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Suppression of Azoxymethane-induced Rat Colon Aberrant Crypt Foci by Dietary
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The modifying effect of dietary exposure to protocatechuic acid (PCA) on the development of
azoxymethane (AOM)-induced celonic aberrant crypt foci (ACF) was investigated in male F344 rats.
The effects of PCA feeding on the silver-stained nucleolar organizer regions protein (AgNORs) count
in the colonic epithelial cells and on the ornithine decarboxylase (ODC) activity in the colonic mucosa
were also estimated, Animals were given weekly s.c. injections of AOM (15 mg/kg body weight) for 3
weeks to induce ACF. These rats were fed diet containing 1000 or 2000 ppm PCA for 5 weeks, starting
one week before the first dosing of AOM. All rats were killed 2 weeks after the last AOM injection,
to measure the mmmber of ACF, ODC activity, and AgNORs count per nucleus in the colon. In rats
given AOM and PCA, the frequency of ACF/colon was significantly decreased compared with that in
rats given AOM alone (P< 0,005 at 1000 and P<0.05 at 2000 ppm). ODC activity in the colon of rats
given AOM and PCA at both doses was also significantly lower than that of rats treated with AOM
alone (P<0.05). Similarly, the mean AgNORSs count in rats fed PCA was significantly smaller than
that of rats treated with AOM alone (P<0.0001). Treatment with PCA alone did not affect these
three biomarkers. These results provide further evidence that PCA could be a chemopreventive agent
against rat colon carcinogenesis.
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Colorectal cancer is a leading form of cancer in the
United States and in countries where Western-style diets
are generally consumed. In Japan, the progressive in-
troduction of Western dietary habits, especially an in-
creasing fat intake and decreasing carbohydrate intake,
has been paralleled by an increase in colon and breast
cancers.” It has been suggested that chemopreventive
agents might have considerable impact on the mortality
rate in the United States from common cancers such as
those of colon, breast and prostate.?

A simple phenolic acid, PCA,*? is one of the constitu-
ents of edible plants, fruits, and vegetables.”’ A high level
of PCA, which is a 10 times more potent antioxidant than
D.L~t-tocopherol, was found in the extracts from the rind
of Citrus reticulata Blanco.¥ Our recent studies demon-
strated a remarkable chemopreventive effect of dietary
PCA on diethylnitrosamine-induced rat liver tumori-
genesis,” and AOM-induced colon carcinogenesis in
rats.® PCA feeding also lowered carcinogen-induced
ODC activities in the liver” and colon,® and the bromo-
deoxyuridine (BrdU)-labeling index and AgNORs count
in the colonic epithelium.® The authors of the latter
study suggested that PCA may act at the initiation and

! To whom correspondence should be addressed.

* Abbreviations: PCA, protocatechuic acid; ACF, aberrant
crypt foci; AOM, azexymethane; ODC, ornithine decarboxyl-
ase; AgNORs, silver-stained nucleolar organizer regions pro-
tein.
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postinitiation stages of colon carcinogenesis. However,
the results were obtained at the end of the study, whereas
PCA was administered during carcinogen exposure.

Since the first description of ACF in carcinogen-
treated rodent colon,” these crypts have been shown to
be dysplastic in nature®; dysplasia is a precancerous state
that leads to malignancy through the dysplasia-carci-
noma sequence.” ' The number, size and multiplicity of
ACF are useful as indicators of tumorigenicity.'" In
addition, Pretlow et al'” demonstrated the presence of
these putative preneoplastic lesions in colonic mucosa of
patients with colon carcinoma. Therefore, ACF are a
useful biomarker to evaluate the chemopreventive effects
of candidate compounds on colon carcinogenesis.

ODC is the first enzyme in the polyamine biosynthesis
pathway.” Polyamines play essential roles in cell pro-
liferation and differentiation, and participate in macro-
molecular synthesis. Inhibitors of ODC block aspects of
tumor promotion and induce cellular differentiation in
several animal carcinogenesis models.' Thus, the induc-
tion of ODC may be important for carcinogenesis,'> o
and ODC activity" ' may be useful as an intermediate
biomarker of cell proliferation in chemopreventive
studies. Similarly, AgNORs count/nucleus in the target
organ is suggested to be a useful biomarker, since
AgNORs count correlated well with BrdU-labeling
index, which is an accurate measure of S-phase cells.?®

In the present study, using a short-term experiment,
the modifying effect of dietary PCA during carcinogen



exposure on the development of AOM-induced colonic
ACF was investigated in male F344 rats. Also, the effects
of PCA on two cell proliferation intermediate bio-
markers, AgINORs in the colonic epithelium and ODC
activity in the colonic mucosa, were examined.

MATERIALS AND METHODS

Animals and diet Male F344 rats, 4 weecks of age,
purchased from Shizuoka Laboratory Animal Center
(Hamamatsu), were quarantined for one week and then
randomized into experimental and control groups. All
animals were housed three to four to a wire cage. The
holding room was controlled at 23 £2°C, 50X 10% hu-
midity, and a 12-h light/dark cycle. Powdered CE-2
(Clea Japan, Inc., Tokyo) was used as the basal diet
during the experiment.

Chemicals AOM was purchased from Sigma Chemical
Co., St. Louis, MC. PCA (97% purity} was obtained
from Aldrich Chemical Co., Milwaukee, WI.
Experimental procedure A total of 50 male rats was
divided into five groups of 10 rats (Fig. 1). Starting at 6
weeks of age, rats in groups 1-3 were given s.c. injections
of AOM (15 mg/kg body weight) once a week for 3
weeks. Animals in groups 2 and 3 were fed the diets
containing 1000 and 2000 ppm PCA, respectively, for 5
weeks, starting at 5 weeks of age. Rats in group 4 were
fed the diet containing 2000 ppm PCA alone during the
experiment. Group 5 was given the basal diet throughout
the study and served as an untreated control. All rats
were provided with the diet and tap water ad libitum and
weighed weekly. All animals were killed by decapitation
at 4 weeks after the first administration of AOM, and
complete necropsies were performed on all animals.
1dentification of ACF At the termination of the study,
the colons of five animals randomly selected from each
group were removed, flushed with saline, slit open long-
itudinally from cecum to anus, placed between 2 pieces of
filter paper and fixed in buffered 10% formalin for 24 h.
Then they were stained with 0.29% methylene blue in
saline according to the procedure of Bird” to observe
ACF. The number of ACF/colon and the number of
aberrant crypts in each focus were determined by micros-
copy at a magnification of X40. The criteria used to
identify an aberrant crypt focus topographically were as
follows: (1) increased size, (2) thicker epithelial cell
lining and (3) increased pericryptal zone relative to
normal crypts.”

ODC activity At necropsy of the remaining five animals,
their colons were rapidly removed. Each colon was
rinsed in saline, slit open longitudinally, and freed from
all contents. It was laid flat on a glass plate, and the
mucosa was scraped with a stainless steel disposabie
microtome bladed knife, S35 (Feather Safety Razor Co.,

Effect of PCA on Aberrant Crypt Foci

Group @ 1 2 3 4 5 weeks

no. ! | l [ | j
1 li CE-2 10 rats
2 ‘ 10 rats
3 | 10 rats
4 PO 0 B ] 10 Tals
5 | CE-2 10 rats

Fig. 1. Experimental protocol. ¥, AOM 15 mg/kg body
weight s.c.; CE-2, basal diet; PCA, protocatechuic acid; T,
termination (animals killed).

Ltd., Osaka). Colonic mucosa from each of 5 rats were
pooled and homogenized in 1.5 ml of homogenizing
buffer (250 mM sucrose, 50 mM Tris-HC), pH 7.4, con-
taining 1 mM dithiothreitol, 1 mM EDTA, and 0.4 mM
pyridoxal 5'-phosphate) using a Polytron. The homoge-
nates were centrifuged at 15,000 rpm, 4°C, for 30 min.
The resulting cytosol fraction was used for determina-
tion of ODC activity and protein. ODC activity in the
colonic mucosa was determined by a modification of the
methods described previously.?? The incubation mix-
ture, in a final volume of 40 g1 [50 mM N-(2-hydroxy-
ethyl) piperazine-N"-2-ethanesulfonic acid, pH 7.4, 1 mM
EDTA, 0.25 mM pyridoxal phosphate, 1 mM dithio-
threitol, and 0.25 pCi of pL-[1-"C]ornithine (specific
activity, 42.47 mCi/mmol; NEN, Boston, MA)], was
incubated at 37°C for 1 h. The reaction was stopped by
adding 50 g1 of 6 N HC), and the “CO, released was
collected on 10% KOH-saturated discs for another 15
min. *C in the form of K,“CO; was counted in a
scintillation counter. The results were expressed as pmol
“CO,/h/mg protein.

AgNORs count The AgNORs count of the mucosal
epithelium of colon in each group was determined. The
colon was removed and divided into three equal portions,
named the upper, middie, and lower colon, and fixed in
10% buffered formalin. All portions of colon were
embedded in paraffin and two serial sections (3 um
thickness) were made. One section was used for staining
AgNORs and the other was stained with hematoxylin
and eosin for histological examination. AgNORs staining
was carried out according to the method described previ-

687



Jpn. J. Cancer Res. 85, July 1994

ously.? For determination of AgNORs count on the cell
nuclei, 20 well oriented crypts, in which the base, lumen,
and top of the crypts could be seen, were used. AgNORs
were counted on AgNORs-stained sections under a
microscope at a magnification of X400. Data were ex-
pressed as AgNORs count per nucleus.

Statistical analysis The data in this experiment were
analyzed by the use of Student’s ¢ test,

RESULTS

The body weight gains during the experiment and liver
weights at death are presented in Table 1. No significant
effect of AOM and/or PCA treatment on body and liver
weights was observed. Food consumption for PCA treat-
ment groups was approximately 12.9-13.2 g/day/animal.
No neoplasms were found on macroscopic and micro-
scopic examinations of all organs of rats in each group.

Table IT summarizes the mean number of ACF/colon,
total number of aberrant crypts/colon and the mean
number of aberrant crypts/focus. The rats treated with
AOM (groups 1-3) showed a 100% incidence of ACF.
No ACF were seen in the colons of rats without AOM
treatment (groups 4 and 5). The number of ACF/colon
was significantly decreased by PCA administration at
either 2000 ppm (P<<0.01) or 1000 ppm (P<0.005). The

effect was more marked in rats fed 1000 ppm PCA. PCA
administration at both doses significantly decreased the
total number of aberrant crypts/colon (P<0.05). The
number of aberrant crypts/focus was slightly increased
by PCA administration at both doses. As for the size
distribution of ACF, the number of foci consisting of one
crypt was significantly decreased by PCA administration
at 1000 ppm (P<0.01) and 2000 ppm (P<0.05) (Fig.
2). PCA administration did not affect the numbers of
foci consisting of 2—4 crypts, although foci of 5-8 crypts
were not found in groups 2 and 3 (AOM+PCA).

The ODC activity in celonic mucosa is indicated in
Table III. The mean ODC activity of colonic mucosa
in group 1 (AOM alone) was greater than those of the
other groups. In the groups of rats treated with AOM
and PCA {groups 2 and 3), mean colonic ODC activities
were significantly lower than that of group 1 (P<(0.05).
The mean ODC activities in groups 2 and 3 were smaller
than that in group 4 (PCA alone), but the difference
lacked statistical significance.

The data on AgNORs count are also shown in Table
III. The mean number of cells/crypt column in group 35
(no treatment) was the greatest among all the groups.
The mean numbers of cells/crypt column in groups 2
and 3 were significantly smaller than that of group 1
(P<0.0005 and P<0.005, respectively). The value in

Table I. Mean Body Weights of Male F344 Rats Treated with Azoxymethane and Fed a Control Diet or a Diet Supplemented
with Protocatechuic Acid
Group Treatment Mean body weight (g) of rats at: Mean liver
noe. Week 0 Week 1 Week 2 Week 3 Week 4 Week 5 weight (g}
I AOM alone 86.8+1.79 112,619 140.2+4.3 164.4+10.2 1525151 160.7%11.7 57X0.5
2 AOM+ 80.8 3.7 107.3=5.0 127.5£8.7 140.7+9.3 15341108 159.3%10.3 5.2X0.5
PCA 1000 ppm
3 AOM+ 85.1£2.0 109.3£3.1 135.4+5.6 154.0+£6.9 1509*+146 1547112.0 51+0.6
PCA 2000 ppm :
4 PCA 2000 ppm 86.513.6 1124*44 1374170 155782 152.6+13.7 15671124 48+0.9
alone
3 No treatment 83.6+4.7 115.2+3.8 147.1%6.0 169982 159.6X17.6 156.6*+18.7 48108
@) Mean£8D.
Table II.  Effect of PCA on AOM-induced Aberrant Crypt Foci in Rat Colon
Group Treatment Incidence® No. of Total no. of No. of aberrant
no. n ne foci/colon aberrant crypts/colon crypts/focus
1 AOM alone 5/5 149.4+26.2% 208.645.8 1.40+0.24
2 AOM+ 1000 ppm PCA 5/5 68.61£21.19 116.4141.9% 1.660.15
3 AOM+ 2000 ppm PCA 5/5 91.0%t13.69 128.0:£25.19 1.4110.18

a) No. of rats with aberrant crypt foci/total rats.
» Mean=XS5D.

Significantly different from group 1 by Student’s ¢ test: ¢, P<0.005; d. P<0.05; ¢, P<0.01.
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B Group 1 (AOM alone)
] Group 2 (AOM + PCA 1000 ppm)
Group 3 (AOM + PCA 2000 ppm)

No. of foci

3 4

5 6 7 8

No. of aberrant crypts per focus

Fig. 2.

Size distribution of AOM-induced aberrant crypt foci in the colon of rats in each group. Columns,

average; bars, SD. aq, b) Significantly different from group 1 at P<0.01 and P<0.05, respectively.

Table III. ODC Activity, Number of Cells per Crypt Column and AgNORs Count of the Colenic
Epithelium in Each Group
Group Treatment Colonic ODC activity No. of AgNORs
no. rea (pmol “CO./h/mg protein)  cells/crypt column count/nucleus
| AOM alone 10.5£7.159 344+52 1.4730.28
2 AOM +PCA 1000 ppm 0.44+0.44% 31.1+4.29 1.13+0.339
3 AOM +PCA 2000 ppm 0.42+0.729 31.514.39 0.96 +0.299
4 PCA 2000 ppm alone 7.587.01 29.4+4.1 0.85+0.27
5 No treatment 4.891+3.46 36.7+4.9 1.01£0.28
a) Mean=*3D.

Significantly different from group 1 by Student’s ¢ test: b, P<0.05; ¢, P<0.0005; d, P<0.0001; ¢, P<0.005.

group 4 was also significantly smaller than that in group
5 (P<0.0001). The mean AgNORs count/nucleus in
groups 2 and 3 was significantly lower than that of group
1 (P<0.0001).

DISCUSSION

In the present study, dietary administration of a simple
phenolic acid, PCA, clearly inhibited the development of
AOM-induced ACF in rats colon. PCA feeding also
reduced ODC activity, AgNORs count and the height of
the colonic mucosa.

ACF are one of the earliest hallmarks of colon car-
cinogenesis.'” They are readily utilizable as intermediate
endpoints in colon cancer prevention studies since they
are ecasily and rapidly quantified topographically in a
methylene-blue-stained whole colon from rodents fed test
chemicals. In the present study, PCA reduced the total

number of ACF and aberrant crypts/colon. Although
PCA reduced the number of foci consisting of one aber-
rant crypt and those of more than 5 crypts, PCA slightly
increased the number of aberrant crypts (2—4 crypts)/
focus. These results may suggest that PCA suppresses the
induction of ACF, which show increased cell prolifera-
tion activity and some genetic alterations,?29 but does
not alter the proliferative activity in ACF themselves.
Therefore, it might be that the blocking effect of PCA is
stronger than its suppressing ability on colon carcino-
genesis. Further studies on alterations of proliferative
activity in ACF by dietary PCA are needed.

Cell proliferation might play an important role in the
carcinogenic process.”” Cell kinetic analysis in the co-
lonic mucosa of individuals at increased risk for colon
cancer has revealed an anomalous expansion of epithelial
cells within the colonic crypts. We have demonstrated
that AgNORSs count is a useful index for cell proliferation
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and we have recently used it as a biomarker in chemo-
prevention studies of liver, tongue, and colon carcino-
genesis.* Y ODC induction precedes cell proliferation
in many cells.?” Several initiators and promoters of
carcinogenesis clevate ODC activities in the target
organs.'® 7" Our previous study® demonstrated that
PCA inhibited AOM-induced rat colon carcinogenesis,
and decreased ODC activities in the colonic mucosa and
liver tissue, while the AgNORs count in the colonic
epithelium paralleled the tumor reduction. In that study,
PCA was fed during or after the AOM treatment,
namely in the initiation or postinitiation phase. However,
ODC activities and AgNORs count were determined at
the termination of the study (32 weeks after the start).
In the current study, PCA treatment together with
AOM significantly reduced ODC activity of colonic
mucosa as well as number of ACF/colon at 5 weeks after
the start. Colonic mucosa of rats treated with AOM
showed a decreased number of total cells/crypt column
and increased AgNORs count/nucleus. PCA treatment
decreased such indices. These results suggested that PCA
decreased the number of S-phase cells, and so protected
DNA in the colenic epithelial cells from AOM injury.
Thus, PCA may be an effective chemopreventive agent
with a blocking effect against colon carcinogenesis.
Cancer chemoprevention is defined as intervention
with agents at a pre-malignant lesion to reverse or sup-
press progression to malignancy. Many biomarkers have
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been proposed for use as intermediate endpoints in
chemoprevention studies. Kelloff et al*® classified these
biomarkers into genomic biomarkers, markers of cell
proliferation, markers of cell differentiation and pre-
malignant lesions. However, there are rather few reliable
biomarkers. Searching for potential inhibitors of carcino-
genesis using routine in vivo long-term assay is expensive
and time-consuming. Therefore, short-term in vivo assay
using a combination of several biomarkers is needed, as
described here and by Rao et al'® Similar short-term
experiments have been reported,’® " but only the inci-
dence of ACF was used as a biomarker.

In summary, PCA inhibited the formation of AQM-
induced rat colon ACF, reducing ODC activity of co-
lonic mucosa, and decreasing the AgNORSs count in the
colonic epithelium. The methodology of this short-term
model may be developed into a very useful prescreening
tool for chemopreventive agents, especially blocking
agents that are effective against colon cancer,
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