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ABSTRACT 

We observed that N-nitrosomorpholine (NMOR) given after a multi-carcinogenic treatment induced liver carcinomas 
with 56% lung metastasis. An additional treatment with diethylnitrosamine (DEN) with NMOR further enhanced the 
incidence of hepatocellular carcinoma (HCC) with lung metastasis. We have further revised the duration of NMOR 
treatment to establish an animal model with a simple experimental protocol and an appropriate experimental duration to 
facilitate investigation exploring the mechanisms of HCC metastasis and development of anti-metastatic therapeutics. 
We observed that DEN exposure followed by a 16-week treatment with NMOR to be a most efficient protocol for the 
induction of HCC metastasizing to the lung. In this review, we will discuss about the usefulness of animal models for 
induction of highly metastatic HCC and the assessment of the efficacy of anti-metastatic therapeutics. Additionally, we 
will also discuss use of these models in analysis of individual steps in the metastatic process by using non-steroidal 
anti-inflammatory drugs, aspirin and indomethacin, two nuclear factor kappa B (NF-κB) inhibitors, pentoxifylline and 
N-acetyl-L-cysteine. 
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1. Introduction 

Despite the continuous improvements in early diagnosis 
and therapy for early stage cancer, most deaths from 
cancer occur due to metastases [1]. Once metastatic dis- 
ease has developed, aggressive treatment such as sys- 
temic chemotherapy is required since surgical removal of 
all metastatic foci is not feasible [2]. Therefore, it is nec- 
essary to identify and develop novel treatment strategies 
for preventing cancer metastasis. 

Tumor metastasis is a multistage process during which 
malignant cells spread from the primary tumor to discon- 
tiguous organs [3]. It involves invasion, transport, arrest, 
adherence, extravasation, growth in different microen- 
vironments, which are treated clinically with different 
strategies depending on the tumor histiotype and meta- 
static location [4].  

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 intraperitoneal cavity, or transplanted 
into the cecum, spleen or subcutis [5-7]. These models 
have provided very useful tools for analysis of individual 

steps in the metastatic process. However, in order to as- 
sess the efficacy of therapeutic treatments for advanced 
cancers with metastasis, it is necessary to develop animal 
cancer models for natural course of metastasis, which 
feature frequent metastasis of primary tumors to distant 
organs. Thus, comprehensive analysis is required to de-
velop anti-metastasis agents. 

2. Establishment of an in Vivo Highly  
Metastatic Rat HCC Model 

We have previously shown by chance that N-nitroso- 
morpholine (NMOR) given after a multi-carcinogenic 
treatment with N-diethylnitrosamine (DEN), N-methyl- 
nitrosourea (MNU), N-butyl-N-(4-hydroxybutyl)nitros- 
amine (BBN), 1, 2-dimethyl-hydrazine (DMH), and 2, 
2’-dihydroxy-di-N-propylnitrosaminee (DHPN) induces 
liver carcinomas with frequent lung metastasis [8]. We 
attempted to establish an animal model with a simple 
experimental protocol and an appropriate experimental 
duration which would facilitate further study of the me- 
chanisms of metastasis and antimetastatic agents (Fig- 
ure 1) [9].  

NMOR and DEN have been widely used as hepato- 
carcinogens in animal models, and the induced malignant *The authors have declared that no conflict of interest exists. 
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Figure 1. Protocol for an in vivo highly metastatic rat HCC 
model We had established an in vivo lung metastasis model 
of HCC induced by two hepato-carcinogens, DEN and 120 
ppm NMOR. This model allows us to apply chemical sub- 
stance in the intervening period to investigate modifying 
factors, particularly those leading to inhibition of lung me- 
tastasis formation. We attempted to establish an animal 
model with a simple experimental protocol and an appro- 
priate experimental duration which would facilitate further 
study of the mechanisms of metastasis and antimetastatic 
agents. 

 
tumors have been well characterized [10-12]. Lung 
metastasis by induced HCC in rats given either DEN or 
NMOR has been reported by Lijinsky et al. [13,14]. In 
our previous study, treatment with NMOR alone or with 
DEN followed by 8-weeks NMOR resulted HCC induc- 
tion (Figure 2(a)) with only few lung metastases (Figure 
2(b)) [9]. In contrast, DEN followed by 16 or 22-weeks 
NMOR treatment was associated HCC (Figure 2(c)) 
with higher frequencies of lung metastases (Figure 2(d)), 
with a duration dependence of NMOR treatment [9]. 
Histologically, we observed not only large metastatic 
nodules, but also extravasation in the lung at week 22. 
These findings suggest that a multi step process of meta- 
stasis (including invasion, transport, arrest, adherence, 
extravasation, and tumor cell proliferation) 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 adhe- 
sion molecule of epithelia [15-17], has been implicated in 
carcinogenesis because loss is frequent in human and 
murine high grade epithelial cancers [18-20]. In the pre- 
vious study, we found that pan-cadherin expression to be 
decreased in the order of adenoma, HCC and advanced 
HCC. The quantitative difference of cadherin expression 
was observed between the HCC with metastasis and that 
without metastasis. These results suggest that down- 
regulation of cadherin expression may occur as an early 
event of carcinogenesis with decrease with in line with 
hyperplasia, adenoma and HCC.   

Detection of circulating tumor cells in the blood may 
give us the evidence that tumor cells had already entered 
in the circulation before microscopic metastasis lesions 
were detected, and circulating tumor cells were also 
assessed in relation to HCC development and lung 
metastasis formation [21]. For detection of circulating  

 

 
(a)                       (b) 

 
(c)                       (d) 

Figure 2. HCC and lung metastasis formation (a) Treat- 
ment with NMOR alone or with DEN followed by 8-weeks 
NMOR resulted HCC induction in week14; (b) In week 14, 
we observed only few lung metastases; (c) DEN followed by 
14-weeks NMOR treatment induced multiple HCC; (d) We 
observed not only large metastatic nodules, but also ex- 
travasation in the lung at week 22.  

 
tumor cells, RT-PCR has been utilized [22-24], and we 
found CK-8 expression have been demonstrated to be 
positive in blood. Through the travel in the circulation, 
only a small percentage of tumor cells (<0.01%) released 
from a primary tumor survive and arrest in the capillary 
beds of distant organs producing a successful metastasis 
[25]. Survival in the circulation appears to be responsible 
for this inefficiency due to immune factors in the blood, 
and this response may be the reason why tumor cells are 
circulating in the blood while no microscopic metastasis 
was found.   

3. Suppression of Lung Metastasis by  
Aspirin but Not Indomethacin in an in  
Vivo Model of Chemically-Induced HCC 

Because the metastatic cascade is a continuous process 
which begins with proliferation of the primary tumor and 
ends with proliferation of the metastatic foci [26], we hy- 
pothesized interference with cell proliferation might pre- 
vent metastasis formation. Nonsteroidal anti-inflamma- 
tory drugs (NSAIDs) such as aspirin (ASP) and indo- 
methacin (IM) are well known as potential chemopreven- 
tive agents through their modulation of levels of pro- 
staglandins, PGE2, and cyclooxygenase (COX) in the 
colon and also other organs [27,28]. 

We have demonstrated that ASP but not IM signifi- 
cantly reduced the severity of lung metastasis, but not the 
average number. This indicates that the effect of ASP 
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was marginal [29]. We also demonstrated that only ASP 
suppressed lung metastasis formation although ASP and 
IM exerted inhibitory effects on cell proliferation of 
HCCs [29]. Thus, it is suggested that inhibition of cell 
proliferation per se may not be involved in the mecha- 
nism of inhibition of lung metastasis by ASP. 

Epidemiological studies revealed that NSAIDs, such 
as ASP and IM, which suppress COX activity, possess 
considerable potential as chemopreventive agents for colo- 
rectal cancer [30,31]. Constitutive expression of COX-2 
has been demonstrated to lead to phenotypic changes 
that alter the metastatic potential of colorectal cancer 
cells [32], and COX-2 inhibitor was found to exert in- 
hibitory effects on metastasis formation of various can- 
cer [33,34]. However, our data demonstrated that IM 
did not suppress lung metastasis formation in spite of 
down-regulation of COX-2 [29], indicating no direct 
involvement of this enzyme in the inhibitory effect on 
HCC metastasis. In addition, neither ASP nor IM ex- 
erted any apparent influence on cadherin expression 
within HCC [29]. Therefore, the mechanism of inhibi- 
tion by ASP might be mainly in a stage of the metastatic 
cascade after the primary site, such as attachment to the 
vascular endothelium or re-invasion or re-proliferation 
in the lung.    

The attachment of a cancer cell to the vascular endo- 
thelium is a complex phenomenon involving a number of 
cell adhesion molecules (CAMs). Among these latter, 
E-selectin, ICAM-1 and VCAM-1 are considered to play 
primary roles in hematogenous metastasis [35,36]. Induc- 
tion of Eselectin, ICAM-1 and VCAM-1 is mediated by 
the transcription factor nuclear factor-kappa B (NF-κB) 
[37,38]. ASP has been shown to inhibit NF-κB depen- 
dent transcription [39], and these transcriptions appear 
not to be related to the inhibition of COX activity, since 
IM was ineffective [40]. In the previous study, ASP sig-
nificantly suppressed the expressions of ICAM-1 and 
VCAM-1 [29], indicating a probable role of inhibition of 
attachment of tumor cells to the vascular endothelium. 
Therefore, a stronger inhibitor of NF-κB might be ex- 
pected to have a stronger inhibitory effect on lung me- 
tastasis formation.  

4. Suppression of Metastasis by Nuclear  
Factor KappaB Inhibitors in an in Vivo  
Lung Metastasis Model of HCC 

In order to evaluate the suppressive effects of NF-κB 
inhibitors, we examined three examples, pentoxifylline 
(PTX) [41], Nacetyl-L-cysteine (NAC) [42], and ASP 
[39], in our in vivo lung metastasis model. PTX, widely 
used as a hemorheological agent in the treatment of pe- 
ripheral vascular disease, was earlier shown to suppress 

lung metastasis formation by B16F10 melanoma [43] and 
NAC inhibits VEGF production in human melanoma cell 
lines [44], invasion of endothelial cells [45], and invasion 
of human bladder cancer cells through the suppression of 
MMP-9 [46]. ASP has been demonstrated to inhibit an- 
giogenesis [47] and HGF-induced invasiveness of HepG2 
human hepatoma cells [48]. 

Among the NF-κB inhibitors, PTX exerted the 
strongest effects on lung metastasis formation and NAC 
had rather less influence, while ASP did not significantly 
reduce lung metastasis [49]. Although PTX and NAC 
suppressed lung metastasis, they did not improve the 
survival rates. This was mainly because the increase in 
the mortality rates owing to bleeding from primary HCC 
diminished the decrease that resulted from suppression of 
lung metastasis. Thus, the increase and decrease were not 
significant, and treatment with NF-κB inhibitors did not 
affect the incidences and multiplicities of HCCs in liver. 
Therefore, further studies are necessary to elucidate the 
reasons why PTX and NAC did not affect the survival 
rates.   

To evaluate the degree of inhibition of NF-κB tran-
scription, inhibitor of κB (IκB) protein levels in HCCs 
were evaluated by western blotting. The IκB family has 
been shown to control the function of NF-κB complexes 
[50,51], and IkB protein has been shown to activate NF- 
κB when it is phosphorylated or cleaved by proteasomes 
through a ubiquitine- dependent pathway [52,53]. We 
demonstrated that IκB protein expression was suppressed 
by test compounds in the order of PTX, NAC and ASP. 
Therefore, these results suggest that the mechanism of 
reduction of lung metastasis formation observed in this 
study may involve inhibition of NF-κB transcription. 

The contribution of NF-κB to the process of metastasis 
has been explored in relation to CAMs and VEGF expre- 
ssion was found to be significantly suppressed by NF-κB 
signaling blockade [54], and promoted by coactivation of 
NF-κB [55]. PTX significantly suppressed expression of 
VEGF-A splicing variants with heparin-, heparin-sulfate-, 
and extracellular matrix-binding domains. These results 
suggest that the mechanism of the suppression of lung 
metastasis by PTX involves suppression of VEGF-A 
with heparin-binding domains. On the other hand, NAC, 
which had less influence on lung metastasis formation 
than PTX, suppressed VEGF-A variants with and with- 
out the heparin-binding domain. Therefore, whether NF- 
κB controls only VEGF-A with heparin-binding domains 
remains to be elucidated. 

5. Conclusions 

Our rat model presented here provides an excellent tool 
for rapid induction of metastatic HCC. To our know- 
ledge, this is the first model to reflect the natural course  
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Figure 3. A multi step process of metastasis and therapeutic 
targets of NF-κB inhibitors A multi step process of metasta- 
sis (including invasion, transport, arrest, adherence, ex- 
travasation, and tumor cell proliferation) proceeded be- 
tween weeks 16 and 22. Therefore, using this model, che- 
mical substances could be applied in the intervening period 
to investigate modifying factors, particularly those leading 
to inhibition of lung metastasis formation. NF-κB inhibitors 
have the potential to inhibit lung metastasis of rat HCCs in 
vivo, with PTX being the most promising candidate. They 
may interfere with attachment of tumor cells to the vascular 
endothelium at metastatic sites, and decrease of VEGF- 
A188 may play an important role.  
 
of malignant tumors which metastasize to lung, and this 
model should be applicable not only for the elucidation 
of mechanisms underlying metastasis, but also to test 
anti-metastatic agents.  

ASP, but not IM, has the potential to inhibit lung me- 
tastasis by rat HCC in vivo, the mechanism apparently 
involving neither inhibition of cell proliferation nor de- 
tachment from primary tumors. Inhibition of attachment 
to the vascular endothelium in the lung is more likely to 
be the mechanism responsible for the suppression of lung 
metastasis formation by ASP. NF-κB inhibitors have the 
potential to inhibit lung metastasis of rat HCCs in vivo, 
with PTX being the most promising candidate. They may 
interfere with attachment of tumor cells to the vascular 
endothelium at metastatic sites, and decrease of VEGF- 
A188 may play an important role (Figure 3).  

This in vivo model for induction of rat highly meta- 
static hepatocellular carcinomas is clearly a useful tool 
for the assessment of the efficacy of therapeutic treat- 
ments for metastasis formation and for analysis of indi- 
vidual steps in the metastatic process. 
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