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Purpose. Methotrexate (MTX) causes dose-limiting gastrointestinal toxicity due to exposure of intestinal
tissues, and is a substrate of the multidrug resistance-associated protein (MRP) 1. Here we examine the
involvement of MRP1, which is reported to be highly expressed in the proliferative crypt compartment of
the small intestine, in the gastrointestinal toxicity of MTX.

Methods. MTX was intraperitonealy administered to mrpl gene knockout (mrpl<'™) and wild-type
(mrpI©"™) mice. Body weight, food and water intake were monitored, intestinal histological studies and
pharmacokinetics of MTX were examined.

Results. mrp1™") mice more severely decreased body weight, food and water intake than mrpl ") mice.
Almost complete loss of villi throughout the small intestine in mrpI”’~) mice was observed, whereas the
damage was only partial in mrpl ") mice. Plasma concentration and biliary excretion profiles of MTX
were similar in mrpl(flf) and mrp1(+/+) mice, though accumulation of MTX in immature proliferative cells
isolated from mrpI’™) mice was much higher compared to mrpl™*) mice. Immunostaining revealed
localization of Mrpl in plasma membrane of the intestinal crypt compartment in mrpl G mice, but not
in mrpI©) mice.

Conclusion. Mrpl determines the exposure of proliferative cells in the small intestine to MTX, followed

by gastrointestinal toxicity.
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INTRODUCTION

Methotrexate (MTX) has been widely used for the
treatment of childhood acute leukemia and rheumatoid
arthritis. The clinical application of this drug is restricted by
dose-limiting toxicity: myelosuppression and gastrointestinal
toxicity. The former side effect can be ameliorated by
coadministration with G-CSF (1). However, although it was
reported that the intestinal toxicity may be potentiated by
prolonged retention of MTX because of its enterohepatic
circulation (2,3), the mechanism(s) involved in the toxicity
remain to be fully clarified.
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In order to understand the disposition of MTX in the
body, the membrane transport process must be considered.
MTX is one of those therapeutic agents whose pharmacoki-
netics is predominantly governed by xenobiotic transporters.
For example, both multidrug resistance associated protein 2
(Mrp2/Abcc2) and breast cancer resistance protein (BCRP/
ABCG?2) are suggested to be involved in the biliary excretion
of MTX (4,5), and organic anion transporters (OAT1/
SLC22A6 and OAT3/SLC22A8) are proposed to be involved
in basolateral uptake of MTX in the kidney (6). However,
though several transporters have been accepted to influence
MTX disposition, little information is available about the
relation between intestinal transporter(s) and the gastrointes-
tinal toxicity of MTX.

The small intestine plays a major role in the absorption
of various nutrients, and transporters responsible for the
uptake of nutrients, such as glucose, vitamins and oligopep-
tides, are expressed on apical membranes of epithelial cells.
Among them, oligopeptide transporter (PEPT1/SLC15A1)
has been proposed to be involved not only in gastrointestinal
absorption of di- and tripeptides, but also in that of various
therapeutic agents, including B-lactam antibiotics (7,8). Sim-
ilarly, both reduced folate carrier (RFC/SLC19A1) and
SLC46A1, originally identified as a heme carrier protein
(HCP1), were reported to be expressed in small intestine, and
both recognize folate and MTX (9,10). RFC was suggested to
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be partly involved in the influx of MTX in a rat IEC-6
intestinal epithelial cell line (11), while HCP1/SLC46A1 was
recently demonstrated to mediate intestinal uptake of MTX
(12).

In addition to such influx transporters, various types of
xenobiotic transporters have been suggested to pump out
therapeutic agents from the intestinal cells. For example,
P-glycoprotein (P-gp/ABCB1) and Mrp2 limit the oral bio-
availability of certain B-blockers and new quinolone anti-
biotics by extruding these drugs into the intestinal tract
(13,14). Both Mrp2 and Mrp3/Abcc3 are expressed in the
small intestine, and accept MTX as a substrate (15,16).
Thus, the exposure of intestinal cells to MTX probably
depends on membrane permeation of MTX mediated by
these transporters.

It should be noted, however, that all the transporters
mentioned above are localized in the absorptive epithelial
cells of the small intestine. Transporter(s) expressed in
proliferative cells, such as small intestinal stem cells, which
differentiate into absorptive cells, may also play a role in
determining exposure to MTX, and consequently the
intestinal toxicity of MTX, since mucotitis may be one of
the causes of late-onset diarrhea provoked by MTX. In the
present study, we focused on the possible role of Mrpl,
which accepts MTX as a substrate (16), in the intestinal
toxicity of MTX. Mrpl has been reported to be mainly
localized in proliferative cells in crypts (17), and this led us
to the hypothesis that Mrpl is involved in active efflux of
MTX from such proliferative cells as a defensive mechanism
to protect the cells against toxicity arising from MTX
treatment. To test this hypothesis, we compared the
intestinal toxicity induced by MTX treatment in wild-type
(mrp1©™?) and mrpl gene knockout (mrpl””) mice in
vivo. To clarify how Mrpl is involved in the toxicity, we
further analyzed the involvement of Mrpl in the disposition
of MTX.

MATERIALS AND METHODS
Materials and Animals

MTX and diaminobenzidine were purchased from Wako
Pure Chemical Industries (Osaka, Japan). Bromodeoxyuri-
dine, anti-BrdU antibody and aminopterin were from Sigma
(St. Louis, MO, USA). Anti-rat IgG and anti-mouse IgG
antibodies were purchased from Invitrogen (Carlsbad, CA).
Anti-MRP1 antibody (MRPr1) was obtained from ALEXIS
(Lausen, Switzerland), anti-mouse IgG peroxidase-linked
antibody from Amersham (Budkinghamshire, England),
anti-Na*/K*-ATPase antibody from Upstate Biotechnology
(Lake Placid, NY, USA). [’H]Methotrexate (1.2 TBg/mmol)
was from Moravek Biochemicals Inc. (Brea, CA, USA). [**C]
Inulin (89 MBq/g) was from PerkinElmer Life Sciences
(Boston, MA, USA).

Five- to six-week-old male FVB (mrpl™*)) and FVB/
mrpl”’") mice, originally generated by Wijnholds et al. (18),
were purchased from CLEA Japan Inc. (Tokyo, Japan) and
Taconic (Germantown, NY, USA), respectively. Animal
studies were performed in accordance with the Guide for
the Care and Use of Laboratory Animals in Takara-machi
Campus of Kanazawa University.
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Experimental Schedules and Diarrheal Scores

MTX (0, 25, 50 mg/kg/day) was intraperitoneally admin-
istered to mice daily for four successive days. Body weight and
food intake were measured daily. Diarrhea that started on
day 6 was considered to be delayed onset diarrhea. The
severity of this delayed onset diarrhea was scored as follows: —
normal stools, + wet and unformed stools, ++ wet stools with
perianal staining of the coat (19,20). After the consecutive i.p.
administration of MTX (0 or 50 mg/kg), blood was sampled
from the cervical vein and plasma was obtained by centrifuga-
tion at 2,500xg for 10 min at 4°C in a microcentrifuge (Kubota
1700, Kubota, Tokyo, Japan). Aspartate transaminase (AST),
alanine transaminase (ALT), blood urea nitrogen (BUN) and
creatinine level in plasma (Cre) were determined at day 4.
These parameters were determined by Mitsubishi Chemical
Medicine (Tokyo, Japan).

Histological Studies and Immunostaining

Mice were euthanized, and the whole intestines were
removed and equally divided into upper, middle and lower
segments. Each intestinal segment was fixed in 4% parafor-
maldehyde for 4 h, embedded in paraffin, sectioned and
stained on histological slides with H&E or anti-BrdU anti-
bodies. The small intestine was also removed, quickly
immersed in liquid nitrogen, and stored at —80°C until use.
The frozen tissue was then sectioned with a cryostat, and the
sections were mounted on glass slide and fixed in ice-cold
acetone for 10 min. They were then incubated with anti-
MRP1 antibody (MRPrl) at 4°C overnight and further
incubated with secondary antibody for 1 h at room temper-
ature. Finally, they were mounted in VECTASHIELD
mounting medium (Vector Laboratories, Burlingame, CA,
USA) to fix the sample. The specimens were examined
with an Axiovert S 100 microscope (Carl Zeiss, Jena,
Germany), and images were captured with an AxioCam
(Carl Zeiss).

Pharmacokinetic Studies

Mice were lightly anesthetized with diethylether, and the
gall bladder was cannulated with polyethylene tubing (SP10,
Natsume, Tokyo, Japan). MTX (50 mg/kg) was intraperito-
neally administered. Blood samples (20 pL) were taken at
15, 30, 60, 120, 150 and 180 min after MTX administration
from the tail vein of each mouse and centrifuged to obtain
plasma. Bile samples were collected in polyethylene tubes at
5, 10, 20, 30, 45, 60, 90, 120 and 150 min after the drug
administration.

Non-compartmental parameters, area under the curve
(AUC) and area under the moment curve (AUMC), were
calculated by the linear trapezoidal method. Apparent total
clearance (CL./F), the volume of distribution in the terminal
phase (V,/F) mean residence time and biliary clearance
(CLyje) were obtained from the following equations:

CLiy/F=Dose/AUC (1)

AUMC/AUC= MRT )
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V,/F=Dose/AUC/k (3)
CLypile=X0-150/ AUCy-150 (4)

where F is the intraperitoneal bioavailability, k is the
elimination rate constant in the terminal phase, Xy ;50 is the
MTX amount excreted into the bile from time 0 to 150 min
and AUC,_ ;59 is the area under the curve from time 0 to
150 min.

Transport Experiments in Isolated Epithelial Cells

Isolation and fractionation of mouse small intestinal
epithelial cells followed the reported method and the
composition of the transport buffer was also as reported
(21,22). Briefly, the small intestine was surgically removed,
cooled in ice-cold buffered saline (21), everted over wooden
applicator sticks and washed thoroughly in the saline
including 0.1% BSA. Stepwise stripping of epithelial cells
from the everted intestines was done by gentle agitation in
citrate buffer (96 mM NaCl, 1.5 mM KClI, 27 mM sodium
citrate, 8 mM KH,PO,, 7 mM glucose, 0.1% BSA, pH 7.3)
varying the length of incubation time (fraction #1 and 2) at
37°C. Fraction #3 and 4 were obtained by additional agitation
in phosphate buffer containing 1 mM EDTA, 0.5 mM
dithiothreitol, 7 mM glucose and 0.1% BSA again varying
the length of incubation time at 37°C. Fractions #1 and #4
mainly contained differentiated and undifferentiated cells,
respectively (21,22), and this was confirmed by higher
alkaline phosphatase (ALP) activity in fraction #1 than that
in fraction #4 (21,22). In the present study, we followed the
similar methodology and confirmed that ALP activities in
fractions #1, #2, #3 and #4 were 100+5.3, 18.1+1.2, 10.8+1.2
and 7.00+0.5% of maximum for mrpl " mice, and 100+3.1,
37.8+3.0,17.7+1.3 and 5.88+0.4% of maximum for mrpl "™
mice, respectively.

Isolated epithelial cells were incubated in the transport
buffer containing [PH]JMTX and ['*Clinulin. At the
designated times, aliquots of the mixture were withdrawn,
and the cells were separated from the transport medium by
centrifugal filtration through a layer of a mixture of silicon oil
(SH550; Toray Dow Corning, Tokyo, Japan) and liquid
paraffin (Wako Pure Chemicals) with a density of 1.015 on
top of 3 M KOH solution. After solubilization of each cell
pellet in KOH, the cell lysate was neutralized with HCI. The
associated radioactivity was measured with a liquid
scintillation counter, LSC-5100 (Aloka, Tokyo, Japan), with
Clearsol I (Nacalai Tesque, Inc., Kyoto, Japan) as the
scintillation fluid. Cellular protein content was determined
according to the method of Bradford by using a Bio-Rad
protein assay kit (Hercules, CA, USA) with bovine serum
albumin as the standard.

Determination of MTX by HPLC

The HPLC analysis for MTX was performed according
to the previous report (23), using a COSMOSIL 5C;5-PAQ
(150x4.6 mm) column (Nacalai Tesque, Kyoto, Japan). The
mobile phase was acetonitrile/0.05 M phosphate buffer
(pH 6.9; 5:95; v/v) and the flow rate was 1.0 mL/min. The
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UV detector (UV-2075 Plus, Jasco, Tokyo, Japan) was
operated at a wavelength of 303 nm.

Statistical Analysis

Statistical analysis was performed by using Student’s ¢
test with p<0.05 as the criterion of significance.

RESULTS

Association of mrpl Gene with Intestinal Toxicity Evoked
by MTX

Intestinal toxicity caused by anticancer drugs is charac-
terized by loss of body weight, anorexia and diarrhea. First,
monitoring of the body weight was performed after MTX
administration. In the control groups, body weight of both
mrpl ™) and mrpl1©'™ mice gradually increased up to day 7
(Fig. 1A). At 25 mg/kg MTX, no change was observed in the
body weight, food intake or water intake between mrpl ')
and mrpl©’? mice up to 7 days. However, there was a
marked difference between the two strains in the effect of
50 mg/kg of MTX (Fig. 1A): whereas both mrpl™*) and
mrplT'™) mice treated with 50 mg/kg MTX lost about 5% of
their body weight by day 5, mrpI*"*) mice showed a recovery
of body weight by day 7, but the body weight of mrpl’")
mice remained decreased (Fig. 1A). Food and water intake of
mrpl©'”) mice was decreased in accordance with the change
in body weight, and the intake after day 4 in mrplC’”) was
lower than in mrpl ) (Fig. 1B, C).

On day 7, lethargy, hunched posture and rough coat were
observed in all the mrpl”'™) mice treated with 50 mg/kg of
MTX, but not in the mrpl ") mice given the same dose (data
not shown). All the mrpl”’”) mice treated with 50 mg/kg of
MTX exhibited mild or severe diarrhea, whereas no diarrhea
was observed in mrpl™'*) mice (Table I). Thus, intestinal
toxicity, characterized by loss of body weight, poor feeding
and diarrhea, was much more severe in mrpI‘” mice than in
mrpl™"*) mice, indicating the critical role of Mrpl in
gastrointestinal toxicity of MTX. However, it would be
possible that the back-crossing to FVB was incomplete and
that therefore background effects might not be negligible
(18).

Plasma levels of AST, ALT, BUN and Cre in both strains
treated with MTX were comparable with those in the control
groups (Table I), suggesting that the toxicological effects of
MTX treatment in both liver and kidney were minimal.

Disposition of MTX After i.p. Administration

It was reported that approximately 60% of i.v. adminis-
tered [PH]JMTX was excreted into urine, with 35% of the dose
being excreted into feces in mice (24). In addition, a substantial
amount of MTX was excreted into the bile (4,24), and such
biliary excretion may affect the accumulation of MTX in the
small intestine. Therefore, both the plasma concentration and
biliary excretion of MTX were examined. There was no
significant difference in the plasma concentration or biliary
excretion profile of MTX between mrpl ™ and mrplC’")
mice (Fig. 2). Thus, the difference in intestinal toxicity of MTX
between two strains cannot be accounted for by a difference in
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Fig. 1. Effect of MTX administration on body weight (A), food (B) and water (C) intake. MTX (0,
25 or 50 mg/kg) was intraperitoneally administered to mrpl ™™ (open symbols) and mrpl1<’)
(closed symbols) mice for 4 days (once daily as shown as arrows in panel A), and body weight, food
and water intake were measured daily. Data are expressed as mean + S.E.M. of five (mrpl ™) or
six (mrp1”7) mice (A), or mean values (N=5-6) of two independent experiments (B, C). *p<0.05,
Significantly different from mrpl ™" mice.
Table I. Diarrheal Score and Biochemical Parameters in mrpI " and mrp1”'™) Mice After i.p. Administration of MTX
Diarrheal Score®
Group - + ++ AST? (1U /L) ALT? (1U /L) BUN? (mg/dL) Cre” (pg/dL)
mrpI™ control 5/5 0/5 0/5 49.3+4.1 33.0+4.0 20.7+3.5 56.7+3.3
mrpl ) 50 mg/kg 5/5 0/5 0/5 50.6+3.4 28.0+3.5 17315 533+3.3
mrp1©'7) control S/5 0/5 0/5 58.3+14.7 253+1.8 18.3+1.9 53.3+3.3
mrpl T 50 mg/kg 0/5 3/5 2/5 56.7+11.6 283+0.3 20.0+1.2 56.7+3.3

MTX (0 or 50 mg/kg) was intraperitoneally administered for initial 4 days.

AST asparate transaminase, ALT alanine transaminase, BUN blood urea nitrogen, Cre creatinie level in plasma
“The diarrheal scores were determined at day 7 and defined as: —, normal; +, moderate; ++, severe

b Data were obtained at day 4 and represented as mean + SEM (n=3)
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Fig. 2. Disposition of MTX in mice. Plasma disappearance (A) and biliary

excretion (B) of MTX after i.p. administration (50 mg/kg) was examined in

mrpI™"* (open symbols) and mrpl ' (closed symbols) mice. Data are expressed

as mean + S.E.M. of four (mrpl*'*) or three (mrpl ') mice. If error bars are not
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shown, they lie within the symbol.

disposition. The pharmacokinetic parameters were also similar
in the two strains (Table II).

Histological Changes

We focused on the localization of Mrpl in proliferative cells
in the small intestine (17), since MTX accumulation in such cells
may be responsible for the severe intestinal toxicity observed in
mrpl©’” mice. In order to examine this possibility, the
architecture of the small intestinal villi and the proliferation of
the intestinal cells were investigated. Almost normal structure
and BrdU labeling of cells in small intestinal crypts were observed
in both mrpI ¢ and mrpl '~ mice by day 3 (Fig. 3A). However,
the majority of the absorptive cells were severely damaged, with
shortened villi and greatly reduced BrdU-labeling of cells in
mrpIl©'™ mice on day 4 (Fig. 3A). Such destruction of small
intestinal tissue was not observed in mrpI™* mice (Fig. 3A).
This dramatic difference between mrpl ™™ and mrpI™™ mice
was also observed in the upper and middle intestines (data not
shown). None of MTX-treated mrplC’) mice died at least for
7 days. HE staining on day 8 revealed proliferation of crypt cells
and crypt reconstitution in mrpl’” (data not shown). MTX
withdrawal may thus result in no more damage to intestinal cells,
followed by crypt reconstitution. Hence, toxicity observed in
mrpl ') mice may be reversible in the present study.

On the other hand, no prominent damage was observed
in the colon of either mrpI*) or mrpI”’") mice up to 4 days
(Fig. 3B), and BrdU labeling of cells in MTX-treated mice
was similar to that in control mice (Fig. 3B).

Accumulation of MTX in Intestinal Epithelial Cells

The severe damage in the small intestine and destruction of
crypt and villus structure observed in mrpl '™ mice treated with
MTX led us to further examine the possibility of excessive MTX
accumulation in the proliferative cells of the small intestine in
mrpl©"™) mice. To examine this possibility, we compared the
accumulation of MTX in the isolated intestinal epithelial cells of
mrpl™@™) and mrp1©’) mice at different stages of maturation.
Although biliary excretion of MTX may mainly contribute to

MTX accumulation in small intestine, we cannot estimate the
actual concentration of MTX in the gastrointestinal tract.
Therefore, we first examined the time course of MTX uptake
and then measured the steady-state accumulation at various
concentrations of MTX outside the epithelial cells (in transport
buffer). In fraction #4, which mainly contained undifferentiated
cells, steady-state accumulation of MTX (1 uM) were
significantly higher in mrpI’”) than in mrpI™"*) mice
(Fig. 4A). The accumulation of [PHJMTX inside the cells
obtained from mrpI‘”) mice was much higher at 20 min than
that in cells from mrpI™*) mice at all the MTX concentrations
examined (Fig. 4A). In contrast, in fraction #1, the accumulation
of PHIMTX in mrpIT"”) mice was similar to that in mrpl ")
mice (Fig. 4B).

Localization of Mrpl in Small Intestine

Although specific Mrpl localization in epithelial cells in
crypts has been reported (17), Lorico et al. did not detect Mrpl
in small intestine with western blotting (25). To clarify the
localization of Mrpl in the small intestine, we performed
immunohistochemical analysis using anti-Mrp1 antibody in both

Table II. Pharmacokinetic Parameters of 50 mg/kg MTX After i.p.

Administration
mrpl () mrpl )
AUCo_s (ug*min/mL) 921+70 997147
CLyo/F (mL/min/kg)® 55.5+4.1 54.0+6.3
MRT (min)® 47.6+0.9 50.2+2.3
V, IF (L/kg)* 2.23+0.33 1.95+0.46
CLypje (mL/min/kg)? 37.2+4.5 47.9+6.1

Data are represented as mean + S.E.M. No data exhibited significant
difference between mrpl ™ and mrpl ™" .

“ Caluculated by Eq. 1

b Caluculated by Eq. 2

¢ Caluculated by Eq. 3

4 Caluculated by Eq. 4
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Fig. 3. Histopathological changes in small intestine. MTX (50 mg/kg) was intraperitoneally
administered to mrpl &) and mrpl ) mice for 4 days. Mice were euthanized on day 2, 3, or 4,
and tissue sections from ‘lower’ part of the small intestine (A) and colon (B) were analyzed for
morphology with H&E staining (the top panel) and for S-phase cells with immunostaining using anti-
BrdU antibody (the bottom panel). Tissue sections from animals without MTX treatment (controls)
are also shown. Similar results to those in the ‘lower’ part (A) were also observed in the upper and
middle parts of the small intestine (data not shown). Original magnification, x200.

mrpl @ and mrpI1©’") mice. Na*/K*-ATPase was localized to
the basolateral membrane of enterocyte of both mrpI™*) and
mrpl ") mice (Fig. 4C). On the other hand, Mrp1 was detected
in plasma membrane in the crypts of mrpl ") mice, but not
mrpI©") mice (Fig. 4C).

DISCUSSION

Although transporter(s) expressed in differentiated epi-
thelial cells are thought to play a key role in drug absorption
(7,8,13-16), little is known about the pharmacological and/or
toxicological effects of transporter(s) expressed in undiffer-
entiated cells in the small intestine. The aim of the present
study is to clarify whether Mrpl, which was reported to be

expressed in proliferative cells of crypts in mice, is involved in
the intestinal toxicity provoked by MTX in vivo. We found
that mrpI”’) mice given 50 mg/kg MTX showed a decrease
of body weight, with decreased intake of food and water
(Fig. 1), and developed severe diarrhea (Table I), whereas
mrpl ") mice given the same dose did not show such severe
toxic effects (Fig. 1; Table I). These data indicate a critical
role of Mrpl in intestinal toxicity provoked by MTX.

At least three hypotheses could explain the severe
gastrointestinal toxicity observed in mrplC’?) mice: (1)
Exposure of the small intestine to MTX from either the
basolateral or apical side is higher in mrpI©’”) mice than in
mrpl ) mice due to the difference in systemic elimination of
MTX between the two strains. (2) Accumulation of MTX in
the small intestinal cells of mrpI") mice is higher than that
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Fig. 4. MTX accumulation in isolated epithelial cells and immunostaining of MRP1 in small
intestine. A and B, Intestinal epithelial cells were isolated from mrpl ™ (open bars) and mrp1<""
(closed bars) mice, and fractionated to obtain fractions #4 (A) and #1 (B), which were incubated
with the transport buffer (pH 6.0) containing [PHJMTX and [**Clinulin at 37°C for 20 min. C,
Immunofluorescence analysis was performed using both anti-MRP1 (green) and anti-Na*/K*
ATPase antibodies (red) in the lower part of small intestine. Colocalization (double staining:
yellow) was observed in crypts of mrpIl™* (arrows), but not of mrpl™'” mice. Original
magnification, x200. Inset, Time course of [PHJMTX uptake by fraction #4 obtained from mrpl™’
) (open circle) and mrpl1'™ (closed circle) mice at 1 uM MTX. Uptake and accumulation were
normalized by the medium concentration and represented as cell-to-medium ratio. Data are

expressed as mean + S.E.M. (N=3-4) *p<0.05, Significantly different from mrpl ") mice.

in mrpl(”*) mice, despite the fact that exposure from the
extracellular space, i.e., biliary concentration and/or plasma
concentration would be the same in the two strains. (3) Mrpl
is involved in some other (unknown) molecular mechanism(s)
relevant to MTX toxicity, other than its intrinsic transport
function for MTX. The first hypothesis is unlikely because
there was no marked difference in the plasma disappearance
profile of MTX or in any pharmacokinetic parameter
between mrpl™ and mrpl©’” mice (Table II). The
cumulative biliary excretion of MTX was also examined and
was slightly higher in mrpl*’”) mice than in mrpI*) mice,
but the difference was actually quite small (Fig. 2B). These
data suggest that differences in systematic exposure and
biliary excretion of MTX cannot explain the difference in
the intestinal toxicity of MTX. Biliary excretion of MTX is at
least partly mediated by Mrp2, and mRNA for Mrp2 is
overexpressed in the liver of mrpI’”) mice (4,526).
However, such overexpression does not lead to an increase
in MTX excretion (Fig. 2B), probably because biliary
excretion clearance is close to being plasma-flow-limited
(Table II).

The second hypothesis may be supported by the data
shown in Figs. 3 and 4. Intestinal stem cells in crypts are
thought to proliferate and to differentiate into absorptive cells
and goblet cells (27,28). Thus, these proliferative cells are the
source of all the differentiated cells, and the death of such
proliferative cells may be a critical factor in enteritis induced
by MTX. In the present study, on day 4, BrdU-positive cells
were greatly reduced in mrplC’”) mice, but this was not the
case in mrpl™* mice, indicating that MTX treatment
damaged proliferative cells only in mrpl”'™ mice in vivo
(Fig. 3A). In addition, Mrpl is expressed in the membrane of
proliferative cells in mrpl™*) mice (Fig. 4C), and in
accordance with this, [PTHJMTX accumulation in the
undifferentiated cells obtained from mrpI’™) mice was
much higher than that in the cells from mrpI™™* mice
(Fig. 4A). Peng et al. reported that Mrpl is highly expressed
in proliferative cells of crypts in mouse small intestine (17),
and this was supported by the immunohistochemical analysis
performed in the present study (Fig. 4C). The specificity of
the immunohistochemical analysis in the present study was
supported in the finding that almost no staining was seen in
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mrpl©’?) mice (Fig. 4C). Therefore, the severe toxicity
observed in mrplC’” mice can be partly explained by
deficiency in Mrpl-mediated MTX-extruding activity in
mrpI”) mice, resulting in higher accumulation of MTX
inside the proliferative cells. It should also be considered that
the fraction of such proliferative cells would be small in the
small intestine, and therefore, the MTX concentration
observed in the whole intestinal tissues in vivo may not be
changed in mrpl ") mice. We attempted to measure the
intestinal MTX concentration after i.p. administration in vivo,
but the data exhibited large experimental variation probably
because of considerable interindividual variability in biliary
excretion and subsequent movement of MTX inside the
intestinal lumen (Supplementary figure).

As shown in Fig. 3A, not only the proliferative cells, but
also the differentiated absorptive cells localized in small
intestinal villi were destroyed by MTX in mrplC'™ mice.
This result indicates that our hypothesis, i.e., deficiency in
Mrpl-mediated extruding function in proliferative cells,
cannot entirely explain the whole mechanism of intestinal
toxicity observed in mrpl©’?) mice. Mechanisms of MTX-
induced enteritis have been studied for a long time, and
several factors have been proposed: (1) prolonged exposure
to small intestine caused by enterohepatic circulation of
MTX, (2) production of reactive oxygen species stimulated
by MTX, (3) contribution of mucosal immune cells to the
MTX-induced damage and (4) protection of crypt and villus
epithelium associated with Peyer’s patches against the MTX-
induced damage and (5) mucositis prevention exerted by
mucin, the structural component of mucus layer (2,3,29-32).
These factors may also contribute to the onset and
development of gastrointestinal toxicity of MTX.

Previous studies have demonstrated the increased gas-
trointestinal toxicity provoked by the administration of
etoposide and PMEA in mrpl ) and mrp4<") mice,
respectively (33,34). Although they described that the
damage to stem cells in basolateral epithelium caused
oropharyngeal mucosal injury (33), comparison of the drug
accumulation between wild-type and knock out mice was not
investigated. In the present study, intestinal cells were
successfully fractionated, and the higher accumulation of an
anticancer drug in proliferative cells of mrpI‘”") mice was first
demonstrated as one of the possible causes for the higher
gastrointestinal toxicity. Important keys to understand the
mechanism of diarrhea provoked by anticancer drugs may thus
include the concentration of drug in intestinal cells, which
would be affected by various transporters including Mrp1.

In addition to Mrpl, Mrp2, Mrp3, Mrp4, P-gp, Berp,
RFC and HCP are reported to be expressed in the small
intestine and accept MTX as a substrate (9,10,15,16,35,36;
Fig. 4D). For example, Mrp2 was shown to be localized on
apical membranes of epithelial cells, and its expression in
upper intestine was higher than that of lower intestine in rats
(15). Localization (apical or basal) and regional expression
(duodenum, jejunum or ileum) of these transporters would be
important factors for MTX disposition in intestines. In spite
of so many MTX transporters, however, our present findings
indicated extensive accumulation of MTX in undifferentiated
cells from mrpl ) mice (Fig. 4A) and severe gastrointestinal
damage observed in mrplC’”) mice (Fig. 3A). Additionally,
there is no report about crypt localization of other MTX
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transporters than Mrpl. These suggest that Mrpl may control
local concentration of MTX in crypt cells, but not absorptive
epithelial cells, affecting gastrointestinal toxicity provoked by
MTX. However, MTX uptake in fraction #4 exhibited
saturation especially for mrplC’” mice (Fig. 4A), but such
saturable uptake was not so clearly observed in fraction #1
(Fig. 4B), implying different influx transporter(s) for MTX
between fraction #1 and #4. In addition, if the transporters
other than Mrp1 were compensatory up/down-regulated in the
crypt cells due to the lack of Mrp1 in mrpl ') mice, they might
also have been involved in the MTX accumulation. Thus, such
indirect association between Mrp1 and gastrointestinal toxicity
of MTX should also be examined by further analyses.

It would be important to understand whether or not
cytotoxic effect of MTX is specific to small intestinal crypt
cells. Up to now, except for intestinal crypt cells, there is no
information on expression of Mrpl in undifferentiated cells of
other tissues. Etoposide induced damage to the mucosa of the
oropharyngeal cavity in mrplT’” mice (32). Additionally,
MTX often causes stomatitis as gastric toxicity. Thus, Mrpl
expressed in undifferentiated cells of oropharyngeal mucosal
layer may be also involved in toxicity of MTX.

Though severe damage was found in the small intestine,
almost normal structure was observed in the colon of both
mice (Fig. 3). This was unexpected, because of Mrpl is
expressed in the colon (17). However, fewer proliferative cells
were found in the colon of controls (Fig. 3B), and this may be
one of the reasons for insensitivity of the colon to MTX
treatment. Another possible reason is that MTX retention in
the gastrointestinal tract is thought to be related to its
enterohepatic circulation (2,3).

CONCLUSION

We have obtained the evidence that Mrp1 plays a critical
role in the gastrointestinal toxicity, especially diarrhea,
induced by MTX. In addition to MTX, irinotecan and
etoposide often cause severe diarrhea in patients (37,38)
and it is noteworthy that all these anticancer drugs are
substrates of Mrpl (25,39). Therefore, Mrpl would also
contribute to diarrhea induced by these anticancer drugs,
leading to the necessity of the clinical trial in near future to
examine the possible unfavorable effect of MRP1 inhibitors
on intestinal toxicity provoked by the administration of the
anticancer drugs. Further study is also needed of the effect of
genetic and/or functional changes in MRP1 activity on the
gastrointestinal toxicity of MTX.
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