
Advanced or recurrence hepatocellular carcinoma is usu-
ally unresectable. Local treatments, such as percutaneous
ethanol injection, subsegmental transcatheter arterial em-
bolization, microwave coagulation therapy, and radiofre-
quency ablation, have been reported to be useful for treating
patients with unresectable disease.1) In most patients with he-
patocellular carcinoma, however, the disease progresses to an
advanced stage for which effective local treatment is not
available. For this stage, chemotherapy is only a palliative
treatment, but the response rate of anticancer drugs against
hepatocellular carcinoma is very low.2) Also, the efficacy of
cancer chemotherapy is limited by side effects from anti-
cancer drugs. In general, side effects might be caused by
high blood concentrations and a non-specific systemic distri-
bution of anticancer drugs.

Consequently, regional chemotherapy, including intra-arte-
rial infusion,3) intrahepatic perfusion,4,5) and intratumoral in-
jection,6—8) has been performed to improve the therapeutic
effect of anticancer drugs on hepatocellular carcinoma. How-
ever, these routes of administration could not achieve an ade-
quate delivery to target sites in the liver because of a distri-
bution to the entire liver or rapid drainage into the systemic
circulation from the injection site.

We originally proposed the direct application of a drug to
the liver surface and elucidated the absorption mechanism of
model compounds after their application to rat liver sur-
face.9—14) In addition, we reported that application to the liver
surface could achieve a site-selective delivery of drugs, in-
cluding 5-fluorouracil (5-FU), to the liver.15)

In the present study, we investigated the absorption and
distribution characteristics of 5-FU after its application to the

liver surface in rats to examine the possibility of reducing its
systemic side effects.

MATERIALS AND METHODS

Chemicals 5-FU was purchased from Nacalai Tesque,
Inc. (Kyoto, Japan). All other chemicals were of reagent
grade.

Animal Experiments All animal experiments in the
present study conformed to the Guidelines for Animal Ex-
perimentation in Nagasaki University. Male Wistar rats
(260—310 g) were anesthetized with sodium pentobarbital
(50 mg/kg i.p.). The left femoral artery was cannulated with
polyethylene tubes. The body temperature of the rats was
maintained at 37 °C with a heat lamp during the experiment.
A 5-FU solution was prepared in an isotonic phosphate
buffer (pH 7.4), and administered as follows.

Application to Rat Liver Surface: After the middle ab-
domen was cut open about 3 cm, a cylindrical diffusion cell
(i.d. 9 mm, area 0.64 cm2) was attached to the liver surface
with Aron Alpha (Daiichisankyo Co. Ltd., Tokyo, Japan),
and 5-FU (10 mg/ml�0.5 ml) was added to the cell directly.
The top of the diffusion cell was sealed with a piece of alu-
minum foil to prevent evaporation of the applied solution.
Then, blood samples were collected at selected times (5, 15,
30, 45, 60, 120, 240, 360 min), and centrifuged. Also, the so-
lution in the diffusion cell was withdrawn, followed by exci-
sion of the liver, kidney, spleen, lung, and heart. The excised
liver was divided into three sites; the region under the diffu-
sion cell attachment site (site 1), the treated lobe excluding
the site 1 (site 2), and the untreated lobes (site 3). The tissues
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were weighed, and then liver or other tissues were homoge-
nized in three- or two-fold volumes of their weight of pH 7.4
isotonic phosphate buffer, respectively.

i.v. administration: 5-FU (10 mg/ml�0.5 ml) was injected
into the jugular vein using a syringe with a needle (26 G�
1/2�). Then, blood samples were collected at selected times
(2, 5, 10, 15, 30, 45, 60, 90, 120 min), and centrifuged. In ad-
dition, the liver, kidney, spleen, lung, and heart were excised
at predetermined times (15, 30, 60, 120, 180 min). In the case
of application to the liver surface, the excised liver was di-
vided into three sites and the tissues were weighed and ho-
mogenized.

5-FU Assay Procedures The concentration of 5-FU in
each tissue homogenate, plasma sample, or the solution re-
maining in the diffusion cell was determined by modifying
reported methods.16,17) Briefly, the tissue homogenate, plasma
sample, or solution remaining in the diffusion cell (300 m l)
was added to a solution of 5-bromouracil (20 mg/ml, 150 m l)
dissolved in isotonic phosphate buffer (pH 7.4) as an internal
standard, 1 M sodium acetate buffer (pH 4.8, 100 m l), and
20% anhydrous sodium sulfate solution (500 m l). The mix-
tures were shaken with ethyl acetate (4 ml) for 10 min, and
thereafter centrifuged at 900�g for 10 min. The organic lay-
ers (3 ml) were collected. Ethyl acetate (4 ml) was then added
to the residue and the mixtures were shaken for 10 min, and
thereafter centrifuged at 900�g for 10 min. The organic lay-
ers (4 ml) were collected and the mixed organic layers (7 ml)
were evaporated. The extracted residues were dissolved in
500 m l of distilled water and washed twice with 1 ml of
hexane. Samples (100 m l) were injected into the HPLC col-
umn. An HPLC system (LC-6A, Shimadzu Co., Ltd., Kyoto,
Japan) with a variable-wavelength UV detector (SPD-10A,
Shimadzu) was used in the reverse-phase mode. The detector
wavelength, flow rate, and column temperature were set at
266 nm, 0.7 ml/min, and 25 °C, respectively. The mobile
phase consisted of 10 mM sodium acetate buffer (pH 4.0).
The stationary phase used was a Cosmosil 5C18-MS-II
packed column (150 mm length�4.6 mm i.d. connected with
150 mm length�4.6 mm i.d., Nacalai Tesque, Inc.).

Calculation of Moment Parameters The plasma con-
centration–time profile of 5-FU until 360 min after the i.v.
administration or application to the liver surface was ana-
lyzed based on the statistical moment theory.18) Moment 
parameters for the plasma concentration-time profile up to
360 min (AUCplasma, 0—360) were calculated by numeral inte-
gration using a linear trapezoidal formula.

Statistical Analysis Statistical comparisons were per-
formed with the unpaired Student’s t-test. p�0.05 was con-
sidered to be statistically significant. All values were ex-
pressed as the mean value�standard error (S.E.) of at least
three experiments.

RESULTS AND DISCUSSION

Absorption Characteristics of 5-FU after Its Applica-
tion to the Rat Liver Surface The extent to which 5-FU
was absorbed in 360 min after its application to the liver sur-
face was calculated as 69.1% of the dose based on the
amount recovered from the diffusion cell. To examine the ab-
sorption characteristics of 5-FU after its application, we stud-
ied the time course of the change in the amount of 5-FU in

the diffusion cell. As shown in Fig. 1, a semi-log plot of 
the amount remaining in the diffusion cell gave a straight 
line (correlation coefficient: r2�0.996), indicating that the
absorption of 5-FU from the liver surface proceeds via a
first-order process as with the compounds in previous re-
ports.9—11) The absorption rate constant ka of 5-FU from the
liver surface was calculated to be 0.0033 min�1.

Previously, we have clarified that the rate of absorption
from the liver surface correlated with the molecular weight
of the compound.9,11) We compared the absorption rate of 
5-FU with that of several compounds examined previously.
We calculated the apparent permeability coefficient, Papp

(mm/min), of several compounds after their application to the
liver surface, according to the following Eq. 1.

(1)

Where Va is the application volume of drug solution, and Acell

is the application area of the diffusion cell.
Also, the following equation has been proposed with re-

spect to drug absorption from the gastrointestinal mucosa via
passive diffusion19,20):

(2)

Pa represents the partition coefficient and constants A and B
are the correction factor to Pa and constant for diffusion, re-
spectively.

Because each compound is highly hydrophilic, the right-
hand side of Eq. 2 can be transformed as a fixed number.
Then, based on Eq. 2, we plotted Papp against the reciprocal
of the square root of the molecular weight (1/√

——
MW) of com-

pounds with different molecular weights and 5-FU (Fig. 2).
As shown in Fig. 2, a linear relationship was observed be-
tween the Papp and 1/√

——
MW of several compounds including

5-FU (correlation coefficient: r2�0.949) although there is a
little difference. The estimated Papp value of 5-FU (22.9 mm/
min) was in good agreement with the experimental value
(25.8 mm/min).

Systemic Distribution of 5-FU after Application to the
Rat Liver Surface It was reported that the systemic distri-
bution and toxicity of 5-FU varied with the administration
route.21—24) In the case of hepatic arterial infusion, hepatic
extraction of anticancer drugs resulted in minimal systemic
exposure, potentially minimizing systemic side effect.25)

Then, we examined the systemic distribution of 5-FU after
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Fig. 1. Semi-Log Plot of the Amount of 5-FU Remaining in the Diffusion
Cell at a Dose of 5 mg after Application to the Liver Surface in Rats

Each point represents the mean�S.E. of at least four experiments.



its application to the rat liver surface.
Figures 3A and B show the plasma concentration profiles

of 5-FU after an i.v. administration or liver surface applica-
tion, respectively. After the i.v. administration, 5-FU was rap-
idly eliminated from the plasma and could not be detected at
120 min (Fig. 3A). After the application of 5-FU to the liver
surface, on the other hand, low plasma concentrations (�1.2
mg/ml) were observed until 360 min (Fig. 3B). The AUCplasma

of 5-FU was calculated as representative of systemic drug
exposure. The AUCplasma after application to the liver surface
(306.6�24.9 mg ·min/ml) was significantly smaller than that
after i.v. administration (406.3�15.2 mg ·min/ml). 5-FU is
catabolised by dihydropyrimidine dehydrogenase, the rate-
limiting enzyme that bring about first pass effect of 5-FU, in
the liver. Also, the hepatic extraction ratio of 5-FU was re-
ported to be higher than about 90%.26) We considered that the
clearance from the liver of 5-FU after application to liver sur-
face is the metabolism in the liver. It would appear that the
systemic drainage of 5-FU was suppressed by the hepatic ex-
traction after the application to the liver surface.

Figures 4A and B illustrate the concentration profiles of 5-
FU in the liver, kidney, spleen, lung, and heart until 180 min
after i.v. administration or until 360 min after application to
the liver surface of 5-FU, respectively. After i.v. administra-
tion, 5-FU mainly distributed in the kidney, and the concen-
tration in the liver was significantly lower than that in kidney,
spleen or heart at 15 min and could not be detected thereafter
(Fig. 4A). Also, the concentrations of 5-FU at the three sites
of the liver were almost the same at 15 min after i.v. adminis-

tration (data not shown). After its application to the liver sur-
face, on the other hand, 5-FU was preferentially distributed at
site 1, and was not detected at the other sites or in other tis-
sues (Fig. 4B). Therefore, these results suggest that the appli-
cation of 5-FU to the liver surface suppressed drainage into
the systemic circulation and other tissues, potentially mini-
mizing the systemic side effect. However, further studies are
necessary for us to investigate the possibility of accumula-
tion to the liver tumor cells in tumor-bearing rats because
distribution of 5-FU to tumor should be the most important
issue for clinical application.

In conclusion, we have demonstrated that 5-FU was ab-
sorbed from the surface of the liver in rats according to a
first-order process and the absorption rate could be estimated
from the molecular weight. Also, the 5-FU applied to the
liver surface was preferentially distributed at site 1 and the
plasma concentration of 5-FU was low until 360 min. These
results suggested the possibility of reducing the systemic
side effects of 5-FU by applying it to the liver surface.
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