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ABSTRACT

The modifying effect of dietary protocatechuic acid (PCA) given during
the initiation phase or the postinitiation phase on liver carcinogenesis
induced by diethylnitrosamine (DEN) was studied in male F344 rats. At 6
weeks of age, rats were divided into experimental and control groups and
fed the diets containing 500 and 1000 ppm PCA or the basal diet. At 7
weeks of age, all animals except PCA alone and control groups were given
DEN at 40 ppm in the drinking water for 5 weeks to induce liver cell
neoplasms. Seven days after the DEN exposure, groups of animals fed the
PCA diets and continued on these diets until the end of the study. All
animals were necropsied during the 37 weeks after the start of the experi
ment in order to determine the incidences of preneoplastic liver cell foci
and neoplasms. Hepatic ornithine decarboxylase activity was also meas
ured in all animals at the termination of the study. Dietary PCA admin
istered at both doses during the initiation phase significantly inhibited the
incidence of altered hepatocellular foci resistant for iron accumulation or
those positive for glutathione S-transferase placenta! form and the liver

cell tumor incidence and multiplicity. Similarly, the numbers of liver cell
foci and neoplasms and tumor multiplicity were significantly reduced in
groups fed the PCA diets at the postinitiation stage of carcinogenesis.
Hepatic ornithine decarboxylase activity was reduced in DEN-treated

animals fed the PCA diets compared to those given DEN alone. Although
the precise mechanisms of PCA-induced inhibition of hepatocarcinogen-

esis remain to be elucidate, it is likely that the inhibitory effects during the
initiation and postinitiation phases may be due to alteration in hepatic
ornithine decarboxylase activity under the present experimental condi
tion.

INTRODUCTION

Phenolic compounds are ubiquitous in edible vegetable, fruits, and
nuts (1). It is estimated that an average of 1-2 g/day of phenolic

compounds is consumed by humans (2). The phenolic compounds
which occur commonly in food materials may be classified into three
groups, i.e., simple phenols, hydroxycinnamic acid derivatives, and
flavonoids. Several phenolic compounds have been reported to be
inhibitors of chemical carcinogenesis and mutagenesis (see Refs. 3-10

for review). Some of them are possible chemopreventive agents for
cancer development (II). For example, recent studies indicated that
polyphenols, i.e., (-)-epigallocatechin gallate present in tea. inhibit

mutagenicity, clastogenicity. and carcinogenicity of some chemicals
(12). Similarly, ellagic and chlorogenic acids present in plants, nuts, or
fruits have antimutagenic and anticarcinogenic effects (5). Previously,
we have demonstrated that feeding of ellagic acid during the initiation
phase of 2-acetylaminofluorene-induced hepatotumorigenesis clearly

inhibited the development of liver cell tumors as well as preneoplastic
lesions (altered hepatocellular foci) in male rats (13). Dietary expo
sure of chlorogenic acid after initiation with methylazoxymethanol
acetate could suppress the incidence of liver cell foci in hamsters of
both sexes (14). Thus, most phenolics have proved to be potent
inhibitors of carcinogenesis at the initiation and promotion stages,
although some phenolic compounds exert the hazardous effects that
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they act as cocarcinogens or promoters (15, 16). In general, the phe
nolic compounds possessing anticarcinogenic and/or antimutagenic
potentials have antioxidant properties (17). A simple phenolic acid,
PCA,- is one of the constituents in edible plants, fluits, and vegetables

and belongs to benzoics (18). Recently, a strong antioxidative property
of PCA, which is 10 times higher than that of DL-a-tocopherol, in the

extracts from the rind of Citrus reticulata BLANCOhas been found ( 19).
ODC induction precedes cell proliferation in many cells exposed to

mitogenic or cytotoxic chemicals. Most promoters of carcinogenesis
induced ODC in vivo (20). Substantial data have been accumulated to
suggest that the induction of ODC is an early possibly obligatory
event in the promotion of skin tumorigenesis (21, 22). The induction
of ODC. the rate-limiting enzyme in the poly ami ne-biosynthetic path
way, is an early-marked event in all growth system including cancer

development (23, 24). Recently, Kitchin et al. (25) suggested that
some initiators as well as promoters increase hepatic ODC activity.
Increased ODC activity and accumulation of polyamines have been
demonstrated during the development of experimental animal tumors
and human neoplasms (21, 22). In the liver, the relation of ODC
expression to hepatocarcinogenesis has been studied in some limited
models (26). Scalabrino et al. (27) demonstrated that rats receiving a
liver carcinogen, 4-dimethlyaminoazobenzene, continuously in their

diet had substantial elevated hepatic ODC activity 4 to 5 months prior
to the appearance of visible liver cell carcinomas. Olson and Russell
(28) reported a marked and prolonged increase in cyclic adenosine
3':5'-monophosphate-dependent protein kinase ratio followed by an

elevation of ODC after a single or serial administration of DEN. In
their subsequent study, similar results were also obtained in the Soil
and Farber model and they suggested that the prolonged activation of
cyclic adenosine 3':5'-monophosphate-dependent protein kinase and

elevation of ODC might be necessary for hepatocarcinogenesis (29).
In chemoprevention studies, some candidate chemopreventive agents
have been shown to reduce ODC activity and polyamine biosynthesis
in target organ(s) and ODC activity and polyamine levels are consid
ered to be biomarkers as intermediate end points in chemopreventive
trials (30-33).

In the present study, possible modifying effect of dietary exposure
of PCA during the initiation or postinitiation phase on liver carcino
genesis induced by DEN was investigated in male F344 rats. Also,
dose-related efficacy of PCA and the effect of PCA on ODC activities

of both neoplasms and their surrounding tissues in the liver were
examined to assess underlined mechanism(s) and to determine
whether if PCA possesses chemopreventive potential in liver tumor
igenesis.

MATERIALS AND METHODS

Animals and Diets. Male F344 rats purchased from Japan SLC Inc.
(Hamamatsu City, Japan) were used. At 6 weeks of age these rats were
transferred to the holding room controlled at 23 Â±2Â°C,50 Â±10% humidity,

and a 12-h light/dark cycle and randomized into experimental and control
groups. They were housed three or four to a wire cage. Powdered CE-2 (Clea

Japan Inc.. Tokyo. Japan) was used as basal diet during the experiment.

2 The abbreviations used are: PCA, protocatechuic acid; DEN, diethylnitrosamine;
ODC, ornithine decarboxylase; GST-P, glutathione S-transferase placenta! form; F344,

Fischer 344 (rats).
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Chemicals. DEN was obtained from Tokyo Chemical Industry Co., Ltd.,
Tokyo, Japan. PCA (97% pure; other ingredients are protein, Ca, Fe, and Mg)
was purchased from Aldrich Chemical Co., Milwaukee, WI.

Experimental Procedure. Before starting the experiment the maximum
tolerated dose of PCA was determined and it was over 10,000 ppm (data not
shown). A total of 154 rats were divided into seven groups as shown in the
tables. At 7 weeks of age, group 1 through 5 were given DEN in the drinking
water at a concentration of 40 ppm for 5 weeks. Groups 2 and 3 were given the
diets containing 500 and 1000 ppm PCA, respectively, starting at 6 weeks of
age until 1 week after the carcinogen exposure. They were then switched to the
basal diet and maintained on this diet for 30 weeks. Groups 4 and 5 were fed
the diets mixed with PCA at concentrations of 500 and 1000 ppm, respectively,
starting 1 week after the cessation of DEN treatment and continued on these
diets for 30 weeks. Group 6 was fed the diet containing 1000 ppm PCA during
the experiment. Group 7 was given the basal diet and tap water throughout the
experiment and served as an untreated control.

All rats were carefully observed daily and consumption of the drinking
water containing DEN or the diets mixed with PCA was recorded to estimate

intake of chemicals. The experiment was terminated at 37 weeks and animals
were sacrificed by decapitation between 9 a.m. and noon in order to evaluate
the incidences of preneoplastic and neoplastic liver cell lesions. Some animals
(3 or 4 rats) were sacrificed at weeks 7 and 19 to determine the incidences of
foci and neoplasms. For demonstration of iron-excluding liver cell lesions, all
rats 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 inguinal regions,
alternating sides 3 times/week for 2 weeks prior to killing (34). Complete
necropsies were performed on all animals. At necropsy, the livers were re
moved and weighed, and slices (2 mm thick) were taken from each sublobe. All
organs were fixed in 10% buffered formalin. All tissues and gross lesions were
processed for histology by the conventional methods. Three serial liver sec
tions (3 firn each) were cut and the one section was stained with hematoxylin
and eosin for histolÃ³gica! diagnosis. The other two sections were reacted for
iron by the Prussian blue technique and for GST-P by Â¡mmunohistochemical
staining of avidin-biotin-peroxidase complex method (35) for morphometric

analysis of preneoplastic hepatocellular lesions. Liver cell foci and neoplasms
were diagnosed by the histological criteria of the Institute of Laboratory
Animal Resources (36) on the hematoxylin and eosin-stained sections. The
incidences of iron-excluding or GST-P-positive altered hepatocellular foci
were quantified using a microscope and expressed as number of foci/cm2.

Areas of these foci were also measured using a image analysis system SPICCA
II (Japan Avionics Co., Tokyo, Japan) with a microscope (Olympus BH-2) and

a color charged coupled device camera (Hamamatsu City, Japan).
Hepatic ODC Activity Measurement. At necropsy performing at the end

of the study, two small tissue blocks (1 cm1) with or without tumors were

obtained from left sublobe of the liver in all rats and immediately frozen on dry
ice for subsequent measurement of ODC activity (37). These blocks were
stored at -70Â°C for ODC activity and were assayed within 2 weeks. The

specimens were homogenized 1:10 (w/v) in sodium phosphate buffer (100 mm,
pH 7.2) containing 5 mm dithiothretiol. The reaction mixture consisted of 80 /j.1
of the hotnogenate, 0.1 rnw pyridoxal phosphate, and 0.22 rriM t-ornithine
containing 0.5 /iCi of DL-[l-14C]omithine hydrochloride (56 mCi/mmol; Am-

ersham Inst., Buckinghamshire, England), in a total volume of 0.2 ml. The
enzyme activity was determined in duplicate. Cell protein was estimated by
using a Bio-Rad Assay Kit (Bio-Rad, Richmond, CA). The results were ex
pressed as pmol of I4CO2 released/h/mg of cell protein (pmol '4CO2/h/mg

protein).

Statistical Analysis. Statistical analysis on the incidence of lesions or the
data of morphometric analysis between groups was performed using Fisher's
exact probability test or Student's / test for paired samples. The results were

considered statistically significant if the P value was 0.05 or less.

RESULTS

General Observations. Rats in groups 1-6 tolerated well the p.o.
exposure of DEN alone, DEN + PCA, DEN -Â»PCA, or PCA alone.

There were no significant differences in total intake of DEN/rat
among 5 groups (27.5 mg in group 1; 27.1 mg in group 2; 27.0 mg in
group 3; 26.8 mg in group 4; and 26.9 mg in group 5). Total intakes
of PCA/rat were 395 mg in group 2, 796 mg in group 3, 1708 mg in
group 4, 3368 mg in group 5, and 4171 mg in group 6. Table 1
summarized the average body weight, liver weight, and relative liver
weight (g/100 body weight) in each group. The mean body weights of
rats treated with DEN and/or PCA (groups 1-5) were lower than those

of rats in group 7 (untreated control). Treatment with DEN increased
the liver and relative liver weights in group 1 due to the occurrence of
liver neoplasms. However, a significant difference between groups 1
and 7 was not present. The mean body and liver weights in groups 4
(DEN -> 500 ppm PCA) and 5 (DEN -> 1000 ppm PCA) were

significantly smaller than those of group 1 (DEN alone) (P < 0.02; P
< 0.01; or P < 0.002). However, the average relative liver weights in
these groups did not differ from that of group 1. The mean body, liver,
and relative liver weights in groups 6 and 7 were comparable.

Histopathology and Morphometric Analysis of Preneoplastic
and Neoplastic Hepatocellular Lesions. The p.o. administration of
DEN indued a substantial number of hepatocellular foci expressing
iron-excluding or GST-P-positive property of their cytoplasm (Tables

2 and 3) and liver cell neoplasms (Table 4). At week 7, an average of
6.96 iron-excluding foci/cm2 or 6.24 GST-P-positive foci/cm2 was

present in the liver of rats in group 1. At this time point, the incidences
of foci/cm2 in groups 2 and 3 were between 2.57 and 3.38. After the
cessation of DEN exposure, the incidence of liver cell foci/cm2 in

group 1 was increased by the end of the experiment (32.42 iron-
excluding and 29.77 GST-P-positive foci/cm2 at week 19; 49.14 iron-
excluding and 46.42 GST-P-positive foci/cm2 at week 37). The num

bers of foci in groups 2-5 at weeks 19 and 37 were almost one-half or
one-third of those in group 1 (P < 0.05). As shown in Table 3, dietary

exposure of PCA after the stop of DEN administration (groups 4 and
5) clearly suppressed the area of foci exhibiting iron-excluding or
GST-P-positive phenotype at weeks 19 and 37 (P < 0.05). Also, the
area of such foci in group 3 (DEN + 1000 ppm PCA) was signifi
cantly smaller than that of group 1 (DEN alone) at the end of the study
(P < 0.05), although at weeks 7 and 19 the mean diameters of foci in
groups 2 and 3 were slightly larger compared to that in group 1 (data
not shown). There were no hepatocellular foci in rats of groups 6 and
7 throughout the experiment.

As shown in Table 4, exposure to DEN alone (group 1) induced
liver cell neoplasms (adenomas or carcinomas) in 100% of rats, with

Table 1 Effects of PCA on body ami liver weights of male F344 rats at the end of the study

Group1234567TrealmenlDENDEN

+ 500 ppmPCADEN
+ 1000 ppmPCADEN
-Â»500 ppmPCADEN
-Â»1000 ppmPCA1000

ppmPCANo
treatmenlNo.

of rats
examined18171920191112Body

weigh!
(g>3I8Â±51"327

Â±453I6Â±24283

Â±30*276Â±21r332

Â±25334Â±
17Liver

weight
(g)12.2

Â±2.212.5
Â±2.3ll.3Â±
1.910.3
Â±2.0*9.8

Â±\.6d12.2

Â±1.211.7
Â±0.9Relative

liver weight
(g/100 g bodyweight)3.89

Â±0.733.81
Â±0.463.59
Â±0.533.61
Â±0.513.56

Â±0.473.67
Â±0.363.51
Â±0.36

" Mean Â±SD.
''Significantly different from group I by Student's t test; P < 0.02.
' Significantly different from group 1 by Student's t lest; P < 0.01.
'' Significantly different from group I by Student's ( tesi; P < 0.002.
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Table 2 Effects of PCA on the incidence of iron-e.\cluding and GST-P-positive liver cell foci induced by DEN

Incidence of foci (/cm2)

Group]

23

4
5
67TreatmenlDHN

DEN + 500 ppm PCA
DEN + 1(XX)ppm PCA
DEN -> 500 ppm PCA
DEN-> 1(MX)ppm PCA
HXH)ppm PCA
No treatment7wk6.96

Â±1.14"

3.25 Â±1.08
3.38 + 0.26Iron-excluding19

wk12.42

Â±4.54
17.52 + 3.85''
16.70 Â±3.23 h
12.58 Â±4.58*
8.99 + 2.21''

0
037

wk49.

14 Â±5.90
24.63 Â±5.58''
17.66 Â±4.07''
19.01 +6.11''
17.84 + 5.78''

0
07

wk6.24

Â±2.79
3.08 Â±1.49
2.57 + 0.92GST-P-positive19

wk29.77

Â±6.25
14.13Â±4.16*
13.05Â±3.66*13.27

Â±5.49"
10.56 Â±3.22*

0
037

wk46.42

Â±7.31
23.52Â±8.54''14.86
Â±3.95*17.01

Â±5.63"
14.24 Â±5.52''

0
0

' Mean Â±SD.
' Significantly different from group I by Student's i test (P < 0.05).

Table 3 Effects of PCA on the areas of iron-excluding and GST-P-positive liver cell faci induced b\ DEN

Group1T34567"

Mean Â±SD.*
SignificantlyTreatmentDENDEN

+ 500 ppmPCADEN
+ 10(X)ppmPCADEN
-> 500 ppmPCADEN
-> 1(XX)ppmPCA1000
ppmPCANo

treatmentdifferent

from group 1 by7

wk0.49

+0.28"0.44
+0.300.40
Â±0.28Student's

/ test (P <0.05)Table

4 Effects of PCAIron-excluding19

wk2.91

Â±1.042.52+
1.202.76

Â±1.151.21
Â±0.43''0.82

Â±0.21*00on

the occurrenceArea

of foci(mirr/cirr)37

wk 7wk5.

11 + 1.4 1 0.46 Â±0.314.16+1.51
0.38Â±0.143.93

+ 0.38 0.20 +0.092.78
Â±0.70''2.38

Â±0.39"00of

hepatic neoplasms induced b\ DENGST-P-positive19

wk3.51

Â±1.932.81
Â±1.262.70+

1.011.10
+0.53"0.94
+0.41"0037

wk8.42

Â±2.397.13+
1.404.63
Â±1.26"3.40
Â±0.46"3.23

Â±0.57"00

No. of rats with
(no. of neoplasms)

Group Treatment Incidence(%)1

DEN 18 of 18 (100)
2 DEN + 500 ppm PCA 12 of 17 (71)*
3 DEN + 1000 ppm PCA I0ofl9(53)r
4 DEN -> 500 ppm PCA 13 of 20 (65) "
5 DEN -> 1000 ppm PCA 13 of 19 (68)"

6 1000 ppm PCA Oof 11 (0)
7 No treatment 0 of 12 (0)Adenomas16(30)

10(13)'
7(11)/

12(21)''

13 (23)
0
0Carcinomas16(32)

12(25)
9(11)*
9(10)''
6(9)'

0
0Multiplicity3.44

Â±
1.47+.
1.11 Â±
1.55Â±1.68Â±

0
0.64-

.14".33d

.53'

.81'"

Mean Â±SD.
" Significantly different from group by Fisher's exact probability test: P = 0.02.
' Significantly different from group by Fisher's exact lest; P = 0.05
''Significantly different from group by Student's i test: P < 0.001.
' Significantly different from group by Fisher's exact test; P = 0.001.
' Significantly different from group 1 by Fisher's exact test; P = 0.002.
v Significantly different from group by Fisher's exact test; P = 0.01.
'' Significantly different from group by Fisher's exact test; P = 0.005.
' Significantly different from group 1 by Student's / test; P < 0.(X)2.
' Significantly different from group 1 by Student's / test; P < 0.01.

a multiplicity of 3.44 neoplasms/rat. Feeding of PCA at concentrations
of 500 and 1000 ppm together with DEN significantly reduced the
hepatocellular neoplasm incidence to 71 and 53% and the multiplicity
to 1.47 and 1.1I/rat, respectively, at the end of the experiment (P =
0.02 or P = 0.001). Similarly, dietary exposure during the postiniti

ation phase significantly inhibited the occurrence of liver neoplasms
(incidence and multiplicity, to 65% and 1.55/rat in group 4 and 68%
and 1.68/rat in group 5) (P < 0.01 or P < 0.02). In rats of groups 1-3

sacrificed at week 7. there were no liver cell neoplasms. At week 19.
the numbers of rats with liver cell tumors (number of tumors) in group
1 were 2 of 4 rats (2 adenomas), 0 of 4 rats in group 2, 1 of 4 rats ( 1
adenoma and 1 carcinoma) in group 3, 1 of 4 rats (I adenoma) in
group 4, 0 of 4 rats in group 5, 0 of 3 rats in group 6, and 0 of 3 rats
in group 7. Microscopically, all hepatocellular carcinomas were of
trabecular pattern. Almost all of the liver cell neoplasms were iron-
excluding and GST-P-positive, although a few neoplasms displayed an
irregular reaction for iron-excluding and GST-P positivity. In other

organs of all rats, no preneoplastic and neoplastic lesions were found.
Hepatic ODC Activity. The results of liver ODC activity in each

group at the end of the study are shown in Table 5. Mean liver ODC

activities in rats of group 6 (1000 ppm PCA alone) and 7 (untreated
control) were 2.17 and 6.16 pmol/'4CO2/h/mg protein, respectively.

DEN-induced liver ODC activity (group 1) in the liver tissue with or

without tumors was remarkably high compared to group 7. On the
other hand, the mean enzyme activities in rats given DEN and PCA
(groups 2-5) were lower than that of group 1 and the values in rats

given DEN and a high dose of PCA (groups 3 and 5) were signifi
cantly smaller than that of rats given DEN alone (group \)(P < 0.05).
The data indicate that dietary PCA was responsible for the lower level
of the enzyme induction.

DISCUSSION

In the present study, dietary administration of a simple phenolic
acid, PCA. during the initiation or postinitiation phase of DEN-in

duced rat liver carcinogenesis clearly inhibited the occurrence of liver
cell neoplasms. Moreover, the development of preneoplastic hepato
cellular lesions was also significantly suppressed.

Diet appears to play an important role in human health and in the
development of certain diseases, especially cancer (38^0). The fre-
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Table 5 ODC activity in the liver of nils in each gn nip

Group1234567TreatmentDENDEN

+ 5(X) ppmPCADEN
+ KXXI ppmPCADEN
-Â»5(X) ppmPCADEN
-Â»KXX)ppmPCAKXX)
ppmPCANo

treatmentNo.

ofrutsexamined1817192019II12ODC

activity
(pmol l4CO->/h/mgprotein)Without

tumor33.43

Â±7.10".12.00

Â±16.6715.82
Â±10.27''24.40

Â±10.8714.25
Â±6.94''2.17

Â±1.366.16
Â±5.14With

tumors47.65

Â±5.3744.57
Â±11.2417.17

Â±9.84''.18.27

Â±8.1933.
10 Â±9.47''

" Mean Â±SE.
'' Significantly different from group 1 by Student's t test (P < 0.05).

quent consumption of fresh fruits and vegetables is associated with a
low cancer incidence (41 ). Scientific interest in phenolic compounds
in food has been extremely active in recent years (12, 42^4) since
they have antiinflammutory. antimutagenic. and anticarcinogenic
properties (17). Most phenolic compounds in food are plant fla-

vonoids (2), but nonflavonoid simple phenolics including PCA are
present in considerable amounts in fruits, leaves, and roots of plants
which are a part of the human diet. For instance, the amount of PCA
in sturart pecans is 0.7 mg/100 g (45). PCA has been reported to have
a strong antioxidative effect ( 19), but other biological and pharmaco
logical properties are not known.

The results of the present study are of considerable interest because
to our knowledge, this is the first report showing that PCA can
effectively reduce liver cancer development when administered during
the initiation or postinitiation phase. Similar natural compounds hav
ing both blocking and suppressing potential, i.e., benzyl isothiocyan-
ate and n-Iimonene. indole-3-carbinol. sinigrin. and 1.4-phenylenebis-

(methylene)selenocyanate have been reported (3. 4, 33, 46. 47). There
are no reports on the chemopreventive effects of PCA on experimental
carcinogenesis models in laboratory animals. In the current investi
gation, retardation of body weights was present in rats fed PCA at
levels of 500 and 1000 ppm during the postinitiation phase (groups 4
and 5). However, no clinical and morphological signs of toxicity were
seen in these rats. Moreover, the body, liver, and relative liver weights
in rats of groups 6 (1000 ppm PCA alone) and 7 (untreated control)
were comparable. Therefore, the retardation of body weight in groups
4 and 5 may be due to the decrease of the actual maximum tolerated
dose level of PCA by the carcinogen treatment. Also, the inhibition of
liver carcinogenesis and ODC induction by PCA were not related to
the body weight retardation, since PCA feeding did not significantly
affect the relative liver weights in groups 2-5 when compared to

groups 1. 6, and 7. These results testify to the fact that two dosages of
PCA (500 and 1000 ppm) at both the initiation and postinitiation
stages inhibit liver carcinogenesis without any significant toxicity of
PCA. As for the dose-dependent efficacy of PCA, we tested only two
doses and exposure of PCA during the initiation stage exerted dose-

dependent inhibition of tumor occurrence. PCA administration during
the postinitiation phase reduced liver tumors to almost the same de
gree. However, the incidence and area of foci were inversely propor
tional to the two doses of PCA. suggesting the presence of dose-

dependent efficacy. Further studies are warranted in order to confirm
the dose-dependent inhibition of PCA. The inhibition of liver carcino

genesis by PCA can proceed through diverse mechanisms as discussed
by Wattenberg (3) and Fiala et al. (4) for other chemopreventive
agents. The liver tumor-inhibitory effect of PCA administered during

the initiation stage may be related to the action of this compound on
the metabolic activation or detoxification of DEN. The general mech
anisms of tumor inhibition by phenolic compounds include that they
(a) act as antioxidants, radical, and nitrite traps: and (b) can act as
nucleophils (17). However, few studies have been done on simple
phenols such as PCA as tumor inhibitors. The exception might be

phenols that act as traps for limited amounts of nitrite, compete for
phase II conjugation reactions, and thus affect activation and detoxi
fication of carcinogens or act as neucleophilic traps (3, 4, 8, 17, 48).

In the present study, dietary PCA during the initiation or the pos-
tinitiation stages of DEN-induced hepatocarcinogenesis lowered he

patic ODC activity. ODC induction precedes cell proliferation in
many cells exposed to xenobiotics including genotoxic carcinogens
(25) and its activity is considered to be a marker of cell proliferation
(49, 50), which is an important event during carcinogenesis, especially
the promotion phase (21. 24). Cell proliferation is also believed to
enhance the frequency of tumor initiation in many organs (51) includ
ing the liver (26-29). Hepatocytes proliferation has been noted in

several stages of liver cell tumorigenesis (26. 52. 53). Immediately
associated with DNA adducts, liver cell proliferation clearly has been
shown to enhance initiation (26). Enhanced cell proliferation, preced
ing DNA repair of endogenous or exogenous lesions, thereby results
in the fixation of mutagenic events (26). In the present study, feeding
of DEN increased hepatic ODC activity both in the regions with and
without tumors. Similar findings were reported by other investigators
using different experimental hepatocarcinogenesis models (27-29).

The mechanism by which PCA administration prevents the develop
ment of preneoplastic and neoplastic lesions in the present study could
depend on the inhibition of ODC activity elevated by DEN. The
results from our recent study that p.o. administration of an ODC
inhibitor a-difluoromethylornithine during the initiation or postiniti
ation phase significantly inhibited DEN-induced rat hepatocarcino
genesis' also suggest that inhibition of ODC in liver exposed to DEN

may contribute to suppression of liver carcinogenesis initiated with
DEN. More recently, we have finished the studies on the modifying
effects of PCA on other chemical carcinogenesis models, such as
colon and tongue tumorigenesis in rats, and the results that PCA
feeding at the initiation or postinitiation stage has exerted a dose-

related inhibition of colon and tongue carcinogenesis might suggest
that PCA is a new potent chemopreventive agent.' However, addi

tional studies on the tissue distribution of PCA and the effects of PCA
on the metabolic activation. DNA adducts formation, detoxification of
carcinogens, oncogene/tumor suppressor gene expression, cell to cell
communication, etc. (32-33, 54), are warranted lo elucidate the exact

mechanism(s) of tumor inhibition.
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