulate and
ffer the possibility of long term culture, resulting in reduced
ariability in comparison to primary hepatocytes. One of the
ost commonly used cell lines in aquatic ecotoxicology is
he PLHC-1 hepatoma cell line derived from topminnow (Poe-
iliopsis lucida). These cells posses xenobiotic-metabolizing
apacity and contain aryl hydrocarbon (Ah) receptor (Hahn
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t al., 1993). The induction of CYP1A as a result of expo-
ure to polycyclic aromatic hydrocarbons (PAHs) in PLHC-1
ell line has been widely used for identification and evaluation
f toxic potential of PAHs in complex environmental samples
Fent and Bätscher, 2000). The presence of biotransformation
nzyme system also allows for testing of genotoxic potential
f indirect carcinogens. Other effects such as lipid peroxida-
ion, metallothionein induction and cytotoxicity (MTT, LDH
r NRU assay) were successfully measured in these cells (Rau
t al., 2004; Schlenk and Rice, 1998; Babich et al., 1991;
aminada et al., 2006). Although PLHC-1 cells are well char-
cterized to the presence of phase I (i.e. CYP1A), and to
esser extent to phase II enzymes (GSTs, UGTs), the role of

enobiotic efflux transporters possibly involved in the Multi-
enobiotic Resistance (MXR; Kurelec, 1992) mechanism as
hase III of cellular detoxification has never been evaluated in
hese cells.

mailto:smital@irb.hr
dx.doi.org/10.1016/j.aquatox.2006.12.015
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The MXR system is mediated through the activity of trans-
embrane transport proteins belonging to the ATP-binding

assette (ABC) protein superfamily. Among numerous ABC
roteins identified in humans (presently 48 genes organized into

subfamilies; http://www.nutrigene.4t.com/humanabc.htm),
he data obtained using different animal models indicate that
-glycoprotein (ABCB1), MRP1 (ABCC1), MRP2 (ABCC2),
RP3 (ABCC3) and BCRP (ABCG2) are toxicologically

he most important (Leslie et al., 2005). Through binding
nd hydrolyzing ATP these proteins actively transport a wide
ariety of xeno- and endobiotics out of the cell, lowering
he toxic potential of parent compounds or their metabo-
ites. Therefore, the primary consequence of this simultaneous
ransport of many structurally and chemically different sub-
tances is the phenomenon called multidrug or MultiXenobiotic
esistance.

Although there are some overlaps in structure and sub-
trate specificity, there are major differences between Pgp1 and

RP1-3 in the transport mechanisms and the types of substrates
hey transport. The Pgp substrates are moderately hydropho-
ic, amphipathic, neutral or positively charged planar organic
olecules of low molecular weight with basic nitrogen atom

Litman et al., 2001). Besides, it is known that Pgp is the pri-
ary active transporter involved in the efflux of unmodified

enobiotics. The substrates of proteins from the MRP subfamily
re direct products of phases I and II metabolism. Due to this
act they are predominantly present in the form of glutathione,
lucuronate or sulphate water soluble conjugates. In general,
hrough excreting highly hydrophobic compounds phase III
fflux transporters represent an integral part of cellular detoxi-
cation system, having considerable role in overall disposition,
ioavailability and potential toxicity of xenobiotics (Xu et al.,
005; Wakabayashi et al., 2006).

Phase I and II enzymes are identified and well character-
zed in fish, pointing to the presence of similar mechanisms
f detoxification of hydrophobic compounds as the ones found
n higher vertebrates (Livingstone, 1998). The presence of
he MXR system and related ABC efflux proteins has been
dentified in several fish species. Using polyclonal antibody C-
19 the Pgp-like proteins have been detected in marine fish
pecies, e.g. killifish (Fundulus heteroclitus) and freshwater
sh species, e.g. rainbow trout (Oncorhynchus mykiss) (Cooper
t al., 1999; Sturm et al., 2001). Pgp1 related partial or full
ength gene sequences are known for turbot (Scophthalamus
aximus), flounder (Platichthys flesus) and zebrafish (Danio

erio) (Tutundjian et al., 2002; Williams et al., 2003; Bresolina
t al., 2005). The studies reporting the presence of MRP-
elated proteins or genes in fish are scarcer. A full MRP2 gene
equence has been reported for small skate (Raja erinacea; Cai
t al., 2003) and a partial MRP-like gene sequence has been
btained for the red mullet (Mullus barbatus; Sauerborn et
l., 2004). A MRP2 related gene from the rainbow trout liver
as been recently obtained in our laboratory. In addition, the

arge zebrafish genome sequencing project recently resulted
n vast amount of sequences data related to ABC genes in
his species (http://www.ensembl.org/Danio rerio/index.html).
ewly finished analysis of these data confirmed that these genes
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re highly conserved and that 77% of all human ABC genes have
zebrafish ortholog (Annilo et al., 2006).

All these data suggest that Pgp1 and MRP-like transporters in
sh probably play a similar role in the xenobiotic detoxification
s in mammals. Based on this hypothesis the aim of this study
as the detection of Pgp1 and MRP-like genes and the functional

haracterization of related transport activities in the PLHC-1 fish
epatoma cell line. The sequences of high homology to mam-
alian and fish Pgp (ABCB1) and MRP3 (ABCC3) genes were

dentified and corresponding transport activities were confirmed
sing model substrates and inhibitors.

. Materials and methods

.1. Chemicals

Cyclosporin A (CA), rhodamine 123 (Rh123), monochlor-
imane (MCB), verapamil (VER), reversin 205 (REV205),
ndomethacine (IND), probenecid (PRB), thiazolyl blue tetra-
olium bromide (MTT), Triton X-100, dimethyl sulphoxide
DMSO), phosphate buffered saline without Ca2+ and Mg2+

PBS), pyruvate and HEPES were purchased from Sigma, St.
ouis, MO, USA. Minimum essential medium (MEM) and fetal
ovine serum (FBS) were obtained from Gibco (Karlsruhe,
ermany). MK571 was obtained form Cayman Chemicals
o. (Michigan, OR, USA). Calcein-AM (Ca-AM) was pur-
hased from Molecular Probes (Eugene, OR, USA). Ethanol,
sopropanol and all other chemicals used were of the highest ana-
ytical grade available and purchased from the Kemika, Zagreb,
roatia.

.2. Growth and treatment of cells

PLHC-1 cells (Hightower and Renfro, 1988) were obtained
rom the American Type Culture Collection (ATCC; LGC Pro-
ochem, Teddington, UK). The cells were grown at 30 ◦C MEM

ontaining Earle’s salts, nonessential amino acid, l-glutamine
nd 5% FBS as previously described (Hahn et al., 1996). One
ay prior to experiments the cells were seeded in 6-, 24- or 96-
ell plates in 5, 1 and 0.2 mL of medium per well, respectively.
he seeding density was 3.5 × 105 cells/cm2.

.3. Cell viability assay

Cell viability was determined by the MTT reduction test
dapted according to the Mosmann’s procedure (Mosmann,
983). After exposure of cells to a range of concentrations of
ested chemicals for 2 and 24 h, the medium was removed and the
ells were incubated for 3 h with 0.5 mg/mL MTT (50 �L/well)
issolved in MEM. The formazan salts were dissolved in iso-
ropanol and the plates were read on a microplate reader Anthos
T-III (Asys Hitech GmbH, Eugendorf, Austria) at 570 nm
sing 750 nm as a reference wavelength. Viability was expressed

s the percentage from corresponding control value. None of the
nhibitors used in the transport activity assays reduced cell via-
ility significantly in the tested concentration range (data not
hown).

http://www.nutrigene.4t.com/humanabc.htm
http://www.ensembl.org/Danio_rerio/index.html
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.4. Detection of Pgp1 and MRP3 related gene sequences

Primer pairs for Pgp1 and MRP1/2 related genes were
esigned based on the available highly conserved regions among
ammalian and fish ABCB1 and ABCC1/2 genes. The oligonu-

leotides were obtained from InvitrogenTM. Total RNA was
solated from 3.5 × 106 cells using High Pure RNA Isolation Kit
Roche Applied Science, Mannheim, Germany). The quality of
he RNA samples was analyzed by RNA 6000 Nano LabChip
it (Agilent Technologies, Palo Alto, CA, USA).
Three micrograms of total RNA were then reverse transcribed

sing M-MuLV reverse transcriptase according to the manufac-
urer’s instructions (RevertAid First Strand cDNA Synthesis Kit,
ermentas, Burlington, Ontario, Canada). PCR was performed

n Biometra thermal Cycler (Goettingen, Germany). PCR reac-
ions were conducted with 1 �L of cDNA in total volume of
0 �L. The cycling parameters were as follows: 2 min denatu-
ation at 94 ◦C, 35 cycles of heat denaturation at 94 ◦C for 30 s,
nnealing at 55 ◦C for 30 s, polymerization at 72 ◦C for 60 s, and
min final extension at 72 ◦C. The aliquots of each reaction were

eparated by electrophoresis on 1.2% agarose gel in TAE buffer,
he gels were stained with ethidium bromide and the PCR prod-
cts were visualized under UV light. The bands of expected size
ere excised and eluted using MiniElute PCR Purification Kit

Qiagen, Hilden, Germany). The isolated fragments were cloned
nto the plasmid vector and introduced in E. coli using PCR
loning Kit (Qiagen, Hilden, Germany). The plasmids were iso-

ated from 3 mL of overnight culture using QIAprep Miniprep
Qiagen, Hilden, Germany). The inserts were sequenced on both
trands by the VBC-Genomics (Vienna, Austria).

.5. Functional detection and characterization of Pgp1 and
RP-like transport activities

For the purpose of functional detection of Pgp1- and MRP-
ike transport activities the cells were cultured for 24 h in 24-well
ulture plates in 1 mL of medium per well. Before the exper-
ment the cells were washed in PBS and 250 �L of fresh

edium containing variable concentrations of CA (dissolved in
6% EtOH), VER (in 96% EtOH), REV205 (DMSO), MK571
DMSO), or PRB (in 1 M NaOH), was added to the wells. After
short (3–5 min) pre-incubation period with inhibitors the flu-
rescent Pgp1 and/or MRPs substrates (Ca-AM and Rh123;
ll dissolved in DMSO) were added at desired concentrations
n 250 �L of fresh medium per well. The final concentra-
ions of the solvents never exceeded 0.1%. The cells were
hen incubated for indicated periods of time. After the end
f the incubation period the cells were washed two times in
hosphate buffer saline (PBS) and finally lysed in 0.1% Tri-
on X-100/PBS (250 �L/well). The fluorescence was measured
sing microplate reader (Fluorolite 1000, Dynatech, Chantilly,
A, USA) at 485 nm excitation and 530 nm emission wave-

engths. The results were expressed as fluorescence units (FU)

er 7 × 105 cells. When MCB was used as a substrate the cells
ere first loaded with 25 �M MCB for 20 min and then, after
ashing the cells in PBS, the inhibitors were added in desired

oncentrations in 400 �L of fresh medium. After the indicated

o
(
c
A

ogy 81 (2007) 365–376 367

eriods of time the fluorescence of bimane–GS excreted in the
edium was measured at 390 and 480 nm excitation and emis-

ion wavelengths, respectively (Cary Eclipse Microplate reader,
arian Inc., Palo Alto, CA, USA). The cells were than washed in
BS and lysed in the in 0.1% Triton X-100/PBS (250 �L/well)
nd the amount of retained bimane–GS was measured
s well.

.6. Data analysis

Data are given as mean ± standard deviation and analyzed by
-test and one-way ANOVA (p-value < 0.05). For the purpose of
C50 values calculation the data were fitted to classical sigmoidal
our parameter dose–response model:

= b + (a − b)

1 + 10(Log IC50−x)h

here y is the response, b represents minimum of the response,
represents maximum of the response, h is shape parameter,
is logarithm of inhibitor concentration and IC50 is the con-

entration of inhibitor that corresponds to 50% of the maximal
ffect. All studies were performed in three to five independent
xperiments and results of typical experiments are shown in fig-
res. All calculations were preformed using GraphPad Prism 4
or Windows.

Sequence manipulations, analysis and multiple alignments
ere done using BLAST Internet service, BioEdit and ClustalX

oftware. Phylogenetic and molecular evolutionary analyses
ere conducted using MEGA version 3.1.

. Results

.1. Detection of Pgp1 and MRP3 related gene sequences
n PLHC-1 cell line

Based on known full and/or partial ABCB1 or ABCC1/2
equences from mammalian and fish species, specific pairs of
rimers were designed. Using the primer pair (forward: AA-
CTGCCAAGGAAGCCAA, reverse: GGGACACAATGCC-
ATCT) designed for detection of the Pgp1 gene a fragment
f 1769 bp in length was obtained (Fig. 1A). Amplifica-
ion with MRP1/2 specific primer pair (forward: CCGCT-
TCCCATTTACTCCCATTTC, reverse: GAAACGGGTCCA-
ATTCATCC) led to obtaining a 1023 bp fragment (Fig. 1B).
equencing of these PCR products and subsequent sequence
omparison using BLASTX revealed that these sequences cor-
espond to respective Pgp1 and MRP3 related sequences found
n mammalian and fish species. Multiple alignments of these
equences are shown in Fig. 2A and B. The amino acid sequence
educed from the 1769 bp fragment is highly homologous to
gp1 genes from mummichog (77%), zebrafish (64%) and
uman (54%). The amino acid sequence deduced from 1023 bp
ragment shares a high degree of homology with MRP3 from

ther fish (takifugu 65% and pufferfish 62%) and mammals
human 48%). The results of phylogenetic analysis also indi-
ate grouping of the identified sequences within ABCB and
BCC subfamily and reveal that these sequences are evolu-
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ionary closest to Pgp1 and MRP3 found in other fish species
Fig. 2C).

.2. Functional analysis of the Pgp1 and MRP-like
ransport activities in PLHC-1 cell line

Pgp1 and MRP-like transport activities were measured by
etermining the accumulation of three different model fluores-

ent substrates in the absence and presence of known inhibitors
f related efflux transporters. Ca-AM is substrate for both Pgp1
nd MRP1/2 (Holló et al., 1996). Rh123 was first considered a
pecific Pgp1 substrate but recent studies demonstrate that this

s
i
t

ig. 1. Partial cDNA and deduced amino acid sequences of (A) Pgp1 (ABCB1) and
een submitted to the GenBank nucleotide database with accession numbers DQ8425
logy 81 (2007) 365–376

ye is also a MRP1 substrate (Daoud et al., 2000). The third
ubstrate used in this study was MCB. Similarly to Ca-AM this
ompound is nonfluorescent and readily taken up by the cells
hrough simple diffusion. Inside the cells MCB becomes a sub-
trate for glutathione-S-transferases which catalyze conjugation
f MCB with glutathione (GSH). The resulting bimane–GS con-
ugate is highly fluorescent substrate of MRP subfamily, more
pecifically MRP1-4 (Bai et al., 2004; Lou et al., 2003).
First we determined the optimal accumulation time and sub-
trate concentration in the presence and absence of specific
nhibitors. In the case of Rh123 and Ca-AM the accumula-
ion was linear up to 90 min (Fig. 3A and B). After that period

(B) MRP3 (ABCC3) found in PLHC-1 cells. The nucleotide sequences have
14 (ABCB1) and DQ842515 (ABCC3).
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Fig. 1. (

plateau is reached in the case of both substrates and with
oth inhibitors, 15 �M MK571 and 10 �M CA. In the absence
f the inhibitors the accumulation rates were very low imply-
ng a high efficiency of Rh123 and Ca-AM efflux out of the
ells. After an initial loading period of 20 min with MCB, the
fflux of bimane–GS conjugate out of the cells was rapid. When
he bimane–GS is measured in the medium in the absence
f inhibitor, only 15 min is needed to reach the plateau and
urther increase in bimane–GS concentration is negligible dur-
ng next 150 min. The presence of 15 �M MK571 delayed
hat period to 30 min (Fig. 3C). Similar kinetics is observed

hen the residual bimane–GS within the cells is measured. In

he control cells the efflux of bimane–GS is complete within
0 min but 15 �M MK571 significantly prolonged that period
o 90 min (Fig. 3C). Retention assays were found to be more

i
f
t
e

able 1
C50 values and maximal accumulation (fold increase) of fluorescent substrates with

ubstrate Parameter Model inhibitor

CA VER

h123 IC50 (�M) 0.27 1.58
Maxaccum. 2.60 1.90

a-AM IC50 (�M) 2.68 No effect
Maxaccum. 6.30

CB IC50 (�M) 6.35 No effect
Maxaccum. 7.70

a Not fitted values—the numbers represent maximal accumulation (fold increase) a
nued ).

ensitive and consistent in comparison to the efflux assay. Con-
rary to the efflux experiments where 1.5–2-fold inhibition is

easured in the presence of 15 �M MK571, approximately
-fold inhibition is measured using retention assay with the
ame concentration of MK571. Consequently, in all further
xperiments with MCB the effects of different inhibitors were
easured using retention measurements after 20 min efflux

eriod.
Accumulation/retention was concentration-dependent in the

ase of all three substrates (Fig. 4A–C). Concerning the stan-
ard deviations and the magnitude of response in the presence of

nhibitors, 2.5, 0.25 and 25 �M concentrations of substrates were
ound to be optimal for the Rh123, Ca-AM and MCB, respec-
ively. These concentrations were later used in the dose–response
xperiments.

model inhibitors used

REV205 MK571 PRB IND

1.45 5.22 385.00 100.00a

2.40 3.42 2.10 3.72a

10.00a 5.80 184.92 55.90
1.80a 6.20 4.87 3.30

No effect 11.70 21.50 200.00a

6.21 2.52 4.24a

nd concentration at which the maximal accumulation was achieved.



3 oxico

l
F
b
t
d
w
V
t
u

t
t
t
i
w
r

F
o
s
p
w

70 R. Zaja et al. / Aquatic T

The effects of model transport inhibitors on the accumu-
ation/retention of Rh123, CaAM and MCB are shown in
ig. 5A–C and estimated IC50 values and maximal fold inhi-
itions are presented in Table 1. All the inhibitors used led to
he significant increase in the accumulation of Rh123 in a dose-
ependent manner. CA was found to be the most potent inhibitor

ith IC50 value of 0.27 �M when Rh123 was used as substrate.
ER and REV205 were of similar potency (IC50 ∼ 1.5 �M) and

he MK571 exhibited lower potency (IC50 = 5.2 �M). IC50 val-
es obtained for PRB and IND were 10–100 times lower than

p
t
M
m

ig. 2. Multiple sequence alignment of deduced amino acid sequences of (A) Pgp1 a
ther fish and mammalian species. Typical Pgp subdomains (Walker A and Walker
equence. Multiple sequence alignment was preformed using CLUSTAL W program
roteins from ABCC (MRP1, MRP2 and MRP3) and ABCB (Pgp1 and BSEP) subfa
as generated using neighbor-joining method and the percentage concordance based
logy 81 (2007) 365–376

he values obtained for other inhibitors. Maximal fold inhibi-
ion was similar for all the inhibitors used, ranging between
wo- and three-fold. When we used Ca-AM as substrate sim-
lar ranking in inhibitor potency was observed. IND and PRB
ere of significantly lower potency (IC50 values 185 and 55 �M,

espectively) than the other inhibitors. CA was again the most

otent one but its determined IC50 value of 2.7 �M was 10
imes higher than in the experiments with Rh123. The IC50 for

K57 did not change significantly in comparison with experi-
ents using Rh123 (5.8 �M). Contrary to what is expected VER

nd (B) Mrp3 with highly homologous sequences of ABCB1 and ABCC3 from
B) and the signature region (C-motif) are additionally denoted on the Pgp1

. Phylogenetic tree (C) was based on the multiple alignment of closely related
mily found in fish, mammals and sea squirt (nonvertebrate chordate). The tree
on 1000 bootstrap iterations is shown at the nodes.
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Fig. 2.

id not exhibit any inhibitory effect on Ca-AM accumulation.
imilarly, the 10 �M concentration of REV205 resulted in rel-
tively modest response causing 1.8-fold higher accumulation
f Ca-AM than in the control cells, but a clear dose–response
elationship was not observed and related IC50 could not be
tted. Considering the maximal level of inhibition it is notice-
ble that CA, MK571 and PRB resulted in two to three times
igher levels of maximal inhibition when Ca-AM was used.
imane–GS is a substrate specific only for MRP subfamily
nd Pgp1 specific inhibitor REV205 expectedly did not affect
ts retention within the cells. Although VER is a nonspecific
nhibitor of both Pgp1 and MRP transport proteins in mam-

als, it did not modulate bimane–GS efflux in the PLHC-1
ells. As in the case with Rh123 and Ca-AM, PRB and IND
ere the least potent inhibitors resulting in poor dose–response

elationships, and reliable IC50 values could not be calculated.
A and MK571 were potent modulators of bimane–GS efflux
ith respective IC50 values of 6.35 and 11.7 �M. The maximal

evels of inhibition for these inhibitors were also high, resulting
n eight-fold inhibition in the case of CA and six-fold inhibition
ith MK571.

. Discussion

PLHC-1 is most frequently used cell line in studying phase I
nd II enzymes involved in the metabolism of xenobiotics in fish.
n addition, this cell line is often used to evaluate environmen-

al samples (soil, water or sediment extracts) for their cytotoxic
roperties and/or their potential to induce CYP1A. The primary
oal of this study was to investigate whether the MXR mech-
nism as a third critical phase of cellular defense, mediated by

(
o
t
t

inued )

oxicologically relevant ABC efflux transporters, is present in
he PLHC-1 cells.

Two genes from the ABC transport family of proteins highly
elevant for transport of xenobiotics in mammals were found in
he PLHC-1 cells. Multiple alignment and phylogenetic analy-
is revealed a high degree of homology of detected sequences
ith those of ABCB1 and ABCC3 genes found in mammalian

nd fish species. To confirm the functional expression of the
iscovered genes, transport activity studies using different flu-
rescent substrates and wide range of inhibitors have been
onducted. Time and inhibitor concentration-dependent accu-
ulation of Rh123 and Ca-AM, well established substrates

f mammalian Pgp1 (ABCB1), were observed in the PLHC-
cells. Accumulation rates of both dyes were low in the control

ells indicating high efflux rates. When model inhibitors were
dded, a concentration-dependent increase in substrate accu-
ulation was observed (Figs. 3–5). CA was found to be the
ost potent inhibitor in the case of both substrates (Table 1).
ER, a well characterized competitive substrate of human and

at Pgp1, inhibited the efflux of Rh123 but did not change
he rate of Ca-AM accumulation. We observed similar phe-
omenon with primary rainbow trout hepatocytes (manuscript
n preparation), probably reflecting group-specific differences
oncerning VER sensitivity between fish and mammalian Pgp1.
A and VER are not fully specific inhibitors of Ppg1 and
t higher micromolar concentrations they are also known to
nhibit transport proteins from the MRP (ABCC) subfamily

Haimeur et al., 2004). Therefore, REV205, a specific inhibitor
f mammalian Pgp1, was used to additionally prove that func-
ional Pgp1 is expressed in PLHC-1 cells. REV205 led to
he increased accumulation of both substrates although clear
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oncentration–response relation could not be established with
a-AM (Fig. 5).

It has been reported that Rh123 and Ca-AM are not solely
gp1 substrates. Rh123 was shown to be the MRP1 (ABCC1)
ubstrate and Ca-AM is most likely substrate for MRP1 and

RP2 (ABCC2) as well (Daoud et al., 2000; Holló et al.,
996). These findings from mammalian models were confirmed

n our experiments with the PLHC-1 cell line. All of the
stablished inhibitors of MRP mediated efflux in mammalian
ystems also led to marked increase in the accumulation of Ca-
M and Rh123 in PLHC-1 cells. Comparing the IC50 values,

n
W
f
M

inued ).

K571 was 10–40 times more potent than PRB or IND, resem-
ling results reported for mammalian models (Table 1). It is
oticeable that CA, VER and REV205 (all Pgp1 inhibitors) sig-
ificantly changed their inhibitory properties depending on the
ubstrate used. All of these substrates are found to be more
otent (lower IC50 values; Table 1) when Rh123 is used as
ubstrate. On the contrary, MRP specific inhibitors did not sig-

ificantly change inhibiting potential with different substrates.
hen maximal level of inhibition was considered significant dif-

erences were also observed between Rh123 and Ca-AM. CA,
K571 and PRB resulted in two- to three-fold higher maxi-
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Fig. 3. Time dependency of either accumulation of rhodamine 123 (A) and
calcein-AM (B) or of retention/efflux of monochlorbimane (C) in the PLHC-
1 cells. The cells are exposed to model fluorescent substrates with or without
a
m
fl

m
(
o
o
R

Fig. 4. Concentration-dependent accumulation of rhodamine 123 (A) and
calcein-AM (B) or retention of monochlorbimane (C) in the PLHC-1 cells. The
cells are exposed to various concentrations of model fluorescent substrates with
o
r
7

t

ddition of model inhibitors, as described in detail in Section 2. Data represents
eans ± standard deviations (unless S.D.s are less than 10% of response) of
uorescent units (FU) determined per 7 × 105 cells.

al level of inhibition when Ca-AM was used as a substrate

Table 1). The described differences in IC50 values and levels
f maximal inhibition probably reflect differences in affinities
f the Pgp1 and/or MRPs binding sites between Ca-AM and
h123.

t
a
j
a

r without addition of model inhibitors, as described in detail in Section 2. Data
epresents means ± standard deviations of fluorescent units (FU) determined per
× 105 cells.

Most members of the MRP subfamily of transport pro-
eins function as organic anion transporters. It has been shown

hat these proteins extrude a variety of substrates including
nticancer drugs and glutathione, glucuronide and sulphate con-
ugates of diverse compounds. The best characterized, most
bundant and toxicologically most relevant MRPs in the liver
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Fig. 5. The effects of model inhibitors on the accumulation of rhodamine 123
(A) and calcein-AM (B) or retention of monochlorbimane (C) in PLHC-1 cells.
The cells are exposed to model fluorescent substrates with or without addition
of various concentrations of model inhibitors, as described in detail in Sec-
tion 2. Data represents means ± standard deviations of fluorescent units (FU)
determined per 7 × 105 cells.
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f mammals are MRP1 and MRP2 expressed in the basolateral
nd apical membranes of hepatocytes, respectively (Leslie et
l., 2005). In order to additionally demonstrate that MRP-like
ctivity is present in PLHC-1 cells we used nonfluorescent MCB
hich freely diffuses into cells where it becomes a substrate

or glutathion-S-transferases and forms bimane–GS conjugate.
his newly formed highly fluorescent metabolite is a substrate

or different MRP transporters. Efficient efflux of bimane–GS
ut of the PLHC-1 cells was observed, resulting in almost com-
lete clearance during 30 min of efflux (Fig. 3C). This efflux
as highly sensitive to the presence of model MRP inhibitors.
RB, IND and MK571 were all found to significantly block the
fflux of bimane–GS, with MK571 being the most potent among
hem (Fig. 5C; Table 1). CA was also shown to be very potent
nhibitor with IC50 value and level of maximal inhibition similar
o that found for MK571. These results confirm the previously
bserved nonspecificity of CA which, same as in mammalian
ells, inhibits transport proteins from both ABCB and ABCC
ubfamily. REV205 did not modulate efflux of bimane–GS con-
rming its Pgp1 specificity and offering additional proof that

wo different transport activities, Pgp1 and MRP like, are truly
resent in PLHC-1 cells.

However, the presence of genes and/or transcripts of toxi-
ologically highly relevant MRP1 or 2 efflux transporters was
ot observed in this study. As mentioned earlier, MRP1 and
are expressed in the normal liver tissue of mammalian and

robably fish species. These transporters exhibit high affinity
oward glutathione conjugates. Based on these facts and our
nitial experiments with MCB we have actually designed our
rimers towards detection of MRP1 and MRP2 related genes in
LHC-1 cells. We have used numerous different primer pairs
esigned at high homology regions of fish (zebrafish, puffer-
sh, mummichog, flounder, little skate) and mammalian (human
nd rat) MRP1 and 2 genes. Despite various PCR conditions
ested we did not obtain any PCR product related to MRP1 or

RP2 genes. However, we successfully cloned the 1023 bp PCR
roduct which was found to be highly homologous to MRP3
ABCC3) genes found in pufferfish, tetraodon, rat and human
Figs. 1 and 2). MRP3 expression is usually highest in the adrenal
lands and its level in normal liver tissue of mammals is usually
ow. However, it can be highly up-regulated in pathophysio-
ogical conditions where MRP2 is down-regulated (Donner and
eppler, 2001; Kruh and Belinsky, 2003). Together with kinetic
roperties (high Km and Vm constants) these findings suggest
hat MRP3 may be sort of a back-up mechanism when excretion
f organic anions into bile via MRP2 is blocked. It is known
hat isolation of primary hepatocytes can dramatically change
he pattern of expression of ABC efflux transporters probably
ue to loss of three-dimensional structure and hepatocyte depo-
arization (Luttringer et al., 2002). PLHC-1 cells were grown
s a monolayer culture so it is possible that the immortalization
f hepatocytes and depolarization signal during the initiation of
he culture resulted in down-regulation of MRP2 and subsequent

p-regulation of MRP3 through a compensatory mechanism. In
ddition, initial studies aimed at characterization of transport
roperties of cloned rat MRP3 showed that, in spite of the high-
st homologies between MRP1 and MRP3 among all proteins
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rom this subfamily (58% amino acid sequence identity), MRP3
s able to transport only glucoronide and not glutathione conju-
ates (Hirohashi et al., 1999). Later on, it was discovered that
uman MRP3 is able to transport glutathione conjugates (such as
PN-SG), reflecting surprising differences in substrate affinities
etween rat and human MRP3 (Kool et al., 1999). More recently,
kita et al. (2002) demonstrated that both rat and human MRP3s

re able to transport GSH conjugates in addition to glucuronides.
onsequently, it is likely that fish MRP3 is also able to trans-
ort GSH conjugates out of the cell and this hypothesis would
xplain high rate of bimane–GS efflux out of the PLHC-1 cells.
evertheless, contribution of other transporters from the MRP

ubfamily (MRP1, MRP2 and/or MRP4) cannot be excluded and
hould be addressed in future research.

In conclusion, the results of this study demonstrate that
esides the phases I and II enzyme activity the fish PLHC-1
ells do express toxicologically relevant ABC efflux transporters
nvolved in detoxification and excretion of xenobiotics. More-
ver, the fact that the PLHC-1 cells possess all three critical
lements of cellular detoxification machinery additionally con-
rms this cell line as a reliable and useful in vitro model in
eco)toxicological research.
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