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ABSTRACT

The effects of Â¡ndole-3-carbinol(I3C) on lung neoplasia induced by the
tobacco-specific nitrosamine 4-(methylnitrosamino)-l-(3-pyridyl)-l-bu-
tanone (NNK) were assessed in an A/J mouse pulmonary adenoma
bioassay. Mice were administered corn oil or I3C (25 or 125 Â¿tmol/mouse/
day) by gavage for 4 consecutive days. Two h after the final pretreatment,
mice were administered a single dose of NNK (10 /Â¿mol/mouse)i.p.
Pulmonary adenomas were quantitated 16 wk after NNK dosing. Mice
pretreated with corn oil developed 10.7 tumors/mouse; I3C pretreatment
at either dose level inhibited tumor multiplicity by approximately 40%.
The effects of I3C on NNK-induced DNA methylation in the lungs and
livers of A/J mice were assessed using the same dosing regimen as in the
bioassay. Both dose levels of I3C inhibited pulmonary 06-methylguanine

formation by at least 50%, but enhanced hepatic DNA methylation at 2
or at 6 h after NNK administration. The effects of I3C pretreatment on
NNK metabolism were also investigated. Hepatic microsomes of I3C-
pretreated mice showed increased formation of a-hydroxylation products,
while no significant effect of I3C pretreatment was observed in pulmonary
microsomes. The effects of I3C on [5-3H]NNK disposition were also

evaluated. I3C pretreatment produced lower levels of total radioactivity
in the lung when compared with controls. Additionally, lower proportions
of NNK and its carcinogenic metabolite 4-(methylnitrosamino)-l-(3-
pyridyl)-l-butanol were found in the lungs of I3C-pretreated mice. These
results demonstrate that I3C inhibits NNK-induced lung neoplasia in
A/J mice and suggest that the basis of this inhibition is the decrease in
O'-methylguanine formation in A/J lung caused by I3C pretreatment.

This decrease in lung DNA methylation appears to be due to the
decreased bioavailability of NNK and 4-(methylnitrosamino)-l-(3-pyri-
dyl)-l-butanol in the lungs of 13C-treated mice which, in turn, may be a
result of increased metabolic a-hydroxylation of NNK by the liver.

INTRODUCTION

I3C' is a naturally occurring constituent of cruciferous vege

tables (1). I3C is released from its parent glucosinolate, gluco-
brassicin, by hydrolysis catalyzed by the plant enzyme myrosi-
nase (2). I3C is a known inducer of enzymes responsible for
xenobiotic metabolism (2-5) and is a modulator of chemical
carcinogenesis.

I3C inhibited mammary tumor incidence in Sprague-Dawley
rats when administered by gavage prior to 7,12-dimethyI-
benz(a)anthracene administration (6). In the same study, die
tary I3C inhibited benzo(a)pyrene-induced forestomach neopla
sia in ICR/Ha mice. When administered before, during, and
after carcinogen administration, dietary I3C enhanced 1,2-
dimethylhydrazine-induced colon cancer in F344 rats (7). Die
tary I3C inhibited aflatoxin B,-induced hepatic tumors in rain-
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bow trout when fed prior to carcinogen administration (8, 9)
and enhanced hepatic tumors when fed after carcinogen admin
istration (10).

The most potent carcinogen known among the tobacco-
specific nitrosamines is NNK, which induces lung tumors in all
species tested, regardless of the route of administration (11-
13). Results of previous work showed that dietary I3C induced
demethylation of NNK by F344 rat hepatic microsomes (14).
In another study performed in F344 rats, dietary I3C enhanced
hepatic DNA methylation induced by NNK, yet decreased DNA
methylation in lung and nasal mucosa (15). Since these results
indicated that I3C might modulate NNK-induced tumorigene-
sis, we examined the effects of I3C on NNK-induced pulmonary
adenoma formation in A/J mice. In an effort to fully delineate
the mechanism of action of I3C toward NNK-induced lung
neoplasia, we also examined the effects of I3C on NNK-induced
DNA methylation and on the metabolism and disposition of
NNK in A/J mice.

MATERIALS AND METHODS

Animals. Female A/J mice of 5 to 6 wk of age were obtained from
The Jackson Laboratories (Bar Harbor, ME) and used in experiments
at 6 to 7 wk of age. Mice were fed AIN-76A semipurified diet pellets
(Dyets, Bethlehem, PA), grouped 5 to 10 per cage in polycarbonate
cages with hardwood bedding, and maintained at the following standard
conditions: 20 Â±2Â°C;50 Â±10% relative humidity; and a 12-h/l2-h

light/dark cycle.
Chemicals. 7-mGua, O6-mGua, and [5-3H]NNK (1.3 Ci/mmol) were

purchased from Chemsyn Science Laboratories (Lenexa, KS). Unla-
beled NNK and NNK metabolite standards were synthesized as de
scribed previously (16-18). I3C was purchased from Aldrich Chemical
Company (Milwaukee, WI). Glucose 6-phosphate, glucose-6-phosphate
dehydrogenase, magnesium chloride, EDTA, NADP, and ammonium
sulfate were obtained from Sigma Chemical Company (St. Louis, MO).

A/J Mouse Pulmonary Adenoma Bioassay. Previous work conducted
in F344 rats showed that a daily dietary I3C concentration of 30 ^mol/
g of diet (approximately 600 ^mol/rat/day or 2.4 mmol/kg/day) pro
vided reasonable effects on NNK metabolism and DNA methylation
(5, 14, 15). On the basis of this previous work, arbitrary daily doses of
1.25 mmol/kg (25 ^mol/mouse) and 6.25 mmol/kg (125 iimol/mouse)
of I3C were selected for this study. Groups of 20 to 30 female A/J mice
were administered I3C (in 0.1 ml of corn oil) or corn oil vehicle by
gavage for 4 consecutive days. Two h after the final treatment, NNK
was administered i.p. (10 ^mol/mouse in 0.2 ml of saline). Sixteen wk
after NNK dosing, mice were sacrificed, and pulmonary adenomas were
quantitated. Data for the controls have been presented previously (19).
However, bioassay of all three groups was conducted at the same time.

Statistical comparison of tumor multiplicities among the various
groups was performed by analysis of variance followed by the Newman-
Keuls ranges test. Comparisons of the proportions of animals in groups
that developed tumors were performed by the x2 test.

Determination of DNA Methylation in Liver and Lung. Groups of 10
mice were administered corn oil or I3C (25 or 125 ^mol) by gavage for
4 consecutive days. On the fourth day, NNK (10 ^mol/mouse) was
administered i.p. 2 h after the final gavage. All treatments were identical
to those used in the bioassay. Groups of 5 animals were sacrificed by
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cervical dislocation at 2 h or at 6 h following NNK dosing. DNA was
isolated from excised livers and lungs by a modification of the method
of Marmur (20) and purified by the method of Sebti et al. (21 ). Half of
each purified hepatic DNA sample was subjected to neutral thermal
hydrolysis (100Â°C,30 min) to release 7-mGua. Half of each hepatic

DNA sample or all of each lung DNA sample was hydrolyzed in 0.1 N
HC1 (30 min, 70Â°C)to release O'-mGua and guanine. Pre-HPLC

sample purification was accomplished by the use of Gelman Acrodiscs
(Gelman Sciences, Ann Arbor, MI). 7-mGua, O6-mGua, and guanine

were quantitated by strong cation exchange HPLC and fluorescence
detection as described previously (14). The identities of 7-mGua, O6-

mGua. and guanine were confirmed by coelution with authentic stand
ards.

Microsomal Metabolism of NNK. Groups of 5 mice were adminis
tered 4 consecutive doses of corn oil or I3C (25 or 125 /jmol) and
sacrificed 2 h after the final pretreatment. Excised livers and lungs were
homogenized in 1.15% KCI-0.05 M sodium phosphate (pH 7.4) prior
to centrifugaron (9,000 x g. 30 min, 5Â°C).Each supernatant was
further centrifuged at 105,000 x g for 60 min at 5Â°C.The pellets were
resuspended in buffer and recentrifuged at 105,000 x g'for another 60

min. The microsomal pellets were then suspended in 0.25 M sucrose
and stored at â€”80Â°Cfor 1 wk prior to use. Protein was quantitated by

the Pierce BCA protein assay.
Incubation mixtures consisted of 0.08 mg/ml of microsomal protein.

100 mM sodium phosphate (pH 7.4), 3.0 m\t MgCl2. 1.0 mM EDTA,
1.0 mM NADP, 5.0 mM glucose 6-phosphate, 3.8 units/ml of glucose-
6-phosphate dehydrogenase, and 10.0 MMNNK [1.0 ÃŸdof [5-'H]NNK

in IO Â»ilof watenmethanol (70:30)] in 0.8 ml of solution. Following
incubation at 37Â°Cfor 30 min, 0.2 ml of saturated ammonium sulfate

were added to each vial to precipitate protein. Protein was removed by
the use of Amicon Centrifree tubes (W. R. Grace Co., Danvers, MA).
Separation and quantitation of NNK metabolites were performed by
reversed-phase HPLC coupled with radioflow detection as described
previously (19). The identities of the metabolites were established by
coelution with authentic UV standards.

NNK Distribution Studies. Groups of 16 mice were administered
corn oil or I3C (25 or 125 ^mol/mouse) by gavage for 4 consecutive
days. Two h after the final pretreatment, mice were given [5-'H]NNK

(10 nmol/mouse; specific activity, 2.0 mCi/mmol) i.p. Four mice from
each group were sacrificed at 1,2, 6, or 24 h following NNK adminis
tration. The livers, lungs, and blood of mice were collected at all time
points; urine was collected at 6 and at 24 h. Livers and lungs were
homogenized in 0.01 M Tris (pH 7.4). Urinary solids were precipitated
with an equal volume of methanol. Total 'H content of samples was

obtained by scintillation counting of aliquots. Aliquots of urine samples
were evaporated to dryness, reconstituted in 0.02 M sodium phosphate
buffer (pH 7.0), and filtered using Gelman Acrodiscs prior to HPLC
analysis. Lung homogenates were prepared for HPLC analysis by the
use of Amicon Centrifree tubes. Quantitation of pulmonary and urinary
NNK metabolites was performed by the same HPLC method used for
the microsomal metabolites.

RESULTS

A/J Mouse Pulmonary Adenoma Bioassay. Table 1 shows the
results of the 16-wk pulmonary adenoma assay conducted in
A/J mice with NNK and I3C. Despite the relatively large doses
of I3C administered, at no time were there any overt manifes
tations of toxicity. No differences could be found in the body
weights of the three groups at sacrifice. Animals pretreated
with corn oil and administered NNK developed 10.7 tumors
per animal. Both dose levels of I3C significantly lowered the
tumor multiplicity by approximately 40%. However, neither
I3C dose had any effect on the percentage of animals that
developed tumors.

DNA Methylation in Liver and Lung. To determine if the
inhibition of NNK-induced neoplasia in lung by I3C pretreat
ment could be accounted for by an inhibition of DNA methyl-
ation in lung, mice were pretreated with corn oil or I3C for 4

Table 1 Effects ofindole-3-carbinol on NNK-induced pulmonary- adenomas in
A/J mice

Groups of 20 to 30 A/J mice were administered corn oil or I3C by gavage
daily for 4 consecutive days. Two h after the final dosing, a single dose of NNK
(10 /jmol/mouse) was administered i.p. Sixteen wk after NNK administration,
mice were sacrificed, and pulmonary adenomas were quantitated.

PretreatmentNoneI3CI3CDailydose(urnol)25125No.
ofmice302020Wtatsacrifice(g)23.8

Â±0.7"23.9

Â±0.424.4
Â±0.4Tumors/mouse10.7

Â±0.8(1)*6.1

Â±0.8(2)6.5
Â±0.5 (2)'e

Ofmicewithtumors10095100

" Mean Â±SE.
4 Means with different numbers in parentheses are statistically different (P <

0.05) from one another as determined by analysis of variance followed by the
Newman-Keuls ranges test.

Table 2 Effects of indole-3-carhinol on NNK-induced DNA methylation in the
liver and lungs of A/J mice

Groups of five A/J mice were administered corn oil or I3C by gavage daily for
4 consecutive days. Two h after the final gavaging. a single dose of NNK (10
fjmol/mouse) was administered i.p. Mice were sacrificed at 2 or at 6 h after NNK
administration.

Adduci level (/jmol/mol of guanine)

Time Lung,
Pretreatment (h) O'-mGua

Liver

7-mGua O'-mGua

None
25 â€žmolof I3C

125 â€žmolofI3CNone

25 â€žmolof I3C
125^molofl3C22

26

6617.0

Â±1.6Â°(1)'

8.1 Â±1.8(2)
2.3 Â±0.4(3)18.3

Â±3.6(1)
9.7 Â±2.3 (2)
7.0 Â±2.3 (2)830

Â±150(1)
1800Â± 190(2)
1650Â±200(2)570

Â±180(1)
870 Â±80(1)

1310 Â±230 (2)73Â±

11 (1)
159 Â±16(2)
143 Â±23(2)138Â±

13(1)
182 Â±10(2)
239 Â±33 (3)

" Mean Â±SE.
* Means with different numbers in parentheses are statistically different (P <

0.05) from one another as determined by analysis of variance followed by the
Newman-Keuls ranges test.

consecutive days, administered NNK, and sacrificed at 2 h or
at 6 h after NNK administration. The results of this experiment
are shown in Table 2. Pretreatment with I3C at either dose
resulted in a reduction of pulmonary O6-mGua levels by at least

50% compared with controls. However, hepatic DNA methyl
ation was increased approximately 2-fold by I3C pretreatment
at either dose.

In Vitro Metabolism of NNK. To determine if I3C pretreat
ment could affect enzymes responsible for NNK metabolism,
the in vitro metabolism of NNK was examined in pulmonary
and hepatic microsomes prepared from mice pretreated for 4
days with corn oil or I3C. The results of this experiment are
shown in Table 3. The major metabolites of NNK in pulmonary
microsomes were NNAL, keto alcohol [4-hydroxy-l-(3-pyri-
dyl)butan-l-one], and NNK TV-oxide.I3C pretreatment did not
significantly affect the levels of each metabolite produced by
pulmonary microsomes, although there appeared to be a general
trend of induction by I3C. In hepatic microsomes, the major
NNK metabolites were NNAL, keto alcohol, and keto acid [4-
(3-pyridyl)-4-oxobutyric acid]. I3C pretreatment at either dose
significantly enhanced the production of keto acid and keto
alcohol by hepatic microsomes. Â«-Hydroxylation, an important
pathway for nitrosamine activation, is involved in the formation
of both of these metabolites. NNAL, formed by reduction of
the keto moiety, is a major metabolite of NNK in vivo and in
vitro. I3C pretreatment did not significantly affect NNAL pro
duction.

In Vivo Disposition of NNK. Since the results of these metab
olism studies could not fully account for the reduction in
pulmonary O6-mGua observed with I3C pretreatment, the ef

fects of I3C pretreatment on NNK disposition and excretion
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Table 3 Effects of indole -3-carbinol on hepatic and pulmonary microsomal metabolism of NNK

Groups of five A/J mice were administered corn oil or I3C by gavage daily for 4 consecutive days. Two h after the final gavaging, animals were sacrificed, and
microsomes were prepared. Microsomal incubations and HPLC analysis were performed as described in "Materials and Methods."

pinul ofmetabolite/mg/minPretreatmentNone

25><molof I3C
125 â€žmolof13CNone

25/imolof I3C
125,miol of I3COrganLung

Lung
LungLiver

Liver
LiverKeto

acidNDÂ°

ND
ND34.2

Â±1.1 (1)
56.2 Â±7.3 (2)
68.7 Â±5.2 (2)NNK

W-oxide6.1
Â±2.8* (l)c

10.0Â± 1.9(1)
13.6 Â±3.5(1)ND

ND
NDKeto

alcohol6.2

Â±2.3(1)
8.3 Â±I.I (1)

14.0 Â±2.9(1)45.2

Â±5.1 (1)
66.5 Â±4.8 (2)
82.9 Â±8.5 (2)NNAL42.8

Â±11.6(1)
37.4 Â±4.9(1)
55.1Â±6.7(1)377

Â±38(1)
310 Â±17(2)
295 Â±30(2)â€¢

ND, not detectable.
* Mean Â±SE.
' Means with different numbers in parentheses are statistically different (P < 0.05) from one another as determined by analysis of variance followed by the New man-

Keuls ranges test.

Table 4 Effects of indole-3-carbinol on '// content of the blood, liver, and lungs
of A/J mice following [5-3H]NNK administration

Mice were administered corn oil or I3C by gavage daily for 4 consecutive days.
Two h after the final dosing, [5-3H]NNK (2.0 mg, 20 jjCi) was administered i.p.

Mice were sacrificed at 1, 2, 6, or 24 h after NNK administration.

PretreatmentNone25â€žmolofI3C125jiinolofI3CNone25nmolofI3C125Â»imolofI3CNone25nmolofI3C125xmolofI3CNone25^molofI3C125nmolof

I3CTime

(h)111222666242424dpm//jl
of

blood"39401330890464403341816140234132dpm/mg

oftissueLiver2140

Â±240*(1)Â°1760

Â±130(1)1480
Â±120(1)1200

Â±70(1)1050
Â±80(1)830
Â±40(2)480

Â±20(1)410Â±
10(1,2)350

Â±30(2)200

Â±10(1)200
Â±20(1)190Â±

10(1)Lung1290Â±

150(1)830
Â±10(2)820
Â±110(2)540

Â±50(1)410Â±40(1)240

Â±20(2)109

Â±9(1)79
Â±8(2)79
Â±5(2)47

Â±3(1)43
Â±5(1)45

Â±2(1)
" Mean of two pooled determinations.
* Mean Â±SE.
c Means with different numbers in parentheses are statistically different (P <

0.05) from one another as determined by analysis of variance followed by the
Newman-Keuls ranges test.

Table 5 Effects of indole-3-carbinol on NNAL and NNK content in lungs of A/J
mice following f5-3H]NNK administration

Mice were administered corn oil or I3C by gavage daily for 4 consecutive days.Two h after the final dosing, [5-3H|NNK (2.0 mg, 20 tÂ¡C'Â¡)was administered i.p.

Mice were sacrificed at 1, 2, 6, or 24 h after NNK administration. Reversed-
phase HPLC was performed on aliquots of lung homogenates as described in
"Materials and Methods."

Proportion (%) of unbound radioactivity
present as NNAL and NNK at
the following times after dosing

1 h 2 li 6h 24 h

Pretreatment NNAL NNK NNAL NNK NNAL NNK NNAL NNK
None 57Â° 4.4 64 2.7 39 ND* ND ND

25MmolofI3C 51 ND 43 ND ND ND ND ND
125Â«molofl3C 45 ND 41 ND ND ND ND ND

" Mean of duplicate determinations of pooled samples.
* ND, not detectable.

were examined. The results of this study are shown in Tables 4
to 6. Total 3H content in blood and liver of DC-pretreated

animals appeared to be lower than that of controls from 1 to 6
h after [5-'H]NNK administration, although few statistically

significant differences were evident in liver, and statistical
analysis was precluded by the use of pooled blood samples
(Table 4). However, total 3H content in the lungs of DC-

pretreated animals was generally significantly lower than that
of controls from 1 to 6 h. At 24 h after NNK administration,
no differences in total 3H content in blood, liver, or lung could

Table 6 Effects of indole-3-carbinol on the proportions of NNK metabolites
present in urine of A/J mice following f5-'H]NNK administration

Mice were administered corn oil or I3C by gavage daily for 4 consecutive days.
Two h after the final dosing, |5-3H]NNK (2.0 mg, 20 /iCi) was administered i.p.
Reversed-phase HPLC was performed on aliquots of urinary samples as described
in "Materials and Methods."

% of totalradioactivityHydroxyPretreatmentNone25,jmolofI3C125/jmolof

I3CNone25pmolof

I3Cns^molof
13CTime(h)666242424acid(I)192829222932Ketoacid(II)172224162223NNALglucuronide(III)221716241614NNAL(IV)23141016118(1

+H)/(III
+IV)ratio0.81.62.01.01.92.5

be noted between control and DC-treated groups. Since the
greatest overall effect appeared to occur in blood, liver, and
lung at 1 h and the least effect at 24 h, it would appear that the
differences in total 'H content between control and I3C-pre-
treated groups do diminish with time. When the unbound 3H
content of lungs was analyzed by reversed-phase HPLC, the
pulmonary NNAL and NNK contents of I3C-pretreated ani
mals were lower than those of controls from 1 to 6 h after NNK
administration (Table 5). Similar results were obtained by
HPLC analysis of blood (data not shown). It should be noted
that the values in Table 5 were not adjusted for the decrease in
overall radioactivity that occurred in the lungs with I3C pre
treatment (Table 4); hence, the absolute amounts of NNK and
NNAL found in the lungs of I3C-pretreated mice are even lower
than the proportions shown in Table 5. While the amounts of
total radioactivity excreted in the urine did not differ between
control and I3C-pretreated groups (data not shown), OC pre
treatment did affect the proportions of the major NNK metab
olites present in the urine (Table 6). The Â«-hydroxylation me
tabolites, hydroxy acid [4-hydroxy-4-(3-pyridyl)butyric acid]
and keto acid, were both increased in the urine of DC-treated
animals compared with controls. In contrast, NNAL and its
glucuronide were decreased in the DC-pretreated groups. The
ratio of the sum of these two acids to the sum of the other
metabolites was increased approximately 2-fold at either dose
level of DC.

DISCUSSION

The strain A mouse lung adenoma bioassay has proven to be
a useful short-term screening system for carcinogens. The orig
inal suggested protocol for the A/J mouse pulmonary adenoma
bioassay involved administration of the suspect carcinogen 3
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times weekly for 8 wk, with termination of the experiment at
16 wk following the last administration of test compound (22-
24). Since it has been shown that a single 2-mg/mouse (10
Â¿Ãinol/mouse)dose of NNK induced a maximal pulmonary
adenoma yield in just 16 wk and produced readily detectable
tissue DNA methylation 2 to 6 h after administration, we have
used this latter protocol as a screening system for inhibitors of
NNK lung tumorigenesis (19, 25, 26). The dosing regimen that
we have adopted for assessing the inhibitory potential of a test
compound on NNK lung tumorigenesis consists of four consec
utive daily doses of the test compound and administration of
NNK at 2 h after the last administration of the test compound.
This multiple-dose pretreatment protocol allows us to directly
compare the potencies of inhibitors with different mechanisms
of action (e.g.. enzyme inducers versus enzyme inhibitors). It
also provides a reasonable comparison with our previous inhi
bition studies conducted in F344 rats using subchronic dietary
administration.

Dose-response relationships were not consistently observed
with I3C pretreatment in the results of the experiments pre
sented in this paper. Both doses of I3C inhibited NNK lung
tumor multiplicity by approximately 40%. In the lung, the 25-
Mmol daily dose of I3C inhibited O"-mGua formation by 52%
and 47% at 2 and at 6 h. respectively, while the 125-^mol dose
of I3C inhibited O6-mGua formation by 86% at 2 h and 62%

at 6 h. The effects of the two doses were only statistically
different at the 2-h time point. I3C pretreatment enhanced
hepatic O6-mGua formation at 2 and 6 h, but the higher dose

of I3C was more effective than the lower dose only at 6 h.
Although both doses significantly enhanced keto acid and keto
alcohol formation in hepatic microsomes, no statistically sig
nificant dose response was exhibited in the effects of each dose
on hepatic microsomal metabolism of NNK. Both doses effec
tively decreased total 'H content in the lung within the first 6

h and appeared to result in a similar reduction of NNAL and
NNK in the lung. Evidently, the 25-ÃÂ¿moldaily dose of I3C is
sufficient to yield a maximal response, so that any additional
increment in dosage has no further effect. It seems quite likely
that doses of I3C lower than 25 nmol would be expected to
yield less inhibition of NNK-induced lung tumorigenicity.

Previous work by Belinsky et al. (27, 28) has already estab
lished the importance of O6-mGua in NNK tumorigenesis of
F344 rat lung. Recent results from our laboratory with isothio-
cyanates showed that reduction of NNK-induced pulmonary
DNA methylation in F344 rats and A/J mice was closely
correlated to subsequent inhibition of NNK-induced lung neo
plasia (19, 29). With phenethyl isothiocyanate, we found an
approximate 90% reduction in NNK-induced pulmonary O6-

mGua formation at 6 h in mice pretreated with four consecutive
daily doses of 5 /umol (19). The same dosing regimen for
phenethyl isothiocyanate resulted in inhibition of NNK lung
tumor multiplicity by 76% and 64% in separate experiments
(19, 26). In the current study, both doses of I3C inhibited NNK
lung tumor multiplicity by approximately 40%, with decreases
in pulmonary O6-mGua of 47% and 62%, respectively, for the
25- and 125-Mmol doses at 6 h. Thus, it appears that the
decrease in NNK-induced pulmonary DNA methylation can
account for the reduction in NNK-induced pulmonary adenoma
multiplicity observed with I3C pretreatment. However, the
enhanced hepatic DNA methylation caused by I3C pretreat
ment might be expected to result in increased tumorigenicity in
an animal model in which NNK induces liver tumors, such as
the F344 rat.

With regard to the disposition of xenobiotics, p.o. or i.p.

administered compounds often exhibit a marked "first pass"

effect, in which delivery of a given compound to the liver and
subsequent hepatic metabolism of that compound can consid
erably diminish the availability of the compound to extrahepatic
sites. The present results show that pretreatment with I3C
resulted in enhanced formation of Â«-hydroxylation metabolites
from NNK in hepatic microsomes. I3C pretreatment also en
hanced hepatic DNA methylation in vivo following NNK ad
ministration. In agreement with these results, increased
amounts of metabolites formed via Â«-hydroxylation were also
found in the urine of I3C-pretreated mice compared with con
trols. I3C pretreatment additionally decreased the levels of total
NNK-associated radioactivity and the levels of free nitrosamine
(NNK and NNAL) in the lung, as well as reducing pulmonary
O6-mGua formation. These data are entirely consistent with
the hypothesis that the reduction in pulmonary O6-mGua for

mation and, thus, NNK lung tumorigenicity are caused by a
decreased bioavailability of nitrosamine in the lung, due to
enhanced hepatic metabolism of NNK.

Our current and previous results do not support other pos
sible mechanisms. One such mechanism is that O6-mGua-
DNA-transmethylase activity could be enhanced in A/J lung by
I3C pretreatment, resulting in increased repair of O6-mGua.

However, our previous study in rats with dietary I3C (30 ^mol/
g of diet fed for 2 wk) established that this treatment did not
affect O6-mGua-DNA-transmethylase activity in liver, lung, or

nasal mucosa, while decreased DNA methylation occurred in
both lung and nasal mucosa, with enhanced hepatic DNA
methylation (15).

Another possibility is the hypothesis that I3C is converted to
a nucleophilic intermediate that scavenges the reactive species
of NNK Â«-hydroxylation. Shertzer (30) found a reduction of
DNA binding induced by benzo(a)pyrene or W-nitrosodimeth-
ylamine in murine liver using acute dosing schedules of I3C
that clearly involved no enzyme induction. Our results do not
support this mechanism since both induction of Â«-hydroxyl
ation and enhanced DNA methylation occurred in the liver
with I3C pretreatment.

Another possible mechanism is a direct inhibition of enzymes
of carcinogen activation by I3C or I3C metabolites. Inhibition
of aflatoxin B,-induced hepatic neoplasia in rainbow trout fed
dietary I3C appears to fall into this mechanistic category; this
inhibition was shown to be due to decreased hepatic DNA
binding; also, no inductive effects of I3C on hepatic enzymes
of rainbow trout occurred (8,9, 31). The acid-catalyzed reaction
products of I3C (which presumably could be formed in the
gastric contents) were found to inhibit the activation of aflatoxin
B, by hepatic enzymes, while I3C itself had no such effect (32).
In our experiments, such a direct inhibitory effect on lung
enzymes in vivo seems unlikely, since we found that lung
microsomal activity was not reduced by I3C pretreatment.
Furthermore, the liver would undoubtedly receive a major pro
portion of any DC-derived compounds following p.o. admin
istration, and our results show the opposite effect on hepatic
DNA methylation and hepatic enzyme activity that would be
expected.

In summary', we have demonstrated the ability of I3C to
inhibit NNK-induced lung neoplasia in A/J mice. Our results
indicate that the basis of this inhibition is the decrease in O6-

mGua formation in A/J lung caused by I3C pretreatment. This
decrease in lung DNA methylation is most likely due to the
decreased bioavailability of NNK and NNAL in the lungs of
I3C-treated mice, which appears to be a result of increased
hepatic metabolism.
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