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Abstract

The effects of renal failure on the hepatic and intestinal extraction of tacrolimus were
evaluated to examine the mechanisms for the increased bioavailability of this drug in cisplatin-
induced renal failure model rats. Tacrolimus extractions in the liver and intestine were
evaluated by intravenous, intraportal and intraintestinal infusion. The intestinal metabolism
and absorptionrate were estimated by incubating the isolated intestine with drug solution and
by an in situ loop method, respectively. Blood concentrations of tacrolimus following the
intraintestinal infusion were significantly increased in rats with renal failure compared with
those in normal rats. The blood concentration of tacrolimus during intraportal infusion in rats
with renal failure showed non-linearity against dose, and was increased as compared with that
in normal rats. The intestinal metabolism was not altered, but the absorption rate was
significantly increased in the intestine from rats with renal dysfunction. These results suggest
that the hepatic metabolism of tacrolimus is impaired in rats with renal failure, and that the
accelerated absorption rate in the intestine in renal dysfunction is followed by partial
saturation of hepatic extraction, which may be one of the mechanisms of increased
bioavailability of tacrolimus.

Introduction

Tacrolimus is a macrolide lactone with potent immunosuppressive properties that
is used clinically for the prophylaxis of organ rejection after liver, heart, small bowel
and kidney transplantation. Blood tacrolimus concentrations in patients have to be
kept within a narrow therapeutic range (5-20 ng mL™!) because of the side effects of
tacrolimus, such as neurotoxicity and nephrotoxicity (Venkataramanan et al 1995).
Tacrolimus is rapidly absorbed after oral administration and is extensively
metabolized by cytochrome P450 (CYP)3A in the liver of humans and rats
(Venkataramanan et al 1995; Iwasaki et al 1998). The bioavailability of
tacrolimus is low in both humans and rats (Yasuhara et al 1995; Okabe
et al 2000). Moreover, we studied the metabolism of tacrolimus in the intestine
and showed that the small intestine, as well as the liver, contributes significantly
to the first-pass effects of tacrolimus after oral administration in rats (Hashimoto
et al 1998).

Although renal failure is commonly thought to affect only the renal elimination
of drugs, it has a variety of influences on drug kinetics: it may reduce non-renal
elimination, influence protein binding and alter the volume of distribution of some
drugs (Gibson 1986). The bioavailability of some drugs is also affected by renal
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failure. Propranolol, bufuralol and Dp-propoxyphene
were reported to show increased bioavailability (Bian-
chetti et al 1976; Gibson et al 1977; Balant et al
1980). On the other hand, furosemide, pindolol and
ciclosporin A were reported to show decreased bio-
availability (Chau et al 1977; Tilstone & Fine 1978;
Shibata et al 1999).

We previously reported that the bioavailability of
tacrolimus is increased in rats with cisplatin-induced
acute renal failure (ARF) (Okabe et al 2000). Our results
showed that blood concentration in renal failure rats
following intravenous infusion was only slightly higher
(up to 1.3-fold) than that in normal rats. In contrast, the
blood concentration in rats with renal failure after
intraintestinal administration was significantly higher
(about 2-fold) than that in normal rats. The bioavaila-
bility of tacrolimus was increased by about 35% in
ARF rats as compared with normal rats.

The present study was designed to examine the mech-
anisms responsible for the increased bioavailability of
tacrolimus in rats with cisplatin-induced acute renal
failure. We evaluated the time course of blood tacro-
limus concentration during intraintestinal, intraportal
and intravenous infusion. In addition, we examined the
effects of ARF on the metabolism of tacrolimus in the
intestine and the absorption rate by an in situ loop
method.

Materials and Methods

Chemicals

Tacrolimus was obtained from Fujisawa Pharmaceu-
tical Co. Ltd (Osaka, Japan). Cisplatin (Randa injection,
0.5 mg mL™') was obtained from Nippon Kayaku Co.
Ltd (Tokyo, Japan). All other chemicals were of the
highest purity available.

Animals and induction of acute renal
dysfunction

The animal experiments were performed in accordance
with the Guidelines for Animal Experiments of Kyoto
University. Male Wistar rats, 215-230 g, were used.
Before the experiments the rats were housed in a temp-
erature- and humidity-controlled room with free access
to water and standard rat chow. ARF was induced by
intraperitoneal administration of 5 mg kg™! of cisplatin
(Okabe et al 2000). Studies on rats with ARF were
performed 72 h after injection of cisplatin. Non-treated

normal rats served as controls. Each experiment was
performed with 4-8 rats in each group.

Hepatic and intestinal extraction of tacrolimus
following intraintestinal and intraportal
infusion

Rats were anaesthetized with 50 mg kg™! of sodium
pentobarbital. Body temperature was maintained with
appropriate heating lamps. The femoral artery was
cannulated with a polyethylene tube (SP-31, Natsume
Seisakusyo, Tokyo, Japan) for blood sampling. For
intravenous infusion of tacrolimus, the jugular vein was
cannulated with a polyethylene tube (PE-10, Becton
Dickinson and Co., Parsippany, NJ). For intraportal
infusion of tacrolimus, a catheter with a 24G needle was
carefully fixed with cyanoacrylate glue into the portal
vein. For intraintestinal infusion of tacrolimus, a cath-
eter with a 24G needle was carefully fixed with cyano-
acrylate glue into the middle part of the duodenum
(Okabe et al 2000). To adjust the solution for intra-
venous (0.5 mg kg™!), intraportal (0.5 and 1.0 mg kg™)
and intraintestinal (1.5 mg kg™!) infusion, tacrolimus
injection solution (Prograf injection, 5 mg mL™') was
diluted appropriately with saline. The solution was
infused over a 30-min period (2.2 mL h™!') by means of
an automatic infusion pump (Natsume Seisakusyo,
Tokyo, Japan). Blood samples for measurement of
tacrolimus concentration were obtained 5, 15and 30 min
after initiation of infusion. The area under the time-
concentration curve from 0 to 30 min (AUC, ,,) was
calculated using the linear trapezoidal rule.

Intestinal metabolism of tacrolimus

Rats fasted overnight were anaesthetized with diethyl-
ether, and a 30-cm length of the small intestine was
removed. Isotonic phosphate buffer (pH 6.5)containing
disodium hydrogenphosphate (123 mm), sodium dihy-
drogenphosphate (163 mm), glucose (5 mm), and 0.3%
bovine serum albumin was continuously bubbled with
95% 0,/5% CO,. The intestinal tissues were incubated
for 60 min at 37°C in 30 mL of buffer containing
822 ng mL~! (1 um) tacrolimus as acetonitrile solution
(final, 3.3% acetonitrile). At the end of the incubation,
the buffer solution was collected and the intestinal tissue
was homogenized with 9 volumes of buffer for quanti-
fication of tacrolimus. The amount of metabolized
tacrolimus was calculated by subtracting the amounts
remaining in the incubation buffer and in the tissue



from the applied dose. In addition, tacrolimus is stable
in mildly acidic media (Venkataramanan et al 1995),
and we also confirmed that tacrolimus was stable in the
phosphate buffer in the preliminary experiment.

Intestinal absorption of tacrolimus

Rats fasted overnight were anaesthetized with
50 mg kg™! of sodium pentobarbital. The abdominal
cavity was opened via a midline incision, and the upper
site of the duodenum and 10 cm from the upper end
were ligated twice with silk sutures. Tacrolimus injection
solution was diluted with saline and was injected
(4 mL kg !) into the middle part of the duodenum at a
dose of 2mgkg!. Ten minutes after injection, the
contents in the lumen were collected with a 1:1 mixture
of methanol and saline, and the intestinal tissue was
homogenized with 9 volumes of saline for quantification
of tacrolimus. The amount of absorbed plus metabolized
tacrolimus was calculated by subtracting the amounts
remaining in the luminal contents and in the tissue from
the applied dose.

Assay of tacrolimus

Tacrolimus was assayed with an HPLC-EIA method
(Okabe et al 2000). The detection limit of this assay
system was 10 ng mL™!, and the coeffi cient of variance
was about 10%.

Statistical analysis

Values are expressed as mean+s.e.m. for n experiments,
since the reliability of mean values is of interest. The
statistical significance of the difference between mean
values was calculated using a non-paired ¢-test provided
that the variances were similar. If this was not the case,
the Mann-Whitney U-test was applied. P values less
than 0.05 (two-tailed) were considered to be significantly
different.

Results and Discussion

Tacrolimus is a potent immunosuppressant that is
mainly metabolized by CYP3A in the liver and intestine
(Hashimoto et al 1998). We previously showed that the
bioavailability of tacrolimus was increased by about
35% in rats with impaired renal function as compared
with normal rats (Okabe et al 2000). In this study, we
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Figure 1 Blood tacrolimus concentrationin rats during intravenous

infusion at a dose of 0.5 mg kg™! (A), intraintestinal infusion at a dose
of 1.5mgkg™! (B) and intraportal infusion at a dose of 0.5 mg kg™
(C)and 1.0 mg kg™! (D). Each symbol and bar represents the mean+
s.e.m. of results from four to eightrats: O, normalrat; @, ARF rats.
*P < 0.05 compared with normal rats.

Table1 AUC, ;, following intravenous, intraportal and intraintes-
tinal infusion of tacrolimus to rats with or without renal failure.

Dose Normal ARF

(mgkg")  (ugmL'min)  (pgmL ' min)
Intravenous 0.5 4.16+0.45 4.95+0.80
Intraportal 0.5 1.884+0.19 2.2540.16

1.0 3.5840.20 5.3840.64*
Intraintestinal 1.5 0.8740.05 1.604+0.28*

Values are expressed as mean+s.e.m. of results from four to eight
rats. *P < 0.05 compared with normal rats.

evaluated the mechanisms of increased bioavailability
of tacrolimus in rats with cisplatin-induced renal dys-
function.

We examined the intestinal and hepatic extraction of
tacrolimus by means of intravenous, intraportal and
intraintestinal infusion. Figure 1 shows the whole blood
concentrations during intravenous (0.5 mgkg™!), in-
traintestinal (1.5 mg kg™') and intraportal (0.5 and
1.0 mg kg!) infusion of tacrolimus, and Table 1 shows
AUC, ;,in normal and ARF rats. The AUC ,,in ARF
rats during the intravenous infusion was similar to that



68 H. Okabe et al

in normal rats, whereas the AUC,, ,, in rats with ARF
during intraintestinal infusion was significantly higher
than that in normal rats. The AUC , in ARF rats
during intraportal infusion at a lower dose (0.5 mg kg™)
was similar to that of normal rats, while the value at a
higher dose (1.0 mg kg™!) was significantly increased. In
addition, the AUC_ ,; of tacrolimus during intraportal
infusion showed non-linearity against the dose in rats
with renal failure (Table 1). These results suggest that
the hepatic metabolism is impaired in rats with renal
failure, which may be one of the mechanisms for the
increased bioavailability of tacrolimus in renal dysfunc-
tion.

The increased bioavailability of propranolol, which is
subjected to extensive first-pass extraction in the liver,
has been reported in rats with uranyl nitrate-induced or
bilateral ureter-ligated experimental renal failure fol-
lowing oral administration (Terao & Shen 1983; Kata-
yama et al 1984; Laganiere & Shen 1987). Despite the
decreased presystemic clearance of propranolol in rats
with uranyl nitrate-induced renal failure, no alterations
were seen in the oxidative metabolic activity of rat liver
(Hori et al 1985). In this case, decreased hepatic uptake
(Hori et al 1985) and reduced hepatic metabolism due to
the presence of an inhibitory factor in uremic blood
(Terao & Shen 1985) were thought to be responsible for
the decreased presystemic clearance of propranolol. On
the other hand, the major metabolic enzyme of tacro-
limus is CYP3A (Venkataramanan et al 1995), which is
different from that of propranolol, CYP2D (Johnson et
al 2000). In addition, the total liver CYP450 activity,
which consists mainly of CYP2C11, 3A1 and 3A2, was
reported to be decreased in 5/6 nephrectomized rats
(Leblond et al 2000). Accordingly, the mechanisms for
the impaired hepatic metabolism of tacrolimus in renal
dysfunction may be different from that of propranolol.
Additional studies are necessary to investigate the in-
trinsic hepatic clearance of tacrolimus in renal dys-
function and/or the effect of uremic substances on the
metabolism of the drug.

We considered that the intestinal metabolism might
also be responsible for the increased bioavailability in
rats with renal failure, since the AUC ,, during intra-
portal infusion of tacrolimus at a lower dose in ARF
rats differed only slightly from that in normal rats (Table
1). We evaluated the intestinal metabolism of tacrolimus
using the isolated tissue suspended in phosphate buffer.
Table 2 shows the percentage of applied dose of tacro-
limus remaining in the incubation buffer and in the
tissue after 60 min of incubation. These values were not
significantly different between ARF and normal rats.
The amount of tacrolimus metabolized during the 60-

Table 2 Amounts of tacrolimus remaining after incubation and
metabolism in the intestine of normal and ARF rats.

Normal ARF
% remaining
incubation buffer 69.6+1.6 73.242.0
tissue 6.4+1.7 5.6+1.9
% metabolized 24.0+2.5 21.143.2

Values are percentages of applied tacrolimus dose and are expressed
as mean=s.e.m. of results from six rats.

Table 3 Absorption experiments in normal and ARF rats with the
in situ loop method.

Normal ARF
% remaining
fluid 53.9+42.1 36.0+4.2*
tissue 16.0+1.1 13.8+1.5
% absorbed and metabolized 30.2+2.1 50.24+4.1*

Values are percentages of applied tacrolimus dose and are expressed
as meants.e.m. of results from five to six rats. *P < 0.05 compared
with normal rats.

min incubation period in the isolated intestine was not
affected by ARF (Table 2). We therefore consider that
the intestinal metabolism is not responsible for the
increased bioavailability of tacrolimus in ARF rats.
Another possible explanation for the decreased pre-
systemic clearance is that the hepatic extraction of
tacrolimus may be partially saturated as a result of the
accelerated absorption rate in the intestine. In fact, we
found a dose-dependent hepatic first-pass effect of tacro-
limus following intraportal administration (Figures 1C
and D). This finding was supported by the previous
observation that the bioavailability of tacrolimus fol-
lowing intraintestinal administration was increased
from 25.1% atadose of 1.0 mg kg™! to 32.2% at a dose
of 3.0 mg kg™! in normal rats; from 34.4% at a dose of
1.0 mg kg™! to 42.8% at a dose of 3.0 mg kg™! in rats
with renal failure (Okabe et al 2000). In addition,
Kimura et al (1984) reported that intestinal absorption
rate of sulfanilic acid was increased in rats with HgCl,-
induced ARF, in rats with glycerol-induced ARF and in
5/6 nephrectomized rats as compared with control rats.
We therefore evaluated the effect of ARF on the in-
testinal absorption rate of tacrolimus with an in situ
loop method. Table 3 shows the intestinal absorption of



tacrolimus in rats with or without renal failure induced
by cisplatin. Ten minutes after injection of tacrolimus
(2 mg kg™!) into the intestinal loop, the amount re-
maining in the loop of ARF rats was significantly
decreased as compared with that of normal rats. Renal
failure had no effect on the amount of tacrolimus
remaining in the tissue. The sum of absorption and
metabolism in the intestine was increased in ARF rats
(Table 3). Since the intestinal metabolism was not altered
by the renal failure (Table 2), the intestinal absorption
rate in rats with renal failure was considered to be
significantly increased as compared with that in normal
rats. These findings suggest that the increased absorp-
tion rate in the intestine significantly contributes to the
increased bioavailability of tacrolimus in ARF rats.

Kimura et al (1988) reported that the permeability of
drugs with molecular weights lower than 1000 was
increased in glycerol-induced renal failure. As the mol-
ecular weight of tacrolimus is 822, its absorption rate
might be increased due to the increased non-specific
permeability in the intestine in rats with renal failure. P-
glycoprotein was reported to be associated with the
absorption of tacrolimus in the intestine (Benet et al
1999; Masuda et al 2000). The function of P-glyco-
protein was reported to be systemically suppressed in
rats with glycerol-induced renal failure due to the ac-
cumulation of some endogenous substrates in plasma
(Huang et al 2000). It is therefore possible that the
absorption of tacrolimus via P-glycoprotein might be
modulated in ARF rats. On the other hand, the intestinal
absorption of ciclosporin A was reported to be de-
creased in rats with glycerol-induced renal failure (Shi-
bata et al 1999). Although tacrolimus and ciclosporin A
are both very lipophilic compounds and are substrates
of CYP3A or P-glycoprotein, the effects of renal failure
on their bioavailability seem to be different. The reasons
for the difference remain to be clarified.

In conclusion, the increased bioavailability of tacro-
limus is due not only to impaired hepatic metabolism,
but also to partial saturation of hepatic extraction as a
result of the accelerated absorption rate in the intestine
of rats with renal dysfunction.
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