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Abstract

We assessed the effects of 41 potential chemopreventive
agents in the F344 rat using the inhibition of carcinogen-
induced aberrant crypt foci (ACF) in the colon as the
measure of efficacy. ACF were induced by the carcinogen
azoxymethane in F344 rats by two sequential weekly
injections at a dose of 15 mg/kg. Two weeks after the last
azoxymethane injection, animals were evaluated for the
number of aberrant crypts detected in methylene blue-
stained whole mounts of rat colon. The 41 agents were
derived from a priority listing that was based on reports
of chemopreventive activity in the literature and/or
efficacy data from in vitro models of carcinogenesis. The
list of agents included representative examples of
phytochemicals, vitamins, minerals, inhibitors of
proliferation, inducers of Phase 1 and Phase 2
metabolism systems, nonsteroidal anti-inflammatory
agents, and differentiation agents. Eighteen agents were
positive in the assay, significantly reducing the incidence
of ACF at least in one of two doses tested. As a chemical
class, the nonsteroidal anti-inflammatory drugs, which
included ibuprofen, ketoprofen, piroxicam, and
indomethacin, were most active; other less potent agents
were arginine, butylated hydroxyanisole, curcumin,

diallyl sulfide, difluoromethylornithine, 18�3-glycyrrhetinic
acid, indole-3-carbinol, oltipraz, purpurin, rutin, and the
sodium salts of butyrate, selenite, and thiosulfate.
Twenty-three agents did not inhibit ACF; included
among these were several agents that promoted the
development of ACF at one or both doses tested: benzyl
isothiocyanate, calcium glucarate, catechin,
dihydroepiandosterone, fluocinolone acetonide, folic acid,
levamisole, 2-mercaptoethanesulfonic acid,
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nordihydroguiaretic acid, potassium glucarate, propyl
gallate, �-sitosterol, sodium cromolyn, sodium molybdate,
and sulfasalazine. The aberrant crypt assay demonstrates
reasonable specificity and sensitivity in predicting which

agents are likely to prevent colon cancer.

Introduction

For the successful implementation of cancer control in individ-
uals at increased risk for cancer, a mechanism must exist to
rapidly evaluate potential agents for future use in clinical che-

moprevention trials. Traditionally, evaluation of such agents
has used laboratory animal models as the standard, often with
a reduction in tumor incidence as the measurement of the

chemopreventive efficacy of a compound ( I ). Certainly for
colon cancer research, one of the most well-utilized systems for
efficacy testing has been the induction of tumorigenesis in the
rat colon with the carcinogen, AOM.3 The AOM model has
been used very successfully to test and evaluate mechanisms of
action of chemopreventive agents. some of which are also

already being tested in clinical trials (2. 3). Full-length tumor-
igenesis experiments require both time and expense, important

factors considering the ever-increasing numbers of potentially
evaluable agents for chemoprevention. Attention has recently
been drawn to the use of surrogate end point biomarkers for

purposes of determining the usefulness of potential cancer
inhibitors (4, 5).

The aberrant crypt assay capitalizes on the multistage
process of colon carcinogenesis common to rats and humans.
ACF are easily recognized precursors to colon cancer in car-
cinogen-treated rat colon visualized by the application of meth-

ylene blue staining in either fresh or fixed colonic tissue.
McLellan and Bird (6) have demonstrated that ACF in rats are
induced by the same carcinogens that induce cancer. That ACF
contain elements of dysplasia. evidenced by alterations in en-

zyme activity, and express mutations in the apc gene and the
ras oncogene suggest that they are part of the most commonly

hypothesized pathway leading to colon cancer (7-9). Longitu-
dinal surveillance of areas in which ACF appear suggest that

these are the preferred sites for tumorigenesis. and current
investigations are being directed at factors associated with the

formation and progression of ACF toward colon cancer
(10, 11).

With this as the background, we sought to test a list of
possible chemopreventives for colon cancer identified by the

Chemoprevention Branch of the NCI that specifically were
active in inhibiting ACF in the AOM-treated rats. The purpose
of the study was to evaluate the responsiveness of the test
agents in inhibiting ACF induced by AOM during the time

3 The abbreviations used are: AOM. azoxymethane; ACF. aberrant crypt foci;

DMBA, dimethylbenz[alanthracene; NCI. National Cancer Institute; BHA. hu-
tylated hydroxyanisole; MESNA, 2-mercaptoethanesulfonic acid.
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frame in which the anitnals were exposed to the carcinogen.

Such agents, which exert their protective effect during the
period of carcinogen exposure, have been termed “blocking

agents” by Wattenberg ( 1 2). In this study. we report on the
chemopreventive efficacy of a series of agents during this
initiation phase of colon carcinogenesis.

Materials and Methods

Animals, Diets, Test Agents, and Carcinogens. Male F344
rats were purchased at 6 weeks of age from Harlan Sprague-
Dawley (Wilmington. MA) and were quarantined for S days;
then the rats were housed in standard cages and bedding in the
animal facility in a 12-h light/dark cycle and 50% relative
humidity with continual access to drinking water. At 7 weeks of
age, all rats were fed AIN-76A diet (Dyets, Inc., Bethlehem,
PA) on which they remained for the duration of the experiment.

For each agent to be tested, 40 rats were randomized into
groups of 10; the groups were: A, negative control (no test

agent, no carcinogen); B, positive control (no test agent, with

carcinogen): and C and D, treatment groups (test agent and
carcinogen). The positive and negative controls were fed the
standard AIN76A diet throughout the experiment’s duration.
The treatment groups had included in their diets either 40 or
80% of the maximum-tolerated dose of each agent; these doses
were known to cause no decrement in body weight over a
5-week experimental period. This dosing protocol is common
to preclinical evaluation of chetnopreventive agents across
other organ sites tested by the Chemoprevention Branch, NCI.
The diets were fed to the rats beginning 1 week prior to

injection with the carcinogen or saline, then continuously for
the next 4 weeks. The test agents used in the study were
procured in the highest available purity from a variety of
sources. Arginine, BHA, calcium glucarate, ± catechin, curcu-

mm, dehydroepiandosterone, diallyl sulfide, fluocinolone ace-
tonide, folic acid, ibuprofen, indomethacin, inositol hexaphos-
phate, levamisole, mannitol, MESNA, piroxicam, and
potassium glucarate were purchased from Sigma Chemical Co.

(St. Louis, MO). Benzyl isothiocyanate, ellagic acid, indole-3-
carbinol, propyl gallate, purpurin, and quercetin were pur-
chased from Aldrich Chemical Co. (Milwaukee, WI). Nordi-
hydroguiaretic acid was purchased from Fluka (Hauppage,
NY). Phenethylisothiocyanate was purchased from Lancaster
Synthesis (Wyndham, NH). Ascorbyl palmitate (Hoffman-

LaRoche, Nutley. NJ), a-difiuoromethylornithine (Marion
Merrell Dow, Cincinnati, OH), 18f3-glycyrrhetinic acid

(MacAndrew and Forbes, Camden, NJ), and ketoprofen and
oltipraz (Rhone-Poulenc. Vitry sur Seine, France) were pro-
vided by the Chemoprevention Branch. NCI. The positive con-

trol group and the two treatment groups were injected with the
carcinogen AOM purchased from Ash Stevens, Inc. (Detroit,
MI). twice weekly (weeks 2 and 3 ofeach experiment) at a dose
level of 15 mg/kg body weight via the i.p. route. The negative

control group was injected with saline in place of AOM. At the
end of week S of each experiment, the rats were killed by CO2
asphyxiation, and the colon was removed for evaluation of
aberrant crypts. This study was approved by the Institutional
Animal Care and Use committee at The University ofTexas M.
D. Anderson Cancer Center, protocol #1 1-8807832.

Aberrant Crypt Assay. The colons were removed and flushed
with cold PBS and then cut open along the longitudinal median

and fixed fiat in 10% buffered formalin for 24 h. The method
of Bird ( 13) was used to stain and highlight ACF. For each test
agent. the number of ACF was evaluated in the 0.3% methylene
blue-stained colon by a technician unaware of the treatment

assignment. We scored ACF under X40 magnification using a
Nikon dissecting microscope with a fiberoptic light source to
transluminate the colon.

Statistical Analysis. All data were analyzed using Sigmastat
software running on a 386 PC computer. Both treatment doses

were compared to the AOM-only group using one-way
ANOVA. If a significant difference (P < 0.05) was observed,
we used the Bonferroni t test as a multiple comparison test. The

data were also tested for normality; if the data were not nor-
mally distributed, we used the nonparametric Kruskal-WalIis
test for multiple comparisons.

Results

Table 1 summarizes the results of the efficacy of test agents in
inhibiting AOM-induced foci in rat colon. The results are

reported as a percentage of control. We evaluated 4-5 test

agents per experimental session and screened a total of 41

compounds. The average yield of aberrant crypts combining the
values for all experimental sessions for the AOM-only group
was 88 ± 8 ACF/colon (mean ± SE), and the range was
77-141 ACF/colon. Statistical comparisons were made with

reference to the positive control values for each experimental
session. Body weights of the rats given test agents were eval-

uated in this study, and these were compared to the carcinogen-
only group over the experimental period of S weeks. AOM

treatment did not appreciably decrease rat body weight when
compared with saline treatment over this short time frame, nor
did any tested agent reduce body weights by greater than 10%

during the experimental period. Of the agents tested, arginine,
butylated hydroxyanisole, diallyl sulfide, difluoromethylorni-

thine, 18f3-glycyrrhetinic acid, ibuprofen, indole-3-carbinol,
ketoprofen, oltipraz, and piroxicam were the most potent in-

hibitors of colonic ACF; all but arginine, BHA. oltipraz, and

piroxicam were inhibitory in a dose-dependent fashion. Curcu-
mm, indomethacin, purpurin, rutin, and the sodium salts of
butyrate, selenite, and thiosulfate also inhibited AOM-induced
ACF but only at the highest dose tested. Taken together, it is
very interesting to note that, as a chemical class, the non-
steroidal anti-inflammatory drugs (e.g. , ibuprofen, ketoprofen,
piroxicam, and to a lesser degree, indomethacin) were the most
effective suppressants of aberrant crypt development in the rat
colon. Although 23 compounds were nonresponsive in this
assay, it is noteworthy that some agents actually promoted

aberrant crypt formation. Benzyl isothiocyanate, calcium glu-
carate, the isomeric mixture of catechin, dehydroepiandoste-
rone, propyl gallate, �-sitosterol, and sulfasalazine fell into this

category and would be considered less likely choices for con-
tinued studies of chemoprevention in the colon because they
induced a dose-dependent increase in ACF. Fluocinolone ace-
tonide, folic acid, levamisole, MESNA, nordihydroguiaretic
acid, potassium glucarate, sodium cromolyn, and sodium mo-
lybdate also increased ACF formation. but only at the higher

dose tested.

Table 2 illustrates the sensitivity and specificity of inhi-
bition of ACF as a predictor for inhibition of tumorigenesis. To
compile these data, we reviewed the literature for evidence of
suppression of colon tumorigenicity in the rat. The studies
reviewed included rat studies where dimethylhydrazine,

azoxymethane, or methylazoxymethanol were used as the mi-
tiating carcinogen since they are metabolically related (14).
From these data, the calculated sensitivity of the assay in
predicting inhibition of tumorigenesis was 79%, and the spec-

ificity was 80%. In summary, agents inhibiting both ACF and
colon tumorigenesis were: BHA, curcumin, diallyl sulfide, di-
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Table I Effect of test agent.s on AOM-induced ACF in rat colon

Agent (g/kg diet) No. ACF/colon (% control)a Result

Table I Continued

Agent (g/kg diet) No. ACF/colon (% controlY’ Result

Arginine Oltipraz

S 39 ± 3 (47) 0.1 57 ± 11 (63) +�

10 60±5 (72) 0.2 70± II (78) +�

Ascorbyl palmitate Phenethyl isothiocyanate

5 89±9 (114) 0.2 79±9 (88)

10 62 ± 9 (80) 0.4 98 ± 12 (108)

Benzyl isothiocyanate Piroxicam

0.5 113 ± 5 (136) 0.075 34 ± 7 (45)

1.0 124 ± 10 (149) 0.15 46 ± 3 (61) +�

BHA Potassium glucarate
4.3 75 ± 10 (53) 60 ± 9 (77)
8.6 75 ± 5 (53) 10 129 ± 12 (165)

Calcium glucarate Propyl gallate
5 126± 18 (162) 1.6 110± 12 (143)
10 104± 11 (133) 32 102±9 (132)

±Catechin Purpurin
2.5 105± 11 (135) 1.6 84±8 (95) -

5 117 ± 10 (150) 3.2 52 ± 6 (68)
Curcumin Quercetin

8 76 ± 9 (97) 15 72 ± 7 (94)
16

Dehydroepiandosterone

57 ± 6 (73) 30 73 ± 11 (95)

Rutin

I 98 ± 6 (121) 15 154 ± 15 (109) -

2

Diallyl sulfide

I

2

DFMO

2

4

Ellagic acid

3

6

Fluocinolone acetonide

0.005

0.01

Folic acid

2.5

5.0

I 8f3-Glycyrrhetinic acid

2.5

5

Ibuprofen

0.2

0.4

lndole-3-carbinol

116±9

1 1 1 ± 8

60 ± 4

79 ± 6

45 ± 6

67 ± 1 1

69±6

108± II

97±5

136±9

81 ± S

76 ± 8

52±6

49±6

37 ± 4

(143)

(79)

(43)

(56)

(29)

(88)

(88)

(130)

(117)

(164)

(98)

(54)

(37)

(64)

(49)

30 110± 12 (78) +�

Silymarmn

2 80 ± 7 (99) -

4 80 ± 5 (99) -

�3-Sitosteml

3.2 138 ± 10 (165)

6.4 137 ± 7 (165)

Sodium butyrate

1 .25 78 ± 7 (92) -

2.5 60±4 (70)

Sodium cromolyn

10 78±8 (103)

20 108 ± 15 (142)

Sodium molybdate

0.05 103±8 (121)

0.10 88 ± 8 (103)

Sodium selenite

0.002 73 ± 8 (86) -

0.004 60±5 (71) +“

Sodium thiosulfate

2 75±6 (88) -

4 57±8 (67)

0.875

1.75

Indomethacin

52 ± 5

45 ± 5

(63)
(54)

+“

�b

Sulfasalazine

0.4 126 ± 14 (161)

0.8 120±9 (154)

0.025

0.05

Inositol hexaphosphate

2.5

5

Ketoprofen

0.1

0.2

54 ± 7

31 ± 5

81 ± 7

89±4

72 ± 7

50 ± 8

(71)

(41)

(98)

(107)

(81)

(56)

-

�b

+“

+“

a-Tocopherol acetate

1.89 88 ± 9 (109)

3.78 70 ± 6 (86)

Vitamin D5

45001U 72±8 (87) -

90001U 76±7 (92) -

,, Control group defined as AOM-only without test agent in diet.
b Significantly less than AOM-only group at P < 0.05.

Levamisole ‘ Significantly greater than AOM-only group at P < 0.05.

0.05 154 ± 18 (197)

0.10 82 ± 8 (105)

Mannitol

2.5

5.0

MESNA

80±5

81 ± 6

(96)

(98)

-

-

fluoromethylornithine, ibuprofen, ketoprofen, indomethacin,
oltipraz, piroxicam, rutin, and selenite. Compounds shown to
inhibit neoplasia but having no effect on ACF were benzyliso-

2.5 83 ± 6 (100) - thiocyanate, dehydroepiandrosterone, and silymarin. Only l8�3-
5.0 1 13 ± 3 (136) glycyrrhetinic acid and sodium butyrate were found to inhibit

Nordihydroguiaretic acid ACF in our study but are not known to inhibit AOM-induced
2 81 ± 9

120 ± 20

(103)

(154)
-

-‘

colon cancer. Lastly, eight agents were found to have no effect
on tumorigenesis in the literature and additionally, had no effect
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Table 2 Specificity and sensitivity of the ACF assay as a predictor for colon

tumor inhibition

No. of agents

Inhibit tumorigenesis” No effect on tumorigenesis

Inhibit ACF” 1 1 2

No effect on ACF” 3 8

,‘ Positive inhibition of colon tumorigenesis reported in the literature (45-57).

I, Agents tested in this study.

on AOM-induced ACF: ascorbyl palmitate, folic acid. phen-
ethylisothiocyanate. propygallate. potassium glucarate. sul-
fasalazine, a-tocopherol acetate. and vitamin D3.

Discussion

With increasing numbers of naturally occurring and synthetic
compounds identified as possible inhibitors of neoplasia, it
would be advantageous to economically and rapidly screen
promising compounds for chemopreventive activity. In the rat,

AOM-induced ACF have been suggested to be biological pre-

cursors to colon cancers (15-17). These foci share molecular
and histological commonalities with tumors induced in rat

colon and have been thought of as good targets for assessing the
preclinical activity of chemopreventive agents (7, 18-20). In
this study, we assayed 41 candidate agents to identify which
were most effective in preventing the formation of ACF in-
duced by the colon-specific carcinogen AOM. The assay, as

described, provides preliminary information on efficacy for
individual agents that may act as inhibitors of colon cancer and
gives an initial reading as to active chemical classes of agents

that may be explored in depth. The protocol we have used will
not accurately assess the activity of agents that require a more

chronic exposure to become effective and could possibly mac-
curately classify as false negatives. agents that act in the pos-
tinitiation period only, i.e., compounds that act to influence

expansion and progression of aberrant crypts. To remedy this
situation, we have established a postinitiation protocol in which
the effects of agents acting later in the time frame of carcino-

genesis are tested for effects on outgrowth and multiplicity of
aberrant crypts where the potential of agents affecting ACF
growth over 60 days is measured (2 1 ). We are now assaying a
number of these agents that are potentially active in the pos-

tinitiation phase of carcinogenesis, targeting effects on estab-
lished ACF in rat colon. and their multiplicity per dysplastic

focus.
Many of the compounds shown in Table 1 have already

been independently assayed for inhibition of tumorigenesis in

the same animal model (22). The predictiveness of the ACF
bioassay. when contrasting the effects of the tested agent in
long-term colon tumor assays versus effects on ACF, is very

good with reasonable sensitivity and specificity. Thus, most
inhibitors of AOM-induced ACF are likely to be inhibitors of

cancer as well. In the current study, we found the nonsteroidal
anti-inflammatory drug group to be the most consistent chem-

ical class of compounds to suppress ACF. Four of six agents
thought to function by inhibition of cyclooxygenase/lipoxyge-
nase were found to both inhibit ACF inhibition while the

comparison with tumor inhibition revealed a 100% concord-
ance for the nonsteroidal compounds. These drugs are thought
to reduce the production of prostaglandins associated with

advanced stages of tumorigenesis. The present study, in which
the test agent is given concomitantly with the carcinogen, does

not exclude, however, the possible influences on carcinogen
metabolism by the oxidative pathway of prostaglandin H syn-

thase (23). Inducers of Phase 2 drug detoxification pathways
also were obviously active in the assay, as evidenced by the
results for BHA, diallyl sulfide, indole-3-carbinol, and oltipraz,
all of which have been shown to modulate chemically induced

carcinogenesis through effects on Phase 1 or Phase 2 xenobiotic
metabolism (24-30). There is increasing interest in the pheno-
typic expression of glutathione S-transferase isoforms as mod-
ulators of carcinogenesis in the human population and in com-

pounds that may induce this critical enzyme system (26, 31,
32). Difluromethylornithine, one of the most active agents in
our present study, has been shown to be a promising chemo-
preventive agent in previous animal studies and is already in

clinical trials (33, 34). We also found arginine and l8�3-gly-
cyrrhetinic acid to strongly suppress ACF. Arginine is a natu-
rally occurring amino acid that was reported by Perchellet et a!.

(35) to inhibit 12-O-tetradecanoylphorbol- 1 3-acetate-induced
mouse skin cancer; the mechanism of action is thought to be
related to suppression of proliferation. Three other naturally
occurring agents have been found to be active in suppressing
ACF. Derived from licorice roots, 18/3-glycyrrhetinic acid has
been shown to have anti-inflammatory effects in animals (36).

Curcumin, derived from the roots of the turmeric plant, may
play a role in the reduced incidence of cancer in certain regions

of the Asian subcontinent and has been shown previously to

reduce aberrant crypt formation in the rat (37, 38). Rutin, a
plant flavonoid, when cleaved by bacterial glycosidases in the
gut, yields quercetin, a compound demonstrated by Deschner et

a!. (39, 40) to inhibit hyperproliferation in the colon of rats as
well as protect against tumor development. Purpurin, a com-

mercial dye, bears structural similarities to plant phenolic acids.

Known by its trade name as Natural Red No. 8, this compound
has been shown to be an effective radiosensitizer for treatment
of bladder cancer in rats (41). Additionally active in inhibiting
the formation of ACF were the sodium salts of butyric acid,
sodium selenite, and sodium thiosulfate. Selenium salts have
long been identified as potent inhibitors of chemical carcino-

genesis, presumably acting through selenium-dependent gluta-
thione peroxidase (42, 43). Sodium thiosulfate has been shown
by Hochalter et a!. (44) to inhibit chemically induced cancer.

The salient findings of this study are: (a) ACF, preneo-
plastic lesions in rat colon, are suppressed by chemopreventives

agents also known to prevent tumorigenesis; (b) the ACF assay
is rapid and efficient in identifying chemical classes of agents
that have high chemopreventive potential for colon cancer; and

(c) nonsteroidal anti-inflammatory drugs appear to be a very
active class of preventive agents in this experimental system. A
further strength of the ACF assay is the opportunity to intersect
the biological properties that govern aberrant crypt growth and
development with success or failure of a particular class of
chemical chemopreventive. Ongoing studies are currently ex-

amining the postinitiation effects of these and other potential
chemopreventives for effects on established ACF in an effort to
suppress their growth and expansion to colonic precancers.
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