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ABSTRACT

3',5'-Dioctanoyl-5-fluoro-2'-deoxyuridine (FdUrd-C8), one of the li-
pophilic prodrugs of 5-fluoro-2'-deoxyuridine (FdUrd) was dissolved in

an oily lymphographic agent (Lipiodol Ultra-Fluid), which had been

studied as a carrier of the anticancer drug for hepatic cancer. The prodrug
was administered into the left proper hepatic artery of rabbits bearing
VX-2 tumor in the liver in order to examine the anticancer effects and
possible adverse effects on nontumorous hepatic cells. Lipiodol or FdUrd-
C8*Lipiodol selectively remained in the hepatic cancer area but disap

peared from nontumorous parts of the liver 7 days after injection. Tumor
growth rates in 1 week of the untreated group, a group given injections
of 0.2 ml of Lipiodol alone, and groups given injections of 0.2 ml of
Lipiodol containing 30, 50, 70, and 100 mg of FdUrd-C8 were 636, 436,
34.8, 14.9, -2.4, and -10.4% of the size at the time of treatment,
respectively. Pathological observation also showed that FdUrd-C8 had a
strong anticancer effect on VX-2 tumor growing in the liver of the rabbits.

In contrast to the effect on the cancerous cells, that on nontumorous
hepatic cells was very slight. In pathological observation, necrosis or
degeneration of nontumorous hepatic cells was hardly observed. Plasma
glutamic-oxaloacetic transaminase and glutamic-pyruvic transuminosi-

levels temporarily rose 1 day after injection but returned to the initial
levels within 7 days in all groups.

INTRODUCTION

The oily lymphographic agent, Lipiodol,2 has been found (1)

to selectively remain in the hepatic cancer area for a long time
following injection into the hepatic artery. Based on this find
ing, a new approach for treatment of hepatic cancer has been
developed: namely the intraarterial administration of Lipiodol
containing, copoly(styrene-maleic acid) conjugated to neocar-
zinostatin (1-3). This approach was also applied to other anti-
cancer drugs by preparing various formulations such as solu
tions, emulsions, or suspensions of a candidate drug in Lipiodol
(4). For the formulation of solution in Lipiodol, an anticancer
drug must dissolve in Lipiodol. At present, however, few clini
cally used anticancer drugs are soluble in Lipiodol. Therefore,
in the present study, we have prepared a lipophilic anticancer
drug which is soluble in Lipiodol and examined its anticancer
effect on hepatic cancer using a rabbit model.

An anticancer drug exhibiting a time-dependent effect may
be one of the most suitable drugs for this approach because the
advantage of this approach is that Lipiodol selectively remains
in the hepatic cancer area for a long time. 5-Fluorouracil or
FdUrd are among the most clinically used time-dependent
anticancer drugs for hepatic cancer (5) and many of their
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derivatives have been synthesized. We selected lipophilic pro-
drugs of FdUrd, 3',5'-diesters of FdUrd with saturated aliphatic

acids (6, 7), which are soluble in Lipiodol at room temperature.
The FdUrd esters with a longer acyl chain (C>5) are hardly
soluble in aqueous media (8) and cannot be applied i.v. without
a large amount of a surfactant.

In this study, we examined the anticancer effect on hepatic
cancer cells and possible adverse effects on nontumorous he
patic cells, of 3',5'-dioctanoyl-FdUrd (FdUrd-C8) dissolved in

Lipiodol following injection into the hepatic artery of rabbits
bearing VX-2 tumor in the liver. Our choice of the dioctanoyl
analogue was based on its suitable physicochemical character
istics and easy synthesis as well as on its anticancer effect.

MATERIALS AND METHODS

Materials. Lipiodol Ultra-Fluid purchased from Kodama Co., Tokyo,
Japan, was a product of Laboratorio Guerbert, Paris, France. FdUrd
was purchased from Heinrich Mack Nachf (Illertissen/Bayern, West
Germany). FdUrd-C8 was prepared according to the method of Nishi-
zawa el al. (6). Their structures are illustrated in Fig. 1.

Preparation of FdUrd-C8 Solution in Lipiodol. FdUrd-C8 is an oily
sticky liquid at room temperature and miscible with Lipiodol at any
proportion. The amount of FdUrd-C8 was initially set and Lipiodol
was introduced into the FdUrd-C8 liquid in order to contain a desired
dose of FdUrd-C8 in Lipiodol. The mixture was then thoroughly mixed
with a vibrator-mixer (MM-2; Kayagaki Rika Co., Tokyo, Japan). The
final product was transparent and oily homogeneous liquid (hereafter
called FdUrd-C8*Lipiodol). Because of high viscosity of FdUrd-C8
(about 9500 cps at 37Â°C),the maximum content of FdUrd-C8 in an

injectable mixture was about 500 mg/ml with this apparatus for injec
tion.

Animal Study. Male New Zealand White rabbits about 2 to 3 months
old and weighing about 2 to 3.5 kg were used. A VX-2 tumor cell line
was maintained by successive transplantation into the liver of rabbits.
Rabbits were anesthetized by injection of sodium pentobarbital (32.4
mg/kg i.v.) through the periotic vein before laparotomy. An about 1-
mm3 cube of VX-2 tumor was implanted into the subcapsular paren

chyma of the left anterior lobe of the liver. Fourteen days after implan
tation, lengths of major and minor axes of VX-2 tumor grown ovally
were measured. Then the stomach was pulled to the caudal direction
so that the proper hepatic artery could be seen. FdUrd-C8*Lipiodol or

Lipiodol alone was injected into the left proper hepatic artery with the
injection device, which consisted of a polyethylene tube connected by
adhesive to a 30-gauge needle on one end and a 1-ml syringe on another
end. The volume of injection was 0.2 ml in all cases and a time period
of injection was 30-50 s because a volume larger than 0.2 ml and a
period of injection shorter than about 30 s caused an outflow of the oil
from the liver. Seven days after injection, lengths of the major and
minor axes of VX-2 tumor were measured. Then the liver was resected
and fixed with 20% formalin solution. Plasma samples were obtained
from the periotic vein before and after injection (0, 1, 3, 5 and 7 days)
for measurement of plasma GOT and GPT levels in some rabbits.

Evaluation of Anticancer Effect of FdUrd-C8*Lipiodol. The effect of
FdUrd-C8*Lipiodol on the growth of VX-2 tumor in the liver was

evaluated by comparing the size of the tumor, expressed as products of
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FUdR: R=H
FUdR-C8: R= CO (CH2)tCH3

Fig. 1. Chemical structures of FdUrd (FUdR) and FdUrd-C8 (FUdR-C8).

21 14

Days after inoculation
Fig. 2. Growth profiles of VX-2 tumor in the liver of rabbits in 7 days from

14 to 21 days after inoculation. Lipiodol or FdUrd-C8*Lipiodol was injected 14
days after inoculation and animals were resected 21 days after inoculation. .-(,
untreated group (n = 8); B, group given injections of Lipiodol alone (n = 13); C
to F, group given injections of Lipiodol containing 30 mg (n = 8), 50 mg (n = 8),
70 mg (n = 13), and 100 mg (n = 9) FdUrd-C8 in 0.2 ml, respectively. The growth
rates were 636 Â±85.9 (SE), 436 Â±86.4, 34.9 Â±9.0, 14 Â±11.5, -2.4 Â±5.7, and
-10.4 Â±7.2%, in 1 week in Groups A, B, C, D, E, and F, respectively. There was
no statistical significance between the growth rates of Groups A and B (/>> 0.05),
but there was statistical significance between the growth rates of Groups C, D, E,
and F and those of Groups A and B (P < 0.01 in all cases).

the lengths of the major and minor axes of VX-2 tumor at the time of
injection and 7 days after injection. The tumor growth rate in the 7
days period was calculated as

Growth rate (%) =
(length,)2 - (length,,)2

(lengthÂ«)2 x 100

where (Iength0)2 and (length,)2 are the products of the lengths of the
major and minor axes of VX-2 tumor at the time of injection and 7

days after injection, respectively. For pathological examination, liver
slices through the center of the tumor were stained with hematoxylin
and eosin and examined under an optical microscope (BH-2; Olympus
Optics Co., Tokyo, Japan). Statistical analysis was done by Student's /

test.
Soft X-Ray Analysis. To evaluate the location of Lipiodol, liver slices

through the center of the tumor, 5-8 mm thick, were radiographed
with a soft X-ray instrument (Softex Type CSM; Nippon Softex Co.,
Osaka, Japan) using a Fuji Tine-grain film.

Measurement of Plasma GOT and GPT Levels. These levels were
measured at Chemo-Sero Therapeutic Research Institute, Kumamoto,
Japan by automated enzymatic analyses.

RESULTS

Effects of FdUrd-C8*Lipiodol on the Growth of VX-2 Tumor
in the Liver of Rabbits. The growth profiles of VX-2 tumor in
the liver of rabbits are shown in Fig. 2. VX-2 tumor in the
untreated group grew extensively in 7 days (from 14 to 21 days
after inoculation) and the growth rate was 636% in 1 week.
Although tumor growth was somewhat suppressed in the group
given injections of Lipiodol alone (growth rate of 436% in a
week) compared to the untreated group, the difference was not
statistically significant (P > 0.05). In the group given injections
of FdUrd-C8*Lipiodol, however, tumor growth was greatly
suppressed. The growth rates were 34.8, 14.9, â€”2.4, and
â€”10.4% in 1 week in the groups given injections of 0.2 ml of
Lipiodol containing 30, 50, 70, and 100 mg of FdUrd-C8,
respectively.

Location of Lipiodol and Pathological Examination. Macro
scopic photographs of liver slices stained with hematoxylin and
eosin and soft X-ray photographs of liver slices are shown in
Figs. 3 and 4. In the soft X-ray photographs, Lipiodol could be
detected as white spots.

In the untreated group, Lipiodol was not detected simply
because Lipiodol was not injected (Fig. 3, A-2). In the groups
given injections of Lipiodol alone or FdUrd-C8*Lipiodol, Li
piodol could be detected selectively at the tumor site (Fig. 3, B-
2; Fig. 4, C-2, D-2, E-2, and F-2). The inside of the tumor

exhibited macular liquefaction necrosis and normally appearing
tumor cells were widely detectable surrounding the necrotic
part in the untreated group (Fig. 3, A-l). In the groups given
injections of Lipiodol alone, pathological findings were similar
to those of the untreated group except for the deposition of
Lipiodol (Fig. 3, B-2, B-l). In the group given injections of
FdUrd-C8*Lipiodol, however, tumor necroses were central and

Fig. 3. Macroscopic photographs of liver
slices stained with hematoxylin and eosin (l)
and soft X-ray photographs of 5-8-mm-thick
liver slices (2) at 7 days after injection of
Lipiodol alone or FdUrd-C8*Lipiodol into the
left hepatic artery of rabbits bearing VX-2
tumor in the liver. A, untreated group; B, group
given injections of Lipiodol alone; N, necrotic
part; V, viable tumor cells. Lipiodol could be
detected as white spots.
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Fig. 4. Macroscopic photographs of liver
slices stained with hematoxylin and eosin (/)
and soft X-ray photographs of 5-8-mm-thick
liver slices (2) at 7 days after injection of
FdUrd-C8*Lipiodol into the left hepatic artery
of rabbits bearing VX-2 tumor in the liver. C
to F. groups given injections of Lipiodol con
taining 30, 50. 70, and 100 mg FdUrd-C8 in
0.2 ml. respectively; A/,necrotic part; V, viable
tumor cells. Lipiodol could be detected as
white spots.

massive, and the necrotic part became larger as the dose of
FdUrd-C8 was increased (Fig. 4, C-l, D-l, E-l, and F-l). At 30
mg FdUrd-C8 in 0.2 ml, the inside of the tumor necrosed
centrally and massively, but viable tumor cells were detectable
surrounding the necrotic part (Fig. 4, C-l). At 50 mg FdUrd-
C8 in 0.2 ml, the necrotic part became larger than that at 30
mg FdUrd-C8. While viable tumor cells were slightly detectable,
they were almost degenerated (Fig. 4, D-l). In the groups given
injections of 70 or 100 mg FdUrd-C8 in 0.2 ml, no viable tumor
cells were detectable in 3 of 13 rabbits and in 3 of 9 rabbits
used, respectively (Fig. 4, E-l, F-l). Viable tumor cells in the
rest of rabbits were almost degenerated in these groups (data
are not shown).

In contrast to the effect of FdUrd-C8*Lipiodol on the cancer

area, the effect on nontumorous hepatic cells was very slight.
In all the groups given injections of Lipiodol alone or FdUrd-
C8*Lipiodol, necrosis or degeneration was hardly observed in

the nontumorous hepatic area. Although slight cavitating de
generations were observed in some animals, it was not obvious
whether the degeneration was due to FdUrd-C8*Lipiodol or to

imperfection of the fixation.
Plasma GOT and GPT Levels. Figs. 5 and 6 show the plasma

GOT and GPT levels before and after injection of Lipiodol
alone or FdUrd-C8*Lipiodol. GOT and GPT levels temporarily

rose 1 day after injection but fell to the normal levels 5 or 7

too

100

13571357
Daysafterinjection

Fig. 5. Plasma GOT levels before and after injection of Lipiodol alone or
FdUrd-C8*Lipiodol (on 0, 1, 3, 5, and 7 days after injection). B, group given
Lipiodol alone (n = 5); C to F, groups given injections of 30 mg (n = 4), 70 mg
(n = 5), and 100 mg (n = 4) FdUrd-C8, respectively, in 0.2 ml. K.U., Karmen
units.

days after injection in all groups given injections of Lipiodol
alone or FdUrd-C8*Lipiodol.

DISCUSSION

Intraarterial administration of Lipiodol which is an oily
lymphographic agent has been shown to have two major advan-
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. 100
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Days after Injection

Fig. 6. Plasma GPT levels before and after injection of Lipiodol alone or
FdUrd-C8*Lipiodol (on 0, 1,3, 5, and 7 days after injection). Symbols are the
same as in Fig. 5. A'.( '.. Karmen units.

tages for the treatment of hepatic cancer (1-3): (a) Lipiodol
selectively remains in the hepatic cancer area so that the cancer
tissue is located clearly by X-ray, CT scan and ultrasonography;
(b) Lipiodol can be a carrier of an anticancer drug if the drug
is adequately soluble in it and can be released from it. At
present, however, few drugs can be subjected to this approach
(3,4, 9, 10). One class of the most suitable anticancer drugs for
this approach is likely to be drugs exhibiting a time-dependent
anticancer effect because Lipiodol remains selectively in the
hepatic cancer area over a long time. Although 5-fluorouracil
and FdUrd are time-dependent drugs used in hepatic intraar-
terial administration (11), they are not soluble in Lipiodol.
FdUrd-C8 has been synthesized as one of the lipophilic pro-
drugs of FdUrd; FdUrd-C8 is an oily sticky liquid at room
temperature and is freely miscible with Lipiodol at any propor
tion. Therefore the anticancer effect of FdUrd-C8*Lipiodol in

hepatic cancer was explored.
Iwai et al. (2) reported that although Lipiodol deposited both

in the tumor area and in a normal liver area immediately after
injection of Lipiodol or Lipiodol-copoly(styrene maleic acid)
conjugated to neocarzinostatin into the hepatic artery of rabbits,
Lipiodol in the normal liver area disappeared in 3 days. Also
in our experiments, Lipiodol or FdUrd-C8*Lipiodol deposited

both in the tumor area and in the normal liver area immediately
after injection into the hepatic artery (data are not shown). On
7 days after injection, however, Lipiodol could be detected only
at the tumor site and disappeared from the normal liver area
(Fig. 4, C-2, D-2, E-2, and F-2). It was shown that Lipiodol
retained the advantageous nature of selective deposition in the
hepatic cancer area even when it contained FdUrd-C8. Al
though the mechanism of the selective accumulation of Lipiodol
is not clear, the particular nature of the tumor neovasculature
including enhanced permeability, vascular structure, mode of
blood flow, and an undeveloped lymphatic system in the tumor
has been mentioned (1,3).

VX-2 tumor in the liver grew extensively in the untreated
group and the group given injections of Lipiodol alone. Anti-
cancer effect due to embolization in the vessels by Lipiodol
itself did not seem to be significant. This result was similar to
that reported by Iwai et al. (2). Growth of VX-2 tumor, however,
was greatly inhibited by injection of FdUrd-C8*Lipiodol into
the hepatic artery of rabbits at doses greater than 30 mg FdUrd-
C8 in 0.2 ml (Fig. 2). Although there seems to be a correlation
between the dose and the growth rate, there could be errors of
1 mm in the measurement of tumor sizes; even if the tumor
sizes are 5 x 5 mm, 10x10 mm, or 20 x 20 mm at the time of
injection and they do not grow in 7 days, the measured tumor

sizes can be read to be 6 x 6 mm, 11x11 mm, or 21 x 21 mm
7 days after injection and the growth rates can be calculated to
be 44, 21, and 10.3% in 1 week, respectively. Thus it was
examined whether the growth rate of individual rabbits was
within the maximum errors or not. As a result, the growth rates
of 6 of 8 rabbits, 2 of 8 rabbits, 1 of 13 rabbits, and 1 of 9
rabbits were beyond the maximum errors at the FdUrd-C8 dose
of 30, 50, 70, and 100 mg in 0.2 ml, respectively. Therefore it
was shown that VX-2 tumor hardly grew above the 70 mg dose
ofFdUrd-C8in0.2ml.

Pathologically, there was a remarkable difference between
the untreated group or the group given injections of Lipiodol
alone and the group given injections of FdUrd-C8*Lipiodol.

The necrosis was of macular liquefaction type and the viable
tumor cells were widely detectable in the untreated group or
the group given injections of Lipiodol alone, while the necrosis
was massive and normally appearing cells were hardly detecta
ble and almost degenerated or were undetectable in the groups
give injections of FdUrd-C8*Lipiodol. These results show that
FdUrd-C8*Lipiodol had an anticancer effect on VX-2 tumor

growing in the liver of rabbits by injection into the hepatic
artery and that anticancer effect was dependent on the content
of FdUrd-C8 in FdUrd-C8*Lipiodol.

Contrary to the effect of FdUrd-C8*Lipiodol on VX-2 tumor,

the effect on nontumorous hepatic cells was pathologically very
slight.

Plasma GOT and GPT levels, which are considered to be
markers for the disturbance of hepatic cells, exhibited similar
patterns in all groups given injections of Lipiodol alone or
FdUrd-C8*Lipiodol. The levels rose 1 day after injection irre
spective of the dose of FdUrd-C8 and fell to the initial levels of

each rabbit within 7 days (Figs. 5 and 6). These results suggest
that FdUrd-C8*Lipiodol might have disappeared from the non
tumorous liver area before FdUrd-C8 was released from FdUrd-
C8*Lipiodol and exerted only minor effects on the nontumor

ous hepatic cells. In terms of GOT and GPT levels after
treatments, there has been little difference between treatment
with Lipiodol alone and that with FdUrd-C8*Lipiodol. There

fore the higher levels of GOT and GPT 1 day after injection of
FdUrd-C8*Lipiodol might be due not to FdUrd-C8 itself but

to disturbance by laparotomy and arterial injection of Lipiodol
or other technical factors. While side effects attributed to
FdUrd-C8*Lipiodol which disappeared from the nontumorous

liver into the other parts of the body were not apparent, any
acute change of condition after injection or any death attributed
to Lipiodol or FdUrd-C8*Lipiodol was not observed.

Although factors responsible for the anticancer effect of
FdUrd-C8*Lipiodol are rather complex, a possible list includes
the amount of FdUrd-C8*Lipiodol that remained in the hepatic
cancer area, the release rate of FdUrd-C8 from FdUrd-
C8*Lipiodol, the regeneration rate of FdUrd from FdUrd-C8,

the site where regeneration occurs, the permeability of FdUrd
or FdUrd-C8 through the cancer cell membrane, and the acti
vation or inactivation rate of FdUrd. The essential factors might
be the concentration of FdUrd and duration of effective con
centration within the cancer cell.

The release of FdUrd-C8 from FdUrd-C8*Lipiodol in rabbit

plasma in vitro followed zero order kinetics over 24 h and about
20% FdUrd-C8 contained in Lipiodol was released within 24
h.3 The hydrolysis of FdUrd-C8 to FdUrd in rabbit plasma was
rapid (t*/,= 4.7 min) and FdUrd released was stable in the
plasma.3 Kawaguchi et al. (12) also showed that FdUrd-C8 was

3Fukushima, manuscript in preparation.
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rapidly hydrolyzed in tissue homogenates including intestine,
liver, kidney, and plasma of rats, but FdUrd itself was quite
stable in rat plasma. Ensminger et al. (11) reported that 94-
99% of FdUrd administered intraarterially was extracted by the
liver. Thus the mechanism of anticancer effect of FdUrd-
C8*Lipiodol might be as follows. FdUrd-C8 is gradually re
leased from FdUrd-C8*Lipiodol which remains in the hepatic
cancer area; a part of FdUrd-C8 is hydrolyzed extracellularly
presumably by esterase; and 3'-octanoyl-FdUrd, 5'-octanoyl-

FdUrd, and FdUrd are produced. Then these drugs permeate
through a cancer cell membrane and are hydrolyzed and/or
activated in the cancer cells. This hypothesis must be proved by
further kinetic studies of FdUrd-C8 and FdUrd using tissues
and plasma of rabbits, furthermore those of humans in clinical
application.

In this study, we examined the selective anticancer effect of
FdUrd-C8 dissolved in Lipiodol on experimental hepatic cancer
of rabbit. FdUrd-C8 was selected as one of the lipophilic
prodrugs of FdUrd based on suitable physicochemical charac
teristics and easy synthesis. The effect of FdUrd-C8*Lipiodol

on growth of the tumor over 7 days after its injection and on
the survival days of rabbits will be examined in the future.
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