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Abstract

Ischemia—reperfusion injury is an unavoidable problem for organ transplantation including small bowel transplantation, and causes a
large intra-individual variation of tacrolimus (FK506) pharmacokinetics. Little information is available about the regulation of the
intestinal P-glycoprotein expression during tissue regeneration. In the present study, we have examined the molecular and functional
variations of ileum P-glycoprotein using rats after ischemia—reperfusion treatment. Morphological study revealed a rapid regeneration of
the intestinal wall during 24 h after reperfusion. A reverse transcription-coupled competitive PCR and Western blot analysis revealed that
the intestinal expression of P-glycoprotein recovered with time after reperfusion. At 24 h after reperfusion, the ileum P-glycoprotein level
was transiently increased to two-fold, and the absorption rate of dikydro-[*H]FK506 from in situ ileum loop into portal vein was markedly
low in comparison with the control. P-glycoprotein was detected in the crypt area as well as in villous cells at 6 h after reperfusion, and
then localized to the apical surface at 24 h consistent with the cell proliferation and differentiation. However, the P-glycoprotein level
returned to normal at 48 h. The intra-individual variation in the absorptive rate of tacrolimus was suggested to be regulated by the
morphological status of the intestinal epithelium and enterocyte expression level of P-glycoprotein. Therefore, the monitoring of the
enterocyte P-glycoprotein level would provide useful information for determining the dosage of tacrolimus immediately after small bowl

transplantation.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The transplantation of a solid organ requires disconti-
nuation of the blood supply to that organ, and graft organs
are exposed to ischemia-reperfusion [1]. Therefore, the
graft intestine is damaged by ischemia—reperfusion injury
in the case of small bowel transplantation, immediately
before the immunological actions.

Although the intestinal epithelium is sensitive to ische-
mia-reperfusion injury, it is one of the most rapidly
regenerating tissues; epithelial cells completely regenerate

Abbreviations: AUC, area under the concentration-time curve; BBM,
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cytochrome P450 IIIA; DAPI, 4',6-diamidino-2-phenylindole; GAPDH,
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within 3-4 days in mice [2]. Reperfusion after temporal
ischemia induces rapid morphological damage accompa-
nied by alterations of the intestinal barrier and digestive
functions [3,4]. Thereafter, a rapid regeneration occurs: a
transient increase of cell production in the crypt, the
migration of new cells from the crypt to villous, and the
subsequent differentiation of villous epithelial cells [5].
The intestine also plays an important role in the active
absorption of drugs as well as nutrients. A complete
restoration of villi was observed 12 h after reperfusion
in the rat small intestine [6]. However, information about
the functional recovery of drug absorption should be
clarified, considering the absorptive barrier function of
the small intestine.

The immunosuppressant tacrolimus, used to prevent the
acute rejection of grafted small intestine, shows wide inter-
individual variation in bioavailability ranging 4-89% (with
an average of about 25%) in the kidney and liver transplant
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patients [7,8]. This variable bioavailability is considered to
be caused by enterocyte absorptive barriers, namely, an
efflux pump P-glycoprotein (Pgp, a product of multidrug
resistance (MDRI) gene) and a metabolic enzyme cyto-
chrome P450 IIIA subfamilies (CYP3A) [9]. Brady et al.
[10] reported the segmental distribution of rat Pgp along
the small intestine. Moreover, we reported that the seg-
mental barrier functions in the absorption of tacrolimus
were regulated by both Pgp and CYP3A [11]. In that study,
the bioavailability of tacrolimus was mainly decreased by
CYP3A activity in the upper region of the intestine (duo-
denum), the Pgp expression level in the lower segment
(ileum), and a concerted contribution of both molecules in
the jejunum [11]. In living-donor partial small bowel
transplantation, the length of the graft intestine is a serious
problem for the donor. Since the distal ileum segment
shows better fat absorption, this region has been selected in
segmental small bowel transplantation [12,13]. Therefore,
the functional alteration of ileum Pgp may explain the
intra-individual variation of tacrolimus pharmacokinetics
immediately after the ileum transplantation.

Recently, we have reported two small bowel transplant
recipients who showed a transient up-regulation in the
expression of the MDR1 mRNA coding Pgp 2-3 weeks
after surgery [14]. In these cases, the blood concentration
of tacrolimus was mainly controlled by intravenous admin-
istration during increase in the MDR1 mRNA in the graft
intestine to avoid a markedly lowered bioavailability of
tacrolimus. The expression level of MDRI mRNA is
inversely correlated to the concentration/dose (C/D) ratio
of tacrolimus in the recipient of a living-donor liver
transplantation as well as small bowel transplantation
[12,14,15]. Therefore, we hypothesized that the transient
up-regulation of MDR1 expression and lowered absorptive
rate of tacrolimus were due to the recovery of the grafted
intestinal epithelium from ischemia—reperfusion injury.

In the present study, considering clinical phenomena
such as the transient enhancement of MDR1 mRNA
expression and large intra-individual variation of tacroli-
mus observed in two recipients of small bowel transplan-
tation, we used rats after ischemia—reperfusion injury of
the small intestine as a model of the conditions within
the graft intestine immediately after the transplantation.
Using this animal model, we examined the expression and
localization of Pgp, and the alteration of the absorptive
property of tacrolimus in accordance with the recovery
from the injury.

2. Materials and methods
2.1. Materials
Dihydro—[3H]FK506 (3219 GBg/mmol) was obtained

from PerkinElmer Life Science Products and inulin car-
boxyl, [carboxyl-'*C] (70.3 MBq/g) was obtained from

Moravek Biochemicals. All other chemicals were of the
highest purity available.

2.2. Animals and surgical procedure

Seven-week-old male Wistar rats were used for this
study. Prior to the experiments, the rats were housed in
a temperature- and humidity-controlled room with free
access to water and standard rat chow. The animal experi-
ments were performed in accordance with The Guidelines
for Animal Experiments of Kyoto University. The intestinal
ischemia-reperfusion injury was induced by the method of
Udassin et al. [6]. Briefly, rats were anesthetized with
diethylether, the superior mesenteric artery was occluded
with a micro vascular clamp for 30 min, and then the clamp
was removed. At the specified periods after the reperfu-
sion, the rats were killed by bleeding from aorta. Imme-
diately after the killing of rats, the 15 cm ileal specimens
were obtained. After removing 1 cm of samples for histol-
ogy, the mucosa was collected using the cover glasses on
ice-cold plate, mixed well and divided into two as follows:
about 20 mg for mRNA preparation and the other for crude
plasma membrane preparation.

2.3. Histological examination

A bowel specimen was harvested from the ileum (begin-
ning at 3 cm from the ileocecal valve) for histological
evaluation. Each specimen was embedded in paraffin,
sectioned 5 pum thick, and stained with hematoxylin—eosin.

2.4. Evaluation of mRNA expression

The mRNA expression was quantified using the com-
petitive PCR method as described previously [12]. The
total RNA fraction of the ileum was extracted using an
RNeasy spin column (QIAGEN GmbH). Aliquots of 1 g
of total RNA were reverse-transcribed using Super-
script™ 1I reverse transcriptase (Invitrogen). The sin-
gle-stranded DNA was used for subsequent competitive
PCR. The primer sets and PCR conditions specific for
mdrla, mdrlb and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) were as reported previously [16,17].
Because the PCR-fragment for mdrlb could not be
detected in the single-stranded DNA derived from the
ileum mRNA, quantification of the mRNA expression
level for mdrla and GAPDH, but not mdrlb, was per-
formed. The value for mdrla and GAPDH was taken
as the ratio to the fixed amount of the competitor c
DNA specific for mdrla (50 zmol/reaction, 1 zmol
=10"2! mol) and GAPDH (100 zmol/reaction), respec-
tively. Following competitive PCR for GAPDH with the
same batch of single-stranded DNA used to detect the
cellular mRNA of mdrla, the densitometry data were
normalized for each batch of RNA by correcting for the
amount of GAPDH as an internal control.
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Fig. 1. Histological evaluation of mucosal injury after ischemia—reperfusion. The alteration of the villous structure after ischemia—reperfusion was evaluated by
hematoxylin—eosin staining using 5 pm thick ileum sections. Normal intestine (A) and the ileum sections at 1 h (B), 6 h (C) and 24 h (D) after reperfusion were

stained. Each image was taken at x400 magnification.

2.5. Western blotting

The crude plasma membrane fractions from the ileum
were isolated as described previously [11]. The protein
expression levels of Pgp and villin in each crude membrane
fraction were evaluated by Western blotting. Western blot-
ting using C219 monoclonal antibody (CIS bio international)
for Pgp was performed as described [11], and a polyclonal
antibody for villin (Santa Cruz Biotechnology, Inc.) was used
according to the manufacturer’s instructions.

Competitor =

mdria
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rGAPDH ;
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2.6. Immunohistochemistory

For indirect immunofluorescent staining, 1 cm bowel
specimens were taken in each rat from the ileum. These
specimens were fixed in 4% paraformaldehyde, and the
frozen specimens were sectioned 5 pwm thick. The immuno-
fluorescent staining was performed by using C219 mono-
clonal antibody for Pgp and anti-villin polyclonal antibody
for villin as primary antibody. The fluorescent signals for Pgp
and villin were detected using Alexa488 anti-mouse IgG
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Fig. 2. Ileum mdrla mRNA expression after ischemia—reperfusion. (A) Representative results of competitive PCR for mdrla and GAPDH are shown. The
arrow and arrowhead indicate the bands derived from single-stranded DNA from intestinal mucosa and competitor DNA, respectively. (B) mRNA expression
level was evaluated by competitive PCR as a ratio to a fixed amount of competitor DNA (50 zmol/assay for mdrla and 100 zmol/assay for GAPDH). Each point
shows mdrla mRNA expression as a ratio to that in normal (open circle) intestine after a correction based on GAPDH expression. Each point represents

means =+ S.E. of five rats. P < 0.01, significantly different from normal.
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conjugated (Invitrogen) and Alexa546 anti-goat IgG con-
jugated (Invitrogen), respectively. The staining for nuclei
was performed with 4’,6-diamidino-2-phenylindole (DAPI)
(DOJINDO Lab.). Images were captured with a DP-50 CCD
camera (Olympus) using Studio Lite Software (Olympus).

2.7. Drug transport experiment

The rats were fasted 18 h before the experiment. Water
was available ad libitum. They were anesthetized with
diethylether, subjected to intestinal ischemia for 30 min,
and then divided into four experimental groups: normal
rats, 1 h after reperfusion, 6 h after reperfusion, and 24 h
after reperfusion. A catheter was inserted into the portal
vein with polyethylene tubing (Intramedic PE-10, Becton
Dickinson and Co.) for blood sampling. An in situ
ileum loop (15 cm length) was made in each rat, and
phosphate-buffered saline (pH 7.4) containing dihydro-
[PH]JFK506 (100 wg/mL, 370 kBg/mL) and ['*C]inulin
(1 mg/mL, 74 kBq/mL) was administered into the loop
(0.5 mL) at the desired time after the reperfusion. Blood
samples (200 wL) were drawn before and 1, 3, 5, 10 and
15 min after the drug administration. Whole blood samples
(100 pL) were mixed with a precipitation reagent (100
wL) consisting of methanol (50%, v/v), ethylene-glycol
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Fig. 3. Ileum Pgp expression immediately after ischemia-reperfusion.
Protein expression after ischemia—reperfusion was evaluated by Western
blotting using crude plasma membrane. (A) Representative results of
Western blotting for Pgp and villin. (B) The expression of Pgp (open
circle) and villin (closed circle) after reperfusion was evaluated. The
expression levels of Pgp and villin in normal intestine were showed as
open triangle and closed triangle, respectively. Each point represents mean-
s £ S.E. of five rats. "P < 0.05 and TP < 0.05, significantly different from
normal at the expression levels of Pgp and villin, respectively.

(30%, vlv), water (20%, v/v) and zinc sulfate (100 mM),
and centrifuged for 10 min at 10,000 rpm. The radioactivity
of the supernatants was measured in ACSII (Amersham
Biotech) by liquid scintillation counting. The radioactivity
of ["*C]Inulin in the portal vein was used as paracellular/
non-specific diffusion, and that of dilydro-[’H]FK506 was
evaluated as total absorption including transcellular and
paracellular route.

2.8. Statistics

The statistical significance of differences between mean
values was calculated using the non-paired #-test. A p-
value of less than 0.05 was considered statistically sig-
nificant.
3. Results
3.1. Histological examination

The histological features of the ileum at different post-
reperfusion times are shown in Fig. 1. Upper villous cells

were sloughed by ischemia-reperfusion injury, and the
most severe damage to the intestinal mucosa was observed
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Fig. 4. Ileum Pgp expression after ischemia—reperfusion. (A) Protein
expression of Pgp and villin after ischemia—reperfusion was evaluated by
Western blotting using crude plasma membrane at 1, 2 and 4 days after
reperfusion. (B) The expression of Pgp (open circle) and villin (closed
circle) after reperfusion was evaluated. The expression levels of Pgp and
villin in normal intestine were showed as open triangle and closed triangle,
respectively. Each point represents means + S.E. of three rats. ~P < 0.01,
significantly different from normal at the expression levels of Pgp.
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at 1 h after reperfusion (Fig. 1B). Almost all of the epithelia
were improved 6 h after the ischemia—reperfusion treat-
ment, and the mucosal histological features had normal-
ized by 24 h after the treatment.

3.2. Expression of mdrla mRNA and Pgp

Fig. 2 shows the expression profile of mdrla mRNA in
the ileum after reperfusion. The expression was unchanged
even at 1 h after reperfusion, and increased until 24 h after
reperfusion in comparison with the normal rats.

Figs. 3 and 4 show the protein expression of Pgp and
villin in the ileum sections for 4 days. The expression of
Pgp and villin was depressed at 1 h after reperfusion. After
that, the expression of villin increased with time, and had
recovered to normal levels at 24 h after reperfusion. In
contrast, the expression of Pgp increased with time, and
was approximately two-fold higher than normal at 24 h
after reperfusion (Fig. 3). The up-regulation of Pgp expres-
sion at 24 h after reperfusion had nearly recovered to
normal levels at 48 h (Fig. 4).

3.3. Immunohistochemistry

To examine the localization of Pgp after ischemia—
reperfusion injury, we performed indirect immunofluores-
cent staining with the ileal specimens. In normal ileal
specimens, the signal for Pgp was predominantly found

at the brush-border membrane (BBM) of the villous epithe-
lial cells along the crypt—villous axis (Fig. 5A). At 1 h after
reperfusion, immunoreactive Pgp was faintly detected in
the remaining villous epithelial cells (Fig. 5D). At 6 h after
reperfusion, the signal for Pgp was weakly observed in the
regenerated villous cell, on the BBM as well as in the
intracellular region (Fig. SE). At 24 h after reperfusion, the
signal for Pgp was localized to the BBM (Fig. 5F). The
expression of villin was detected at the villous tip similar to
Pgp in the normal intestine (Fig. 5B). After ischemia—
reperfusion, the signal for villin was almost completely
diminished, and not until 24 h was a clear signal at the
BBM, although a weak signal was detected at 6 h after
reperfusion (Fig. SH-J). The expressions of Pgp and villin
were also detected at the BBM similar to both the proteins
in the normal ileum at time 0, immediately before the
reperfusion (Fig. 5C and G).

3.4. Transport experiment

Fig. 6 shows the portal blood concentrations of dihydro-
[PH]FK506 as a substrate for Pgp and inulin as a marker
compound for the permeability of the paracellular route
after the intraintestinal administration. The profile of the
portal vein concentration and area under the concentration-
time curve (AUC) of dihydm-[3H]FK506 was increased at
1 and 6 h after reperfusion, but markedly decreased at 24 h
(Fig. 6A). The value of inulin at 1 h after reperfusion was

Fig. 5. Immunohistochemical evaluation of protein expression. Localization of Pgp and villin in normal intestine was represented in (A) and (B), respectively,
with double staining with DAPI. The Pgp expression was determined at zero time (C), and 1 h (D), 6 h (E) and 24 h (F) after reperfusion. The expression of villin

was determined at zero time (G), and 1 h (H), 6 h (I) and 24 h (J), respectively.
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Fig. 6. The absorption rate of dihydro—[3H]FK506 after ischemia—reperfusion. (A) The dihydro- [3H]FK506 blood concentration in the portal vein was measured
in normal ileum (open circle) and at 1 h (closed circle), 6 h (open triangle) and 24 h (closed triangle) after reperfusion. The AUC,_,5 value was estimated from
the cumulative amount of dihydro-[°’H]JFK506 during 15 min. (B) The inulin blood concentration in the portal vein was measured in normal intestine (open
circle) and at 1 h (closed circle), 6 h (open triangle) and 24 h (closed triangle) after reperfusion. The AUC,_;5 value was estimated from the cumulative amount
of inulin during 15 min. Each point represents means = S.E. of five rats. “P < 0.05, significantly different from normal rats.

significantly high, and then decreased toward the control
level with time (Fig. 6B).

4. Discussion

In living-donor partial small bowel transplantation, the
ileum is often selected as a graft to ensure the safety of the
donor [12,13]. In addition, the ileum was suggested to be a
more suitable graft than the jejunum for post-transplant
immunosuppressive therapy [7]. In a recipient of living-
donor ileum transplantation, the variation in the mucosal
MDR1 mRNA level was suggested to be a key pharma-
cokinetic factor explaining the intra-individual variation of
tacrolimus trough concentrations [12]. Recently, we have
reported that the monitoring of mucosal MDR1 mRNA in
the graft intestine provided useful information for modify-
ing the dosage of tacrolimus [14]. In those three cases, the
expression level of MDR1 was depressed immediately
after the transplantation, and then gradually increased to
be higher than that at surgery [14]. However, the relation-
ship between the variation in the tacrolimus blood level and
the enterocyte expression level of MDR1 immediately after
the small bowel transplantation was not clear. In the
present study, the expressional change of mucosal Pgp
and the absorption of intra-intestinally administered tacro-
limus was performed immediately after ischemia—reperfu-
sion injury in rats as an animal model to examine the
relationship between morphological variation of the ileum.

The enterocyte expression of villin as a marker protein
of intestinal epithelial cells was depressed and gradually
increased at the apical surface, which was comparable with
the morphological features (Figs. 1 and 5). In addition, the
expression level and membrane localization were also
recovered at 24 h after the reperfusion (Figs. 3 and 5).
Although the mucosal Pgp was diminished at 1 h after the
reperfusion, the expression level of the transporter was

two-fold higher than at surgery (Figs. 3 and 4). The
expression of Pgp was limited to the apical surface at time
0, but some intracellular Pgp was found at 6 and 24 h after
the reperfusion (Fig. 4). These results suggested that the
expression level of Pgp after reperfusion was the sum of the
apical- and intracellular-Pgp levels.

The heightened absorption of inulin at 1 and 6 h after the
reperfusion indicated a loss of barrier function of the small
intestine caused by the sloughed epithelial cells. Despite
the recovered expression of Pgp at 6 h after reperfusion, the
portal vein concentration of dihydro—[3H]FK506 was
higher than the control value. However, the AUC of
dihydro-[’H]FK506 was significantly lower than the con-
trol level at 24 h after reperfusion, suggesting enhanced
back-flux activity with the increased expression of Pgp
(Figs. 2, 3 and 6). At 48 h after reperfusion, the expression
level of Pgp had decreased to normal (Fig. 4). These results
suggest that the enhanced permeability of dihydro-
[PH]FK506 via the intestinal barrier is due to the transient
depression of enterocytes after ischemia-reperfusion
rather than the decreased expression of Pgp. However, a
transient enhancement of Pgp according to the regenera-
tion of intestine was suggested to act as an absorptive
barrier and decrease the absorption of dihydro—[3H]FK506
at 24 h after reperfusion.

Both the mdria and mdrlb genes provide Pgp in rats and
mice [18]. In the present study, mdr1b mRNA could not be
detected by competitive PCR. Therefore, the expressional
change of Pgp after ischemia—reperfusion treatment was
indicated to be derived from mdrla mRNA. The mdrlb
mRNA and Pgp expression were transiently up-regulated
after partial hepatectomy in the rats. However, the expres-
sion level of mdrla mRNA did not change [16]. In addition,
mdrlb mRNA and Pgp, but not mdrla mRNA, were also
up-regulated after intra-peritoneal administration of lipo-
polysaccalide [19]. These reports suggest that the mdrla
mRNA is a constitutive type, but mdr1b is an inducible type
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activated by a states of stress such as inflammation. Inter-
estingly, the basal expression level of mdrlb was markedly
low in the ratileum, and the Pgp was indicated to be a product
of mdrla. In addition, the mdrlb mRNA was not detected
after reperfusion (data not shown). Therefore, the expres-
sional change of Pgp after ischemia-reperfusion injury
would reflect the variation in the mdrla mRNA level, and
the mdrla could be induced during the tissue regeneration.
The expression of the mdr gene is reported to be up-regulated
by a growth factor, EGF [20]. In experiments in vitro using
human intestinal Caco-2 cells, the up-regulation of Pgp
expression corresponding to the proliferation was due to
stabilization of the mRNA [21]. Therefore, the transient up-
regulation of Pgp after reperfusion may be explained by the
tissue regeneration or cell growth and differentiation rather
than the inflammatory response.

Pgp is localized at the BBM along the crypt—villous axis
in the normal intestine. The villous structure of the ileum
was rapidly sloughed, and the expression of Pgp and villin
at the BBM of enterocytes was diminished at 1h after
reperfusion, but a slight C219 positive signal was also
detected around the crypt area. Signal for C219 corre-
sponding to Pgp was detected in the intracellular region of
enterocytes at 6 h after reperfusion, and strongly localized
to the BBM at 24 h. From the result of in situ hybridization
using mouse intestine, the signal for mdr mRNA was
detected in the villous differentiated epithelium, but not
proliferating crypt cells [22]. However, the expression of
Pgp in the Caco-2 monolayers corresponded to the pro-
liferating activity [21]. We assumed that Pgp appeared in
the villous epithelial cells and crypt undifferentiated cells
following ischemia-reperfusion injury. Therefore, the
enterocytes migrate from the proliferating crypt area to
the villous tip with differentiation after ischemia—reperfu-
sion injury. According to the migration and/or prolifera-
tion—differentiation of enterocytes, the intracellularly
diffused Pgp may be localized to the BBM.

The present results suggested that the bioavailability of
tacrolimus was influenced by intestinal barrier functions
including the expression and localization of Pgp after ische-
mia-reperfusion injury. In a recipient of living-donor partial
small bowel transplantation, the mRNA expression of MDR1
was significantly decreased on postoperative day 3, at which
time the oral bioavailability of tacrolimus was estimated to
be more than 80%, and the expression of MDR1 mRNA was
increased and the C/D ratio of tacrolimus was decreased
early in the postoperative period [14]. Therefore, the present
examination using an animal model demonstrated the patho-
logical and molecular mechanisms behind the intra-indivi-
dual variation in the absorption of orally administered
tacrolimus. In addition, the enterocyte mRNA level of
MDRI1 would be an important marker of the morphological
status of graft intestine and absorptive rate of tacrolimus,
because the variation of Pgp in the intestine was comparable
with the morphological status of the recovering intestine.
The present findings also provide useful information for

further studies of postoperative control including immuno-
suppressive therapy with tacrolimus.
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