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ABSTRACT

The modifying effects of dietary administration of D,L-a-difluorometh-
ylornithine (DFMO) during initiation or postinitiation phase on the hepa-

tocarcinogenesis initiated by diethylnitrosamine (DEN) were investigated
in male F344 rats. A total of 129 animals were divided into seven groups.
Groups 1-5 were given the drinking water containing 40 ppm DEN for 5

weeks, starting at 7 weeks of age. Groups 2 and 3 were fed the diets mixed
with 500 and 1000 ppm DFMO, respectively, for 7 weeks, starting at 6
weeks of age. Groups 4 and 5 were given the diets containing 500 and 1000
ppm DFMO, respectively, starting 1 week after DEN exposure and main
tained on these diets until the end of the study (Week 32). Rats in group
6 were fed the DFMO diet (1000 ppm) alone during the experiment. Group
7 served as an untreated control. At the end of the study, the incidences of
liver cell foci (resistant iron accumulation or positive for glutathione .V-

transferase placenta! form) and hepatocellular neoplasms along with
polyamine levels in the liver were measured. Also, morphometric analysis
of silver-stained nucleolar organizer regions proteins as cell proliferation

activity in liver cells was performed. The mean incidences and areas of foci
in rats given DEN and DFMO in groups 2â€”5were significantly lower than

those of group 1 (P < 0.01). The frequencies of liver cell tumors in group
3 (50%), 4 (24%), and 5 (45%) were significantly reduced compared to
that of group 1 (100%) (P < 0.01). The multiplicities of neoplasms in
group 2 (1.15/rat), 3 (0.65/rat), 4 (0.35/rat), and 5 (0.95/rat) were signifi
cantly smaller than that of group 1 (3.34/rat) (P < 0.001). Although the
polyamine levels of liver tissues among the groups showed no clear dif
ferences among the groups, the number and area of silver-stained nucle

olar organizer regions proteins/nucleus in rats given DEN and DFMO
(groups 2-5) were significantly lower than those of group 1. These results

indicate that the feeding of DFMO during the initiation or postinitiation
stage clearly inhibited DEN-induced rat hepatocarcinogenesis and that

such inhibition may be due to alteration in cell proliferation activity
caused by DFMO.

INTRODUCTION

Since the first investigation on the polyamine level in various
human neoplasms by HÃ¤mÃ¤lÃ¤inen(l), an increased polyamine content
has been described in both human and rodent tumors (2-6), although

its exact function in cellular physiology is not well understood. It is
well known that ODC2 is involved in polyamine biosynthesis, which

plays an essential role in cell proliferation and differentiation (7-9).

ODC is increased in regenerating tissue and in various tumors (5, 6).
The importance of ODC induction in tumorigenesis is evident from
the fact that several inhibitors of ODC are capable of inhibiting tumor
development in various organs. DFMO synthesized by Metcalf et al.
(10) is an irreversible inhibitor of ODC and has been reported to
inhibit chemical carcinogenesis in skin (11), tongue (12), colon (13),
breast (14), urinary bladder (15), kidney (16), and brain (17). It is
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reported that DFMO enhanced the antigrowth activity of methylgly-
oxal-bis-guanylhydrazone on a transplantable Dunning R-3327 rat

(18). Moreover, in human subjects, Dunzendorfer (19) reported the
inhibitory effects of DFMO in patients with bladder and kidney can
cers. In liver carcinogenesis, induction of ODC has been reported (20,
21), but there are a few studies on the modifying effects of DFMO on
liver tumorigenesis (22). Sondergaard et al. (22) reported that DFMO
did not affect the occurrence of preneoplastic liver cell lesions induced
by AFB i when DFMO was given during AFB, administration, but
DFMO administered from start to finish of the experiment of AFB,
hepatocarcinogenesis inhibited development of tumors and preneo
plastic lesions. Our previous study (23) indicated that chemically
induced hepatocellular altered foci and liver cell tumors are markedly
suppressed by p.o. administration of a prostaglandin synthesis inhib
itor, indomethacin, which is known to reduce ODC activity (24). Also,
increased polyamine level and ODC activity was reported in human
and chemically induced hepatocellular neoplasms (25-28). Thus, it is

considered that DFMO could modify chemical liver carcinogenesis in
rodents.

In the present study, possible inhibitory potential of dietary admin
istration of DFMO during initiation or postinitiation stage in DEN-

induced hepatocarcinogenesis was investigated in male F344 rats by
estimating the incidences of preneoplastic liver cell lesions (GST-P-
positive foci and iron-excluding foci) and liver cell neoplasms. Also,

effects of DFMO on the polyamine levels in liver tissue and the
number and area of AgNORs of liver cell nuclei were measured to
assess underlying mechanism(s), if DFMO possessed inhibitory
effects on liver tumorigenesis.

MATERIALS AND METHODS

Animals and Diet. Male F344 rats, 4 weeks of age, purchased from Shi-

zuoka Laboratory Animal Center (Hamamatsu City, Japan), were quarantined
for 2 weeks and randomized into experimental and control groups. All animals
were housed three or four to a wire cage. The holding room was controlled at
23 Â±2Â°C,50 Â±10% humidity, and a 12-h light/dark cycle. Powdered CE-2

(Clea Japan, Inc., Tokyo, Japan) was used as basal diet during the experiment.
Chemicals. DEN was obtained from Tokyo Chemical Ind. Co., Ltd.,

Tokyo, Japan. DFMO (M, 236.65) was kindly donated by Merrell-Dow Re

search Institute, Cincinnati, OH.
Experimental Procedure. A total of 129 male rats was divided into seven

groups as indicated in the tables. At 7 weeks of age, groups 1-5 were given

DEN (40 ppm) in the drinking water for 5 weeks. Groups 2 and 3 were fed the
diets containing 500 and 1000 ppm DFMO, respectively, for 7 weeks, starting
at 6 weeks of age. They were then switched to the basal diet, CE-2, and

maintained on this diet for 25 weeks. Groups 4 and 5 were fed the basal diet
for 7 weeks from start to 1 week after the DEN exposure and then switched to
the diets mixed with 500 and 1000 ppm DFMO, respectively, and maintained
on these diet for 25 weeks. Group 6 was given DFMO containing diet (1000
ppm) throughout the experiment. Rats in group 7 were given the basal diet and
tap water during the experiment and served as untreated controls. The solution
of DEN was prepared every other day and the diets once a week.

All rats were carefully observed daily and sacrificed by decapitation at 32
weeks after the start of the experiment in order to evaluate the incidence of
preneoplastic and neoplastic liver cell lesions. For demonstration of iron-
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excluding liver lesions, 5 rats in each group were iron loaded by s.c. injections
of 12.5 mg elemental iron/100 g body weight (Ferrimicrodex; 10 mg elemental
iron/ml) in the inguinul regions, alternating sides 3 times/week for 2 weeks,
prior to killing (29). Complete necropsies were performed on all animals. At
necropsy, the livers were removed and weighed, and slices (2 mm thick) were
taken from 5 sublobes. Caudate sublobe from each rat was processed for
polyamine assay. All organs were fixed in 10% neutral buffered formalin. All
tissues and gross lesions were processed for histology by the conventional
methods and stained with hematoxylin and eosin. Four serial liver sections
(3 /xm each) were cut. One section was stained with hematoxylin and eosin for
histological diagnosis (30), and the other two sections were reacted for iron by
the Prussian blue technique and for GST-P antigen by immunohistochemical
staining of avidin-biotin-peroxidase complex method (31) using a monoclonal
antibody of GST-P. The fourth section was stained for AgNORs according to

the method described previously (32). The morphometric analysis of foci
(number of foci/cm2 and area of foci) over 0.2 mm in diameter (33) was

performed on iron- and GST-P-stained sections using a computer-assisted

image analysis system, Imageviser (Sumitomo Metal Ind., Osaka, Japan).
AgNORs number and area of liver cells in the nonlesional areas were also
measured (34).

Polyamine Levels of Liver Tissue. The polyamines in liver were measured
by means of a new enzymatic method developed by Koidc el al. (35, 36). At
sacrifice, caudate sublobe with grossly normal appearance in all groups were
removed and diamin, spcrmine, and spermidine were determined by a enzy
matic differential assay. The results obtained by this method correlated well
with those by high performance liquid chromatography.

Statistics. Differences between measurements made in the groups were
tested for significance by using Welch's test. The incidence of liver cell tumors
was compared by Fisher's exact probability test.

RESULTS

General Observations. Rats in groups 1-6 tolerated well various
treatments (DEN alone, DEN + DFMO, DEN -^ DFMO, and DFMO

alone). There were no significant differences in total intakes of DEN/
rat among five groups. Also, total intakes of the diet mixed with or
without DFMO/rat showed no significant differences among the
groups. The average body, liver, and relative liver weights are indi
cated in Table 1. The mean body weight in group 2 and the average
liver weight in group 5 were significantly greater than those in group
1 (P<0.05). The relative liver weight (g/100 g body weight) in group
1 was significantly larger than that of group 7 (P<().()5). This might be
due to the development of liver cell tumors.

Incidences of Preneoplastic and Neoplastic Hepatocellular Le
sions. The incidence of hepatocellular neoplasms (adenomas and car
cinomas) at the end of the study is shown in Table 2. Administration
of DEN alone induced liver cell neoplasms in all rats, with a multi
plicity of a 3.44 neoplasms/rat. Feeding of 1000 ppm DFMO during
initiation phase (group 3) significantly reduced the frequency of liver
cell neoplasms to 50% (P < 0.01) and the multiplicity to 0.65/rat
(P < 0.001). The incidence of liver cell tumors in rats fed 500 ppm
DFMO during initiation stage (group 2) was slightly lower than that
of group 1 (DEN alone), but the multiplicity (1.15/rat) was signifi
cantly smaller than that of group 1 (P < 0.001). Feeding of 500 or
1000 ppm DFMO during postinitiation phase significantly reduced the

hepatocellular neoplasm frequency and multiplicity to 24% and 0.35/
rat in group 4 (P <0.01 and P <().()()!) or 45% and 0.95/rat in group
5 (P <().()! and P <0.()01). There were no hepatocellular neoplasms in
rats of groups 6 and 7. Microscopically, all hepatocellular carcinomas
were of trabecular type without mÃ©tastases.

Besides the hepatocellular neoplasms, a number of altered hepato
cellular foci exhibiting iron-excluding and GST-P-positive properties
were present in rats of groups 1-5 (Table 3). The incidences of altered
liver cell foci in group 1 were 56.26 Â±25.10 iron-excluding foci/cm2
and 32.38 Â±16.02 GST-P positive foci/cm-. Feeding of DFMO at 500

or 1000 ppm DFMO during initiation phase induced 78-80% reduc
tion of the incidence of iron-excluding and 83-87% inhibition of
GST-P-positive foci. Also, postinitiation exposure of DFMO at a dose

of 500 or 1000 ppm inhibited the frequency of foci showing both
phenotypes induced by DEN by 79-92%. Mean area of foci positive
for GST-P expressing mm-/cm2 liver section in group 1 was 5.47 Â±

2.02, whereas concurrent administration of DFMO (groups 2 and 3)
with DEN caused 85 and 82% reduction and dietary exposure after
DEN treatment (groups 4 and 5) caused 95 and 57% inhibition.

In other organs, no preneoplastic and neoplastic lesions were
present.

Morphometric Analysis of AgNORs of Liver Cell Nuclei. The
results of the number and area per liver cell nucleus analyzed using a
computer assisted image analysis system are summarized in Table 4.
Both indices were the highest in rats given DEN alone (group 1) and
significantly higher than those of an untreated control (group 7) (P <
0.05). The values in rats fed 1000 ppm DFMO were the lowest, but no
significant differences were found between this group and an un
treated control group (group 7). Both the number and area of AgNORs
in the liver of rats treated with DEN and DFMO were significantly
smaller than those of rats given DEN alone (P < 0.05). These values
are smaller in rats given the high dose of DFMO (1,000 ppm) com
pared to those fed the low dose of DFMO (500 ppm).

Polyamine Levels of Liver Tissues. Liver polyamine concentra
tions determined by means of a new enzymatic method in all groups
are indicated in Table 5, but DFMO treatment did not cause significant
differences among the groups.

DISCUSSION

In the present study, significant reduction in the development of
liver cell neoplasms induced by DEN was observed in rats treated with
given DFMO during both initiation and postinitiation stages. Also,
dietary exposure of DFMO at initiation or postinitiation phase signif
icantly inhibited the frequency of iron-excluding and GST-P positive

altered hepatocellular foci induced by DEN. These results clearly
indicated that DFMO has chemopreventive potential in DEN-induced

hepatocarcinogenesis in rats. The results also suggest that ODC and/or
polyamine biosynthesis might play a significant role in DEN-induced

liver tumorigenesis under the experimental condition in the present
study.

Table 1 Effect of DFMO on body and liver weights of male F344 rats at the end of the study

Group1234561TreatmentDEN

aloneDEN
+ 500 ppmDFMODEN
+ KKX)ppmDFMODEN
-Â»500 ppmDFMODEN
* 100ÃœppmDFMOHKK)

ppmDFMONo
treatmentNo.

of rats
examined18202017201915Body

weight

(g)309
Â±54"334

Â±24342
Â±32*336

Â±16334
Â±21347
Â±25*334

Â±18Liver

weight

(g)12.312.813.413.913.313.42.51.41.41.2Â»1.31.311.7

Â±0.9Relative

liver weight
(g/100 g bodyweight)4.04

Â±0.753.85
Â±0.313.93
Â±0.414.14Â±

0.333.99
Â±0.453.88
Â±0.413.51
Â±0.36''

" Mean Â±SD.
''Significantly different from group 1 by Welch's tesi (P < 0.05).
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Table 2 Effect of DFMO on the occurrence of hepatic neoplasms induced by DEN

Group1

2
3
4
5
6
7TreatmentDEN

alone
DEN + 5(X) ppm DFMO
DEN + 1000 ppm DFMO
DEN -Â»500 ppm DFMO
DEN -â€¢1000 ppm DFMO

1000 ppm DFMO
No treatmentIncidence18/18(100)

16/20(80)
10/20(50)*
4/17(24)*
9/20(45)*

0/19(0)
0/15(0)No.

of rats
with adenomas

(no. ofadenomas)16(30)

14(18)
9(12)*
4(6)*
9(18)*

0
0No.

of rats
with carcinomas

(no. ofcarcinomas)16(32)

4(5)Â»1(1)*

0
0Multiplicity

(no. oftumors/rat)3.44
Â±1.6"

1.15 Â±1.06e
0.65 Â±0.73C
0.35 Â±0.68C
0.95 Â±1.36r

0
0

" Mean Â±SD.
''Significantly different from group 1 by Fisher's exact probability test (P < 0.01).
' Significantly different from group 1 by Welch's test (P < 0.001).

Table 3 Quantitative analysis of GST-P positive and iron-excluding liver cell foci in rats

Density (No. of foci/cm2)

" Mean Â±SD.
* Significantly different from group 1 by Student's / test (P < 0.01).

Unit area of foci (mm2/cm2)

Group1234567TreatmentDEN

aloneDEN
+ 500 ppmDFMODEN
+ 1000 ppmDFMODEN
-Â»500 ppmDFMODEN

Â»1000 ppmDFMO1000
ppmDFMONo

treatmentGST-P

positive32.38

Â±16.02"4.25
Â±1.69*5.40
Â±2.41*3.27
Â±3.05*6.90
Â±1.57*0.05

Â±0.110Iron-excluding52.3010.6911.294.038.6219.206.16*4.29*2.70*5.33*0.550.100GST-P

positive5.47

Â±2.020.84
Â±0.80*0.96
Â±0.57*0.26
Â±0.27*2.36
Â±1.21*0.00

Â±0.000

Several reports showed induction of ODC in experimental carcino-
genesis models in various organs (5, 6) including liver (25-28).

DFMO, an irreversible inhibitor of ODC, is reported to suppress
chemically induced tumors (11-18). The results in the present study

are in accordance with those results. In the present study, DFMO
treatment during initiation phase of DEN-initiated hepatocarcinogen-

esis apparently inhibited the liver tumor development and the occur
rence of preneoplastic liver cell lesions. Previously, Sondergaard et al.
(22) reported that DFMO exposure together with AFB, administration
did not affect the occurrence liver tumors and foci in rats. However,
in their study, DFMO was given by gavage, once daily during AFB,
exposure. Although the amount of DFMO was roughly equivalent to
a 24-h consumption at a level of 2000 ppm in drinking water, the

results may suggest that DFMO had no effect on the metabolism of
AFBj and single daily gavage and the short time of DFMO exposure
provided inadequate time or concentration to influence cell prolifer
ation. In their study, however, DFMO exposure in the drinking water
from start to end of the experiment of AFB, tumorigenesis inhibited
tumor induction and suppressed the appearance of foci. They also
indicated that such inhibition disappeared after discontinuation of
DFMO treatment and inhibition of tumor development and preneo
plastic lesions require longer, continuous DFMO treatment. In the
present study, dietary feeding of DFMO at a dose of 500 and 1000
ppm for 7 weeks during initiation phase (-1 week to +1 week of DEN

administration) markedly inhibited the tumor development as well as
preneoplastic foci occurrence. The differences of the results between
the two studies may be due to the differences of the carcinogens used
and the methods of DFMO exposure. The results in the current study

may also indicate that DFMO influence cell proliferation as resulted
in reduced number and area of AgNORs. Mean number of AgNORs
may reflect the cellular kinetics in rat hepatocarcinogenesis (37).
Moreover, prolonged administration DFMO after DEN exposure
markedly suppressed the development of liver cell foci and neo
plasms. The polyamines putrescine, spermidine, and spermine play
important roles in cell growth processes and with low concentration of
polyamines in tissues, cell proliferation is slowed (3, 8). This can be
reflected in fewer preneoplastic liver cell foci and fewer tumors in rats
with DFMO treatment during postinitiation phase of DEN-induced

hepatocarcinogenesis. However, polyamine levels in the liver tissues
were not influenced by DFMO exposure. This may be due to the
polyamine flux or the rapid rate of turnover of the three key regulatory
enzymes in the polyamine biosynthesis and interconversion pathway
(ODC, S-adenosylmethionine decarboxylase, and spermidine/
spermine /V'-acetyltransferase) (4). Therefore, static measurement of

polyamine concentrations that are more informative of cellular activ
ity and assay for polyamine synthetic or interconvertive pathways
should be performed.

Chemopreventive agents can be divided mainly into two categories,
i.e., blocking agents that are inhibitors to prevent carcinogens from
reaching or reacting critical target sites and suppressing agents that are
compounds to prevent the evolution of the neoplastic process that
otherwise could become malignant (38, 39). Blocking can occur by
preventing carcinogen activation, by increasing detoxification, and by
trapping reactive carcinogenic species (38). In addition to these sub
stances some chemopreventive agents, such as some monoterpenes
(o-limonene, o-carvone, and caraway) (39), benzylselenocyanate (40),

Table 4 Number and total area of AgNORs

Groupno.1234567Treatment No. ofAgNORs/nucleusDEN

aloneDEN
+ 500 ppmDFMODEN
+ 1000 ppmDFMODEN
-â€¢500 ppmDFMODEN
-^ 1000 ppmDFMOHKX)

ppmDFMONo
treatment.94.76.44.780.34"0.32*0.19*0.41*.38

0.17*.20

Â±0.07.23
Â±0.10Total

area(/Am2)3.10

Â±2.742.472.632.452.362.45.43.46*.69*.42*.83*.41.64

" Mean Â±SD.
* Significantly different from group 1 by Student's l lest (P < 0.05).
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Tahlc 5 Polyamine concentrations in rats liver

Group Treatment Diamine" Spermidine" Spcrmine" Total"

1234567DEN aloneDEN
+ 5(KI ppmDFMODEN
+ I(XXIppmDFMODEN

â€¢¿�5(K) ppmDFMODEN
â€¢¿�1000 ppmDFMOIOIH)

ppmDFMONo
treatment0.51

Â±0.40*0.48

Â±0.460.80
Â±0.920.49
Â±0.710.71
Â±0.550.33
Â±0.430.45
Â±0.531.52

Â±0.391.19
Â±0.662.73
Â±1.412.54
Â±1.422.11
Â±1.042.84
Â±0.461.98
Â±1.275.60

Â±1.246.06
Â±1.844.71
Â±3.327.25
Â±0.856.53
Â±1.347.01
Â±0.565.39
Â±1.197.57

Â±1.297.73
Â±1.548.24
Â±3.0210.29
Â±0.939.35

Â±0.9810.23
Â±0.387.83

Â±1.45
' nmol/mg protein.
' Mean Â±SD.

and l,4-phcnylcnebis(mcthylcne)selenocyanate (41), possess both

blocking and suppressing properties. We recently found such proper
ties of naturally occurring products protocatechuic acid, indole-3-
carbinol, and sinigrin in DEN-induced hepatocarcinogenesis (42) or in
4-nitroquinoline 1-oxide-induced tongue carcinogenesis (12, 43). Al

though Wattenberg (35, 36) described previously DFMO as a sup
pressing agent, the data of the current study point to both blocking and
suppressing potentials of DFMO in DEN-induced liver tumorigenesis

under the present experimental conditions. However, additional stud
ies on the incidence of foci and alteration of adduci formation should
be done at the end of concurrent administration of DEN and DFMO
before we conclude that DFMO has a distinct blocking as well as
suppressing potential.
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