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Efficient Method for Rapid Induction of Aberrant Crypt Foci in Rats with 2-Amino-
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2-Amino-i-methyl-6-phenylimidazo[4,5-b pyridine (PhIP) induces aberrant crypt foci (ACFs) as well
as colon cancer in F344 male rats, Conditions allowing rapid development of ACFs over a short period
were investigated. F344 male rats were fed 400 ppm of PhIP-HCI in a low-fat diet (L.T) for 2 weeks
and then given a PhIP-free, high-fat diet containing PRIMEX (HF-PR) or safflower oil, or PhIP-free
LF for 4 or 12 weeks. Rats fed HF-PR for 4 weeks gave the highest number of ACFs/rat (3.3) and
their size in terms of aberrant crypts/ACF(2.7) was much larger than that obtained with conventional
continuous feeding of PhIP for 25 weeks in the CE-2 diet. Therefore, 2 weeks of dietary exposure to
400 ppm of PhIP.-HCI, followed by HF-PR for 4 weeks, is a practical and convenient method for
obtaining ACFs. This protocol should be useful for studies of the early phase of colon carcinogenesis.

Key words: ACF — PhIP — High fat diet

Heterocyclic amines (HCAs), which are produced by
cooking meat and fish, are unique as carcinogens because
humans are exposed to them in the diet on a daily ba-
sis.”® Although colon carcinogens were found to be rare
among compounds examined in the National Toxicology
Program in the United States,** five out of ten HCAs
originally isolated from cooked meat and fish and ex-
amined for carcinogenicity in rats, can induce colon
cancer.”

2- Amino - 1-methyl-6- phenylimidazo]4,5-b | pyridine
(PhIP), the most abundant HCA in cooked food,>*# is
one such agent causing colon cancer development in
F344 male rats.” Thus, experimental animal systems
using PhIP should provide appropriate models for
human colon carcinogenesis.

Aberrant crypt foci (ACFs), which are considered to
be possible precancerous lesions in the colon, have been
detected in experimental animals after treatment with
various colon carcinogens.®® They are now used as a
biomarker in assays for colon carcinogens or promoters,
as well as preventive agents.'” In most studies, dimethyl-
hydrazine or its proximate metabolite, azoxymethane,
has been used to induce ACFs in experimental animals.
However, PhIP also induces ACFs,'"'? and does so at
higher frequencies in male F344 rats than in female rats,
which are less susceptible to PhIP-induced colon carcino-
genesis.”” This provides support for the validity of ACFs
as an end-point lesion for colon carcinogenesis in me-
dium-term tests. Fats, and especially corn oil and saf-
flower oil, which contain linoleic acid at high concentra-
tions, have a promoting effect on colon carcinogenesis.'”
Continuous feeding of PhIP in a high-fat diet containing
corn oil induced more ACFs than did PhIP in a low-fat
diet (LF).'

In this study we established a method for obtaining
ACFs efficiently within a short period, by feeding high-
fat diet after PhIP treatment. For comparison purposes,
PRIMEX and safflower oil were selected for study, the
former being high in oleic acid, which does not promote
colon carcinogenesis in rats,'® in contrast to the latter
which is rich in linoleic acid and exerts clear promoting
effects. ' 17

MATERIALS AND METHODS

Animals and diets Five-week-old male F344 rats were
obtained from CLEA Japan (Tokyo) along with the CE-
2 basal diet. AIN-93G, a LF, and two high-fat diets
obtained by adding hydrogenated vegetable oil,
PRIMEX (HF-PR), or safflower oil (HF-80), so as to
supply 39% fat-derived calories in both cases, were pur-
chased from Dyets Inc. (Bethlehem, PA). The HF-SO
diet was supplemented with vitamin E (50 TU/kg) to
prevent the hemolysis which is caused by dietary linoleic
acid concentrations of over 5%.'® The contents of fat
were 7% soybean oil in the LF case, 10% soybean oil and
23% PRIMEX with HF-PR, and 10% soybean o0il and
23% safflower oil with HF-80. The linoleic acid compo-
nent of fat constituted 229% of the HF-SO diet.
PhiP-HC! was purchased from the Nard Institute
(Osaka) and added to CE-2 or AIN-93G to give a
concentration of 400 ppm.
Animal experiments After one week’s acclimation to the
housing environment and the basal diet (CE-2 or AIN-
93@G), rats were subjected to either a conventional con-
tinuous PhIP-exposure protocol or a short PhIP-expo-
sure protocel (Fig. 1). In the conventional continuous
protocol (Fig. 1A), rats were fed PhIP in CE-2 diet for
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25 weeks. With the short PhIP-exposure protocol (Fig.
1B), the animals were divided into 6 groups (I to VI) and
treated as depicted in Fig. 1B. AIN-93G (LF) was used
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Fig. 1. Experimental protocols for the induction of ACFs

by PhIP. A, Conventional continuous PhIP-exposure proto-
col. Rats were fed CE-2 diet containing 400 ppm of
PHIP.-HC] (IR or CE-2 diet alone (E=). B, Short PhIP-
exposure protocol. Rats were subdivided into six groups, and
fed either AIN-93G basal diet (LF) containing 400 ppm of
PhIP-HCl (groups I-III, @) or LF alone (groups IV-VI,
C3) for the first two weeks. Following this, the animals were
fed PhIP-free HF-PR (groups I and IV, §1), HF-SO
(groups II and V, [[ll) or LF (groups III and VI). At 6, 14
and 25 weeks, the numbers of rats indicated in Tables I and
IT were killed and analyzed for the induction of ACFs (¥).
Five rats each in groups I and IV were also killed at the 2-
week time point.

as the basal diet. Animals in groups I-1II were given the
PhIP diet for 2 weeks, while those in groups IV-VI
received LF. Then, groups I and IV were fed HF-PR,
groups IT and V received HF-SO, and groups IIT and VI
were given LF for 4 or 12 weeks.
Detection of ACF Rats were killed after 2, 6, 14 or 25
weeks according to the protocols. The colons were re-
moved and flushed out with neutralized 109 formalin,
cut along the longitudinal median axis, submerged in
formalin solution overnight, and then stained with 0.29%
methylene blue as described by Bird.® The numbers of
ACFs and aberrant crypts (ACs) were determined under
40X and 100X magnifications with a light microscope.
The sizes of ACF were defined in terms of ACs/ACF.
Statistical anaiysis was performed using the Kruskal-
Wallis one-way ANOVA and Mann-Whitney U tests,
with an SPSS package on a Macintosh computer (SPSS
Japan Inc., Tokyo).

RESULTS

Effect of PhIP on body weight change With the conven-
tional continuous PhIP exposure protocol (Fig. 1A), the
body weights of rats fed PhIP were about 759 of the
control value after 25 weeks.

With the short PhIP-exposure protocol (Fig. 1B), the
body weights of rats fed PhIP for 2 weeks (groups I-1IT)
were alse about 75% of those of animals not receiving
PhIP (groups IV-VI). Recovery to about 90% of the
untreated group value was noted after feeding a PhIP-
free diet for 4 weeks, and the weights of treated and
untreated rats essentially did not differ after 14 weeks.
Although the food intake of rats in groups I (PhIP/
HF-PR) and II (PhIP/HF-80) was only around 80% of
that of group 11T (PhIP/LF), the calorie intake of these
3 groups was almost the same, considering the calorie
contents of each diet: HF-PR, 5016 kcal/kg; HF-SO,
5016 kcal/kg; LF, 3766 kcal/kg.

ACF induction by the conventional continuous PhIP
exposure protocol After 25-week administration of PhIP
in the CE-2 diet, ACFs were observed at a frequency of

Table I. ACFs Induced by the Conventional Continuous PhIP-exposure Protocol in Male F344 Rats
. Experimental Rats with No./rat No. of
Chemical  period (wks) ACFs ACFs ACFs of 24 ACs  ACs/ACF Ret
PhIP 14 771 6.6+1.59 0.4+0.8 1.6+1.29 13
25 20/20 7.1£3.42% 0.1+03 1.6+0.8°*)  Present study
None 14 0/5 0 0 0 13
25 0/5 0 0 0 Present study

a), a %) Significantly different from that of rats fed CE-2 diet without supplement at the same time

point[a), P<0.01; a %), P<0.001].
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Short PhIP-exposure for ACF Induction

Table [I. ACFs Induced by the Short PhIP-exposure Protocol in Male F344 Rats
Chemical Experimental Experimental Rat with No./Tat No. of
group period (wks) ACF ACF ACF of =4 ACs ACs/ACF
Phip I HF-PR 6 6/6 3331.4°% 1.0+1.0%9 2.741.84%
II HF-50 5/6 1.0+£0.6%°%  0.2x04 2.0+ 1.19
IiI LF 5/6 2.0+1.09 0 1.4%0.79
X HF-PR 14 4/5 2.8+2.19 1.4%+1.4% 3.4+1.79
IT HF-80 6/6 2.3+1.3%% 1.0=0.6%% 4,042.40%9
I LY 4/5 1.841.09 0.41+0.5 2.9+1.8>9
None Iv HF-PR 6 0/5 0 0 0
v HF-80 1/5 0.2+04 0 1.0
V1 LF 0/5 0 0 0
Iv HF-PR 14 1/5 02104 0 2.0
A\ HE-SO 0/5 0 0 0
VI LF 0/5 0 0 0

a), a*) Significantly different from the value for rats of the same fat diet group without PhIP feeding

at the same time point[a), P<0.05; ¢ %), P<0.01].

b) Significantly different from the value for rats fed LF at the same time point (£<0.03).
¢), e %) Significantly different from the value for rats fed HF-PR at the same time point [¢), P<0.05;

e%), P<0.01].

d) Significantly different from the value for the experimental period of 6 weeks (P<0.03).

7.1/rat with an average size of 1.6 ACs/ACF. These
values were almost the same as those obtained earlier
with 14-week administration of PhIP," where the fre-
quency was 6.6 ACFs/rat and the size was 1.6 ACs/ACF
(Table I). No ACFs were detected in control rats at week
14'» or 25.

Comparison of ACF induction by the short and conven-
tional continuous PhIP-exposure protocols With the
short PhIP-exposure protocol, ACFs were detected in all
PhlIP-treated groups (I, IT and IIT) after the experi-
mental periods of 6 and 14 weeks (Table II). The num-
bers of ACFs in these groups were lower than that
observed in the conventional continuous PhIP-exposure
experiment. However, the average sizes of ACFs in
PhiP-treated groups I, 11 and I1I after the experimental
period of 14 weeks were much larger than that achieved
with the conventional continuous PhlP-exposure proto-
col (Tables I and IT).

Effects of high-fat diets on ACF development with the
short PhIP-exposure protocel At the 6-week time point,
rats in group I (PhIP/HF-PR) had the largest ACFs and
the highest number of ACFs. At week 14, numbers of
ACFs/rat and their sizes were almost the same in groups
I (PhIP/HF-PR) and II (PhIP/HF-SQ), and higher
than in group IIT (PhIP/LF) (Table 1I).

In the control groups (IV-VI), only one ACF was
detected in group V (HF-SO) at week 6 and one in group
1V (HF-PR) at weck 14,

The size distributions of the ACFs observed in groups
I-I1I are depicted in Fig. 2. At week 6, ACFs composed

ACFsfrat

ACFs/rat

ACFsirat

3 5 8 27
ACs/ACF
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Fig. 2. Size distributions of ACFs as a function of time.
ACFs were subgrouped according to their sizes, from 1 AC/
ACF to more than 7 ACs/ACF and the numbers falling into
each subgroup were counted to give average ACFs/rat
values. Data for 6 weeks (A to C) and 14 weeks (D to F)
are shown. A and D, PhIP/HF-PR; B and E, PhIP/HF-80
and C and F, PhIP/LF. The numbers of rats used for this
analysis are given in Table II.
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of only one AC were most frequent in groups I (PhIP/
HF-PR) and III {PhIP/LF), although in the former case
the size range was extensive, with some lesions even
having seven or more ACs. In group II (PhIP/HF-S80)
the 2 ACs/ACF category predominated (Fig. 2, A-C).
At week 14, the numbers of ACFs composed of one AC
were decreased in all groups and ACFs composed of 3 or
4 ACs were the most frequent (Fig. 2, D-F).

DISCUSSION

In the present study, we established a method for
inducing large numbers of ACFs of relatively large size
within only a 6-week experimental period using a proto-
col featuring 2 weeks of exposure to 400 ppm PhIP-HCI
followed by 4 weeks on an HF-PR diet. Rats in this
group had the highest number of lesions composed of 4
or more of ACs at 6 weeks, such large ACFs showing the
best correlation with colon tumor incidence.” Since
ACFs were rare (0.2 ACF/rat and 1.0 AC/ACF) at the
end of the 2-week exposure to PhIP, development was
primarily during the HF-PR feeding pericd. In other
researchers’'® and our'” previous studies, continuous
feeding of F344 rats with 400 ppm of PhIP-HCI in the
diet for 8 or 14 weeks induced similar or larger numbers
of ACFs, but their sizes were much smaller. Moreover,
prolongation of the exposure period to a total of 25 weeks
in the present study did not increase the number or size
of ACFEs (Table I). Thus, continuous feeding of PhIP
does not appear te be the most appropriate method for
obtaining biologically significant large ACFs efficiently
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within a short period. PhIP may possibly act as an
inhibitor of ACF growth, or an inducer of apoptosis,
even while initiating cells. Short exposure to PhIP fol-
lowed by conditions conducive to rapid growth of the
initiated cells is far better for this purpose. Guo er al.*®
obtained 3.3 ACFs/rat with a size of 3.4 ACs/ACF,
when they gave PhIP (50 mg/kg, alternate days) by oral
gavage for 2 weeks, followed by a PhIP-free diet for 12
weeks. We have obtained a similar size and number of
ACFs in only 6 weeks.

Safflower oil, which is known to be a colon tumor
promoter, did not show clear promoting effects under the
conditions of this study. This may be due to the addition
of vitamin E, which is known to inhibit progression to
large ACFs in the rat.?V

The protocol established in this study should find
application in assays for tumor-promoting agents in
colon carcinogenesis, and will also be a useful approach
for elucidating genetic susceptibility to colon carcino-
genesis.” ™ Phenotyping of animals with regard to
differences in ACF induction over a short period is an
important next step for such studies.
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