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ABSTRACT
MRP2 is an apical transporter expressed in hepatocytes and
the epithelial cells of the small intestine and kidney proximal
tubule. It extrudes organic anions, conjugated compounds, and
some uncharged amphipaths. We studied the transport of an
abundant food-derived carcinogen, 2-amino-1-methyl-6-phe-
nylimidazo[4,5-b]pyridine (PhIP) in vitro, using an MRP2 trans-
fected epithelial cell line (MDCK II) and intestinal explants from
Wistar and MRP2-deficient TR2 rats in Ussing chambers. In the
experiments with the transfected cell line, we could demon-
strate more than 3-fold higher transport from basolateral to
apical than vice versa, whereas the transport in the parent cell
line was equal in both directions. These results were confirmed
in studies using isolated pieces of small intestine from Wistar
and TR2 rats in the Ussing chamber. Subsequent in vivo ex-

periments demonstrated that after oral administration, absorp-
tion of PhIP was 2-fold higher in the TR2 rat than in the Wistar
rat. Consequently, PhIP tissue levels in several organs (liver,
kidney, lung, and colon) were 1.7- to 4-fold higher 48 h after
oral administration. MRP2 mediated transport of unchanged
PhIP probably involves intracellular GSH, because GSH deple-
tion by BSO-treatment in Wistar rats reduced intestinal secre-
tion in the Ussing chamber to the same level as in TR2 rats. In
accordance, BSO treatment increased oral bioavailability in
intact Wistar rats. This study shows for the first time that
MRP2-mediated extrusion reduces oral bioavailability of a xe-
nobiotic and protects against an abundant food-derived car-
cinogen.

MDR1 P-glycoprotein and the multidrug resistance pro-
teins (MRPs) have been characterized as plasma membrane
proteins that extrude amphipathic, toxic compounds from
cells and thereby confer resistance against these compounds.
Of the multidrug resistance transporters, MRP2 and MDR1
are localized in the apical membrane of epithelial cells in-
cluding the intestine (Thiebaut et al., 1987; Keppler and
Konig, 1997; Mottino et al., 2000). Thus, these transporters
may play a role in the defense against orally ingested drugs,
toxins, and carcinogens. Although the role of the MDR1 Pgp
in oral bioavailability of drugs is currently being established
(Lown et al., 1997; Sparreboom et al., 1997; van Asperen et
al., 1997), little attention has been paid to MRP2 in this
respect and to the role of both transporters in the defense
against naturally occurring carcinogens, as has been done
with MRP1 (Loe et al., 1997).

MRP2 was first identified as a hepatocellular canalicular
organic anion transporter (Jansen et al., 1993). The range of
molecules transported by this protein is broad (Oude Elferink
et al., 1995; Konig et al., 1999), mainly including amphi-
pathic anions and glucuronide-, glutathione-, and sulfate-
conjugates. The gene was first cloned in the rat (Buchler et
al., 1996; Paulusma et al., 1996); mutations in the human
isoform were found to cause Dubin-Johnson syndrome (Pau-
lusma et al., 1997; Toh et al., 1999).

MRP2 confers multidrug resistance against such com-
pounds as methotrexate (Hooijberg et al., 1999), vincristine,
or cisplatin (Kawabe et al., 1999) and is induced by cisplatin,
2-acetylaminofluorene (Kauffmann et al., 1997), rifampicin,
and tamoxifen (Kauffmann et al., 1998). The transport of
uncharged compounds such as vincristine by MRP1 can be
stimulated by GSH; it was suggested that this involves co-
transport (Loe et al., 1998). Because MRP2 is also expressed
in the rat small intestine (Gotoh et al., 2000; Mottino et al.,
2000), we hypothesized that it actively extrudes different
amphipathic substances from the intestinal mucosa and
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thereby protects against food-derived xenobiotics, including
carcinogens and drugs.

In the present study we tested this hypothesis by studying
the role of rat MRP2 in the bioavailability of a food-derived
carcinogen, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyri-
dine (PhIP). PhIP is a heterocyclic amine belonging to the
family of the aminoimidazoazaarenes. It was first described
by Felton et al. (1986). PhIP is the most abundant heterocy-
clic amine formed during cooking, frying, and grilling (Skog
et al., 1998) and was shown to induce colon and breast car-
cinomas in rats (Ito et al., 1991). The metabolism of the
compound in different species is well defined (Alexander et
al., 1995; Kadlubar et al., 1995; Lang et al., 1999).

Much less is known about the transport of PhIP. Transport
of the parent compound is necessary for absorption, disposi-
tion, and for uptake in the cells of organs. In a very recent
publication, it was shown that there might be active secretion
of PhIP from Caco-2 cells (Walle and Walle, 1999); from the
data presented in this work, it was suggested that MDR1
and/or MRP2 can play a role in the defense against this type
of compounds.

Polymorphisms of phase I and phase II metabolizing en-
zymes play a role in type and extent of metabolism (Kadlubar
et al., 1995; King et al., 1997; Lang et al., 1999). It already
has been shown that polymorphisms in the MDR1 gene in-
fluence the bioavailability of digoxin (Hoffmeyer et al., 2000).
It is obvious that polymorphisms in other transporter genes
might also influence the absorption and distribution of xeno-
biotics in the body. In this study, we directly demonstrate
MRP2-mediated transport of PhIP in MRP2-transduced epi-
thelial cells, in small intestinal explants and in vivo.

Materials and Methods
Chemicals. [14C]PhIP (specific activity, 10 mCi/mM) was ob-

tained from Toronto Research Chemicals, Inc (North York, Ontario,
Canada). Unlabeled PhIP was bought from ICN (Costa Mesa, CA).
All batches were found to be pure .98% by HPLC. L-Buthionine-
[S,R]-sulfoximine (BSO) was bought from Sigma (St. Louis, MO). All
solvents used for HPLC separation (HPLC- or analysis-grade) were
from Merck (Darmstadt, Germany).

Animals. Female Wistar rats were obtained from Harlan-CPB
(Zeist, The Netherlands). Age- and weight-matched female TR2 rats
were from our own breeding stock, which has been characterized
previously (Jansen et al., 1985). Rats were housed in cages with a
12-h light/dark cycle and given access to food and water ad libitum.
Rats were used for experiments at age 12 to 16 weeks (200–250 g).
All animal experiments in this work have been carried out in accor-
dance with the Declaration of Helsinki.

Cell Line Experiments. Transduction of the polarized canine
kidney cell line MDCK II with human MRP2 and characterization of
the respective product has been described previously (Evers et al.,
1998). MDCK II cells were also transduced with human MDR1,
using a method described previously for LLC-PK1 cells (Schinkel et
al., 1995). Expression of the protein was verified using Western
analysis immediately before experiments. All cell lines were cultured
in 75 cm2 flasks with Dulbecco’s modified Eagle’s Medium (DMEM;
Life Technologies, Breda, The Netherlands), supplemented with 9%
fetal calf serum (BioWhittaker, Verviers, Belgium), 2 mM glutamine,
and 100 U/ml penicillin/streptomycin (both from Life Technologies,
Breda, The Netherlands) in humidified atmosphere (10% CO2). After
trypsinization, cells were seeded in a density of 40,000 cells per
milliliter of medium in filter inserts (4.7 cm2, 3.0 mm pore size;
Transwell, Costar-Corning, NY) and cultured 7 to 10 days, with a
change of medium every other day. Filters were used for experiments

only when macroscopically tight. Filters also were checked for tight-
ness after the experiment using [14C]inulin.

For the experiments, filters were preincubated for 20 min with 2
ml of DMEM without phenol red (4.5 g/l glucose, 2 mM glutamine, 25
mM HEPES) in both compartments, then PhIP (50 nM) was added to
the donor compartment (basolateral or apical). Samples (50 ml) were
taken at time points 60 and 120 min without replacing the medium.
Use of DMEM without serum prevented protein binding of PhIP but
did result in higher unspecific diffusion after 120 min.

Ussing Chamber Experiments. Rats were anesthetized (57
mg/kg ketamine, 5.7 mg/kg xylazine, intramuscular injection). The
abdomen was opened via midline incision and the jejunum was
identified and ligated. Incisions next to the ligation allowed rinsing
of the lumen with ice-cold saline solution. After ligating the blood
supply, the jejunal segment was removed and immediately placed in
ice-cold DMEM without phenol red. The muscular layer was rapidly
removed by stripping, cut pieces of jejunum were put on polycarbon-
ate filters (Schleicher & Schuell, Dassel, Germany) and mounted in
Ussing chambers (0.5-cm2 surface, 10-ml volume of both compart-
ments). After 5-min equilibration with carbogenated DMEM without
phenol red at 37°C, PhIP (10 mM) was added to the donor compart-
ment (serosal or mucosal). Samples (500 ml) were taken at 30, 60, and
90 min and 500 ml of medium was replaced. Transepithelial potential
difference was continuously monitored with AgCl electrodes and
voltage deflections induced by 10 mA bipolar current pulses through
platinum wires. Increasing loss of integrity of the intestine beyond
90 min made longer experiments impossible.

Bioavailability Studies (4 Rats Each Group). 2 mCi of
[14C]PhIP was given via gastric gavage in olive oil (500 ml). Blood
samples (500 ml) were obtained 0.5, 1, 2, 4, 24, and 48 h after dosing
by heart puncture (under light anesthesia with isoflurane). Feces
and urine were collected in 24-h fractions.

In another experimental setting, [14C]PhIP (dissolved in 500 ml of
olive oil) was administered by intraduodenal injection after anesthe-
sia (57 mg/kg ketamine, 5.7 mg/kg xylazine, intramuscular injection)
and opening of the abdomen. Blood samples were obtained from the
portal vein at time points 5, 15, 30, 60, and 120 min after injection.

BSO Pretreatment. To inhibit glutathione (GSH) synthesis, we
treated Wistar rats with 4 mM BSO per kilogram 3 h and 1.5 h before
beginning of the experiments (i.p. injection). In the bioavailability
studies over 48 h, an additional 4 mM BSO per kilogram was given
each 12 h after the first dosing. Cells were incubated with 100 mM
BSO in culture medium 24 h immediately before the experiments
were carried out. Efficiency of BSO-pretreatment was controlled by
determining GSH levels [according to the method of Tietze (1969)]
from gut tissue pieces or denatured cells.

Organs. After sample collection in each in vivo experiment ani-
mals were sacrificed by bleeding from the aorta. Liver, whole intes-
tine (with feces), kidney, pancreas, heart, and lungs were excised.
Feces were separated from the intestine and all organs were washed
before storage. All material was stored at 280°C.

Sample Treatment. Directly after sampling, aliquots of cell me-
dium samples were injected on the HPLC for quantification of PhIP.
Weighed portions of the organs from at least two different sites were
homogenized with the same volume (w/v) of ethanol then centri-
fuged, and the pellet was washed once more with ethanol. After
another centrifugation step, dry pellets (as well as samples of whole
blood) were completely solubilized in Soluene 350 (Packard, Meri-
den, CT) (1 ml per 100 mg of tissue or 100 ml of blood) and decolorized
with 0.1 ml of H2O2. Feces were homogenized with 50% methanol in
water (1:5, w/v); the homogenate was counted after adding scintilla-
tion fluid.

HPLC. Analysis and PhIP quantification was done on a system
with Gynkotek-Pumps (Germering, Germany), connected to a Rheo-
dyne 7125 injection valve (Rheodyne, Cotati, CA) and an Inertsil 5
ODS 3 column (Chrompack, Bergen op Zoom, The Netherlands).
Injection volume was 20 ml. We used an UV-Detector Spectroflow 757
(Kratos, Ramsey, NJ) at 315 nm, a fluorescence detector (FP-920;
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Jasco, Tokyo, Japan) with excitation wavelength of 315 nm and
emission wavelength of 370 nm. The mobile phase (0.4 ml/min)
consisted of 10% methanol in 0.1% diethylamine, pH 6.0 (A), and 90%
methanol in 0.1% diethylamine, pH 6.0 (B). The gradient was ad-
justed from 10% B to 75% B in 20 min. In this system, PhIP eluted
as a single peak with a retention time of approximately 17 min.

Statistical Analysis. Data were compared using one-sided t test.
P , 0.05 was considered to express significance.

Results
Cell Line Experiments. Nontransduced MDCK II cells

show equal rates of transport of PhIP in the apical as well as
in the basolateral direction (11.56 6 0.74 nM versus 12.74 6
1.23 nM in 2 h, respectively). In the MDCK II cells trans-
duced with human MRP2, transport from the apical to the
basolateral compartment was lower than that in the parent
cells (9.17 6 2.1 nM in 2 h, p 5 0.02). Higher transport was
observed from basolateral to apical in these cells (26.05 6 2.2
nM in 2 h, p , 0.001, Fig. 1). This effect of MRP2 transduc-
tion was completely reversed by pretreatment of the cells
with BSO before the experiment (11.55 6 0.83 nM in 2 h in
basolateral direction, p 5 0.52 compared with untreated
transduced cells; 10.8 6 1.2 nM in 2 h in apical direction, p ,
0.001 compared with untreated transduced cells; no signifi-
cance compared with parent cells) (Figs. 1 and 2).

Transport of PhIP in MDR1 transduced cells was equal in
both directions (p 5 0.45). Compared with the parent cells,
transport in the apical direction was slightly but significantly
higher (13.2 6 1.2 nM in 2 h, p 5 0.034), whereas transport
in the basolateral direction was identical.

These experiments were performed at a PhIP concentra-
tion of 50 nM in the donor compartment. At higher concen-
trations in the donor compartment, the differences between
transport rates in the MRP2 transduced cells became small-
er; at 10 mM, we found equal transport rates (data not shown)
This demonstrated that transport was saturable. HPLC
analysis of the samples in both compartments demonstrated
that there was no detectable metabolism of PhIP in the
untransduced as well as in the transduced cells.

Ussing Chamber Experiments. Explants from Wistar
rat small intestine were mounted in Ussing chambers. Ad-

ministration of PhIP (10 mM) to the serosal or mucosal com-
partment demonstrated a higher basal to apical transport
than vice versa. In 90 min, the concentration on the mucosal
side reached 51.2 6 12.8 nM in the Wistar rat, but only 29 6
5.9 nM in the TR2 rat (p 5 0.003, Fig. 3A). Serosal transport
in the TR2 rat (19.5 6 6.2 nM) was still lower than mucosal
transport (p 5 0.01), but serosal and mucosal transport in the
TR2 rat were not significantly different from serosal trans-
port in the Wistar rat.

With BSO pretreatment, the mucosal secretion was re-
duced in the Wistar rat to the extent of the TR2 rat (26.6 6
4.6 nM, p 5 0.002 compared with untreated Wistar rat, Fig.
3B). Surprisingly, the transport to serosal was significantly
reduced, too (15.8 6 3.5 nM, p 5 0.005 compared with serosal
transport in untreated Wistar rats, p 5 0.003 compared with
mucosal transport in BSO-pretreated Wistar rats). We could
not detect any metabolites of PhIP by HPLC.

Oral Bioavailability and Disposition over 48 h. Be-
cause the previous experiments suggested that the parent
compound could be transported by MRP2 from the gut mu-
cosa into the lumen, we investigated whether MRP2 also
influences the oral bioavailability of PhIP. We administered
PhIP (dissolved in olive oil) by gastric gavage. Blood samples
were collected on various time points over a subsequent pe-
riod of 48 h (see under Materials and Methods). Thirty min-
utes after ingestion, Wistar rats had 0.79% 6 0.2 of the
administered dose in their blood (assuming a blood volume of
4% of the body weight), whereas TR2 rats had a blood level
that was 2-fold higher, 1.66% 6 0.38 (Fig. 4A, p 5 0.006).
This difference was sustained during the first 4 h, but 24 and
48 h after administration, the two strains had comparably
low levels. In TR2 rats, there was a second peak at 2 h, which
seemed to be absent in the Wistar rats. The area under the
curve in the TR2 rats was more than doubled compared with
the Wistar (4820 and 2240, respectively over 48 h, mean
values).

To exclude the effect of altered hepatic handling on blood
levels of PhIP, we obtained blood samples directly from the
portal vein after intraduodenal administration of PhIP dis-
solved in olive oil (Fig. 4B). Blood samples obtained in this

Fig. 1. Transport of PhIP in MRP2 transduced MDCK II cells from
basolateral to apical (f) and apical to basolateral (F). PhIP was added to
either the basolateral or the apical compartment at a concentration of 50
nM. PhIP concentration in the acceptor compartment at indicated time
points was determined by HPLC. Significance level compared with oppo-
site direction: ***p , 0.001. Data represent mean 6 S.D. of four experi-
ments.

Fig. 2. Transport rate of PhIP over 2 h in untransduced MDCK II cells
(f), MRP2 transduced cells (M), BSO-pretreated MRP2 transduced cells
(o), and MDR1 transduced cells (z) in apical direction (left) and basolat-
eral direction (right). Significance level, compared with the respective
opposite direction of the same cell line, is ***p , 0.001. Significance
levels, compared with the respective direction of the parent cell line
(untransduced), are: †p , 0.05; ‡p , 0.001. Data are given as means 6
S.D. (n 5 4 for all groups).
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experiment showed generally 3- to 4-fold higher levels of
radioactivity than those obtained by heart puncture. Levels
in the TR2 rat were 1.5- to 2-fold higher than that in the
Wistar rat, resulting in a similar difference in area under the
curve (1464 in the Wistar versus 2344 in the TR2 rat over
2 h, mean values).

We also determined tissue binding of radioactivity in the
organs at 48 h after oral PhIP dosing (Fig. 5). We found
significant differences in tissue binding of radioactivity in
liver (637 6 215 and 194 6 70 dpm/100 mg of tissue in the
TR2 and Wistar rats, respectively; p 5 0.01), lung (185 6 56
and 100 6 9 dpm/100 mg of tissue in the TR2 and Wistar
rats, respectively; p 5 0.03), kidney (766 6 408 in the TR2

and 212 6 15 dpm/100 mg of tissue in the Wistar rats; p 5
0.03), and colon (276 6 152 in the TR2, 89 6 36 dpm/100 mg
of tissue in the Wistar rats, p 5 0.04).

The total body excretion over 48 h was nearly complete in
both the Wistar and the TR2 rat, but delayed in the latter.
The TR2 rat excreted about 60% of the dose over 48 h in the
urine, the Wistar only 25% (data not shown).

We also tested oral bioavailability in an experiment over
48 h with BSO-pretreated Wistar rats. The GSH levels from
liver and small intestine from this experiment with BSO are
given in Table 1. BSO-treated Wistar rats exhibited a higher
blood level of PhIP 30 min after ingestion (1.1% 6 0.1 com-
pared with 0.79% 6 0.2 in the untreated Wistar, p 5 0.03;
Fig. 4C).

The organs of the BSO-treated Wistar rats were collected
48 h after oral administration of PhIP and tissue binding was
determined. Almost all organs in these animals showed sim-
ilar accumulation as in the TR2 rat, with significant eleva-
tions (compared with untreated Wistar) in liver, lungs, kid-
ney, and colon (Fig. 5). The BSO-treated rats had
significantly higher accumulation of radioactivity in the
heart and the small intestine. This was not observed in TR2

rats.

Discussion
This study is the first to show that both human and rat

MRP2 are involved in oral bioavailability of a xenobiotic. We
present clear evidence that the heterocyclic amine PhIP, an
abundant food-derived carcinogen, is transported by MRP2.
This confirms and extends recent data, showing that inhibi-
tors of MRP2 impair PhIP transport in Caco-2 cells (Walle
and Walle, 1999). PhIP transport from the basolateral to the
apical compartment in polarized epithelial cells transduced
with the human MRP2 is almost 3-fold higher than vice
versa. Corresponding to that result, we found that transport
from serosal to mucosal approximately doubled in the iso-
lated intestine from normal Wistar rats compared with
MRP2-deficient TR2 rats. The difference in concentrations
needed in the donor compartments in the two in vitro models
(50 nM in MDCK II cells and 10 mM in intestinal explants)
reflects the technical and anatomical differences of the used
models: whereas the barrier in the cell line experiments is
only a monolayer, in the Ussing chamber, the compound has
to cross the mucus, epithelial, and submucosal layers. In
addition, experiments with the Ussing chamber could not
last longer than 90 min because of subsequent deterioration
of the tissue. Thus, in the Ussing chamber, a higher PhIP
concentration had to be added to the system to reach signif-
icant transport within the experimental period. It is possible
that other transporters play a role as well in intestinal PhIP
secretion, given the fact that the serosal to mucosal transport
in the TR2 rat is still significantly higher than vice versa.
Quantitatively, however, the contribution of MRP2 seems to

TABLE 1
Intracellular GSH content of liver and small intestine after the
bioavailability study over 48 h.
Data are given in micromoles per gram of tissue (percentage of untreated Wistar rats
in brackets) and represent means 6 SD of four independent experiments

Tissue Control BSO Treatment

Wistar liver 6.64 6 0.58 (100 6 8.7) 1.63 6 0.30 (24.5 6 5.0)
Wistar intestine 1.8 6 1.1 (100 6 15.35) 0.10 6 0.02 (5.6 6 1.1)
TR2 liver 10.4 6 0.3a (157 6 4.5) N.D.
TR2 intestine 3.1 6 0.3 (173.2 6 17.3) N.D.

a Paulusma et al., 1999.

Fig. 3. Transport rate of PhIP over 90 min in isolated jejunum from (A)
Wistar (f) and TR2 rats (Œ) and (B) untreated Wistar (f) and BSO-
pretreated Wistar rats (F) in both directions: serosal to mucosal (solid
symbols) and mucosal to serosal (open symbols). PhIP was added at a
concentration of 10 mM, samples were taken at indicated time points and
analyzed by HPLC. Significance levels, compared with untreated Wistar
rats, are **p , 0.01; ***p , 0.001. Data are given as means 6 S.D. (n 5
6 in all groups).

MRP2 Transports PhIP 977

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


be most important. It is questionable whether MDR1 contrib-
utes significantly to transport of PhIP as suggested by Walle
and Walle (1999). We found slightly but significantly higher
transport of PhIP in the apical direction in MDR1 transduced
cells compared with the untransduced cells, but compared
with the basolateral direction of the transduced cells, the
difference was not significant. This indicates that MDR1
plays a minor role, if any, in PhIP transport. It is an inter-
esting finding that MRP2 contributes much more than
MDR1, because PhIP is an uncharged amphipath.

To test the role of MRP 2 in genuine oral bioavailability of
PhIP, we administered PhIP by gastric gavage to Wistar and
TR2 rats and determined blood levels up to 48 h after ad-
ministration. Blood levels of radioactivity were about twice
as high in TR2 rats than in Wistar rats. There are two
possible explanations for that effect: Firstly, higher absorp-
tion from the gut of the TR2 rat and secondly, reduced
excretion by liver or kidney via bile or urine, respectively. To
distinguish between these two possibilities we drew blood
samples directly from the portal vein after intraduodenal
administration of PhIP; the increased PhIP levels in portal
blood supported the first hypothesis. The 3- to 4-fold higher
portal blood levels in both animal groups (compared with the
heart blood) demonstrated the importance of metabolism of
PhIP in the liver; the difference in portal blood levels be-
tween Wistar and TR2 confirmed a higher initial PhIP ab-
sorption in the TR2 rats of ;2- to 3-fold and higher overall
absorption of 1.5- to 2-fold, as can be calculated from the area
under the curve.

Overall, the blood levels in the portal vein confirmed the in
vitro results qualitatively and quantitatively. Thus, this
physiological setting demonstrated an important role of
Mrp2 in the direct elimination of PhIP from the gut mucosa,
thereby reducing the oral bioavailability. Given the results
from transduced cells and the fact that MRP2 is also ex-
pressed in human small intestine and is inducible there
(Fromm et al., 2000), it is likely that this mechanism also
plays a role in man, depending on the individual expression
level.

HPLC analysis of samples from the cell line experiments
and the Ussing chamber studies showed no metabolism in
MDCK II cells or the rat intestine, indicating that the dem-

Fig. 4. Blood content of radioactivity after luminal administration of
[14C]PhIP in the gut. A, levels in peripheral blood (heart puncture)
between 0.5 and 48 h after administration of [14C]PhIP by gastric gavage
in Wistar (f) and TR2 (Œ) rats. B, levels in portal vein blood between 5
and 120 min after intraduodenal injection of [14C]PhIP in Wistar (f) and
TR2 (Œ) rats. C, levels in peripheral blood (heart puncture) between 0.5
and 48 h after administration of [14C]PhIP by gastric gavage in Wistar (f)
and BSO-pretreated Wistar rats (F). Significance levels (*p , 0.05; **p ,
0.01; ***p , 0.001) of TR2 and BSO-pretreated rats are compared with
untreated Wistar rat. Data are given as means 6 S.D. (n 5 4 in all
groups).

Fig. 5. Radioactivity content after ethanol extraction in several organs of
Wistar (f), TR2 (M), and BSO-pretreated Wistar rats (o) 48 h after
luminal administration of [14C]PhIP in the gut. Significance levels (*p ,
0.05; **p , 0.01) of TR2 and BSO-pretreated rats are those compared
with untreated Wistar rat. Data are given as means 6 S.D. (n 5 4 in all
groups).
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onstrated effect on bioavailability is caused by MRP2-medi-
ated transport of the parent compound. However, PhIP that
reaches the liver is metabolized extensively (Alexander et al.,
1995).

We speculate that the transport of PhIP is taking place in
cotransport with GSH, because PhIP itself is uncharged. We
have shown previously that incubation of MRP2 transduced
cells with 100 mM BSO for 24 h before the experiment results
in GSH depletion to 17% of controls and that this treatment
did not affect ATP levels or cellular integrity (Paulusma et
al., 1999). Transport in such pretreated cells, as well as in
small intestine from BSO-pretreated animals in Ussing
chambers, was reduced significantly. Blood levels of radioac-
tivity were significantly higher in the BSO-pretreated ani-
mals than in normal Wistar rats. Although GSH depletion by
BSO is an established method (Drew and Miners, 1984;
Minchinton et al., 1984; Paulusma et al., 1999), we cannot
totally exclude the possibility that other mechanisms are at
play as well. In all of our experimental systems, however,
BSO causes almost the same results as the absence of MRP2,
which suggests that GSH plays a role in MRP2-mediated
transport of PhIP.

If this is true, the role of GSH in defense against PhIP is
complex. In the past it was shown that glutathione depletion
caused a 5-fold increase of DNA adducts in the liver (Kader-
lik et al., 1994a) or a 15-fold increase in hepatocytes (Kader-
lik et al., 1994b), respectively, in the latter case without
changing the metabolism profile. It was also shown that a
concentration of 40 mM GSH in vitro inhibited DNA-binding
by N-acetoxy-PhIP (Kaderlik et al., 1994b). Our data suggest
that, in addition to reduction of DNA adduct formation, GSH
may play a role in direct extrusion of the carcinogen. It is
likely, therefore, that there is addition of several effects in
GSH action, which may explain discordant results between
BSO-pretreated Wistar and TR2 rats in the bioavailability
studies.

We show here that the absence of MRP2 leads to altered
GSH homeostasis in the small intestine of the TR2 rat (Table
1) as is the case in the liver (Paulusma et al., 1999). Thus, in
this animal, one effect could counteract the other. On one
hand, absence of MRP2 will lead to increased tissue levels of
PhIP and reactive metabolites, as shown here. On the other
hand, the increased tissue levels of GSH could reduce adduct
formation. This may explain the relatively low tissue binding
in the small intestine of the TR2 rats and the very high tissue
levels of radioactivity in small intestine of the BSO-pre-
treated Wistar rats. However, BSO-pretreatment produced
lower levels of radioactivity in the liver of Wistar rats than
MRP2-deficiency in the liver of TR2 rats. Our data cannot
resolve this difference, but it may be possible that this dif-
ference in susceptibility to tissue radioactivity binding be-
tween intestine and liver is a result of different degrees of
GSH depletion (Table 1).

The importance of the described defense mechanism in
MRP2 is highly emphasized by the differences in tissue levels
48 h after administration. In our study, MRP2 deficiency led
to significantly higher, ethanol-insoluble radioactivity con-
tents in several organs after 48 h. After 48 h, excretion and
metabolism of the administered compound is almost com-
pleted (over 97% recovery of the dose in urine and feces).
Therefore, ethanol-insoluble tissue contents of radioactivity
at that time indicate covalent binding of reactive metabolites

to the tissue (Watkins et al., 1991). This may suggest, but
does not yet prove, that there will be higher carcinogenicity.
Because DNA-adduct formation cannot simply be used to
estimate carcinogenicity (Ochiai et al., 1996), a long-term
feeding study is, in our opinion, the only way to discover the
relevance of this difference for carcinogenicity of PhIP.

Our results shed new light on the role of MRP2. Obviously,
MRP2 is, in two respects, not only a canalicular multispecific
organic anion transporter, as was initially assumed. First, in
addition to its role in biliary transport, it plays an important
role in the first-line defense in the intestine. Second, it trans-
ports a wide variety of neutral or amphipathic compounds,
not only organic anions. As such, it probably plays a role in
the oral bioavailability of many drugs, toxins, and carcino-
gens.

Acknowledgments

We thank Anton B. van de Wardt, Bert van Urk, and Kor
Brandsma for excellent technical assistance during animal experi-
ments. We also thank Prof. Piet Borst and Dr. Alfred Schinkel for
providing the MDR1 transduced MDCK II cells and for helpful
discussions.

References
Alexander J, Fossum BH, Reistad R and Holme JA (1995) Metabolism of the food

carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) in the rat
and other rodents. Princess Takamatsu Symp 23:113–122.

Buchler M, Konig J, Brom M, Kartenbeck J, Spring H, Horie T and Keppler D (1996)
cDNA cloning of the hepatocyte canalicular isoform of the multidrug resistance
protein, cMrp, reveals a novel conjugate export pump deficient in hyperbiliru-
binemic mutant rats. J Biol Chem 271:15091–8.

Drew R and Miners JO (1984) The effects of buthionine sulphoximine (BSO) on
glutathione depletion and xenobiotic biotransformation. Biochem Pharmacol 33:
2989–2994.

Evers R, Kool M, van Deemter L, Janssen H, Calafat J, Oomen LC, Paulusma CC,
Oude Elferink RP, Baas F, Schinkel AH and Borst P (1998) Drug export activity of
the human canalicular multispecific organic anion transporter in polarized kidney
MDCK cells expressing cMOAT (MRP2) cDNA. J Clin Invest 101:1310–1319.

Felton JS, Knize MG, Shen NH, Lewis PR, Andresen BD, Happe J and Hatch FT
(1986) The isolation and identification of a new mutagen from fried ground beef:
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP). Carcinogenesis 7:1081–
1086.

Fromm MF, Kauffmann HM, Fritz P, Burk O, Kroemer HK, Warzok RW, Eichel-
baum M, Siegmund W and Schrenk D (2000) The effect of rifampin treatment on
intestinal expression of human MRP transporters. Am J Pathol 157:1575–1580.

Gotoh Y, Suzuki H, Kinoshita S, Hirohashi T, Kato Y and Sugiyama Y (2000)
Involvement of an organic anion transporter (Canalicular multispecific organic
anion Transporter/Multidrug resistance-associated protein 2) in gastrointestinal
secretion of glutathione conjugates in rats. J Pharmacol Exp Ther 292:433–439.

Hoffmeyer S, Burk O, von Richter O, Arnold HP, Brockmoller J, Johne A, Cascorbi
I, Gerloff T, Roots I, Eichelbaum M and Brinkmann U (2000) Functional polymor-
phisms of the human multidrug-resistance gene: Multiple sequence variations and
correlation of one allele with P-glycoprotein expression and activity in vivo. Proc
Natl Acad Sci USA 97:3473–3478.

Hooijberg JH, Broxterman HJ, Kool M, Assaraf YG, Peters GJ, Noordhuis P, Scheper
RJ, Borst P, Pinedo HM and Jansen G (1999) Antifolate resistance mediated by the
multidrug resistance proteins MRP1 and MRP2. Cancer Res 59:2532–2535.

Ito N, Hasegawa R, Sano M, Tamano S, Esumi H, Takayama S and Sugimura T
(1991) A new colon and mammary carcinogen in cooked food, 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP). Carcinogenesis 12:1503–1506.

Jansen PL, Peters WH and Lamers WH (1985) Hereditary chronic conjugated
hyperbilirubinemia in mutant rats caused by defective hepatic anion transport.
Hepatology 5:573–579.

Jansen PL, van Klinken JW, van Gelder M, Ottenhoff R and Elferink RP (1993)
Preserved organic anion transport in mutant TR- rats with a hepatobiliary secre-
tion defect. Am J Physiol 265:G445–G452.

Kaderlik KR, Minchin RF, Mulder GJ, Ilett KF, Daugaard-Jenson M, Teitel CH and
Kadlubar FF (1994a) Metabolic activation pathway for the formation of DNA
adducts of the carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
(PhIP) in rat extrahepatic tissues. Carcinogenesis 15:1703–1709.

Kaderlik KR, Mulder GJ, Shaddock JG, Casciano DA, Teitel CH and Kadlubar FF
(1994b) Effect of glutathione depletion and inhibition of glucuronidation and
sulfation on 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) metabolism,
PhIP-DNA adduct formation and unscheduled DNA synthesis in primary rat
hepatocytes. Carcinogenesis 15:1711–1716.

Kadlubar F, Kaderlik RK, Mulder GJ, Lin D, Butler MA, Teitel CH, Minchin RF,
Ilett KF, Friesen MD, Bartsch H, Nagao M, Esumi H, Sugimura T and Lang NP
(1995) Metabolic activation and DNA adduct detection of PhIP in dogs, rats, and
humans in relation to urinary bladder and colon carcinogenesis. Princess Taka-
matsu Symp 23:207–213.

MRP2 Transports PhIP 979

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Kauffmann HM, Keppler D, Gant TW and Schrenk D (1998) Induction of hepatic
mrp2 (cmrp/cmoat) gene expression in nonhuman primates treated with rifampi-
cin or tamoxifen. Arch Toxicol 72:763–768.

Kauffmann HM, Keppler D, Kartenbeck J and Schrenk D (1997) Induction of cMrp/
cMoat gene expression by cisplatin, 2- acetylaminofluorene, or cycloheximide in rat
hepatocytes. Hepatology 26:980–985.

Kawabe T, Chen ZS, Wada M, Uchiumi T, Ono M, Akiyama S and Kuwano M (1999)
Enhanced transport of anticancer agents and leukotriene C4 by the human can-
alicular multispecific organic anion transporter (cMOAT/MRP2). FEBS Lett 456:
327–331.

Keppler D and Konig J (1997) Hepatic canalicular membrane 5: expression and
localization of the conjugate export pump encoded by the MRP2 (cMRP/cMOAT)
gene in liver. FASEB J 11:509–516.

King CM, Land SJ, Jones RF, Debiec-Rychter M, Lee MS and Wang CY (1997) Role
of acetyltransferases in the metabolism and carcinogenicity of aromatic amines.
Mutat Res 376:123–128.

Konig J, Nies AT, Cui Y, Leier I and Keppler D (1999) Conjugate export pumps of the
multidrug resistance protein (MRP) family: localization, substrate specificity, and
MRP2-mediated drug resistance. Biochim Biophys Acta 1461:377–394.

Lang NP, Nowell S, Malfatti MA, Kulp KS, Knize MG, Davis C, Massengill J,
Williams S, MacLeod S, Dingley KH, Felton JS and Turteltaub KW (1999) In vivo
human metabolism of [2–14C]2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
(PhIP). Cancer Lett 143:135–138.

Loe DW, Deeley RG and Cole SP (1998) Characterization of vincristine transport by
the Mr 190,000 multidrug resistance protein (MRP): evidence for cotransport with
reduced glutathione. Cancer Res 58:5130–5136.

Loe DW, Stewart RK, Massey TE, Deeley RG and Cole SP (1997) ATP-dependent
transport of aflatoxin B1 and its glutathione conjugates by the product of the
multidrug resistance protein (MRP) gene. Mol Pharmacol 51:1034–1041.

Lown KS, Mayo RR, Leichtman AB, Hsiao HL, Turgeon DK, Schmiedlin-Ren P,
Brown MB, Guo W, Rossi SJ, Benet LZ, et al. (1997) Role of intestinal P-
glycoprotein (mdr1) in interpatient variation in the oral bioavailability of cyclo-
sporine. Clin Pharmacol Ther 62:248–260.

Minchinton AI, Rojas A, Smith KA, Soranson JA, Shrieve DC, Jones NR and
Bremner JC (1984) Glutathione depletion in tissues after administration of buthi-
onine sulphoximine. Int J Radiat Oncol Biol Phys 10:1261–1264.

Mottino AD, Hoffman T, Jennes L and Vore M (2000) Expression and localization of
multidrug resistant protein mrp2 in rat small intestine. J Pharmacol Exp Ther
293:717–723.

Ochiai M, Watanabe M, Kushida H, Wakabayashi K, Sugimura T and Nagao M
(1996) DNA adduct formation, cell proliferation and aberrant crypt focus forma-
tion induced by PhIP in male and female rat colon with relevance to carcinogen-
esis. Carcinogenesis 17:95–98.

Oude Elferink RP, Meijer DK, Kuipers F, Jansen PL, Groen AK and Groothuis GM
(1995) Hepatobiliary secretion of organic compounds; molecular mechanisms of
membrane transport. Biochim Biophys Acta 1241:215–268.

Paulusma CC, Bosma PJ, Zaman GJ, Bakker CT, Otter M, Scheffer GL, Scheper RJ,

Borst P and Oude Elferink RP (1996) Congenital jaundice in rats with a mutation
in a multidrug resistance- associated protein gene. Science (Wash DC) 271:1126–
1128.

Paulusma CC, Kool M, Bosma PJ, Scheffer GL, ter Borg F, Scheper RJ, Tytgat GN,
Borst P, Baas F and Oude Elferink RP (1997) A mutation in the human canalicular
multispecific organic anion transporter gene causes the Dubin-Johnson syndrome.
Hepatology 25:1539–1542.

Paulusma CC, van Geer MA, Evers R, Heijn M, Ottenhoff R, Borst P and Oude
Elferink RP (1999) Canalicular multispecific organic anion transporter/multidrug
resistance protein 2 mediates low-affinity transport of reduced glutathione. Bio-
chem J 338:393–401.

Schinkel AH, Wagenaar E, van Deemter L, Mol CA and Borst P (1995) Absence of the
mdr1a P-Glycoprotein in mice affects tissue distribution and pharmacokinetics of
dexamethasone, digoxin, and cyclosporin A. J Clin Invest 96:1698–1705.

Skog KI, Johansson MA and Jagerstad MI (1998) Carcinogenic heterocyclic amines
in model systems and cooked foods: a review on formation, occurrence and intake.
Food Chem Toxicol 36:879–896.

Sparreboom A, van Asperen J, Mayer U, Schinkel AH, Smit JW, Meijer DK, Borst P,
Nooijen WJ, Beijnen JH and van Tellingen O (1997) Limited oral bioavailability
and active epithelial excretion of paclitaxel (Taxol) caused by P-glycoprotein in the
intestine. Proc Natl Acad Sci USA 94:2031–2035.

Thiebaut F, Tsuruo T, Hamada H, Gottesman MM, Pastan I and Willingham MC
(1987) Cellular localization of the multidrug-resistance gene product P- glycopro-
tein in normal human tissues. Proc Natl Acad Sci USA 84:7735–7738.

Tietze F (1969) Enzymic method for quantitative determination of nanogram
amounts of total and oxidized glutathione: applications to mammalian blood and
other tissues. Anal Biochem 27:502–522.

Toh S, Wada M, Uchiumi T, Inokuchi A, Makino Y, Horie Y, Adachi Y, Sakisaka S
and Kuwano M (1999) Genomic structure of the canalicular multispecific organic
anion-transporter gene (MRP2/cMOAT) and mutations in the ATP-binding-
cassette region in Dubin-Johnson syndrome. Am J Hum Genet 64:739–746.

van Asperen J, van Tellingen O, Sparreboom A, Schinkel AH, Borst P, Nooijen WJ
and Beijnen JH (1997) Enhanced oral bioavailability of paclitaxel in mice treated
with the P-glycoprotein blocker SDZ PSC 833. Br J Cancer 76:1181–1183.

Walle UK and Walle T (1999) Transport of the cooked-food mutagen 2-amino-1-
methyl-6-phenylimidazo-[4,5-b]pyridine (PhIP) across the human intestinal
Caco-2 cell monolayer: role of efflux pumps. Carcinogenesis 20:2153–2157.

Watkins BE, Esumi H, Wakabayashi K, Nagao M and Sugimura T (1991) Fate and
distribution of 2-amino-1-methyl-6-phenylimidazo[4,5- b]pyridine (PhIP) in rats.
Carcinogenesis 12:1073–1078.

Send reprint requests to: R. P. J. Oude Elferink, Ph.D., Lab. of Experimen-
tal Hepatology, Dept. of Gastroenterology, Academic Medical Center, F0–116,
Meibergdreef 9, 1105AZ Amsterdam, The Netherlands. E-mail: r.p.oude-
elferink@amc.uva.nl

980 Dietrich et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

