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ABSTRACT

INTRODUCTION
Epidemiological studies have associated the consumption of welldone meat, containing high levels of HAs, with an increased risk of
intestinal and breast cancer (1). The HAs are a family of mutagenic
and carcinogenic compounds formed by pyrolysis reactions during the
cooking of protein-containing foods such as meat and fish (2– 4). HAs
can be detected in the urine of healthy volunteers on a normal diet, and
exposure occurs on a daily basis (5, 6). Among the five principal HAs,
PhIP is the most abundant in the diet, present in cooked meat and fish
at levels of 0.56 – 69.2 ng/g and in cigarette smoke condensate (2, 5,
7, 8). PhIP is a very potent mutagen in the Ames/Salmonella assay (2).
The administration of PhIP to F344 rats leads to aberrant crypt foci
and adenocarcinomas in the colon (3). The carcinogenic potential of
PhIP in the colon appears to be strain dependent, indicating that

MATERIALS AND METHODS

Animals. Mice were housed and handled according to institutional guidelines complying with Dutch legislation. Animals used in all experiments were
male Bcrp1⫺/⫺, Mdr1a/1b⫺/⫺, and wild-type mice, all of ⬎99% FVB genetic
background between 9 and 14 weeks of age. Animals were kept in a temperature-controlled environment with a 12-h light/12-h dark cycle. They received
a standard diet (a.m.-II, Hope Farms, Woerden, The Netherlands) and acidified
water ad libitum.
Chemicals. PhIP and [14C]PhIP (10 mCi/mmol) were from Toronto Research
Chemicals, Inc. (Toronto, Ontario, Canada); [3H]]Inulin was from
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The food carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
(PhIP) is the most abundant heterocyclic amine found in various protein
containing foods. PhIP is mutagenic and carcinogenic in rodents, inducing
lymphomas in mice and colon, mammary and prostate carcinomas in rats.
It has also been implicated in human breast carcinogenesis. Humans on a
normal Western diet are exposed to PhIP on a daily basis. The breast
cancer resistance protein (BCRP/ABCG2) transports various anticancer
drugs from cells, causing multidrug resistance. By its presence in the
apical membrane of the intestine and bile canalicular membrane, it also
protects the body from substrate drugs and toxins. We investigated
whether Bcrp1 could affect PhIP exposure of the body because this could
implicate BCRP activity in the cancer risk due to PhIP. Using polarized
cell lines, we found that PhIP is efficiently transported by murine Bcrp1.
In vivo pharmacokinetic studies showed that at a dose of 1 mg/kg
[14C]PhIP the area under the curve for oral administration was 2.9-fold
higher in Bcrp1⫺/⫺ compared with wild-type mice (306 ⴞ 39 versus
107 ⴞ 15 h䡠ng/ml) and, for i.v. administration, 2.2 fold higher (386 ⴞ 36
versus 178 ⴞ 8.9 h䡠ng/ml). Wild-type mice cleared [14C]PhIP mainly by
fecal excretion, but this shifted to primarily urinary excretion in Bcrp1⫺/⫺
mice. In mice with a cannulated gall bladder, both hepatobiliary and
direct intestinal excretion of [14C]PhIP were greatly impaired in Bcrp1⫺/⫺
compared with wild-type mice (9.0 ⴞ 4.4 versus 36.5 ⴞ 9.4% and 1.5 ⴞ 0.8
versus 4.2 ⴞ 1.5%, respectively). We conclude that Bcrp1 effectively
restricts the exposure of mice to ingested PhIP by decreasing its uptake
from the gut lumen and by mediating hepatobiliary and intestinal elimination. Intra- or interindividual differences in BCRP activity in humans
may thus also affect the exposure to PhIP and related food carcinogens,
with possible implications for cancer susceptibility.

interactions between the environmental exposure (PhIP) and genetic
make-up are important in this process (9). PhIP induces lymphomas in
mice and mammary and prostate carcinomas in rats as well (3,
10 –13). PhIP may also be a mammary carcinogen in humans (14).
The incremental cancer risk attributable to dietary intake of HAs in
humans in the developed world has been estimated to be 1.1 ⫻ 10⫺4,
wherein PhIP contributes up to 46% of this incremental risk (7).
BCRP is a member of the ABC family of drug transporters. It can
actively transport various anticancer drugs (doxorubicin, mitoxantrone, and topotecan) from cells, causing multidrug resistance (15,
16). The mouse homologue Bcrp1 is present in the apical membrane
of epithelial cells of the small intestine, colon, cecum, and renal
proximal tubules, in hepatic bile canalicular membranes, and in placental labyrinth cells (17, 18). We previously demonstrated that this
enables Bcrp1 to decrease the oral uptake and fetal penetration of
topotecan and dietary compounds (17, 18). Because BCRP/Bcrp1
plays a role in the (re-)uptake from the gut, the hepatobiliary excretion
and the overall clearance of topotecan and presumably other BCRP
substrates, we were interested in the possible role of Bcrp1 in the
bioavailability of dietary carcinogens such as PhIP.
If BCRP would have a role in protection from food carcinogens,
then inter- or intraindividual variation in BCRP activity, as a consequence of induction, stimulation, or inhibition of BCRP by food or
drug intake or because of BCRP polymorphisms, could be important
to individual cancer susceptibility (19, 20). Dietrich et al. (21, 22)
established that the ABC transporter MRP2 transports PhIP and
affects its oral uptake and excretion using Mrp2 mutant rats. There
might be analogous roles for BCRP and the ABC transporter P-gp
because all three transporters are present in the apical membranes of
small intestine and bile canalicular membrane. Each could thus potentially influence the bioavailability of xenotoxins and carcinogens.
In this study, we addressed the question whether Bcrp1 and P-gp can
transport PhIP and can affect its bioavailability by in vitro and in vivo
studies using Bcrp1- and P-gp-knockout mice.
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transport assays. Human MDR1-, and murine Mdr1a-, Mdr1b-, and Bcrp1- RESULTS
transfected LLC-PK1 subclones were described previously (17, 24, 25). The
In Vitro Transport of [14C]PhIP by MDR1, Mdr1a, and Mdr1b
LLC-PK1 cells and transfected subclones were cultured in M199 medium
P-gp
and by MRP2 and Bcrp1. To test whether Bcrp1 and P-gp are
supplied with L-glutamine (Life Technologies, Inc., Breda, the Netherlands)
involved
in PhIP transport in vitro, we made use of the polarized pig
and supplemented with penicillin (50 units/ml), streptomycin (50 g/ml) and
10% (v/v) FCS (Life Technologies, Inc.) at 37°C in the presence of 5% CO2. kidney epithelial cell line LLC-PK1 and its subclones transfected with
Human MDR1-, murine Bcrp1-, and human MRP2-transduced MDCK-II sub- human MDR1, murine Mdr1a, murine Mdr1b, or wild-type murine
clones were described previously (17, 26). The MDCK-II cells and transduced Bcrp1 cDNAs, and the polarized canine kidney cell line MDCK-II and
subclones were cultured in DMEM supplied with glutamax (Life Technolo- its subclones transduced with human MDR1, human MRP2, or murine
gies, Inc.) and supplemented with penicillin (50 units/ml), streptomycin (50 Bcrp1 cDNAs. The cell lines were grown to confluent polarized
g/ml), and 10% (v/v) FCS (Life Technologies, Inc.) at 37°C in the presence monolayers on porous membrane filters, and vectorial transport of
of 5% CO2.
[14C]PhIP across the monolayer was determined. In the MDCK-II
Transport Assay. Transport assays were carried out as described with parental cell line, apically and basolaterally directed translocation of
minor modifications (24). Cells were seeded on microporous polycarbonate [14C]PhIP (2 M) were similar, and this was also the case for the
membrane filters (3.0-m pore size, 24 mm diameter, Transwell 3414; Costar, MRP2-transduced MDCK-II subclone (Fig. 1, A and B). In the MDR1Corning, NY) at a density of 2.0 ⫻ 106 cells/well in 2 ml of complete medium.
transduced MDCK-II cells, there was somewhat increased apical and
Cells were grown for 3 days, and medium was replaced every day. Two h decreased basolateral translocation, whereas in the Bcrp1-transduced
before the start of the experiment, medium at both the apical and basolateral
MDCK-II cell line, apically directed translocation was highly inside of the monolayer was replaced with 2 ml of Optimem medium (Life
creased and basolaterally directed translocation drastically decreased
Technologies, Inc.) without serum, either with or without 5 M GF120918 or
(Fig. 1, C and D).
Ko143. The experiment was started (t ⫽ 0) by replacing the medium in either
Subsequently, we tested [14C]PhIP translocation by Mdr1a, Mdr1b,
the apical or basolateral compartment with fresh Optimem medium, either with
MDR1 in the LLC-PK1 cell line. At a concentration of 2 M
or without 5 M GF120918 or Ko143 and 2 or 100 M [14C]PhIP and and
14
[3H]]inulin. Cells were incubated at 37°C in 5% CO2, and 50 l of aliquots [ C]PhIP, there was a high background of apically directed translowere taken every hour. The appearance of radioactivity in the opposite com- cation in the LLC-PK1 parent (see below), which was considerably
14
partment was measured and presented as the fraction of total radioactivity reduced by increasing the [ C]PhIP concentration to 100 M. At this
14
high concentration, [ C]PhIP translocation in the LLC-PK1- Mdr1b
added at the beginning of the experiment. The tightness of the monolayer was
measured by monitoring the paracellular flux of [3H]]inulin to the opposite and LLC-PK1-MDR1 subclones was not different compared with the
parental cell line (data not shown). However, for the Mdr1a-transcompartment, which had to remain ⬍1.5% of the total radioactivity/hour.
Pharmacokinetic Experiments. For i.v. administration of [14C]PhIP, 5 l fected LLC-PK1 subclone an increased apical and decreased basolatof drug solution [appropriate concentration in 20% (v/v) DMSO, 4% (w/v) eral translocation was observed (Fig. 2, A and B). In the Bcrp1D-glucose]/g body weight was injected into the tail vein of mice lightly
transfected LLC-PK1 subclone, apically directed translocation was
anesthetized with methoxyflurane. For oral administration, 5.3 l of drug highly increased and basolaterally directed translocation was highly
solution [appropriate concentration in 5.8% (v/v) DMSO, 4.7% (w/v) D- decreased compared with the parental LLC-PK1 parent cell line (Fig.
glucose, 0.01 M HCl]/g body weight were dosed by gavage into the stomach. 2C). This transport was completely inhibited by Ko143, a selective
Animals were sacrificed by terminal bleeding through cardiac puncture after Bcrp1 inhibitor (Fig. 2D; Ref. 23) and partially by the Bcrp1/P-gp
anesthesia with methoxyflurane. Levels of radioactivity in plasma and urine inhibitor GF120918 (Fig. 2E; Ref. 27). This suggests that Ko143 is a
were determined by liquid scintillation counting.
better inhibitor of Bcrp1 than GF120918, consistent with Allen et al.
Metabolic Cage Experiment. Mice were housed in a Ruco Type M/1
metabolic cage (Valkenswaard, the Netherlands). They were allowed to accustom to the cages for 2 days, before receiving [14C]PhIP (1 mg/kg) injected
into the tail vein under light anesthesia with methoxyflurane. Feces and urine
were collected in fractions of 0 – 4, 4 – 8, 8 –24, and 24 – 48 h after drug
administration, and feces was homogenized in 4% (w/v) BSA. Levels of
radioactivity in feces and urine were determined by liquid scintillation
counting.
Gall Bladder Cannulation Experiments. Mice were anesthetized with a
combination of ketamine (25 mg/ml) and xylazine to a final dose of 116 mg/kg
ketamine and 8 mg/kg xylazine. The volume of the anesthetic solution injected
i.p. was 5 l/g body weight. After opening of the abdominal cavity and distal
ligation of the common bile duct, a polythene catheter (Portex Limited, Hythe,
United Kingdom), with an inner diameter of 0.28 mm, was inserted into the
incised gall bladder. The catheter was fixed to the gall bladder with an
additional ligation. Bile was collected in 10-min fractions for 60 min after i.v.
injection of [14C]PhIP (1 mg/kg) into the tail vein. At the end of the experiment, blood was collected by cardiac puncture, and organs were removed and
homogenized in 4% (w/v) BSA. Intestinal contents (feces) were separated from
intestinal tissue. Levels of radioactivity in plasma, bile, feces, and tissue
homogenates were determined by liquid scintillation counting.
Pharmacokinetic Calculations and Statistical Analysis. All values are
given as average ⫾ SD, unless indicated otherwise. A two-sample equal
Fig. 1. Transepithelial transport of [14C]PhIP (2 M) in MDCK-II cells either nonvariance (homoscedastic) Student’s t test was used to assess the significance of transduced (A) or transduced with human MRP2 (B), human MDR1 (C), or murine Bcrp1
difference between two sets of data. Differences were considered to be statis- (D) cDNAs. At t ⫽ 0, [14C]PhIP was applied in one compartment (basolateral or apical),
tically significant when P ⬍ 0.05. AUC from time ⫽ 0 to the last sampling and the percentage of radioactivity appearing in the opposite compartment at t ⫽ 1, 2, 3,
and 4 h was measured and plotted (n ⫽ 3). Translocation from the basolateral to the apical
point was calculated by the linear trapezoidal rule, and oral availability was compartment (F); translocation from the apical to the basolateral compartment (E). Error
bars (often smaller than the symbols) indicate SD.
determined by AUC p.o./AUC i.v. at a dose of 1 mg/kg.
6448

Bcrp1 RESTRICTS EXPOSURE TO THE CARCINOGEN PhIP

(23), and that PhIP transport by Bcrp1 is not easily completely
inhibited. The high background transport of [14C]PhIP in parental
LLC-PK1 cells (especially observed at 2 M [14C]PhIP) was most
likely attributable to endogenous pig BCRP because this endogenous
transport was nearly completely inhibited by both GF120918 and
Ko143 (data not shown).
Taken together, the results demonstrate highly efficient transport of
PhIP by Bcrp1, moderate transport by murine Mdr1a, and low transport by human MDR1.
In Vivo Plasma Pharmacokinetics of [14C]PhIP in Bcrp1ⴚ/ⴚ,
Mdr1a/bⴚ/ⴚ, and Wild-Type Mice. To assess whether the in vitro
observed Bcrp1- and Mdr1a- mediated PhIP transport is also relevant
in vivo, we tested the oral uptake of [14C]PhIP in wild-type, Mdr1a/
b⫺/⫺, and Bcrp1⫺/⫺ mice. One h after oral [14C]PhIP administration
at 1 mg/kg, [14C]PhIP plasma levels of the Bcrp1⫺/⫺ mice were
increased 3.1-fold compared with the wild-type mice (144 ⫾ 22
versus 46.3 ⫾ 4.3 ng/ml, P ⬍ 0.002). In contrast, [14C]PhIP plasma
levels in the Mdr1a/b⫺/⫺ mice did not differ from those in the
wild-type mice (46.0 ⫾ 18 versus 46.3 ⫾ 4.3 ng/ml, P ⫽ 0.98).
The clear impact of the Bcrp1 genotype on oral [14C]PhIP uptake
incited a more extensive analysis of the underlying processes. We
administered [14C]PhIP (1 mg/kg) either p.o. or i.v. to Bcrp1⫺/⫺ and
wild-type mice. We observed that 15 min after oral administration, the
plasma [14C]PhIP level had already reached its maximum, suggesting
rapid absorption from the intestines and rapid distribution and clear-

Fig. 3. Plasma concentration versus time curve after oral (A) and i.v. (B) administration
of [14C]PhIP (1 mg/kg) to wild-type (F) and Bcrp1⫺/⫺ (E) mice. Data are expressed as
average; error bars (sometimes smaller than the symbols) indicate SD (n ⫽ 3–5; ⴱ,
P ⬍ 0.05, ⴱⴱ, P ⬍ 0.01).
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Fig. 2. Transepithelial transport of [14C]PhIP (100 M) in LLC-PK1 cells either
nontransfected (A) or transfected with murine Mdr1a (B) or murine Bcrp1 cDNA in the
absence (C) or presence of Ko143 (D) or GF120918 (E). At t ⫽ 0, [14C]PhIP was applied
in one compartment (basolateral or apical), and the percentage of radioactivity appearing
in the opposite compartment at t ⫽ 1, 2, 3, and 4 h was measured and plotted (n ⫽ 3).
Translocation from the basolateral to the apical compartment (F); translocation from the
apical to the basolateral compartment (E). Error bars (often smaller than the symbols)
indicate SD.

ance (Fig. 3A). Plasma [14C]PhIP levels also decreased quickly after
i.v. administration (Fig. 3B), indicating a high distribution rate of PhIP
and possibly a high clearance rate by liver and/or kidneys (see below).
Within 7.5 min after i.v. administration, [14C]PhIP plasma levels were
lower in wild-type than in Bcrp1⫺/⫺ mice, indicating that clearance/
distribution differences arose early (Fig. 3B). Semilog plotting of the
data showed that between 15 and 120 min after i.v. administration, the
elimination rate constant was comparable between Bcrp1⫺/⫺ and
wild-type mice (data not shown).
At a dose of 1 mg/kg [14C]PhIP, the AUC for oral administration
was 2.9-fold higher in Bcrp1⫺/⫺ compared with wild-type mice
(306 ⫾ 39 versus 107 ⫾ 15 h䡠ng/ml). The AUC for i.v. administered
[14C]PhIP was 2.2-fold higher in Bcrp1⫺/⫺ compared with wild-type
mice (386 ⫾ 36 versus 178 ⫾ 8.9 h䡠ng/ml). The calculated oral
availability was 79 ⫾ 6 and 60 ⫾ 5% for Bcrp1⫺/⫺ and wild-type
mice respectively, i.e., moderately but significantly (P ⬍ 0.01) increased in Bcrp1⫺/⫺ mice.
Fecal and Urinary Excretion of [14C]PhIP in Bcrp1⫺/⫺ and
Wild-Type Mice. To determine the extent to which fecal and urinary
excretion contribute to PhIP clearance in nonanesthetized mice,
[14C]PhIP (1 mg/kg) was administered i.v. to Bcrp1⫺/⫺, and wildtype mice housed in metabolic cages and fecal and urinary radioactivity was measured. Most of the radioactivity in urine was excreted
during the first 0 – 4 h. Radioactivity in feces was at its highest
between 4 and 8 h and lower in the later time fractions (data not
shown). In wild-type mice, 70.4 ⫾ 8.1% of the administered radioactivity was recovered from the feces over the 48 h after administration of [14C]PhIP, indicating that fecal excretion is the main excretory
pathway for [14C]PhIP (Fig. 4). Fecal excretion diminished 2.7-fold in
Bcrp1⫺/⫺ mice (26.6 ⫾ 5.0%, P ⬍ 0.0001). This suggests a prominent role for Bcrp1 in the fecal excretion of [14C]PhIP. Radioactivity
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Fig. 5. Intestinal excretion in wild-type and Bcrp1⫺/⫺ mice with a cannulated gall
bladder 1 h after i.v. administration of [14C]PhIP (1 mg/kg). Data are expressed as
percentage of the dose ⫾ SD (n ⫽ 6) of radioactivity measured in the contents of small
intestine, cecum, and colon (ⴱ, P ⬍ 0.004).

Fig. 6. Cumulative hepatobiliary excretion of [14C]PhIP in wild-type and Bcrp1⫺/⫺
mice. [14C]PhIP was administered i.v. to mice with a cannulated gall bladder. Radioactivity was measured in bile fractions of Bcrp1⫺/⫺ (E) and wild-type (F) mice. Data are
expressed as percentage of the dose ⫾ SD (n ⫽ 6; At all time points P ⬍ 0.0004).
Fig. 4. Fecal and urinary excretion of [14C]PhIP in wild-type and Bcrp1⫺/⫺ mice
housed in metabolic cages for 48 h. [14C]PhIP (1 mg/kg) was administered i.v. to
Bcrp1⫺/⫺ and wild-type mice that were housed in metabolic cages, and radioactivity was
measured in feces and urine excreted between 0 – 48 h after administration. Data are
expressed as percentage of the dose ⫾ SD (n ⫽ 6; ⴱ, P ⬍ 0.0001 compared with wild
type).

Table 1 Levels of radioactivity in anesthetized gall bladder-cannulated male wild-type
and Bcrp1⫺/⫺ mice at 60 min. after i.v. administration of 1 mg/kg [14C]PhIP
Tissue

Wild-type

Bcrp1⫺/⫺

Plasma
Brain
Testis
Spleen
Kidney
Liver
Small intestine
Cecum
Colon
Content small intestine
Content cecum
Content colon

239.5 ⫾ 91.4
72.2 ⫾ 18.4
120.6 ⫾ 19.3
454.4 ⫾ 149.3
6794.4 ⫾ 1390.0
1294.8 ⫾ 290.8
2060.9 ⫾ 340.4
1563.9 ⫾ 299.0
798.8 ⫾ 147.5
6801.1 ⫾ 1096.8
2279.4 ⫾ 597.8
2488.7 ⫾ 889.2

574.0 ⫾ 114.5
199.0 ⫾ 64.3a
313.0 ⫾ 52.2a
781.0 ⫾ 349.1
15578.6 ⫾ 4474.4a
1928.3 ⫾ 406.3b
1098.4 ⫾ 389.4a
1215.0 ⫾ 425.7
855.5 ⫾ 478.3
2106.1 ⫾ 550.3a
989.4 ⫾ 275.0a
1548.4 ⫾ 623.0

Ratio
a

⫺/⫺

tion, as percentage of the dose, was 9.0 ⫾ 4.4% versus 36.5 ⫾ 9.4%
in Bcrp1⫺/⫺ and wild-type mice, respectively. This indicates that 75%
of the [14C]PhIP biliary excretion over 1 h can be attributed to Bcrp1
function [1- (0.090/0.365)]. We conclude from these experiments that
the hepatobiliary elimination of [14C]PhIP (at this dosage) in mice is
extensive and dominated by Bcrp1 activity.

/wt

DISCUSSION

2.4
2.8
2.6
1.7
2.3
1.5
0.5
0.8
1.1
0.3
0.4
0.6

Results are expressed as average [14C]-concentrations (ng-equivalent g⫺1 or
ml⫺1) ⫾ SD (n ⫽ 6; a, P ⬍ 0.01; b, P ⬍ 0.05).

In this study, we demonstrate that the dietary carcinogen PhIP is an
efficiently transported substrate of murine Bcrp1. From the Bcrp1knockout studies, it is clear that this transport results in pronounced
effects on the pharmacokinetics of PhIP in mice, leading to substantially decreased bioavailability, increased plasma clearance, and hence
markedly altered tissue levels of PhIP. Our analysis also directly
demonstrated that murine Bcrp1 is a major factor in the hepatobiliary
and direct intestinal excretion of PhIP, resulting in predominantly
fecal elimination of PhIP, which was shifted toward predominantly
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excretion had shifted to the urinary route, which was 2.4-fold increased in Bcrp1⫺/⫺ compared with wild-type mice (79.3 ⫾ 15.3
versus 33.0 ⫾ 2.5%, P ⬍ 0.0001; Fig. 4).
Tissue Distribution, Hepatobiliary, and Direct Intestinal Excretion of [14C]PhIP in Gall Bladder-cannulated Mice. To further
investigate the role for Bcrp1 in the tissue distribution and excretion
of [14C]PhIP, we administered [14C]PhIP (1 mg/kg) i.v. to wild-type
and Bcrp1⫺/⫺ mice with a cannulated gall bladder and ligated common bile duct. This set-up allows separate measurement of hepatobiliary and direct intestinal excretion. Radioactivity was measured in
several tissues 1 h after i.v. [14C]PhIP administration. Most tissues
reflected the 2.4-fold higher plasma [14C]PhIP levels found in
Bcrp1⫺/⫺ versus wild-type mice (Table 1). There was a relatively
high accumulation of radioactivity in the kidney. Radioactivity levels
in testis, spleen, and brain were comparatively low (Table 1). The
[14C]PhIP levels were considerably higher in small intestinal tissue of
wild-type versus Bcrp1⫺/⫺ mice, especially when corrected for the
lower plasma levels. This higher tissue level probably reflects the
much higher accumulation and concentration of [14C]PhIP in the contents of the small intestine of wild-type mice (Table 1): the percentage
of the dose [14C]PhIP retrieved from the content of small intestines
after 1 h was 2.8-fold higher in wild-type compared with Bcrp1⫺/⫺
mice (4.2 ⫾ 1.5 versus 1.5 ⫾ 0.8%, P ⬍ 0.004; Fig. 5), indicating
Bcrp1-mediated transport of [14C]PhIP directly into the lumen of this
organ. In the same experiment, we also measured the biliary excretion
of [14C]PhIP in fractions of 10 min. All bile fractions from Bcrp1⫺/⫺
animals demonstrated a significantly decreased excretion of
[14C]PhIP into bile compared with wild-type mice (P ⬍ 0.0004; Fig.
6). At 1 h after i.v. administration, the cumulative [14C]PhIP excre-

Bcrp1 RESTRICTS EXPOSURE TO THE CARCINOGEN PhIP

higher plasma PhIP levels in the Bcrp1⫺/⫺ mice will no doubt also
enhance this renal elimination.
The tissue distribution of [14C]PhIP was particularly interesting for
brain because some studies show that BCRP is present in the human
blood-brain barrier in analogy with P-gp (29), and preliminary immunohistochemistry data also suggest Bcrp1 presence in mouse brain
capillaries (data not shown). For this single time point, however, at
least for PhIP as a substrate, we did not observe a significantly
increased brain penetration in Bcrp1⫺/⫺ mice when corrected for the
increased plasma level. Allowing for the limitations of a single time
point experiment, the results suggest that Bcrp1 does not play a major
role in restricting brain penetration of PhIP.
Finally, we note that this study adds yet another functional class to
the growing number of transported BCRP/Bcrp1 substrates. Next to a
range of anticancer drugs, dyes such as Hoechst 33342 used for
selecting stem cells (30), and pheophorbide a, a natural phototoxin
derived from chlorophyll (18), a relatively small HA carcinogen also
appears to be part of the substrate spectrum. In view of the considerable diversity in size, structure, and charge (ranging from weak
bases to negatively charged compounds such as methotrexate) and
biological functions of known BCRP/Bcrp1 substrates, one can reasonably expect that many more medically and toxicologically relevant
compounds will also be affected by this transporter.
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urinary elimination in mice lacking Bcrp1. Overall, it is clear that
Bcrp1 has a profound effect on the exposure of mice to PhIP. As PhIP
has been demonstrated to induce colon, prostate, and breast carcinomas in rats and lymphomas in mice, it may well be that Bcrp1 activity
will also affect the susceptibility of rodents to PhIP-dependent carcinogenesis.
Extrapolating these results to humans, it is possible that BCRP will
affect the susceptibility of humans to PhIP-induced carcinogenesis
because human BCRP and mouse Bcrp1 appear to be very similar
with respect to transported substrates (23). Inhibition of BCRP by
drug intake, as well as the existence of BCRP polymorphisms, can
cause inter- and intraindividual variation in BCRP activity (19, 20).
Possibly, induction and stimulation of BCRP by food and drug intake
is also involved. This may affect the exposure to food carcinogens
such as PhIP, with possible consequences for individual differences in
cancer susceptibility. Some dose optimization strategies for drugs
with narrow therapeutic windows involve the coadministration of
transporter inhibitors. When such inhibitors [for instance GF120918
(28)] are applied chronically to increase the oral availability of P-gp
and BCRP substrate drugs, they may thereby also increase the bioavailability of PhIP and possibly other food carcinogens. Given these
considerations, it will be of interest to address the possible consequences of variation in BCRP/Bcrp1 activity for dietary carcinogen
susceptibility, using the Bcrp1⫺/⫺ mouse model as a tool.
We found a comparatively minor role in [14C]PhIP transport for
Mdr1a P-gp in vitro, and no indication for significant effects of Mdr1a
P-gp in vivo. In addition, we did not detect significant transport of
[14C]PhIP by human MRP2 in vitro. This appears to contrast with the
study of Dietrich et al. (21), who did observe in vitro transport of PhIP
in the same cell line, albeit at very low concentration (50 nM). Despite
the low PhIP transport by human MRP2, in vivo studies of PhIP in
wild-type and Mrp2-deficient rats revealed pharmacokinetic effects
that appear to be quantitatively comparable with what we observed in
Bcrp1⫺/⫺ mice with respect to PhIP oral availability and hepatobiliary
excretion. In fact, Dietrich et al. (22) could attribute a 77% decrease
in hepatobiliary excretion of PhIP to loss of Mrp2 activity. Although
the PhIP dosage used in the rat studies was probably lower than in our
mouse study, it is striking that we found a 75% decrease in hepatobiliary excretion of PhIP because of absence of murine Bcrp1. Taken
together, these studies suggest that both Mrp2 and Bcrp1 can play a
major role in the hepatobiliary disposition and oral availability of
PhIP, although there may also be species differences between rats,
mice, and humans in this respect. In any case, in future studies it will
be interesting to assess the relative impact of BCRP/Bcrp1 and MRP2/
Mrp2 on dietary carcinogens.
Whereas AUCs p.o. between Bcrp1⫺/⫺ and wild-type mice differ
2.9-fold, the oral availability of PhIP (AUC p.o./AUC i.v.) is only
modestly increased in Bcrp1⫺/⫺ mice (from 60% in wild-type to 79%
in Bcrp1⫺/⫺ mice) because of a 2.2 fold higher AUC i.v. As is also
evident from the hepatobiliary and direct intestinal elimination data,
this indicates a more pronounced role for Bcrp1 in hepatobiliary
elimination of PhIP compared with directly reducing uptake of PhIP
from the intestine.
The absence of Bcrp1 resulted in a major shift of PhIP elimination
from predominantly fecal to predominantly renal elimination. At first
sight, this might seem somewhat surprising because a high level of
Bcrp1 is found in the renal proximal tubules (18), and its absence in
the Bcrp1⫺/⫺ mice would be expected to result in a decreased renal
elimination of PhIP. Apparently, however, when the hepatobiliary and
direct intestinal elimination of PhIP is nearly abrogated in Bcrp1⫺/⫺
mice, the kidney can still readily eliminate the excess of PhIP. This
might occur primarily by glomerular filtration or perhaps also by other
remaining active renal transporters for PhIP (such as Mrp2). The
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