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ABSTRACT: 2-Amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine (PhIP) and 2-amino-3-methylimidazo[4,5-
f]quinoline (IQ) are two important heterocyclic amines
formed in proteinaceous foods during the cooking pro-
cess. Both PhIP and IQ are carcinogenic in several
strains of rats. PhIP induces mammary tumors in fe-
male F344 rats, while IQ induces principally mammary
and liver tumors in female Sprague–Dawley rats. Both
PhIP and IQ are activated enzymatically, first by N-
hydroxylation, catalyzed by CYP1A1 and CYP1A2, and
subsequently by esterification (O-acetylation or sulfa-
tion), to yield DNA adducts. Such DNA adduct for-
mation, and persistence of adducts, is related to initi-
ation of carcinogenesis, while inhibition of this
process leads to prevention of carcinogenesis. Indole-
3-carbinol (I3C), a constituent of cruciferous vegeta-
bles, has chemopreventive properties in various sys-
tems; it probably acts by induction of detoxification
enzymes. We have examined the effect of dietary I3C
on DNA adduct formation by PhIP in female F344 rats
and on that by IQ in female Sprague–Dawley rats. In
experiment 1, F344 rats were maintained on AIN-76A
diet containing 0.1% (w/w) I3C and then given p.o.
doses (10 or 50 mg/kg) of PhIP. These doses are known
to induce CYP1A1 and CYP1A2. Groups of animals (4/
time point) were euthanized 1, 2, 6, and 16 days later,
and their blood (for isolation of white blood cells),
mammary glands, liver, stomach, small intestine, ce-
cum, colon, heart, lungs, kidneys, and spleen were re-
moved for DNA isolation and quantitation of PhIP-
DNA adducts by 32P-postlabeling. PhIP-DNA adduct
formation was inhibited (40–100%) by I3C in virtually
all organs, including the mammary gland (the target
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organ), at both doses of PhIP, and at almost all time
points. In a second experiment, Sprague–Dawley rats
were fed either control AIN-76A diet or this diet con-
taining 0.02% I3C or 0.1% I3C for a total of 42 days. IQ
was added to the diets (0.01%, w/w) from day 15 to day
42, after which all rats received diet free of IQ and I3C.
Groups of animals (4/time point) were killed on days
43 and 57. In addition to the organs removed in exper-
iment 1, the pancreas, uterus, and ovaries were also
removed, and IQ-DNA adducts were quantitated by
32P-postlabeling. Both dietary concentrations of I3C in-
hibited IQ-DNA adduct formation in most organs (ex-
cept in lungs, kidneys, and pancreas) on both days 43
and 57; in liver, stomach, mammary gland, and spleen,
inhibition was evident only on day 43. Inhibitions
ranged from 22.6 to 86.6% with the 0.02% I3C diet and
from 32.2 to 89.6% with the 0.1% I3C diet. I3C diets did
not affect rate of adduct removal in either experiment.
It is concluded that dietary I3C inhibits PhIP- and IQ-
DNA adduct formation in both target and nontarget
organs of female rats, even with high doses of PhIP
when CYP1A1 and CYP1A2, the enzymes responsible
for the initial activation (N-hydroxylation) of PhIP, are
expected to be induced. q 1999 John Wiley & Sons, Inc.
J Biochem Toxicol 13: 239–247, 1999
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INTRODUCTION

Heterocyclic amines (food mutagens) were iden-
tified in cooked foods (1) after the original observa-
tions that broiled or fried fish and cooked beef pos-
sessed high amounts of mutagenic activity, as tested in
Salmonella (2,3). 2-Amino-3-methylimidazo[4,5-
f]quinoline (IQ) and 2-amino-1-methyl-6-phenylimi-
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dazo[4,5-b]pyridine (PhIP) are two heterocyclic amines
that have been studied extensively as to their genotox-
icity and carcinogenicity. While IQ is a much more po-
tent mutagen in Salmonella than is PhIP (1,4), the latter
is the more potent mutagen and clastogen in mam-
malian cells (5,6). In F344 rats, dietary PhIP has been
shown to induce colon and prostate tumors and lym-
phomas in males (7–9) and mammary tumors in fe-
males (7), while in CDF1 mice, it induced lymphomas
(7). PhIP is also a mammary carcinogen in female CD
rats (10) and Sprague–Dawley rats (11). IQ, when
given in the diet, induced tumors of the liver, small
and large intestine, Zymbal gland, clitoral gland, and
skin of F344 rats (7) and of the liver, forestomach, and
lung in CDF1 mice (7). Both IQ and PhIP induced he-
patocellular adenomas in male B6C3F1 mice treated
during the neonatal period (12). After long-term oral
treatment, IQ induced hepatocellular carcinoma in
monkeys (13) and mammary carcinoma in female
Sprague–Dawley rats (14).

Both IQ and PhIP require metabolic activation in
order to express their genotoxicity and carcinogenicity.
The first step in this process is N-hydroxylation, cata-
lyzed by microsomal cytochrome P450 enzymes, prin-
cipally forms 1A1 and 1A2. The resulting N-hydroxy-
IQ and N-hydroxy-PhIP are esterified, by either
O-acetyltransferase or sulfotransferase, before yielding
a reactive species, the nitrenium ion, which reacts with
DNA to form adducts (reviewed in reference 15). Ma-
jor adducts at the C8 of guanine have been identified
for both IQ and PhIP, while a minor adduct between
IQ and the N2 of guanine has also been characterized
(reviewed in reference 15).

Indole-3-carbinol (I3C) is known to possess anti-
carcinogenic properties and enzyme modulating activ-
ity. It is a non-nutritional component of cruciferous
vegetables, such as cabbage, cauliflower, and Brussels
sprouts (16). Since the pioneer chemopreventive study
by Wattenberg and Loub (17), a number of investiga-
tions have shown that I3C possesses antitransforming
activity in cultured mammalian cells and anticarcino-
genic activity in rodent tumor models (18–22). It has
also been demonstrated that I3C has the ability of mod-
ulating bioactivation and detoxification of indirect act-
ing carcinogens (22–24).

Because carcinogen-DNA adduct formation plays
an important role in the initiation of tumor develop-
ment (25), inhibition of this process by I3C is predictive
of its potential as a chemopreventive agent in chemical
carcinogenesis. Such a predictive relationship was
demonstrated in the aflatoxin B1-induced liver tumor
model in the rainbow trout (26). In the male F344 rat,
dietary I3C has been shown to inhibit both the induc-
tion, by IQ or PhIP, of colonic aberrant crypt foci,
which are putative precursers of colon tumors, and the

formation of IQ-DNA or PhIP-DNA adducts in the co-
lon (27–29). We have shown that, in female F344 rats,
dietary I3C inhibits PhIP-DNA adduct formation in
various organs, including the mammary gland (30), the
target organ of PhIP (7). The potential chemopreven-
tive properties of I3C in the female Sprague–Dawley
rat, in which IQ is a mammary carcinogen (14), have
not been studied.

PhIP is known to induce hepatic cytochrome P450
1A1 and 1A2 in the rat (31–33), after high, bolus doses.
In order to examine whether a low level of dietary I3C
inhibits PhIP-DNA adduct formation under conditions
of induction of the cytochrome P450 species responsi-
ble for PhIP activation, we administered bolus doses
(50 and 10 mg/kg) of PhIP to female F344 rats main-
tained on a 0.1% I3C diet and followed PhIP-DNA ad-
duct formation for up to 16 days thereafter. In a second
experiment, the potential chemopreventive properties
of dietary I3C were tested in the female Sprague–Daw-
ley rat by evaluating its effect on IQ-DNA adduct for-
mation in various organs.

MATERIALS AND METHODS

Materials

Female rats were purchased from Harlan Sprague–
Dawley (Indianapolis, IN). PhIP and IQ were obtained
from Toronto Research Chemicals (North York, ON,
Canada). I3C and collagenase I and IV were purchased
from Sigma Chemical Company (St. Louis, MO). All
materials for the 32P-postlabeling assay were obtained
from the same sources as before (34). Powdered AIN-
76A diet was prepared in the laboratory as before (30).

Animal Treatment

In experiment 1, 64 female Fischer 344 rats (58–79
g b.w.) were placed on powdered AIN-76A diet (34)
with 32 of the animals receiving 0.1% (w/w) I3C in
their diet. All animals were maintained on these diets
throughout the experiment (days 1–29). On day 13, half
of the animals from each diet group received a single
p.o. dose of 10 mg PhIP/kg, while the other half was
given 50 mg PhIP/kg, using the same vehicle as before
(35). On days 14, 15, 19, and 29, animals were euthan-
ized (4/group per time point) under pentobarbital an-
esthesia, and their blood, mammary gland, liver, colon,
heart, lung, kidney, spleen, stomach, small intestine,
and cecum were removed for DNA isolation as before
(30,35).

In experiment 2, 24 female Sprague–Dawley rats
(99–188 g b.w.) were divided into 3 groups of 8 each.
The first group received control AIN-76A diet, the sec-
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ond group received this diet containing 0.02% (w/w)
I3C, while the third group received 0.1% (w/w) I3C in
their diet. After 2 weeks on the diets, all animals were
given 0.01% (w/w) IQ in the diet for 4 weeks (days 15–
42), at the end of which period both I3C and IQ were
removed from the diet, and animals were kept on con-
trol AIN-76A diet until they were euthanized. On days
43 and 57, groups of 4 animals from each of the 3 diet
groups were euthanized under pentobarbital anesthe-
sia. In addition to the organs removed in experiment
1, pancreas, uterus, and ovary were also taken out for
DNA isolation.

In both experiments, rats were kept in polycarbon-
ate cages (4 animals/cage) with corn cob bedding and
housed in a temperature- (22 5 28C) and light-con-
trolled (12 h light/12 h dark) room. Food and water
were provided ad libitum. Fresh food was provided
every 3–4 days, and animals were weighed weekly.

Tissue Processing and DNA Isolation

Blood and organs were processed as described
(35). In brief, whole blood was mixed with red blood
cell lysis buffer for a short time, and then centrifuged
to obtain the pellet of white blood cells (WBCs). In ex-
periment 1, the pooled mammary glands from 2 ani-
mals were minced into small pieces (,2 mm3) and di-
gested by collagenases I and IV for 2 hours. In
experiment 2, each rat’s pooled mammary glands were
worked up separately. The digest was filtered and cen-
trifuged to obtain the pellet of mammary epithelial
cells (MECs) (30). Uterus and the gastrointestinal or-
gans, that is, stomach, small intestine, colon, and ce-
cum, were cut open and rinsed free of their content.
Their linings of epithelial cells were scraped off and
;0.5 g was used for DNA isolation. The parenchymal
organs, that is, heart, lung, liver, kidney, spleen, pan-
creas, and ovaries, were minced into small pieces, and
a small aliquot (;0.5 g) was removed for isolation of
DNA. DNA was isolated by a direct salt precipitation
procedure as described before (35).

32P-Postlabeling Assay

PhIP- or IQ-DNA adducts were quantitated by the
intensification version of 32P-postlabeling assay
(30,34,35). In brief, DNA was digested with micrococ-
cal nuclease and spleen phosphodiesterase. The re-
sulting mixture of normal and adducted 38-mononu-
cleotides was labeled with [c-32P]ATP (prepared freshly
in the laboratory) to yield 38,[58-32P]-bisphosphates.
Normal nucleotides and adducted nucleotides were
separated, and adducted nucleotides were resolved by
2-directional polyethyleneimine-cellulose thin-layer
chromatography as before, using the D3 and D4 sol-

vents for resolution of PhIP-DNA (30) and IQ-DNA
(34) adducts. Adducts were located on the chromato-
grams by autoradiography and then cut out for quan-
titation by Cerenkov counting. Adduct levels were ex-
pressed as relative adduct labeling (RAL) values as
before (30,34).

Statistics

Differences in animal body weights and PhIP-
DNA adduct levels among different treatment groups
in experiment 1 were analyzed by two-way analysis of
variance, while one-way analysis of variance was used
in experiment 2 for these same purposes, as well as for
assessing the effect of time on adduct levels in exper-
iment 1. Fisher’s least significant difference test was
applied as the post hoc test in both analyses.

RESULTS

Effect of I3C on Animal Weight Gains

Neither the I3C diet nor the different doses of PhIP
affected body weight gains (Figure 1A). Similarly, body
weights were not affected significantly by the two con-
centrations of dietary I3C in experiment 2 (Figure 1B).
In experiment 1, weekly weight gains ranged from 18.0
to 20.0 g, 18.9 to 19.0 g, 14.2 to 17.2 g, and 10.5 to 16.3
g in weeks 1, 2, 3, and 4, respectively. During the first
4-week period of experiment 2, animals grew at similar
rates, with 31.3–34.7 g, 20.8–26.9 g, 12.6–16.8 g, and
13.4–18.4 g weight gains during weeks 1, 2, 3, and 4,
respectively. Growth in the last 4 weeks was more vari-
able, amounting to 7.1–14.6 g, 3.1–10.4 g, 2.7–13.0 g,
and 5.8–9.9 g during weeks 5, 6, 7, and 8, respectively,
but this did not result in statistically significant differ-
ences in growth rates among the three diets (Figure
1B).

PhIP- and IQ-DNA Adduct Patterns
32P-labeled PhIP- and IQ-DNA adduct patterns in

the spleen are shown in Figure 2. Patterns in all other
organs and cells of experiment 1 were identical to those
in Figure 2A, while those in all other organs and cells
of experiment 2 were identical to those of Figure 2B
(data not shown). PhIP-DNA adducts (Figure 2A) were
distributed as before (30,35), with adduct 1 comprising
approximately 50% of the total, adduct 2 amounting to
approximately 40%, and adduct 3 making up the bal-
ance. Minor adduct 4, which could not be totally sepa-
rated from adduct 2, was nondetectable under stan-
dard (ATP-saturating) labeling conditions and made
up ,8.0% of the total of the intensified adducts (Figure
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FIGURE 1. Animal weights. Changes in weights [mean 5 SD; N 4 16 (days 1, 8, 15), N 4 8 (day 22), N 4 4 (day 29) of animals on control
AIN 76A diet or on a 0.1% I3C diet, receiving either 10 mg PhIP/kg (10 mg/kg con and 10 mg/kg I3C groups, respectively) or 50 mg PhIP/
kg (50 mg/kg con and 50 mg/kg I3C groups, respectively) on day 0 (A). Changes in weights [mean 5 SD; N 4 8 (days 1–43), N 4 4 (days
50 and 57)] of animals on control AIN-76A diet (control), 0.02% I3C diet (0.02% I3C), or 0.1% I3C diet (0.1% I3C); all animals received 0.01%
IQ in their diet from day 15 to day 42 and all received IQ- and I3C-free diet (i.e., control AIN-76A diet) on days 43–57 (B). Body weights were
not affected by I3C diet or PhIP treatment (p . 0.05, panel A), or by I3C diet (p . 0.05, panel B).

FIGURE 2. (A) PhIP-DNA adduct pattern in the spleen of a female
F344 rat on control AIN-76A diet and given 10 mg PhIP/kg (A) and
(B) IQ-DNA adduct pattern in the spleen of a female Sprague–Daw-
ley rat on a 0.01% IQ diet for 4 weeks. 32P-Postlabeling assays were
run under intensification conditions. For PhIP-DNA adducts (A), ad-
duct 1 is N-(deoxyguanosin-8-yl)-PhIP (36), and for IQ-DNA adducts
(B), adduct 1 is N-(deoxyguanosin-8-yl)-IQ (36,37). Chromatograms
were exposed to X-ray film at 1708C for 17 hours (A) or 4 hours (B).
O, origin.

2A). IQ-DNA adducts (Figure 2B) were distributed as
before (34,37), with adducts 1, 2, 3, 4, and 5 making up
approximately 80%, 10%, 4%, 3%, and 3% of the total,
respectively. As before, adduct 5 could only be de-
tected in certain tissues, for example, the spleen (Figure
2B). The presence of I3C in the diet did not affect the
relative amounts of each of the PhIP-DNA adducts or
those of the IQ-DNA adducts (data not shown).

Inhibition of PhIP-DNA Adduct Formation

In experiment 1 (Figure 3), the presence of 0.1%
I3C in the diet significantly inhibited PhIP-DNA ad-

duct formation at both doses of PhIP and at all four
time points in all organs and cells, except in the heart
on day 29 (Figure 3A), in the stomach on day 14 (Figure
3D), and in MECs on days 19 and 29 (Figure 3F). At 10
mg PhIP/kg, the percentages inhibition ranged from
60.7 to 87.1%, 56.8 to 86.4%, 32.8 to 100%, and 66.7 to
100% on days 14, 15, 19, and 29, respectively; at 50 mg
PhIP/kg, these ranges were 57.8–91.6%, 55.7–78.4%,
40.3–88.7%, and 63.0–100% on days 14, 15, 19, and 29,
respectively (Figure 3). Adduct levels decreased sig-
nificantly between days 14 and 29 in all organs, at both
doses of PhIP, and with both diets (Figure 3), except in
MECs of animals on control or I3C diet and dosed with
10 mg PhIP/kg (Figure 3F). Adduct levels on day 15
ranged from a high of 99.7% of those on day 14 in
MECs (10 mg PhIP/kg, control diet) to a low of 30.9%
of those on day 14 in the stomach (10 mg PhIP/kg,
0.1% I3C diet). On day 19, this range varied from 47.0%
of day 14 levels in MECs (10 mg PhIP/kg, 0.1% I3C
diet) to nondetectable in the colon, liver, and stomach
(0.1% I3C diet), while on day 29, adduct levels re-
mained highest in MECs of animals on 0.1% I3C diet
(26.3% of day 14 levels) and became undetectable in
WBCs, cecum, and small intestine of animals on the
0.1% I3C diet. At this latter time point, almost all ad-
duct levels, regardless of PhIP dose or type of diet,
constituted ,20% of those on day 14. There was no
difference in rate of adduct removal (in any organ) in
animals dosed with 10 mg PhIP/kg vs. those dosed
with 50 mg PhIP/kg or in animals on control diet and
vs. those on 0.1% I3C diet (Figure 3).

Inhibition of IQ-DNA Adduct Formation
Both concentrations of dietary I3C resulted in sig-

nificant inhibition of IQ-DNA adduct formation, on
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FIGURE 3. Inhibition of PhIP-DNA adduct formation by dietary I3C. Animals maintained on control AIN-76A diet received a bolus p.o. dose
of either 10 mg PhIP/kg (10 mg/kg con) or 50 mg PhIP/kg (50 mg/kg con); animals on the 0.1% I3C diet received a bolus p.o dose of either
10 mg PhIP/kg (1 mg/kg con) or 50 mg PhIP/kg (50 mg/kg con); animals on the 0.1% I3C diet received the same PhIP treatments (10 mg/kg
I3C or 50 mg/kg I3C). Heart (A), WBCs (B), spleen (C), stomach (D), lungs (E), MECs (F), colon (G), cecum (H), kidneys (I), small intestine (J),
and liver (K) were analyzed for adduct levels [RAL 2 107 (mean 5 SD; N 4 4, except for MECs, were N 4 2)]. *, significantly different (p ,
0.05) from the corresponding control value. Adduct levels were dependent on time after PhIP dosing in all organs, with both diets, and at both
doses of PhIP (p , 0.05), except in MECs of PhIP-dosed animals (10 mg/kg only) on control or I3C diet (p . 0.05).

both days 43 and 57, in the heart, colon, small intestine,
ovaries, and cecum (Figures 4B, 4E, 4F, 4G, and 4J). In
liver, stomach, MECs, and spleen, both concentrations
of I3C inhibited IQ-DNA adduct formation, but only
on day 43 (Figures 4A, 4C, 4D, and 4H). The presence
of only the higher dietary concentration of I3C (0.1%)
was effective in inhibiting adduct formation in the
spleen on day 57 (Figure 4H), in WBCs at both time
points (Figure 4I), and in the uterus on day 43 (Figure
4K). In animals receiving the 0.02% I3C diet, the per-
centages inhibition of adduct formation in the various
organs ranged from 22.6 to 86.6% and from 39.7 to
62.7% on days 43 and 57, respectively; in those receiv-
ing the 0.1% I3C diet, these inhibitions were 32.2–94.3%
and 51.0–89.6%, respectively. IQ-DNA adduct levels in
the kidneys, pancreas, and lungs, amounting to mean
RAL values on day 43 of 5.9 2 1017, 5.1 2 1017, and
2.1 2 1017, respectively, in animals on control diet,
were not inhibited by dietary I3C (data not shown). In
most organs, adduct levels on day 57 were significantly

lower than those on day 43, regardless of the presence
of I3C in the diet (Figure 4). Day 57 adduct levels
ranged from 4.8% (MECs, Figure 4D) to 88.4% (heart,
Figure 4B) of those of day 43 in animals on control diet.
In animals on the 0.02% I3C diet, these percentages
ranged from 22.6% (WBCs, Figure 4I) to 50.6% (liver,
Figure 4A), while in animals on the 0.1% I3C diet, day
57 adduct levels ranged from 20.7% (spleen, Figure 4H)
to 54.4% (ovaries, Figure 4G) of those on day 43. The
rate of adduct removal during the 2-week period was
independent of the type of diet, regardless of the organ
or cell type.

DISCUSSION

The lack of toxicity of I3C, when given in the diet
at concentrations up to 0.1% (Figure 1), confirms our
previous findings in male and female F344 rats (27–
30). Higher concentrations, for example, 0.25% (w/w),
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FIGURE 4. Inhibition of IQ-DNA adduct formation by dietary I3C in female Sprague–Dawley rats. Animals were maintained on either control
AIN-76A diet (control), 0.02% I3C diet (0.02% I3C), or 0.1% I3C diet (0.1% I3C) on days 1–42, and all received 0.01% IQ in their diets on days
15–42. On days 43–57, all animals received control AIN-76A diet. Liver (A), heart (B), stomach (C), MECs (D), colon (E), small intestine (F),
ovaries (G), spleen (H), WBCs (I), cecum (J), and uterus (K) were analyzed for adduct levels (RAL 2 107; mean 5 SD, N 4 4). *, significantly
different (p , 0.05) from the corresponding control value. Adduct levels on day 57 were significantly different (p , 0.05) from those on day
43 in all organs, and with all 3 diets, except in the heart, in ovaries and uterus of animals on control diet (p . 0.05), in the heart, MECs, and
spleen of animals on the 0.02% I3C diet (p . 0.05), and in MECs and WBCs of animals on the 0.1% I3C diet (p . 0.05).

have been shown to be somewhat toxic to mice (38).
As before (35), a bolus dose of 50 mg PhIP/kg appears
to exert no toxic effects (Figure 1A). In contrast, chronic
feeding of PhIP in the diet at 0.04% (w/w) results in a
reduction in body weight gain in both female F344 rats
(30) and CDF1 mice (39). A 0.01% (w/w) dietary con-
centration of IQ is probably without toxic effects (34,
Figure 1B), as daily oral doses as high as 50 mg IQ/
kg, given for 14 consecutive days, are without apparent
toxic effects in male F344 rats (40). Thus, the dynamics
of DNA adduct formation, inhibition, and removal in
the present experiments are unlikely to have been com-
plicated by toxicity of the agents studied.

Both PhIP- and IQ-DNA adduct patterns (Figure
2) are consistent with those observed before (34–37).
PhIP-DNA adduct 1 (Figure 2A) has been identified as
N-(deoxyguanosin-8-yl)-PhIP (36,37), and IQ-DNA ad-
duct 1 (Figure 2B) has been identified as N-(deoxygu-
anosin-8-yl)-IQ (36,37). The nature of the other PhIP-
and IQ-DNA adducts (numbers 2, 3, 4, and 5, Figures
2A and 2B) is not known, but it is possible that they
represent dimers, or larger oligomers, of the respective
C8 adducts (36,41,42).

The organ distribution of PhIP-DNA adducts in
the female F344 rat (Figure 3) is similar to that in the
male F344 rat (35) in that the liver, a nontarget organ,
has very low adduct levels (Figure 3K). Conversely,

MECs, the major target of PhIP in the female F344 rat
(4), have intermediate adduct levels (Figure 3F), as
does the colon (Figure 3G), an organ that has a very
low incidence of tumors after feeding of PhIP-contain-
ing diets to female F344 rats (43). The spleen, a prob-
able target of PhIP toxicity in the male F344 rat (9), has
relatively high adduct levels (35, Figure 3C). Thus, or-
gan distribution of PhIP-DNA adducts is not necessar-
ily a reflection of target organ sensitivity to PhIP in the
female F344 rat. Regarding IQ-DNA adduct distribu-
tion, the liver, a major target organ of IQ in the female
Sprague–Dawley rat (14), has the highest adduct levels
of all of the organs examined (Figure 4A), confirming
similar results in the CDF1 mouse (34). Similarly,
MECs, which are also a major target of IQ in the female
Sprague–Dawley rat (14), have relatively high IQ-DNA
adduct levels (Figure 4D). The small and large intes-
tine, however, neither of which is affected in IQ tu-
morigenesis in female Sprague–Dawley rats (14), have
IQ-DNA adduct levels similar to those of MECs (Fig-
ures 4E and 4F). Therefore, the correlation between ad-
duct level and susceptibility of a particular organ to
tumor induction by IQ is better than that with PhIP,
but not perfect.

IQ-DNA adducts are, in general, several-fold
higher (Figure 4) than PhIP-DNA adducts (Figure 3),
even though the highest dose of PhIP (50 mg/kg) is
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much higher than the daily dose of IQ (0.01% IQ in the
diet is approximately 15 mg/kg per day, assuming a
food consumption of 15 g/day for a 100 g rat). These
differences, which are particularly striking in the liver
(Figures 3K and 4A), indicate that IQ-DNA adducts
accumulate in organs and cells, that is, rate of forma-
tion exceeds rate of removal when IQ is taken in chron-
ically (40); we demonstrated this also with PhIP (44).
Whether the high levels of PhIP- and IQ-DNA adducts
in the heart (Figures 3A and 4B, respectively) are re-
lated to PhIP- or IQ-induced cardiotoxicity (reviewed
in reference 15) remains to be established. Also, the
significance of the formation of IQ-DNA adducts in
reproductive organs (Figures 4G and 4K) is unknown.

As before (30), inhibition of PhIP-DNA adduct for-
mation by 0.1% dietary I3C occurs in virtually all or-
gans and is equally effective, whether 10 or 50 mg/kg
of PhIP was given (Figure 3). This may indicate that
dietary I3C concentrations lower than 0.1% may also
be effective in inhibiting this process. A concentration
of 0.02% I3C, however, did not reduce PhIP-DNA ad-
ducts in female F344 rats fed a 0.04% PhIP diet for 4
weeks (30). Although the inhibition of adduct forma-
tion by dietary I3C is particularly relevant for the tar-
gets in PhIP tumorigenesis in the female F344 rat, that
is, MECs and the colon (43), I3C effects are virtually
universal in that inhibition in nontarget organs is
equally extensive. This probably means that I3C is
readily absorbed from the gastrointestinal tract and
distributed to all organs. In this regard, I3C is a better
potential chemopreventive agent than others, like 4-
ipomeanol (34) and omega-3 fatty acids (45), which in-
hibit adduct formation only in certain organs.

We have recently shown that I3C, even at dietary
concentrations as low as 0.02%, induces hepatic
CYP1A1 and CYP1A2 in the female F344 rat (46). In
inhibiting PhIP-DNA adduct formation in this model,
I3C probably acts by accelerating the detoxification of
PhIP; this has also been suggested on the basis of re-
lated studies in the male F344 rat (27). Even under con-
ditions of induction of CYP1A1/1A2 by PhIP itself,
that is, dosing with 50 mg/kg (31–33), as was done in
experiment 1, PhIP-DNA adduct formation is inhibited
(Figure 3). While CYP1A1- and CYP1A2-catalyzed N-
hydroxylation of PhIP may be enhanced under these
experimental conditions, I3C also induces a competing
CYP1A1-catalyzed detoxification reaction, 48-hydrox-
ylation of PhIP (27,47). In addition, N-hydroxy-PhIP is
a substrate for phase II detoxification enzymes, several
of which are induced by I3C (19,27,48); of particular
importance in this regard is glutathione S-transferase,
which plays a major role in PhIP detoxification in the
liver (49). Rates of PhIP-DNA adduct removal during
days 14–39 are not significantly different among or-
gans and cells (Figure 3), and, as was found before (30),
these rates are not influenced by the presence of I3C in

the diet. Therefore, the major effect of I3C on PhIP me-
tabolism appears to be decreased activation and in-
creased detoxification.

IQ-DNA adducts were inhibited in most organs of
the female Sprague–Dawley rat by both the 0.1% and
the 0.02% dietary I3C concentrations (Figure 4). Both
these levels were also effective in inhibiting PhIP-DNA
adduct formation in the female F344 rat given very low
daily doses (1 mg/kg) of PhIP (46), but when PhIP was
given at 0.04% in the diet, only the higher concentra-
tion, 0.1% I3C, was effective in inhibiting PhIP-DNA
adducts (30). Thus, the effectiveness of I3C in inhibit-
ing DNA adduct formation may depend on the strain
of rat and on the type and dose of the carcinogen.

In several cases (liver, stomach, MECs, spleen,
WBCs; Figures 4A, 4C, 4D, 4H, and 4I, respectively),
only the IQ-DNA adducts on day 43, and not those on
day 57, were inhibited by dietary I3C. Inasmuch as nei-
ther I3C nor IQ was present in the diet between days
43 and 57, this finding probably means that in these
organs and cells, the half-life of I3C is shorter than in
those where inhibition of adduct levels is still observed
on day 57 (heart, colon, small intestine, ovaries, cecum,
and uterus; Figures 4B, 4E, 4F, 4G, 4J, and 4K, respec-
tively). Alternatively, in the absence of I3C, adduct re-
moval could be slower in certain organs, that is, the
presence of I3C in the diet accelerates adduct removal
in organs such as the heart, colon, small intestine, ova-
ries, cecum, and uterus. This latter possibility is un-
likely, however, as we have shown that a 0.1% I3C diet
does not accelerate PhIP-DNA adduct removal in the
female F344 rat (30).

In conclusion, I3C is a promising, nontoxic chem-
opreventive agent that is likely to be effective in the
female rat. In addition, a 0.1% I3C diet in male F344
rats has also been shown to inhibit both colonic aber-
rant crypt foci, induced by either IQ or PhIP, and IQ-
and PhIP-DNA adducts in the colon (27–29). Potential
use of I3C in humans has been shown to be feasible
(50,51), although concerns remain as to its propensity
to induce activating enzymes, that is, cytochrome P450
(46), and its promoting activity under certain experi-
mental conditions (52,53). The latter aspects deserve
further investigation.

REFERENCES

1. Felton JS, Knize MG. Occurrence, identification, and bac-
terial mutagenicity of heterocyclic amines in cooked
foods. Mutat Res 1991;259:205–217.

2. Sugimura T, Nagao M, Kawachi T, Honda M, Yahagi T,
Seino Y, Sato S, Matsukura N, Matsushima T, Shirai A,
Sawamura M, Matsumoto H. Mutagens-carcinogens in
foods, with special reference to highly mutagenic pyro-
lytic products in broiled foods. In: Hiatt HH, Watson JD,
Winsten JA, editors. Origins of human cancer. Cold



246 HE AND SCHUT Volume 13, Number 5, 1999

Spring Harbor, New York: Cold York: Cold Spring Har-
bor Laboratory Press; 1977. p 1561–1577.

3. Commoner B, Vithayathil AJ, Dolara P, Nair S, Madyas-
tha P, Cuca GC. Formation of mutagens in beef and beef
extract during cooking. Science 1978;201:913–916.

4. Sugimura T. Overview of carcinogenic heterocyclic
amines. Mutat Res 1997;376:211–219.

5. Thompson LH, Wu RW, Felton JS. Introduction of cyto-
chrome P4501A2 metabolic capability into cell lines
matched for DNA repair proficiency/deficiency. Proc
Natl Acad Sci USA 1991;88:3827–3831.

6. Aeschbacher HU, Turesky RJ. Mammalian cell mutagen-
icity and metabolism of heterocyclic aromatic amines.
Mutat Res 1991;259:235–250.

7. Ohgaki H, Takayama S, Sugimura T. Carcinogenicities of
heterocyclic amines in cooked food. Mutat Res
1991;259:399–410.

8. Shirai T, Sano M, Tamano S, Takahashi S, Hirose M, Fu-
takuchi M, Hasegawa R, Imaida K, Matsumoto K, Wak-
abayashi K, Sugimura T, Ito N. The prostate: a target for
carcinogenicity of 2-amino-1-methyl-6-phenylimi-
dazo[4,5-b]pyridine (PhIP) derived from cooked foods.
Cancer Res 1997;57:195–198.

9. Rao CV, Rivenson A, Zang E, Steele V, Kelloff G, Reddy
BS. Inhibition of 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine-induced lymphoma formation by oltipraz.
Cancer Res 1996;56:3395–3398.

10. El-Bayoumy K, Chae YH, Upadhyaya P, Rivenson A,
Kurtzke C, Reddy B, Hecht SS. Comparative tumorige-
nicity of benzo[a]pyrene, 1-nitropyrene and 2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine administered by
gavage to female CD rats. Carcinogenesis 1995;16:431–
434.

11. Ghoshal A, Preisegger KH, Takayama S, Thorgeirsson SS,
Snyderwine EG. Induction of mammary tumors in fe-
male Sprague-Dawley rats by the food-derived carcino-
gen 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
and effect of dietary fat. Carcinogenesis 1994;15:2429–
2433.

12. Dooley KL, Von Tungeln LS, Bucci T, Fu PP, Kadlubar
FF. Comparative carcinogenicity of 4-aminobiphenyl and
the food pyrolysates, Glu-P--1, IQ, PhIP, and MeIQx in
the neonatal B6C3F1 male mouse. Cancer Lett
1992;62:205–209.

13. Adamson RH, Thorgeirsson UP, Snyderwine EG, Thor-
geirsson SS, Reeves J, Dalgaard DW, Takayama S, Sugi-
mura T. Carcinogenicity of 2-amino-3-methylimi-
dazo[4,5-f]quinoline in nonhuman primates: induction of
tumors in three macaques. Jpn J Cancer Res 1990;81:10–
14.

14. Tanaka T, Barnes WS, Williams GM, Weisburger JH. Mul-
tipotential carcinogenicity of the fried food mutagen 2-
amino-3-methylimidazo[4,5-f]quinoline in rats. Jpn J
Cancer Res (Gann) 1985;76:570–576.

15. Schut HAJ, Snyderwine EG. DNA adducts of heterocy-
clic amine food mutagens: implications for mutagenesis
and carcinogenesis. Carcinogenesis 1999;20:353–368.

16. McDanell R, McLean AEM, Hanley AB, Heaney RK, Fen-
wick GR. Chemical and biological properties of indole
glucosinolates (glucobrassicins): a review. Food Chem
Toxicol 1988;26:59–70.

17. Wattenberg LW, Loub WD. Inhibition of polycyclic aro-
matic hydrocarbon-induced neoplasia by naturally oc-
curring indoles. Cancer Res 1978;38:1410–1413.

18. Suto A, Bradlow HL, Kubota T, Kitajima M, Wong GY,
Osborne MP, Telang NT. Alteration in proliferative and

endocrine responsiveness of human mammary carci-
noma cells by prototypic tumor-suppressing agents. Ste-
roids 1993;58:215–219.

19. Grubbs CJ, Steele VE, Casebolt T, Juliana MM, Eto I, Whi-
taker LM, Dragnev KH, Kelloff GJ, Lubet RL. Chemo-
prevention of chemically-induced mammary carcinogen-
esis by indole-3-carbinol. Anticancer Res 1995;15:709–
716.

20. Tanaka T, Mori Y, Morishita Y, Hara A, Ohno T, Kojima
T, Mori H. Inhibitory effect of sinigrin and indole-3-car-
binol on diethylnitrosamine-induced hepatocarcinoge-
nesis in male ACI/N rats. Carcinogenesis 1990;11:1403–
1406.

21. Steele VE, Moon RC, Lubet RL, Grubbs CJ, Reddy BS,
Wargovich M, McCormick DL, Pereira MA, Crowell JA.
Preclinical efficacy evaluation of potential chemopre-
ventive agents in animal carcinogenesis models: methods
and results from the NCI chemoprevention drug devel-
opment program. J Cell Biochem Suppl 1994;20:32–54.

22. Morse MA, LaGreca SD, Amin SG, Chung FL. Effects of
indole-3-carbinol on lung tumorigenesis and DNA meth-
ylation induced by 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone (NNK) and on the metabolism and disposi-
tion of NNK in A/J mice. Cancer Res 1990;50:2613–2617.

23. Jongen WMF, Topp RJ, van Bladeren PJ, Lapre J, Wienk
KJH, Leenen R. Modulating effects of indoles on
benzo(a)pyrene-induced sister chromatid exchanges and
the balance between drug-metabolizing enzymes. Toxi-
col In Vitro 1989;3:207–214.

24. Stresser DM, Williams DE, McLellan LI, Harris TM, Bai-
ley GS. Indole-3-carbinol induces a rat liver glutathione
transferase subunit (Yc2) with high activity toward af-
latoxin B1 exo-epoxide. Association with reduced levels
of hepatic aflatoxin-DNA adducts in vivo. Drug Metab
Dispos 1994;22:392–399.

25. Hemminki K. DNA adducts, mutations and cancer. Car-
cinogenesis 1993;14:2007–2012.

26. Dashwood RH, Arbogast DN, Fong AT, Pereira C, Hen-
dricks JD, Bailey GS. Quantitative inter-relationships be-
tween aflatoxin B1 carcinogen dose, indole-3-carbinol
anti-carcinogen dose, target organ DNA adduction and
final tumor response. Carcinogenesis 1989;10:175–181.

27. Guo D, Schut HAJ, Davis CD, Snyderwine EG, Bailey GS,
Dashwood RH. Protection by chlorophyllin and indole-
3-carbinol against 2-amino-1--methyl-6-phenylimi-
dazo[4,5-b]pyridine (PhIP)-induced DNA adducts and
colonic aberrant crypts in the F344 rat. Carcinogenesis
1995;16:2931–2937.

28. Xu M, Bailey AC, Hernaez JF, Taoka CR, Schut HAJ,
Dashwood RH. Protection by green tea, black tea and
indole-3-carbinol against 2-amino-3-methylimidazo[4,5-
f]quinoline-induced DNA adducts and colonic aberrant
crypts in the F344 rat. Carcinogenesis 1996;17:1429–1434.

29. Xu M, Schut HAJ, Bjeldanes LF, Williams DE, Bailey GS,
Dashwood RH. Inhibition of 2-amino-3-methylimi-
dazo[4,5-f]quinoline-DNA adducts by indole-3-carbinol:
dose-response studies in the rat colon. Carcinogenesis
1997;18:2149–2153.

30. He Y-H, Smale MHE, Schut HAJ. Chemopreventive
properties of indole-3-carbinol (I3C): inhibition of DNA
adduct formation of the dietary carcinogen, 2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), in female
F344 rats. J Cell Biochem Suppl 1997;27:42–51.
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