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Establishment of an in vivo Highly Metastatic Rat Hepatocellular Carcinoma 
Model
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We previously found by chance that N-nitrosomorpholine (NMOR) given after a multi-carcino-
genic treatment induces liver carcinomas with 56% lung metastasis, and it was confirmed that
hepatocellular carcinoma (HCC) with 100% lung metastasis was produced by 24-week treatment
with NMOR and additional treatment with diethylnitrosamine (DEN). In the present study, we
modified the duration of NMOR to establish an animal model with a simple experimental protocol
and an appropriate experimental duration which would facilitate further study of the mechanisms
of metastasis and antimetastatic agents. The results revealed DEN exposure followed by a 16-week
treatment with NMOR to be a most efficient method for the induction of HCC metastasizing to the
lung. Loss of cadherin, demonstrated immunohistochemically, occurred in an early stage of car-
cinogenesis, and this was reflected in malignant conversion of primary lesions. This model, with its
essential similarities to malignant tumor behavior in man, should find application not only for elu-
cidation of the mechanisms underlying metastasis, but also in the development of anti-metastatic
agents.
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To form distant metastases, a sequence of many steps,
including invasion, transport, arrest, adherence, extravasa-
tion, and tumor cell proliferation is required.1) To study the
mechanisms underlying metastasis, many tools and models
have been developed. Most of them use cancer cell lines
or transplantable tumors, injected into blood vessels or the
intraperitoneal cavity, or transplanted into the cecum,
spleen or subcutis.2–6) These models have provided very
useful tools for analysis of individual steps in the meta-
static process. However, in order to analyze the natural
course of metastasis, it is necessary to develop animal
cancer models which feature frequent metastasis of pri-
mary tumors to distant organs. They are also required to
assess the efficacy of therapeutic treatments for advanced
cancers.

We previously found by chance that N-nitrosomorpho-
line (NMOR) given after a multi-carcinogenic treatment
with N-diethylnitrosamine (DEN), N-methylnitrosourea
(MNU), N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN),
1,2-dimethylhydrazine (DMH), and 2,2′-dihydroxy-di-N-
propylnitrosamine (DHPN) induces liver carcinomas with
frequent lung metastasis.7)

The purpose of the present study was to establish an
animal model with a simple experimental protocol and an
appropriate experimental duration which would facilitate
further study of the mechanisms of metastasis and anti-

metastatic agents. We also examined cadherin expression
in primary lesions by immunohistochemistry.

MATERIALS AND METHODS

Animal experiment  Five groups of 6-week-old male
F344 rats (Charles River Japan Inc., Kanagawa) were used
as shown in Fig.1. At the beginning of the experiment,
groups 1, 2, 3 and 5 were given a single i.p. injection of
DEN (Tokyo Kasei Kogyo Co., Tokyo) as an initiator of
liver carcinogenesis at a dose of 100 mg/kg body weight.
Then groups 1, 2 and 3 were given 120 ppm NMOR
(Tokyo Kasei Kogyo Co.) in the drinking water for 8, 16
and 22 weeks, respectively. Animals in group 4 received
NMOR for 22 weeks without the prior DEN treatment.
Surviving animals were killed at the end of the experiment
(week 22), and some were killed at weeks 8 and 16 in
group 1 and at week 16 in group 2. A basal diet (BD), Ori-
ental MF diet (Oriental Yeast Co., Tokyo) was given ad
libitum throughout with free access to water.

Animals were maintained three to a plastic cage under
specific pathogen free (SPF) conditions. Although the total
experimental period was originally designed up to week
24, the experiment was terminated at week 22 due to the
poor survival rate in group 3. All animals were killed
under ether anesthesia. After weighing the major organs,
parts of the liver tumors were excised and frozen in liquid
nitrogen. Ten percent neutral buffered formalin was
injected into the lungs through the trachea. One liver slice
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was fixed in cold acetone, and remaining liver tissue and
other organs were fixed in 10% buffered formalin. The
acetone-fixed liver sections were immunohistochemically
stained for binding of monoclonal pan-cadherin antibody
(Sigma Immuno Chemicals, St. Louis, MO) using the avi-
din-biotin-peroxidase complex method (Vectastain ABC
kit; Vector Lab. Inc., Burlingamee, CA). Step sections of
livers were processed routinely for hematoxylin and eosin
staining for identification of liver lesions.
Quantitative analysis
Lung metastatic nodules: Lung metastatic lesions were
counted under a light microscope and the total areas of
lung tissues per animal were measured with the assistance
of an image analyzer (VIP-21C; Olympus-Ikegami
Tsushin Co., Tokyo).
Cadherin staining: Pan-cadherin immunohistochemical
evaluation was conducted for HCCs, adenomas and sur-
rounding normal tissue. For quantitative analysis, immuno-
stained sections were examined under a light microscope

connected to an image analysis system, Image Processor
for Analytical Pathology (IPAP; Sumika Technos Corp.,
Osaka).8) Binary digitized images of liver lesions were
obtained automatically by the programmed segmentation
procedure. The length of positive cell surface for pan-cad-
herin staining was measured at a magnification of 600 (at
least 10 fields) for each lesion. Here we use the term
“staining index” to refer to the parameters expressed as the
average positive length per unit area for each immuno-
stained section.

RESULTS

Increase of body weight from week 8 to 22 was
observed in group 1, but not in group 2, and the final val-

Fig. 1. The experimental protocol. , DEN, i.p. injection of 100
mg/kg body weight; , NMOR, 120 ppm in the drinking
water;  S, animals killed.

Table I. Body and Relative Liver Weights

Group Treatment

Week 8 Week 16 Week 22

No. of 
rats

Body weight (g)
Relative liver 
weight (%)

No. of 
rats

Body weight (g)
Relative liver 
weight (%)

No. of 
rats

Body weight (g)
Relative liver 
weight (%)

1 DEN+NMOR 8 wks 15 236.4±12.0 15 313.3±15.2 15 332.2±18.7
3.7± 0.2 3.8± 0.3 4.8± 0.7

2 DEN+NMOR 16 wks ND 16 273.6±17.1 13 267.2±19.6
6.8± 0.7 9.0± 1.7

3 DEN+NMOR 22 wks ND ND 15 245.4±21.2
10.4± 1.6

4 NMOR 22 wks ND ND 15 285.8±26.0
9.0± 1.0

5 DEN ND ND 15 380.8±15.8
2.9± 0.1

Fig. 2. Survival curves. , DEN+NMOR 8 weeks; , DEN+
NMOR 16 weeks; , DEN+NMOR 22 weeks; , NMOR 22
weeks;  , DEN.
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ues for group 3 were the lowest in the groups receiving
DEN and subsequent NMOR treatment (Table I). Decrease
of body weight gain was observed for groups 2, 3 and 4 in

which HCCs with lung metastasis were induced. Increase
was observed in groups 1 and 5 without lung metastasis
(Tables I and II). The relative liver weights in groups 2, 3

Table II. Incidences of HCCs and Lung Metastases

Group Treatment
Week 8 Week 16 Week 22

No. of 
rats

HCCs 
Lung metastasis

No. of 
rats

HCCs 
Lung metastasis

No. of 
rats

HCCs 
Lung metastasis

1 DEN+NMOR 8 wks 15 0 ( 0)*** 15 3 ( 20) 15 9 ( 60)
0 ( 0) 0 ( 0) 0 ( 0)

2 DEN+NMOR 16 wks ND 16 5 ( 31) 13 13 (100)
0 ( 0) 9 ( 69)***

3 DEN+NMOR 22 wks ND ND 18 17 ( 94)*

16 ( 89)***

4 NMOR 22 wks ND ND 13 12 ( 92)
1 ( 8)

5 DEN ND ND 15 0 ( 0)***

0 ( 0)

Each number in parentheses represents percent of total animals.
∗ , ∗∗∗  : P<0.05, 0.001 compared to the values of each lesion in group 1 at week 22 (Fisher exact test).

Fig. 3. Most HCCs found in groups 1–4 were moderately differentiated (a). Lung metastases with bleeding (b), or central necrosis (c),
or extravasation from vessels (d) were observed in groups 2–4.
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and 4 were larger than in groups 1 and 5. Long-term
NMOR treatment to induce HCC with lung metastasis is
necessary to cause loss of body weight gain.

The first mortalities were observed in week 16 for both
groups 2 and 3 (Fig. 2). The reason for the deaths was
massive bleeding from either primary HCCs in the liver or
metastatic nodules in the lung. The survival rate in group
3 decreased in week 18 and finally only 30% of the ani-
mals survived. The final survival rates in groups 2, 4 and 5
were 80, 80 and 100%, respectively, in line with the fre-
quencies of metastatic HCC development.

Metastases in the lungs of groups 2–4 were moderately
differentiated HCC and many demonstrated bleeding (Fig.
3b) or central necrosis (Fig. 3c). Small metastases with
extravasation from a vessel were also found in the lungs of
groups 2–4 (Fig. 3d). Most HCCs found in groups 1–4
were moderately differentiated (Fig. 3a), and the rest of
them were well or poorly differentiated. No histological
difference was observed between HCCs with and without
lung metastasis.

Twenty to thirty percent incidences of HCCs were
induced in groups 1 and 2 by week 16 (Table II, Fig. 4a).
At week 22, the incidences in groups 1–4 were 60–100%.
We found no HCC in group 5 given a single i.p. DEN
treatment, and there was no histological difference in HCC
chronologically.

We observed lung metastasis in the groups given
NMOR for 16 weeks (group 2, Fig. 4d) or 22 weeks
(group 3), at incidences of 69% and 84%, respectively.
The average numbers of metastatic lesions per cm2 of lung
tissue were 8.5 and 9.7. Administration of NMOR alone
without DEN induced lung metastasis in only one of 15
rats treated (Table III). The areas of metastatic nodules in
groups 2 and 3 were 2.70 and 0.99 (mm2/cm2), respec-
tively. Thus, the longer treatment with NMOR resulted in
a greater number of metastatic lesions, but did not affect
their size.

Quantitative data for pan-cadherin immunohistochemi-
cal staining are summarized in Table IV. Although the
staining pattern was rather homogeneous in normal-look-

Fig. 4. Macroscopic sections of liver (a and c) and lung (b and d). Treatment with NMOR for 16 weeks after DEN exposure produced
a high rate of lung metastasis at week 22 (d), but not at week 16 (b), in spite of a high incidence of HCCs (a).
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ing tissue (Fig. 5b), it was heterogeneous in adenomas and
HCCs (Fig. 5, b and d), with a reduction in the staining
index from adenomas to HCCs. No time course changes
were evident. In addition, the index of HCCs in the groups
with many metastatic nodules (groups 2 and 3) was much
lower than in groups with little or no lung metastasis
(groups 1, 4 and 5).

DISCUSSION

NMOR and DEN have been widely used as hepatocar-
cinogens in animal models, and the induced preneoplastic
lesions and malignant tumors have been well charac-
terized.9–13) Lung metastasis by induced HCC has been
reported in rats given either DEN or NMOR by Lijinsky
et al.10, 11) who described the relationship between the
chemical structure of the carcinogen, the tumors induced
and the proportion of tumors that formed metastases.
However, in the present study, treatment with NMOR
alone or with DEN+8-week NMOR resulted in only a
few lung metastases. In contrast, DEN+16 or 22-week

NMOR treatment was associated with high frequencies,
with a dependence on NMOR treatment time. The very
high metastasis rate (up to 80%) means that treatment
of rats with DEN and NMOR provides a good animal
model for induction of metastatic HCCs.

While the 16-week treatment with NMOR after DEN
produced a high rate of lung metastasis at week 22, meta-
static lesions were lacking at week 16 in spite of the devel-
opment of HCCs (Table II). Histologically, we observed
not only large metastatic nodules, but also extravasation in
the lung at week 22 (Fig. 3d). This findings suggests that a
multi step process of metastasis (including invasion, trans-
port, arrest, adherence, extravasation, and tumor cell pro-
liferation) proceeded between weeks 16 and 22. Therefore,
using this model, chemical substances could be applied in
the intervening period to investigate modifying factors,
particularly those leading to inhibition of lung metastasis
formation.

Change in the expression of cadherin, a major adhesion
molecule of epithelia,14–16) has been implicated in carcino-
genesis, because loss is frequent in human and murine

Table III. Quantitative Analysis of Lung Metastases at Week 22

Group Treatment No. of 
rats

Lung metastasis

Incidence 
(%) No. No. (No./cm2) Area (mm2/cm2)

1 DEN+NMOR 8 wks 15 0 ( 0) 0 0.00± 0.00* 0.00±0.00
2 DEN+NMOR 16 wks 13 9 (69) 207 8.50±11.73 2.70±5.06
3 DEN+NMOR 22 wks 19 16 (84) 330 9.66± 7.47 0.99±1.40
4 NMOR 22 wks 15 1 ( 7) 7 0.17± 0.67* 0.02±0.07
5 DEN alone 15 0 ( 0) 0 0.00± 0.00* 0.00±0.00

∗  : P<0.05 compared to the values in group 2  (Student’s t test).

Table IV. Quantitative Analysis of Pan-cadherin Staining in the Liver

Group Treatment
Staining index ( mm/mm2)

Week 8 Week 16 Week 22

1 DEN+ Normal 3.8±1.0 Normal 2.9±1.3 Normal 3.3±0.9
NMOR 8 wks Nodule 2.0±0.7*** Nodule 1.4±0.6* Nodule 1.0±0.3

HCC ND HCC 0.9±0.7 HCC 0.7±0.3
2 DEN+ Normal 3.5±0.9 Normal ND

NMOR 16 wks Nodule 1.3±0.6 Nodule 0.9±0.3
HCC 0.4±0.2 HCC 0.3±0.3*

3 DEN+ Normal ND 
NMOR 22 wks Nodule 0.8±0.4

HCC 0.4±0.4
4 NMOR 22 wks Normal ND

Nodule 1.7±0.5**

HCC 0.8±0.5
5 DEN alone Normal 3.3±0.9

Nodule ND
HCC ND

∗ , ∗∗ , ∗∗∗  : P<0.05, 0.01, 0.001 compared to the values of each lesion in group 1 at week 22 (Student’s t test).
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high-grade epithelial cancers.17–19) Re-establishing func-
tional cadherin complexes in tumor cell lines results in
reversion from an invasive to a benign epithelial
phenotype.20, 21) Pan-cadherin immunohistochemical evalu-
ation in the present study showed expression to be
decreased in the order of adenoma, HCC and advanced
HCC. Our data are in accordance with the report of
Sundfeldt et al. that reduction of E-cadherin expression is
observed in early progression to the malignant phenotype
with further loss in benign and borderline-type ovary
tumors, and high-grade and moderately to poorly differen-
tiated lesions.22) In contrast, studies of a transgenic mouse
that expresses the SV40 T antigen under the control of the
insulin promoter in the β-cells of pancreatic islets of
Langerhans (Rip1Tag2) demonstrated that loss of E-cad-
herin-mediated cell adhesion is one rate-limiting step in
the progression from adenoma to carcinoma.23) Taken
together the results suggest that down-regulation of cad-
herin expression may occur as an early event of carcino-
genesis with a progressive decrease through normal-
looking tissue, adenoma and HCC. However, a quantita-
tive difference of cadherin expression was observed

between HCC with metastasis and that without metastasis,
indicating that further study is needed to clarify what part
this difference plays in the metastasis formation.

In conclusion, the rat model presented here provides a
good tool for rapid induction of metastatic HCC. To our
knowledge, this is the first model to reflect the natural
course of malignant tumors which metastasize to lung, and
this model should be applicable not only for the elucida-
tion of mechanisms underlying metastasis, but also to test
anti-metastatic agents.
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Fig. 5. Liver sections from acetone-fixed tissues immunohistochemically stained for monoclonal pan-cadherin antibody (b and d).
Serial sections of the livers were processed routinely for hematoxylin and eosin staining for identification of liver lesions (a, adenoma
and surrounding normal tissue; c, HCC and adenoma).



Jpn. J. Cancer Res. 90, November 1999

1202

REFERENCES

1) Fidler, I. J.  Critical factors in the biology of human cancer
metastasis: twenty-eighth G.H.A. Clowes memorial award
lecture.  Cancer Res., 50, 6130–6138 (1990).

2) Morikawa, K., Walker, S. M., Jessup, J. M. and Fidler, I. J.
In vivo selection of highly metastatic cells from surgical
specimens of different primary human colon carcinomas
implanted into nude mice.  Cancer Res., 48, 1943–1948
(1988).

3) Li, X. B., Hamada, J., Takeichi, N., Hosokawa, M. and
Kobayashi, H.  Timing of UFT administration combined
with surgical operation in pulmonary metastasis of rat mam-
mary carcinoma.  Jpn. J. Cancer Chemother., 16, 2381–
2385 (1989).

4) Giavazzi, R., Campbell, D. E., Jessup, J. M., Cleary, K. and
Fidler, I. J.  Metastatic behavior of tumor cells isolated
from primary and metastatic human colorectal carcinomas
implanted into different sites in nude mice.  Cancer Res.,
46, 1928–1933 (1986).

5) Fidler, I. J. and Kripke, M. L.  Metastasis results from pre-
existing variant cells within a malignant tumor.  Science,
197, 893–895 (1977).

6) Raz, A., Bucana, C., McLellan, W. and Fidler, I. J.  Distri-
bution of membrane anionic sites on B16 melanoma vari-
ants with differing lung colonising potential.  Nature, 284,
363–364 (1980).

7) Masui, T., Nakanishi, H., Inada, K., Imai, T., Mizoguchi,
Y., Yada, H., Futakuchi, M., Shirai, T. and Tatematsu, M.
Highly metastatic hepatocellular carcinomas induced in
male F344 rats treated with N-nitrosomorpholine in combi-
nation with other hepatocarcinogens show a high incidence
of p53 gene mutations along with altered mRNA expression
of tumor-related genes.  Cancer Lett., 112, 33–45 (1997).

8) Watanabe, T., Katsura, Y., Yoshitake, A., Masataki, H. and
Mori, T.  IPAP: image processor for analytical pathology.
J. Toxicol. Pathol., 7, 353–361 (1994).

9) Enzmann, H., Zerban, H., Kopp, S. A., Loser, E. and
Bannach, P.  Effects of low doses of N-nitrosomorpholine
on the development of early stages of hepatocarcinogenesis.
Carcinogenesis, 16, 1513–1518 (1995).

10) Lijinsky, W., Kovatch, R. M., Riggs, C. W. and Walters, P.
T.  Dose-response study with N-nitrosomorpholine in drink-
ing water of F-344 rats.  Cancer Res., 48, 2089–2095
(1988).

11) Lijinsky, W.  Metastasizing tumors in rats treated with alkyl-
ating carcinogens.  Carcinogenesis, 16, 675–681 (1995).

12) Volm, M., Zerban, H., Mattern, J. and Efferth, T.  Overex-
pression of P-glycoprotein in rat hepatocellular carcinomas

induced with N-nitrosomorpholine.  Carcinogenesis, 11,
169–172 (1990).

13) Weber, E. and Bannasch, P.  Dose and time dependence of
the cellular phenotype in rat hepatic preneoplasia and neo-
plasia induced by continuous oral exposure to N-nitroso-
morpholine.  Carcinogenesis, 15, 1235–1242 (1994).

14) Takeichi, M.  Cadherin cell adhesion receptors as a mor-
phogenetic regulator.  Science, 251, 1451–1455 (1991).

15) Takeichi, M., Watabe, M., Shibamoto, S. and Ito, F.  Cad-
herin-dependent organization and disorganization of epithe-
lial architecture.  Princess Takamatsu Symp., 24, 28–37
(1994).

16) Takeichi, M.  Morphogenetic roles of classic cadherins.
Curr. Opin. Cell Biol., 7, 619–627 (1995).

17) Umbas, R., Schalken, J. A., Aalders, T. W., Carter, B. S.,
Karthaus, H. F., Schaafsma, H. E., Debruyne, F. M. and
Isaacs, W. B.  Expression of the cellular adhesion molecule
E-cadherin is reduced or absent in high-grade prostate can-
cer.  Cancer Res., 52, 5104–5109 (1992).

18) Navarro, P., Gomez, M., Pizarro, A., Gamallo, C.,
Quintanilla, M. and Cano, A.  A role for the E-cadherin
cell-cell adhesion molecule during tumor progression of
mouse epidermal carcinogenesis.  J. Cell Biol., 115, 517–
533 (1991).

19) Wakatsuki, S., Watanabe, R., Saito, K., Saito, T., Katagiri,
A., Sato, S. and Tomita, Y.  Loss of human E-cadherin
(ECD) correlated with invasiveness of transitional cell can-
cer in the renal pelvis, ureter and urinary bladder.  Cancer
Lett., 103, 11–17 (1996).

20) Mbalaviele, G., Dunstan, C. R., Sasaki, A., Williams, P. J.,
Mundy, G. R. and Yoneda, T.  E-Cadherin expression in
human breast cancer cells suppresses the development of
osteolytic bone metastases in an experimental metastasis
model.  Cancer Res., 56, 4063–4070 (1996).

21) Vleminckx, K., Vakaet, L., Jr., Mareel, M., Fiers, W. and
van Roy, F.  Genetic manipulation of E-cadherin expression
by epithelial tumor cells reveals an invasion suppressor
role.  Cell, 66, 107–119 (1991).

22) Sundfeldt, K., Piontkewitz, Y., Ivarsson, K., Nilsson, O.,
Hellberg, P., Brannstrom, M., Janson, P. O., Enerback, S.
and Hedin, L.  E-Cadherin expression in human epithelial
ovarian cancer and normal ovary.  Int. J. Cancer, 74, 275–
280 (1997).

23) Perl, A. K., Wilgenbus, P., Dahl, U., Semb, H. and
Christofori, G.  A causal role for E-cadherin in the transi-
tion from adenoma to carcinoma.  Nature, 392, 190–193
(1998).

query?uid=1698118&form=6&db=m&Dopt=b     
query?uid=3349467&form=6&db=m&Dopt=b     
query?uid=3948174&form=6&db=m&Dopt=b     
query?uid=887927&form=6&db=m&Dopt=b     
query?uid=7360272&form=6&db=m&Dopt=b     
query?uid=9029167&form=6&db=m&Dopt=b     
query?uid=7614684&form=6&db=m&Dopt=b     
query?uid=3349480&form=6&db=m&Dopt=b     
query?uid=7728942&form=6&db=m&Dopt=b     
query?uid=1967229&form=6&db=m&Dopt=b     
query?uid=1967229&form=6&db=m&Dopt=b     
query?uid=8020161&form=6&db=m&Dopt=b     
query?uid=2006419&form=6&db=m&Dopt=b     
query?uid=8983061&form=6&db=m&Dopt=b     
query?uid=8573335&form=6&db=m&Dopt=b     
query?uid=1516067&form=6&db=m&Dopt=b     
query?uid=1918152&form=6&db=m&Dopt=b     
query?uid=8616803&form=6&db=m&Dopt=b     
query?uid=8752180&form=6&db=m&Dopt=b     
query?uid=2070412&form=6&db=m&Dopt=b     
query?uid=9221804&form=6&db=m&Dopt=b     
query?uid=9515965&form=6&db=m&Dopt=b     

