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A novel intra-operative chemotherapy nude mouse model
for human hepatocellular carcinoma (HCC) has been devel-
oped. Intra-peritoneal (i.p.) administration of 5-fluorouracil (5-
FU) was begun 2 hr before hepatic resection of HCC and then
continued post-operatively for 4 consecutive days. This regime,
termed intra-hepatectomy chemotherapy (IHC), significantly
prolonged animal survival compared with pre-operative 5-FU,
neoadjuvant therapy, 5-FU post-operative adjuvant therapy,
surgery alone, 5-FU without surgery, and the untreated control.
The median survival of the intra-operative 5-FU-treated group
was 127 days compared with 78 days for the neoadjuvantly-
treated animals and 53 days for the control group (p < 0.006).
When all animals with neoadjuvant 5-FU treatment had died,
60% of the animals in the IHC group were still alive (p < 0.011).
Survival of all other treatment groups, including 5-FU without
surgery, surgery alone, and adjuvant post-operative chemother-
apy, was not significantly different from the untreated control
group. Five animals in the IHC group were free of tumor when
sacrificed at day 150 post-surgically. While 100% of animals in
the control group had lymph nodes draining the liver involved
with metastases, only 20% of animals in the IHC group had
lymph node metastases. These data suggested that IHC ther-
apy increased survival by preventing metastases of cancer cells
not removed in the liver resection procedure. The results of this
study indicate that IHC therapy for resection of HCC should be
investigated clinically.
© 2001 Wiley-Liss, Inc.
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HCC is the most common primary malignant tumor of the liver.1
The incidence of HCC in the Far East and sub-Saharian Africa is 30
per 100,000 personsper year.2 In theUnited States, 13,000 new cases
are expected annually.3,4 Surgery is the most effective current treat-
ment for HCC.1 However, tumor recurrence after a curative liver
resection is high,5–11 the reasons for which are: 1. spreading of
malignant cells into the portal circulation during surgical manipula-
tion;11–132. microscopic residual tumor cellsafter liver resection;11,13

3. growth factors released early after liver resection.14–16

Repeated hepatectomy for recurrences after a curative liver
resection benefits only a small group of patients, since most
recurrent tumors are unresectable.12

Liver transplantation for HCC hasalso been associated with ahigh
incidenceof recurrence.7 Useof liver transplantation for treatment of
HCC is limited due to an organ shortage and high cost.5–10Adjuvant
systemic chemotherapy with 5-FU and other drugs has not signifi-
cantly improved thesurvival of HCC patientswith recurrencesafter a
curative liver resection.11,17–21 The results of post-operative intra-
arterial chemotherapy with lipiodol and percutaneous ethanol injec-
tion are limited.12,13,20Intra-arterial chemoembolization also has not
significantly increased the survival of patients with HCC.22,23

The search for new anticancer agents and treatment modalities
has been impeded by the limited availability of clinically accurate
mouse models, specifically highly metastatic models. Toward this
goal, our laboratory has established clinically representative met-
astatic mouse models of human cancer with a novel method of
surgical orthotopic implantation (SOI) of intact tumor tissue frag-
ments.24–27 In our study, ahighly metastatic human hepatocellular
carcinoma nude mouse model was used.28

The aim of our study was to evaluate the efficacy of intra-
operative 5-FU for the treatment of highly metastatic HCC in an
orthotopic nude mouse model.

MATERIAL AND METHODS

Animals
Athymic nu/nu Balb/c mice of both sexes, 6–7 weeks old, were

used in our study. The animals were maintained in a specific
pathogen-free environment in compliance with USPHS guidelines
governing the care and maintenance of experimental animals. All
animal studies were conducted in accordance with the principles
and procedures outlined in the National Institutes of Health Guide
for the Care and Use of Animals under assurance number
A3873-1. Mice were fed with an autoclaved laboratory rodent diet
(Tecklad LM-485, Western Research Products, Orange, CA).

Human hepatocellular carcinoma
A highly metastatic human hepatocellular carcinoma nude

mouse model, LCI-D20, was previously established by surgical
orthotopic implantation (SOI).28

Tumor implantation on the nude mice liver
In thepresent study, LCI-D20 human hepatomatissuefragments

were implanted by SOI directly on the left lobe of the liver in 60
animals using the following methods: Liver metastases of LCI-
D20 that originated from SOI to the liver of nude mice were
harvested and carefully inspected under a dissecting microscope
(53) to remove necrotic tissue. The harvested tumor tissues were
then equally divided into small piecesof 1 mm3 each. Tumor tissue
fragments were mixed thoroughly before the implantation proce-
dure to ensure that each mousereceived equally viable tissues. The
left lobe of the liver of the mice was isolated via a left subcostal
incision under isofluraneanesthesia. A small cut was then madeon
the glissonian capsule. Three 1 mm3 pieces of the above tumor
tissue fragmentswere inserted into the incision on the left lobeand
then fixed in place using an 8-0 nylon suture. The abdomen was
closed with a6-0 silk suture using different instruments than those
used for tumor implantation in order to prevent any tumor cell
seeding at the incision site.

Partial hepatectomy
Mice were anesthetized with isoflurane inhalation and put in a

supine position. The abdomen was sterilized with iodine and
alcohol swabs. To prevent any residual tumor growth, the left
subcostal incision site, which was used for tumor implantation,
wascompletely excised. Through thisabdominal wall opening, the
tumor-bearing left lobe of the liver was isolated and its bilio-
vascular bundle ligated with a6-0 nylon suture. Then theentire left
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lobe was resected. The incision line was at least 1 cm distant from
the liver metastasis. The resected lobe corresponded to approxi-
mately 30% of the total liver. The abdomen was then closed with
a 6-0 silk suture using different instruments than those used for the
resection to prevent any tumor spreading at the incision site.

Chemotherapeutic study design
5-FU (Calbiochem-Novabiochem, San Diego, CA) was used at

20 mg/kg/0.5 ml i.p. There were 6 groups of animals in this study.
In group 1, the control animals were treated with saline, 0.5 ml,
once a day for 5 days. In group 2, animals were treated with 5-FU
only once a day for 5 days, with the first dose starting 3 days after
tumor implantation. In group 3, a curative liver resection was
performed 3 days after tumor implantation. In group 4, which
received adjuvant treatment, animals were first given a curative
liver resection, then after 2 days of rest, were subsequently treated
with 5-FU once a day for 5 days. In group 5, which received
neoadjuvant treatment, animals were treated with 5-FU once a day
for 5 days,then after 2 days of rest, a curative liver resection
was performed. In group 6, intra-hepatic chemotherapy (IHC),
the first 5-FU dose was given to the animals 2 hr prior to liver
resection. Four more daily doses of 5-FU were given to the
animals beginning from the first post-operative day (Table I).

Statistical analysis
The incidence of survival at defined time points and the inci-

dence of metastasis was analyzed using the Fisher exact test.
Median survival was analyzed using the Wilcoxon rank-sum test.

RESULTS

Survival
All animals were sacrificed when they became moribund. Five

animals in the IHC treatment group did not show any sign of
neoplastic disease and were sacrificed at day-150 post-tumor im-
plantation. Animals with IHC survived much longer than all other
treatment or control groups (Fig. 1). The median survival of the
IHC group was 127 days compared with 53 days for the control
group (p , 0.006). The median survival of animals in the neoad-
juvant group was 78 days (p , 0.021 compared with the control
group). Though survival of animals in the surgery-alone, 5-FU-

alone and adjuvant post-operative 5-FU groups was longer than the
control group, it was not statistically significant. When all animals
with neoadjuvant 5-FU treatment had died, 60% of animals with
IHC were still alive (p, 0.011) (Table II).

Systemic metastasis
All animals were explored for metastasis at necropsy. In the

control group, 100% of the animals had metastasis in lymph nodes
draining the liver. In animals treated with 5-FU alone, 100% of the
animals had lymph node metastases. In animals treated with sur-
gical resection only without chemotherapy, 75% of the animals
had lymph node metastases. In animals treated with surgery and
subsequently adjuvant chemotherapy, 63% of the animals had
lymph node metastases. In the neoadjuvant chemotherapy group,
63% of the animals had lymph node metastases. In the IHC group,
only 2 animals had lymph node metastases (20%). Peritoneal
carcinomatosis occurred in 67% of animals in the control group
and in only 10% of animals treated with IHC (p , 0.020). Five
mice treated with IHC sacrificed at day-150 post-tumor implanta-
tion were found free of neoplastic disease. All other animals in all
groups had recurrences of tumor in the liver. The metastatic
patterns and frequency in the different treatment groups are shown
in Table III.

DISCUSSION

Adjuvant, post-operative and standard chemotherapeutic re-
gimes have not significantly improved survival of patients with
HCC.17–19 Early recurrence in the remnant liver after a curative
liver resection is high.5–11 The reasons for recurrences in the
residual liver after a curative liver resection are believed to be due
to microscopic residual foci of tumor or spreading of malignant
cells by surgical manipulation or both.11,13It is known that surgical
manipulation spreads HCC cells into the portal circulation.12,19,29

In recent years, a number of reports have suggested that at least
small HCC are mainly supplied by the portal circulation.11,29–31As
HCC increase in size and become increasingly dedifferentiated, the
number of portal tracts apparently decreases and intratumoral
arterioles develop.11 In larger HCC, the portal circulation also has
an important role and could become the main supplier after adju-
vant, post-operative, intra-arterial chemoembolization.31

Pharmacokinetic and phase-1 clinical studies have indicated that
i.p. administration of 5-FU achieves drug concentrations in the
peritoneal cavity between 300 and 2,200 times higher than in the
systemic circulation.32–35Anatomic considerations and experimen-
tal data suggest that a major mechanism of clearance of com-
pounds placed into the peritoneal cavity is by way of the portal
circulation.32–35The delivery of the drug to the liver by way of the
portal circulation essentially equals the amount of drug entering
the liver during intrahepatic artery infusion.32–35

Several clinical trials studied whether perioperative adjuvant
portal vein injection in patients with colon cancer can prevent
recurrences in the liver.36–38In Taylor’s study, benefit was seen in
patients with Dukes’ B. The Weber and Wolmark studies showed
an increase of survival in patients who received adjuvant intrapor-
tal infusion of chemotherapy after resection of their primary colon
tumor. However, none of these studies demonstrated a decrease in
the incidence of liver metastases36–38 in contrast to IHC, which
demonstrates a significant decrease.

The reason for accelerated tumor growth after hepatectomy
seems to be due to growth factors, such as hepatocyte growth
factor and transforming growth factor-a, secreted from the
residual liver of both humans and mice during the first week
after a partial hepatectomy.14,39 In a previous study, we dem-
onstrated an increase of human colon cancer growth implanted
into the liver of nude mice after 30% hepatectomy.15 The timing
of initiation of chemotherapy in our study is important for 2
reasons: 1. the potential effect of growth factors that can stim-

TABLE I – TREATMENT REGIMENS OF HUMAN HEPATOCELLULAR
CARCINOMA IN THE LIVER OF NUDE MICE

Group No. of
animals

Therapeutic regimens listed in order
of use

(1) Control 9 Saline 0.5 ml, once a day
for 5 days.

(2) 5-FU alone 8 20 mg/kg/0.5 ml once a day
for 5 days; first dose 3
days after tumor
implantation.

(3) Liver resection
alone

10 Curative liver resection 3
days after tumor
implantation.

(4) Adjuvant 8 Curative liver resection1 2
days rest1 5-FU 20 mg/
kg/0.5 ml once a day for
5 days.

(5) Neoadjuvant 8 5-FU 20 mg/kg/0.5 ml once
a day for 5 days1 2
days rest1 curative liver
resection.

(6) Intra-hepatectomy
chemotherapy

10 5-FU 20 mg/kg/0.5 ml, first
dose 2 hr prior to
curative liver resection1
4 more doses beginning
from post-operative first
day.
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ulate tumor growth released early after liver resection; 2. sur-
gical manipulation spreads malignant cells into the portal cir-
culation.12,19,29 The highest concentration of 5-FU after i.p.
injection on liver tumors is reached after 2 hr.40 Therefore, in
our study, in the IHC group, the first dose of 5-FU was injected
i.p. 2 hr before the start of the operation. The other 4 doses were
administered daily from the first post-operative day through
day-4.

The IHC strategy significantly prolonged survival and in 5 of 10
animals prevented tumor recurrence. Despite the recurrences of
tumor in the liver in 5 of the animals treated with IHC 5-FU, lymph

node metastases draining the liver occurred in only 2 animals and
peritoneal carcinomatosis in only 1 animal (Table III). The IHC
thus seemingly reduced the malignancy of the tumor.

The data in our study demonstrated that IHC for resectable
HCC is an effective and convenient procedure. IHC therapy
does not have the disadvantage of neoadjuvant chemotherapy in
which a resectable tumor remains in the liver parenchyma with
the possibility of becoming nonoperable in case there is
no response to chemotherapy.41 The results of this study indi-
cate that IHC for resection of HCC should be investigated
clinically.

TABLE II – SURVIVAL EFFICACY OF INTRA-HEPATECTOMY CHEMOTHERAPY COMPARED WITH STANDARD TREATMENT MODALITIES IN NUDE MICE
WITH HCC

Group

At the time when all
mice in the control had

died

At the time when all
mice in the 5-FU
group had died

At the time when all
mice in the surgery

group had died

At the time when all
mice in the adjuvant

group had died

At the time when all mice in
the neoadjuvant group had died

Survival
rate (%)

p-value*
vs. control

Survival
rate (%)

p-value*
vs. 5-FU

Survival
rate (%)

p-value*
vs. surgery

Survival
rate (%)

p-value*
vs. adjuvant

Survival
rate (%)

p-value*
vs. neoadjuvant

Control 0 — 0 — 0 — 0 — 0 0
5-FU 20 0.474 0 — 0 — 0 — 0 0
Surgery 60 0.011 30 0.211 0 — 0 — 0 0
Adjuvant 30 0.211 20 0.474 20 0.474 0 — 0 0
Neoadjuvant 70 0.003 60 0.011 40 0.087 30 0.211 0 —
Intra-hepatectomy

chemotherapy
80 0.001 70 0.003 70 0.003 70 0.003 60 0.011

*All p-values were derived from thex2/Fisher exact test.

FIGURE 1 – 5-FU was used at 20 mg/kg/0.5 ml i.p. There were 6 groups of animals in this study. In group 1, the control animals were treated
with saline 0.5 ml, once a day for 5 days. In group 2, animals were treated with 5-FU only once a day for 5 days; the first dose starting 3 days
after tumor implantation. In group 3, a curative liver resection was performed 3 days after tumor implantation. In group 4, adjuvant treatment,
animals were first given a curative liver resection; then after 2 days of rest, were subsequently treated with 5-FU once a day for 5 days. In group
5, which received neoadjuvant treatment, animals were treated with 5-FU once a day for 5 days, then after 2 days of rest, a curative liver resection
was performed. In group 6, intra-hepatic chemotherapy (IHC), the first 5-FU dose was given to the animals 2 hr prior to liver resection. Four
more daily doses of 5-FU were given to the animals beginning from the first post-operative day (also see Table 1).
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