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Abstract

Recently, we reported inhibition of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)
plus benzo(a)pyrene (BaP)–induced lung tumorigenesis in A/J mice by indole-3-carbinol
(I3C; 112 μmol/g diet) administered beginning at 50% in the carcinogen treatment phase.
In this study, we examined the dose-dependent and postcarcinogen tumor-inhibitory activities of I3C. A mixture of NNK plus BaP (2 μmol each) administered by gavage as eight
biweekly doses caused 21.1 ± 5.2 lung tumors per mouse. Carcinogen-treated mice given
diets containing I3C at 1, 10, 30, 71, and 112 μmol/g, beginning at 50% in the carcinogen
treatment phase, had 17.9 ± 6.1, 10.4 ± 3.7, 9.8 ± 5.1, 5.2 ± 4.0, and 2.5 ± 2.4 lung tumors
per mouse, corresponding to reductions by 15%, 51%, 53%, 75%, and 88%, respectively.
All reductions, except at the lowest dose level (1 μmol I3C/g diet), were significant (P < 0.001).
Similarly, administration of I3C (112 μmol/g diet) beginning 1 week after the last dose of the
carcinogen significantly reduced NNK plus BaP-induced lung tumor multiplicity to 5.6 ± 3.5,
corresponding to a reduction by 74%. Analyses of cell proliferation and apoptosis markers
revealed that I3C reduced the number of Ki-67–positive cells and expression of proliferating
cell nuclear antigen, phospho-Akt, and phospho-BAD and increased cleavage of poly(ADPribose) polymerase, suggesting that the lung tumor inhibitory effects of I3C were mediated, at
least partly, through inhibition of cell proliferation and induction of apoptosis. These results
clearly show the efficacy of I3C in the prevention of tobacco carcinogen–induced lung tumorigenesis in A/J mice and provide a basis for future evaluation of this compound in clinical trials
as a chemopreventive agent for current and former smokers.

Lung cancer is the most common cause of death from cancer
worldwide (1). In the United States, an estimated 215,020 new
cases and 161,840 deaths were expected in 2008, accounting
for 15% of cancer diagnoses and 29% of all cancer deaths,
respectively (2). Cigarette smoke, which contains >60 carcinogens, is the cause of ∼90% of lung cancer cases (3, 4).
The tobacco-specific nitrosamine 4-(methylnitrosamino)-1-(3pyridyl)-1-butanone (NNK) and benzo(a)pyrene (BaP), a prototypical polycyclic aromatic hydrocarbon, are two of the
most potent tobacco smoke carcinogens in rodent models
and are strongly implicated in the etiology of lung cancer in
smokers (4, 5). NNK and BaP, individually or in combination,
have been used frequently to induce lung tumors in A/J mice,
inducing 10 to 30 or more tumors per lung with a 100% tumor
incidence (6). The morphology, histology, and molecular char-

acteristics of mouse lung tumors are similar to human lung
adenocarcinoma, the most common type of human lung cancer (7, 8). Therefore, this mouse model of lung tumorigenesis is
well suited for the identification of chemopreventive agents
that could prevent lung cancer in current and former smokers.
Indole-3-carbinol (I3C) occurs in commonly consumed cruciferous vegetables as indole glucosinolate (glucobrasscin).
About four different glucobrassicins have been identified in
cruciferous vegetables and, of these, indolylmethyl (glucobrassicin) and 1-methoxy-3-indolylmethyl (neoglucobrassicin)
are found frequently (9). Upon hydrolysis by the plant enzyme myrosinase, when plant cells are damaged, glucobrassicins yield predominantly I3C or related substituted I3Cs (10).
If plant myrosinase is inactivated (e.g., with cooking), glucobrassicins can be degraded in the gastrointestinal tract by the
intestinal microflora, albeit at a lower level (11). In the stomach, I3C undergoes condensation reactions to produce various products, the major one being 3,3-diindolylmethane (12).
Most of the biological activities of I3C are attributed to 3,3diindolylmethane (13). The dietary intake of glucobrassicins
is much higher than that of alkyl and aralkyl glucosinolates,
the other group of glucosinolates that yield isothiocyanates
upon hydrolysis. We previously reported that glucobrassicins
were the predominant glucosinolates in seven of nine vegetables consumed by Singapore Chinese, accounting for 70.0% to
93.2% of all glucosinolates detected (14). In the United States
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N2. The residue was redissolved in acetonitrile and analyzed by
high-performance liquid chromatography with a Waters Associates
system equipped with a model 440 UV detector. Samples were loaded
onto a 300 mm × 3.9 mm, 10 μm C18 Bondclone (Phenomenex) column and eluted at 0.5 mL/min with 5% acetonitrile in H2O to 100%
acetonitrile for 40 min. Detection was by UV (254 nm). The retention
time of I3C was 29.4 min.

and the United Kingdom, estimated per capita intakes of
glucobrassicin are 8.1 and 19.4 mg/d, respectively (15, 16),
whereas in some populations in Asia, the level reaches
46 mg/d (14).
Considerable evidence shows that I3C inhibits experimentally induced tumorigenesis in murine models at different
sites, including lung, through induction of phase I and phase
II enzymes, inhibition of proliferation and induction of apoptosis in tumor cells, and modulation of estrogen metabolism
(9). In humans, preliminary studies indicate that I3C is effective for the treatment of cervical intraepithelial hyperplasia
(17) and recurrent respiratory papillomatosis (18). In a phase
I clinical trial, daily administration of I3C at doses of 400 and
800 mg increased levels of glutathione-S-transferase and P450
1A2 and increased the ratio of 2-:16α-hydroxyestrone without
causing any toxic effects (19). At times, dietary supplements of
I3C in the form of capsules have been sold regularly by drug
stores and health food stores. Despite its potent antitumor activity, I3C promotes chemically induced hepatic tumorigenesis
depending on the initiator, exposure protocol, and species of
test animal (20).
Recently, we reported inhibition of NNK plus BaP–induced
lung tumorigenesis in A/J mice by I3C administered beginning at 50% in the carcinogen treatment phase (21). In the
present study, we sought to examine the dose-dependent
tumor-inhibitory effects of I3C and to determine if administration of the compound during the postcarcinogen treatment
phase also inhibits lung tumorigenesis.

Animal studies
Two animal studies were carried out. In experiment 1, the efficacy
of I3C for chemoprevention of lung tumorigenesis was determined.
Experiment 2 was done to harvest tissues for Western assays.
Experiment 1. Female A/J mice, 5 to 6 weeks of age, were obtained
from The Jackson Laboratory. Although both female and male A/J
mice develop lung tumors equally (24), female mice are easier to handle. The experimental design is shown in Fig. 1. Upon arrival, the mice
were housed in the specific pathogen-free animal quarters of Research
Animal Resources, at the University of Minnesota Academic Health
Center. The mice were randomized into different groups (group 1, carcinogen only treated; groups 2 to 7, carcinogen and I3C treated; group
8, I3C only treated; group 9, vehicle treated) and maintained on AIN93G pelleted diet. One week after arrival, the mice were switched to
AIN-93G powdered diet and treated by gavage with either a mixture
of BaP plus NNK (2 μmol of each, groups 1-7) in 0.1 mL cottonseed oil
or cottonseed oil alone (groups 8 and 9), twice weekly for eight treatments. Mice in groups 2 to 7 were given I3C in the diet beginning at
either 1 d after the fourth treatment with the carcinogens (groups 2-6,
temporal sequence A) or 1 wk after the last carcinogen treatment
(group 7, temporal sequence B) until termination of the study at week
27 (Table 1). Mice in group 8 were given I3C-supplemented diet for
the same duration as mice in groups 2 to 6.
The powdered diet was administered using metal box feeders (Lab
Products, Inc.), which allowed monitoring of food consumption and
minimized diet waste. Fresh diet was provided every 3 to 4 d. Food
consumption was monitored twice a week. Body weight and water consumption were recorded every week. The mice were sacrificed at week
27 of the experiment. Immediately upon sacrifice, lungs were perfused
with cold PBS and harvested, and tumors were scored using a dissecting microscope. During the tumor count, the lungs were protected from
drying by moistening them with PBS. Lungs from 50% of the mice per
group were preserved in 10% buffered formalin. Lung tumors from the
remaining mice were microdissected and kept at −80°C. Mice perirenal
fats were removed and weighed at the end of the experiment.
Experiment 2. This experiment was carried out to harvest lung tissues for Western immunoblotting studies. Female A/J mice were
randomly assigned to three groups, 6 mice each, and maintained on
AIN-93G diet: group 1, NNK plus BaP treated; group 2, NNK plus
BaP and I3C treated; group 3, vehicle treated. Mice in groups 1 and
2 were gavaged with eight biweekly doses of a mixture of NNK plus
BaP (2 μmol of each) in 0.1 mL cottonseed oil; mice in group 3 received
the vehicle only. Beginning at 1 wk after the last dose of the

Materials and Methods
Chemicals, reagents, and diets
The protease inhibitor cocktail, BaP, and I3C were from Sigma.
NNK was synthesized (22). Mouse diets (AIN-93G and AIN-93M)
were purchased from Harlan Teklad. The AIN-93G diet, high in protein and fat, was used to support rapid growth of the mice during
early age, whereas AIN-93M diet, low in protein and fat, was used
for adult maintenance (23).

Stability of I3C in the diet
Before assessing the chemopreventive activity of I3C, we determined its stability under conditions in which the I3C-supplemented
diets were stored or given to the mice. One-gram samples of I3Csupplemented diet were taken from a diet that had been stored at
4°C for 4 wk or kept in the metal feeders in the mouse cages for
4 d. The diet was extracted with acetonitrile by sonication for 5 min
and centrifuged at 2,800 rpm for 3 min; the supernatant was then
removed and the solvent was evaporated under a gentle stream of

Fig. 1. Experimental design to assess inhibition of NNK plus BaP–induced lung tumorigenesis in A/J mice by I3C.
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Table 1. Dose-dependent inhibition of NNK plus BaP-induced lung tumorigenesis by I3C in A/J mice
Group Temporal
sequence

1
2
3
4
5
6
7
8
9

—
A
A
A
A
A
B
—
—

I3C (dose,
μmol/g
diet)

Carcinogen

—
112
71
30
10
1
112
112†
None

NNK + BaP
NNK + BaP
NNK + BaP
NNK + BaP
NNK + BaP
NNK + BaP
NNK + BaP
None
None

No. mice
Initial At termination

17
13
14
15
18
18
15
12
10

17
12
14
14
18
17
15
10
10

Mean body
weight at
termination
(g ± SD)

23.8
19.3
20.8
21.2
22.4
22.8
19.6
19.9
25.7

±
±
±
±
±
±
±
±
±

2.2
2.2
1.6
1.4
2.8
2.2
2.6
2.0
2.4

Lung tumors
P*

Reduction
Tumor
Tumors/
mouse
in tumor
incidence
(%)
(mean ± SD) multiplicity
(%)
100
85
86
100
100
100
100
0
20

21.1
2.5
5.2
9.8
10.4
17.9
5.6

±
±
±
±
±
±
±
0
0.2 ±

5.2
2.4
4.0
5.1
3.7
6.1
3.5
0.4

88
75
53
51
15
74
—
—

<0.0001
<0.0001
<0.0001
<0.0001
0.19
<0.0001

NOTE: Beginning at age 6 to 7 wk, groups of female A/J mice were gavaged with eight biweekly doses of a mixture of NNK + BaP (2 μmol
each) in 0.1 mL cottonseed oil. The mice were maintained on AIN-93G diet from age 5 to 6 wk until 1 wk after the end of carcinogen
treatment, then shifted to AIN-93M diet for the duration of the experiment. I3C was added to the diet beginning at 1 d after the fourth
treatment with the carcinogens or 1 wk after the last carcinogen treatment. The experiment was terminated 27 wk after the first dose of the
carcinogens.
*Compared with group 1.
†
The duration of I3C administration was as for mice in groups 2 to 6.

carcinogens, the diet of the mice in group 2 was supplemented with I3C
(112 μmol/g diet). At week 13 of the experiment, the mice were sacrificed and the lungs were harvested and snap frozen in liquid nitrogen.

experiment 1) were homogenized in ice-cold lysis buffer [50 mmol/L
Tris-HCl, 150 mmol/L NaCl, 1 mmol/L EGTA, 1 mmol/L EDTA,
20 mmol/L, 1% Triton X-100 (pH 7.4)] containing protease inhibitors
[aprotinin (1 μg/mL), leupeptin (1 μg/mL), pepstatin (1 μmol/L), and
phenylmethylsulfonyl fluoride (0.1 mmol/L)] and the phosphatase
inhibitors Na3VO4 (1 mmol/L) and NaF (1 mmol/L). After the homogenates had been centrifuged (14,000 × g for 25 min at 4 °C) and the
supernatants were collected, aliquoted, and stored at −80 °C. For Western immunoblotting, 60 μg of protein per sample were loaded onto a
4% to 12% Novex Tris-glycine gel (Invitrogen) and run for 60 min at
200 V. The proteins were then transferred onto a nitrocellulose membrane (Bio-Rad) for 1 h at 30 V. Protein transfer was confirmed by
staining membranes with BLOT-FastStain (Chemicon). Subsequently,
membranes were blocked in 5% Blotto nonfat dry milk in Tris buffer
containing 1% Tween 20 for 1 h and probed overnight with the following primary antibodies: anti-Akt (1:1,000), anti–phospho-Akt Ser473
(1:1,000), anti–phospho-BAD Ser155 (1:1,000), anti–proliferating cell
nuclear antigen (PCNA, 1:1,000), and anti–poly(ADP-ribose) polymerase (PARP; 1:1,000). After incubating the membranes with a secondary
antibody (goat anti-rabbit IgG, 1:20,000, Santa Cruz Biotechnology)
for 1 h, chemiluminescent immunodetection was used. The signal
was visualized by exposing membranes to HyBolt CL autoradiography film. Membranes were stripped and probed with anti–β-actin to
check for differences in the amount of protein loaded in each lane. The
experiment was carried out twice using the same tissue lysates.

Immunohistochemical analysis
To assess Ki-67 and phospho-Akt expression in lung tissues (groups
1, 7, and 9) obtained from experiment 1, 4 μm formalin-fixed paraffin
sections were deparaffinized and antigen retrieved by incubating the
slides in a pressure cooker in citrate buffer (pH 6.0) for 30 s at 121°C
and 10 s at 90°C followed by cooling for 15 min. Endogenous peroxidase was blocked with 3% hydrogen peroxide for 15 min at room
temperature. The sections were incubated with a universal protein
block (DAKO) for 10 min, followed by a 60-min, room temperature
incubation with rat monoclonal antibody specific to mouse Ki-67
(DAKO) or phospho-Akt (Ser 473 ). Sections were then incubated
for 30 min at room temperature with biotinylated anti-rat secondary
antibody (Vector) diluted at 1:300. Binding was detected by incubating
sections with streptavidin/horseradish peroxidase (DAKO) for 20 min
at room temperature followed by diaminobenzidine chromagen application for 5 min at room temperature. Sections were counterstained
with Mayer's hematoxylin (DAKO). For negative control slides, the
primary antibody was substituted by Super Sensitive Negative Control Rat serum (Biogenix). For Ki-67 analysis, images were captured
with an attached camera linked to a computer and the Ki-67 labeling
index was calculated as the percentage of Ki-67–positive tumor cells
that showed brown nuclear staining among 1,700 tumor cells counted
in seven fields. For determination of phospho-Akt labeling index,
tumor areas that stained brown were selected, and the percent area
of tumor that stained brown was calculated using Image Pro software.
A total of 9 and 16 tumors were analyzed for carcinogen + I3C and
carcinogen only group, respectively.

Statistical analyses
The results of gross tumor counts were summarized as mean and
SD for the different groups defined by the doses of I3C. The data were
further divided according to the temporal sequence of I3C administration. The effects of I3C are reported as a percent change in tumor multiplicity in carcinogen and chemopreventive agent-treated groups
relative to the groups treated with carcinogen only. Statistical comparisons among the groups were done using Poisson regression,
which is specific for data representing counts or number of events
and can handle cases where few or no events occur. A P value of

Western immunoblot analyses
Aliquots of lung tissues (30 mg tissue per mouse, six mice per
group, from vehicle group of experiment 1 or all groups in experiment
2) or pooled lung tumors (a total of 180 mg from 6 mice in the carcinogen alone group or carcinogen plus I3C group, postcarcinogen, in

Cancer Prev Res 2008;1(7) December 2008

570

www.aacrjournals.org

Downloaded from cancerpreventionresearch.aacrjournals.org on February 20, 2019. © 2008 American Association
for Cancer Research.

Chemoprevention of Lung Tumorigenesis by Indole-3-Carbinol
<0.01 was used to judge statistical significance. Student's t test was
used to compare protein expression levels and Ki-67 and phosphorAkt labeling index among the different lung tissues.

mice given diets containing I3C at 1, 10, 30, 71, and 112 μmol/g
diet, beginning at 50% in the carcinogen treatment phase,
had 17.9 ± 6.1, 10.4 ± 3.7, 9.8 ± 5.1, 5.2 ± 4.0, and 2.5 ± 2.4
tumors per mouse, corresponding to reductions by 15%,
51%, 53%, 75%, and 88%, respectively (Table 1). All reductions, except at the lowest dose level (1 μmol I3C/g diet), were
significant (P < 0.001). Similarly, administration of I3C at a
dose level of 112 μmol/g diet, beginning 1 week after the last
dose of the carcinogen, significantly reduced NNK plus BaP–
induced lung tumor multiplicity to 5.6 ± 3.5 (P < 0.001), corresponding to reduction by 74%. No tumors were observed in
the group treated with I3C alone, whereas the lung tumor
multiplicity in the vehicle control group was within the range
of historical controls (0.20 ± 0.42 tumors per mouse). Tumor
incidence was not significantly reduced by I3C. This was not
unexpected because the most sensitive indicator in the A/J
mouse lung tumorigenesis model is tumor multiplicity.

Results
I3C was stable under the conditions of storage or
feeding
As seen in Fig. 2B, I3C was stable when kept at 4°C
for 1 month. When left in the mouse feeders in the open
for 4 days, ∼5% of the parent compound was degraded
to 3,3-diindolylmethane (Fig. 2C).
I3C caused hyperphagia and reductions in body weight
gain and perirenal fat pad weights
Observation of the mice once a week for signs of toxicity, such
as changes in fur color or texture, motor and behavioral abnormalities, and palpable masses, did not reveal any of these
effects. Food consumption and body weight curves of the mice
are depicted in Fig. 3. After an initial decline, the average food
consumption of mice maintained on I3C-supplemented diet increased in a dose-dependent manner (by 2%, 4%, 7%, 11%, and
13% at doses of 1, 10, 30, 71, and 112 μmol I3C/g diet, respectively, compared with the group treated with carcinogens alone
and maintained on nonsupplemented diet) and the effects at
71 and 112 μmol/g diet were significant (P < 0.05; Fig. 3A).
Despite the increased food consumption, mice maintained on
I3C-supplemteted diet had lower body weights compared with
mice given the nonsupplemented diet. For example, upon termination of the study at week 27, the body weight of mice given
10, 30, 71, and 112 μmol I3C/g diet decreased by 4%, 6%, 8%,
13%, and 16%, respectively. The effects of 71 and 112 μmol
I3C/g diet were significant (P < 0.05; Fig. 3A). Consistent with
the decrease in body weight, the amount of perirenal adipose
tissue in I3C-treated mice was reduced in a dose-dependent
manner (decreased by 2%, 6%, 14%, 38%, and 85% at doses of
1, 10, 30, 71, and 112 μmol I3C/g diet, respectively, Fig. 3B).

Inhibition of cell proliferation and induction of
apoptosis in lung cells from I3C-treated mice
To assess potential mechanisms involved in the lung tumor
inhibitory effects of I3C when given during the postcarcinogen
treatment phase, we analyzed the levels in lung tissues of proteins involved in cell proliferation and apoptosis using immunohistochemistry and Western immunoblotting.
Immunohistochemical staining for Ki-67, a marker of cell
proliferation, showed that Ki-67 was expressed only in 0.2%
of lung cells from vehicle-treated mice. On the other hand, nuclear staining for Ki-67 was seen in numerous neoplastic cells
(9.6%) within pulmonary adenoma of carcinogen-treated
mice. In mice treated with the carcinogens and given I3C
(112 μmol/g diet), the level of Ki-67 was significantly reduced
(2.2%) relative to the level in mice treated with the carcinogens
alone (Fig. 4A and B), indicating reduction in the rate of cell
proliferation in lung tumors of mice maintained on I3Csupplemented diet.
As seen in Fig. 4A, there was a weak expression of phospho-Akt in bronchiolar epithelial cells and pulmonary macrophages of vehicle-treated mice. In mice treated with the
carcinogens alone, there was weak to moderate intracytoplasmic staining of neoplastic epithelial cells in most adenoma.
However, in a few adenoma, there was a higher intensity of

I3C reduced NNK plus BaP–induced lung tumor
multiplicity in a dose-dependent fashion
Mice treated with NNK plus BaP and fed nonsupplemented
diet had 21.1 ± 5.2 lung tumors per mouse. Carcinogen-treated

Fig. 2. High-performance liquid chromatography analysis of I3C-supplemented AIN-93 mouse diet. A, I3C standard. B, I3C-supplemented diet kept at 4°C for 1 mo.
C, I3C-supplemented diet kept in the mouse feeders in the open for 4 d. D, 3,3-diindolylmethane standard.
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cytoplasmic staining localized to areas of tumors containing
pleomorphic neoplastic cells (Fig. 4A). In mice treated with
the carcinogens and given I3C (112 μmol/g diet), staining for
phospho-Akt in neoplastic cells of adenoma was weak to moderate with only a rare focus of more intense staining limited to
areas of pleomorphic epithelial cells. In all tissue samples, phospho-Akt staining was completely absent when phospho-Akt
antibody was incubated with specific phospho-Akt blocking
peptide. These results suggest that phospho-Akt is expressed
at higher levels in tumors that exhibit increased cellular pleomorphism and that in I3C-treated mice the number of such tumors is reduced. However, quantification of the number of
phospho-Akt–positive cells, using Image Pro, did not show significant differences between the carcinogen-only group and
that of the group treated with carcinogens and I3C (Fig. 4B).
To further assess the effect of I3C on cell proliferation and
survival-related proteins, we determined expression levels of
phospho-Akt, PCNA, a marker of cell proliferation, and phospho-BAD, a downstream target of phospho-Akt, and cleavage
of PARP using Western immunoblotting. In both experiment 1
(27 weeks study) and experiment 2 (13 weeks study), the levels of these proteins increased in lung tissues of carcinogen-treated versus vehicle-treated mice (Figs. 4C and D).
However, upon supplementation of the diet of carcinogentreated mice with I3C, levels of phospho-Akt, PCNA, and
phospho-BAD decreased and cleavage of PARP increased

(Figs. 4C and E), suggesting that I3C inhibits cell proliferation
and survival in preneoplastic/tumor cells of the lung.

Discussion
Previously, we reported inhibition of NNK plus BaP–
induced lung tumorigenesis in A/J mice by I3C (112 μmol/g
diet) given beginning at 50% in the carcinogen treatment phase
(21). In the present study, we further investigated the lung tumor inhibitory effects of I3C by administering the compound
at different dose levels and temporal sequences. The results
show that I3C given at doses of 1, 10, 30, 71, and 112 μmol/g
diet beginning at 50% in the carcinogen treatment phase or at
the dose of 112 μmol/g diet during the postcarcinogen treatment phase caused significant reductions (except at the dose
level of 1 μmol I3C/g diet) in NNK plus BaP–induced lung
tumor multiplicity. The lung tumor inhibitory effects of I3C
observed on administration of the compound during the postcarcinogen treatment phase are likely to be associated with a
combination of reduced cell proliferation and induced apoptosis. Our findings are highly relevant for future research on the
lung cancer–chemopreventive effects of I3C in smokers and
ex-smokers.
The mean body weights of mice maintained on I3Csupplemented diets were reduced by 4% to 19% relative to
the group given conventional AIN-93 diet. Moreover, I3C

Fig. 3. A, effect of I3C on food consumption (left) and body weight gain (right) of female A/J mice. B, dose-dependent reduction of perirenal fat by I3C.
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Fig. 4. Effect of I3C on cell proliferation and apoptosis. A, photomicrographs (×20) of Ki-67– and phospho-Akt–stained lung tissues from mice treated with vehicle
control, NNK plus BaP, or the carcinogens and I3C. Lung tissues obtained from experiment 1 (groups 1, 7, and 9) were cut into 4-μm sections and stained
with Ki-67 or phospho-Akt antibody and counterstained with hematoxylin. Images were captured with a camera attached to a Nikon Eclipse E800 microscope.
B, quantitative assessment of Ki-67– and phospho-Akt–positive cells, representing the percentage of cells that stained positive for Ki-67 or phospho-Akt. The
Ki-67 and phospho-Akt labeling index was calculated as described in Materials and Methods. Insets, higher magnification of selected areas. Columns, mean;
bars, SD; *, P < 0.05.

and depletion of perirenal fat in I3C-treated mice is not
known. However, there are two possibilities: increased rate
of fat oxidation or decreased fat synthesis. A recent report
(26) revealed reduced body weight gain (22%) and adipose
tissue (2-fold) in spite of increased food consumption (41%)
in mice maintained on soy-supplemented diet, presumably
due to preferential use of lipids as energy source and increased locomotor activity. This is typical of phytoestrogens.
On the other hand, Maiyoh et al. (27) showed that I3C significantly reduces cellular lipid synthesis, including tryglycerides, and cholesterol esters and the expression of key

caused a dose-dependent reduction in the amount of perirenal white adipose tissue. Lower body weight gain and perirenal adipose tissue were not due to reduced food intake
because mice given I3C-supplemented diet consumed ∼2%
to 13% more food than mice maintained on AIN-93 conventional diet. A similar trend in body weight gain was observed in our earlier study in mice (21) as well as in F344
rats. In the latter study, rats given 0.5% I3C in the diet consumed ∼13% more diet but mean body weight was ∼7%
lower compared with group of rats maintained on a control
diet (25). The reason for the decrease in body weight gain
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Fig. 4 Continued. C, Western immunoblots of lung tissues. Whole lung tissues obtained from experiment 2 or normal lung tissues (group 9) and microdissected
tumors (groups 1 and 7) from experiment 1 were prepared as described in Materials and Methods, and equal amounts of protein were loaded onto a 4% to
12% SDS-PAGE followed by immunoblot analysis and chemiluminescence detection. Equal loading of protein was confirmed by stripping the immunoblot and
reprobing it for β-actin. *, P < 0.05. D, mean levels of phospho-Akt, Akt, phospho-BAD, PCNA, and cleaved PARP in lung tumor tissues relative to those in normal
lung tissues. E, mean levels of phospho-Akt, Akt, phospho-BAD, PCNA, and cleaved PARP in lung tumor tissues from carcinogen and I3C-treated mice relative
to those in tumors from mice treated with the carcinogens alone. *, P < 0.05.

moderate 40% reduction in lung tumor multiplicity was observed. Similar results were found upon administration of
I3C (13 μmol/g diet) before, during, and after a single dose
of NNK (32) or dibenzo(a,l)pyrene (33). We have recently
shown that a relatively higher dose of I3C (112 μmol/g diet)
given in the diet beginning at 1 day after the 4th of eight
treatments with a mixture of NNK and BaP reduced lung
tumor multiplicity by 86% (21). In the present study, we
not only reproduced the above results but also showed that
the lung tumor inhibitory activities of I3C are dose dependent and the compound is effective when given during the
postcarcinogen treatment phase. Administration of I3C beginning 50% through the carcinogen treatment phase or during the postcarcinogen treatment phase was intended to
model, to some extent, smokers transitioning to quitting or
former smokers, respectively.
The lowest effective dose of I3C (10 μmol I3C/g diet) corresponds, when compared on the basis of body surface area, to
the amount of I3C (800 mg/person, orally) given in phase I

lipogenic genes, including diacylglycerol acyltransferase, acyl
CoA:cholesterol acyltransferase, fatty acid synthase, and sterol regulatory element binding protein, the upstream regulator of fatty acid synthase. We have earlier reported that the
NNK plus BaP–induced increase in the expression of fatty
acid synthase was reversed by I3C (28). It is not known
whether lower body weights in the present study contributed to the chemopreventive activity of I3C. Although calorie
restriction is the most potent cancer prevention regimen (29),
effects of calorie restriction and reduced body weight gain
on lung tumor development have not been extensively studied. In one study, restriction of food intake by 40% and
60% reduced body weight by ∼23% and 34%, respectively,
but lung tumor multiplicity was reduced only by 25% in
both groups (30).
To our knowledge, only four previous reports (21, 31–33)
are available on the lung tumor inhibitory effects of I3C in
the A/J mouse model. When I3C was given at a dose of
10 or 50 μmol/g diet before a single dose of NNK (31), a
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clinical trials (19). This dose of I3C modulated levels of xenobiotic- and steroid-metabolizing enzymes and 2-hydroxyestrone in a manner consistent with chemoprevention without
causing toxic effects. It is interesting to note that a dose of
I3C that significantly inhibited lung tumor multiplicity in mice
without causing toxic effects was well tolerated by humans
and modulated levels of chemopreventive agent efficacy biomarkers. This indicates the great potential of I3C for the chemoprevention of lung tumorigenesis in humans.
I3C inhibits tumorigenesis via different mechanisms (9). In
studies with cell lines in vitro, I3C caused inhibition of cell proliferation through modulation of various proteins involved in
cell cycle regulation, induction of proapoptotic proteins, inhibition of antiapoptotic proteins, and inhibition of signaling
pathways involved in cell survival such as phosphatidylinositol 3-kinase/Akt and NF-κB (9). In animal models, the main
established mechanism by which I3C inhibits tumorigenesis
is induction of cytochrome P450 enzymes. I3C inhibited
NNK-induced lung tumorigenesis in A/J mice through induction of P450 enzymes, resulting in increased hepatic clearance
of the carcinogen through α-hydroxylation and N-oxidation
(31). As a result of this, the pulmonary concentration of
NNK and its metabolite, NNAL, decreased, and pulmonary
DNA methylation, a lesion that leads to lung tumors, was reduced. Recent studies using a mouse model with liver-specific
deletion of NADPH–cytochrome P450 reductase, the electron
donor for the P450 system, further confirmed the role of P450
enzymes in NNK metabolism (34). Deletion of hepatic cytochrome P450 reductase resulted in decreased P450-mediated
hepatic clearance of NNK and a higher multiplicity of NNKinduced tumors in the lung. Similar results were observed in
hepatic cytochrome P450 reductase null mice treated with BaP,
in which BaP-DNA adduct levels were higher in the liver (up
to 13-fold) and elevated in several extrahepatic tissues (by 1.7to 2.6-fold) of mice with the deleted gene relative to mice
with the wild-type gene (35). I3C is known to induce P450s
involved in the detoxification of BaP (36, 37).

In the present study, I3C significantly inhibited lung tumor
multiplicity when given during the postcarcinogen treatment
phase. These inhibitory activities of I3C could be, at least in
part, due to inhibition of cell proliferation and induction of
apoptosis. NNK plus BaP–induced increases in the frequency
of Ki-67–positive cells and PCNA expression, the most common markers of cell proliferation, were reduced by I3C. Also,
I3C reduced NNK plus BaP–induced activation of Akt, a cytosolic signal transduction protein that plays an important role
in cell survival pathways through inhibition of apoptosis, and
its downstream target phospho-BAD. Activated Akt promotes
cell survival by phosphorylating and thereby inactivating target proteins such as BAD, which results in dissociation of the
protein from the Bcl-2/Bcl-X complex and loss of its proapoptotic function (38). In line with inhibition of Akt and BAD
activation, I3C increased cleavage of PARP, a marker of apoptosis. Earlier, I3C was shown to inhibit cell proliferation and
induce apoptosis in HPV16-transgenic mice, which develop
cervical cancer after chronic estradiol exposure (39, 40), and
xenograft models for prostate cancer (41).
In conclusion, we showed that I3C given in the diet beginning at 50% in the carcinogen treatment phase inhibited lung
tumorigenesis in A/J mice in a dose-dependent manner. Also,
upon administration during the postcarcinogen treatment
phase, I3C caused a significant reduction in lung tumor multiplicity and modulated the expression of proteins involved in
cell proliferation and apoptosis. These results indicate the
potential of I3C for lung cancer chemoprevention in current
and former smokers.
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