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Abstract. The most common cause of human lung cancer is
suggested to be exposure to the carcinogens in tobacco smoke.
Among the multiple chemicals in tobacco smoke, 4-(methyl-
nitrosamino)-1-(3-pyridyl)-1-butanone (NNK) has been
regarded as one of the important agents for generation of
lung cancers. Previously, our studies proved that fermented
brown rice and rice bran (FBRA) has chemopreventive effects
against carcinogenesis of the colon, liver, stomach, bladder
and esophagus. In the present study, we examined possible
chemopreventive effects of FBRA on the NNK-induced
lung tumorigenesis in mice. Six-week-old female A/J mice
were divided into 8 groups, and groups 1-5 were given NNK
(10 mmol) by i.p. injection at week 7. Groups 2 and 3 were
fed with diet containing 5 and 10% FBRA during the initiation
phase, respectively. Groups 4 and 5 were fed with 5% and
10% FBRA during the post-initiation phase. Groups 1 and 6
were given control diet throughout the experiment. Groups 7
and 8 were given the diet containing 5 and 10% FBRA
throughout the experiment, respectively. In both initiation
(group 3) and post-initiation phase (group 5), 10% FBRA
exposure significantly reduced the multiplicity of lung tumor
(group 3,2.35+2.13; group 5, 3.00+1.52; group 1, 4.08+1.85;
p<0.006 and 0.04, respectively). Furthermore, administration
of FBRA during the post-initiation phase significantly
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decreased the tumor size in comparison with that of control
mice (0.66+0.32 vs. 0.77+0.33 mm). Treatment of 10% FBRA
significantly reduced the mRNA expression levels of cyto-
chrome P450 2A5 (Cyp2a5), which is known to be closely
related to the human CYP2A6 enzyme that is involved in the
mutagenic activation of NNK, in the lung but not liver tissues.
A significantly reduced index of Ki67 positivity of lung
tumors in group 5 was confirmed when compared with tumors
of the control group (0.065+0.016 vs. 0.114+0.025). These
findings suggest that FBRA has inhibitory effects on NNK-
induced pulmonary tumorigenesis in A/J mice in both during
initiation and post-initiation treatment, which is possibly
associated with the induction of Cyp2a$5 in the lung and the
reduced proliferation rate of tumor cells. FBRA may be a
promising chemopreventive agent for human lung cancers.

Introduction

Cancer is a leading cause of death worldwide. Lung cancer is
the most common cause of cancer death, with 1.18 million
deaths (17.6%) of the world total exceeds stomach cancer
(700,000 deaths) and liver cancer (598,000 deaths).
However, there is limited information regarding effective
agents for prevention of lung cancers. For the year 2000,
about 85% of lung cancer in men and 47% of lung cancer in
women is estimated to concern with tobacco smoking (1).
According to the report by the International Agency for
Research on Cancer (IARC), there are 55 carcinogens in
tobacco smoke. Among the multiple ingredients in tobacco
smoke, 20 carcinogens are likely to be involved in lung
cancer induction in laboratory animals or humans. Of these,
polycyclic aromatic hydrocarbons (PAHs) and a tobacco-
specific nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK) are suggested to relate to carcinogenesis
(2,3). NNK has been suggested to link to the etiology of lung
cancer in humans as well as to the induction of tumors in
commonly used rodents like rat, mouse and hamster, indepen-
dently of its route of administration (4,5). NNK treatment in
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A/J mice results in the development of lung tumors that are
similar to human adenocarcinoma, a representative type of
human lung cancer in morphology and molecular charac-
teristics (6-8).

Cytochrome P450 (CYP) is widely known as a family of
enzymes metabolizing a variety of xenobiotics, including
drugs and carcinogens. CYP plays central roles in the
activation of many environmental chemicals to generate
reactive intermediates (9). In vitro, enzymes from the CYP2A
subfamily efficiently catalyze the metabolic activation of a
number of nitrosamines, including NNK. However, the ability
of each CYP2A enzyme to metabolize nitrosamines to their
active forms is different from others (10,11). Human CYP2A6
enzyme is known to be responsible for the metabolic activation
of chemicals including nicotine (12). Indeed, Japanese male
smokers with a CYP2A6 gene deletion-type polymorphism
have been shown to exert reduced lung cancer risk in a
hospital-based case control study (13,14). In mice, function
of Cyp2a5 enzyme is closely related to that of human CYP2A6
that is expressed in many tissues, including lung and liver
(15).

One approach to restrain cancer incidence is a chemo-
preventive intervention through which the disease can be
totally prevented, delayed or fixed dormant by one or more
natural occurring and synthetic chemical agents. Rice is one
of the major cereal foods eaten as a staple food worldwide,
especially in Asian countries. Rice seeds and rice germ contain
fiber and several kinds of antioxidants, such as ferulic acid
(16), phytic acid (17), tocopherols and oryzanols (18). Among
them, fiber and ferulic acid have been reported to prevent
chemically-induced aerodigestive tract carcinogenesis in
animal models (19-21). Rice germ itself or the compounds
contained in the rice bran or germ have chemopreventive
effects against carcinogenesis in the colon (22), liver (23),
stomach (24), esophagus (25) and bladder (26) of rodents.
FBRA is a processed food prepared by fermented brown rice
and rice bran with Aspergillus Oryzae. It is already known
that FBRA acts as a potent free radical scavenger (27). The
significance of brown rice and rice germ as modulators of
carcinogenesis prompted us to explore FBRA for its potential
anticancer properties. In this study, we examined the
chemopreventive activity of FBRA on the tobacco-derived
nitrosamine (NNK)-induced lung tumorigenesis in female
A/J mice in initiation and post-initiation phases.

Materials and methods

Animals. Female A/J mice, 3 weeks of age, were obtained
from Japan SLC, Inc. (Hamamatsu, Japan) and housed in
wire cages (3 or 4/cage) under controlled conditions of
humidity (50+10%), lighting (12-h light/dark cycle) and
temperature (23+2°C), with free access to water and were
bred and maintained on a basal diet, CE-2 (CLEA Japan Inc.,
Tokyo, Japan), until 6 weeks of age.

Chemicals. Powdered CE-2 diet was used as the basal diet
throughout the study. The experimental diets were prepared
by mixing 5.0 and 10.0% FBRA with CE-2 diet. FBRA was
supplied by Genmai Koso Co., Ltd. (Sapporo, Japan).
Briefly, the manufacturing process of FBRA is as follows.
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Fermentation base was made by steaming of brown rice and
rice bran. Aspergillus Oryzae was then seeded to the fermen-
tation base and fermentation process was continued for 18-
24 h. Subsequently, second fermentation was continued for
additional 12-24 h for aging purpose. Fermented product was
then dried and powdered. 4-(Methylnitrosamino)-1-(3-pyridyl)-
I-butanone (NNK) from Toronto Research Chemicals
(Toronto, Canada), monoclonal rat anti-mouse Ki-67 antigen
(Clone TEC-3), polyclonal rabbit anti-rat immunoglobulins/
biotinylated, polyclonal goat anti-rabbit immunoglobulins/
biotinylated, and Dako liquid DAB substrate-chromogen
system were purchased from Dako Corp. A polyclonal affinity-
purified rabbit antibody to the cleaved caspase-3 (Aspl75)
was obtained from Cell Signaling Technologies. Vectastain®
Elite ABC Kit was purchased from Vector Laboratories.

Experimental procedure. The experimental design was
approved by the Institutional Ethics Review Committee for
animal experiments at the Gifu University. Six weeks of age
of female A/J mice were randomly divided into 8 groups as
shown in Fig. 1. Mice in groups 2 and 3 received 5 and 10%
FBRA in diet, respectively, during initiation stage (during
and until 1 week after NNK treatment) and then transferred
to the control diet until 21 weeks of age. Mice in groups 4
and 5, which were maintained on basal diet during NNK
treatment, received 5 and 10% FBRA in diet, respectively,
during the post-initiation stage (1 week after NNK treatment
until 21 weeks of age). Mice in groups 7 and 8 received 5
and 10% FBRA in diet, respectively, throughout the experi-
mental period. Mice in group 6 were maintained in control
diet throughout the experimental period and served as non-
treatment control. At 7 weeks of age, mice in groups 1-5
received the NNK (10 mmol) by i.p. injection. Fourteen
weeks after NNK treatment, all surviving mice were sacrificed.
Their lung were collected and weighted, infused with 10%
neutral buffered formalin, and carefully inspected grossly.
All of the macroscopically detected lung nodules were counted
and examined histopathologically. Lung lesions, hyperplasias,
and adenomas were diagnosed according to the criteria of
‘International Classification of Rodent Tumors: The Mouse’
(28). For Cyp2a5 level study, a total 10 female A/J mice
were divided into 2 groups and received control diet and 10%
FBRA in diet, respectively, at 6 weeks of age. Two weeks
after FBRA treatment, all mice were sacrificed. Lung and
liver tissues were collected for RNA isolation and quantitative
analysis of Cyp2a5 expression.

RNA isolation and cDNA synthesis. Lung and liver tissue
were cut off into small pieces (~50-100 mg) and extracted
the RNA by using TRIzol reagent (Invitrogen, Life
Technologies, Carlsbad, CA, USA) and an RNeasy Mini Kit
(Qiagen Corp., Hilden, Germany) according to the manu-
facturer's instructions. The amount and quality of RNA for
each sample were assessed with the NanoDrop® ND-1000
UV-Vis Spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). Purified total RNA was reverse-
transcribed using the SuperScript First-Strand Synthesis
System for the reverse transcriptase-polymerase chain reaction
(RT-PCR) kit (Invitrogen), according to the manufacturer's
protocol.
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Figure 1. Experimental design to study the chemopreventive effect of the fermented brown rice and rice bran (FBRA) on NNK-induced lung tumorigenesis.

Real-time quantitative PCR (RT-PCR). Expression levels of
CYP2AS5 and B-actin mRNA were measured using a Light-
Cycler (Roche Applied Science) and the specific sense and
antisense primers. The reaction mixture contained 10.0 ul of
Takara SYBR Premix Ex Taq (Takara Bio Inc.), 1.0 ul of
10 uM of each primer, 3.0 ul of distilled water and 5.0 ul
cDNA. The amplification number of cycles was 45 and the
reaction took place for 10 sec at 95°C, 10 sec at 60°C and
6 sec at 72°C, with an initial step of 95°C for 10 min (hotstart).
Oligonucleotide primers were the following: for CYP2AS,
5'-TGGTCCTGTATTCACCATCTACC-3' and 5'-ACTACG
CCATAGCCTTTGAAAA-3'"; for B-actin, 5'-CATCCGTAA
AGACCTCTATGCCAAC-3' and 5-ATGGAGCCACCGAT
CCACA-3'.

Immunohistochemistry. The avidin-biotin peroxidase
complex (ABC) technique was used for immunohistochemical
studies. The lung whitish nodules (size =0.8mm) from
groups 1 and 5 were randomly collected. Sections (5-ym
thick) were cut, deparaffinized, rehydrated in PBS, placed
in 10 mmol/l citrate buffer (pH 6.0), and heated in Pascal
pressure cooker (Code No.S2800, Dako Corp.) programmed
for 1 min at 120°C The endogenous peroxidase activity was
blocked by incubation for 20 min in 3% H,0,. After washing
three times with PBS, the sections were preincubated with a
normal blocking serum for 30 min at room temperature and
then incubated with primary antibodies, which specific for
Ki67 or cleaved caspase-3 (used at 1:100 dilution), overnight
at 4°C. Subsequently, the section were incubated with
biotinylated secondary antibodies (used at 1:250 dilution) for
30 min at room temperature, followed by incubation with
avidin-coupled peroxidase (Vectastain Elite ABC Kit) for
30 min at room temperature. The sections were developed
with 3,3V-diaminobenzidine (DAB), counterstained with
hematoxylin and mounted coverslips.

Statistical analysis. The data for liver, kidney, lung or final
body weights were analyzed by the Student's t-test. The
incidence, multiplicity and size of lung proliferative lesions
were analyzed by Student's t-test. Mouse CYP2A5 mRNA
levels was analyzed by Mann-Whitney U-test. The Ki67
positive cell index was analyzed by Welch's t-test.

Results

Final body weight and weight of the liver, kidney and lung.
During the 21 weeks of experimental period starting at week 6,
administration of FBRA caused no significant differences in
final body weight and the weight of the liver, kidney or lung
as shown in Table I. In addition, there were no clear signs of
toxicity in the liver and kidney of any mice examined by the
histological analysis.

Incidence, multiplicity and tumor size. Whitish nodules in the
lung were frequently detected in mice treated with NNK.
Only 1 mouse in the NNK-untreated group (group 7) harbored
a nodule in the lung, suggesting a spontaneous development
of lung tumor. There was no evidence of the development of
lung tumors in groups 6 and 8. Histological analysis revealed
that all lung lesions are adenomas (Fig. 2). The incidences
and multiplicities (number of tumor per mice) of lung
adenomas are summarized in Table II. The treatment of 10%
FBRA (group 3) but not 5% FBRA (group 2) during the
initiation phase significantly reduced the multiplicity of lung
tumor when compared with control diet group 1 (p<0.006).
However, 10% FBRA had no effects for the incidence and
tumor's size in comparison with group 1 as shown in Table II.
The treatment of 10% FBRA during the post-initiation phase
also significantly decreased in both the multiplicity and tumor
size in comparison with group 1 (p<0.04) but not incidence
of lung tumor induced by NNK (Table II).
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Table I. Final body weight and the weight of liver, kidney and lung.

Weight (g)?
Group Treatment No.b Body Liver Kidney Lung
1 NNK alone 26 25.7£3.0 1.21£0.13 0.40+0.04 0.21+0.04
2 5% FBRA (initiation) + NNK 20 29142 1.22+0.15 0.42+0.07 0.22+0.03
3 10% FBRA (initiation) + NNK 20 26.9+4.2 1.32+0.16 0.42+0.07 0.23+0.02
4 5% FBRA (post-initiation) + NNK 20 28.0+2.8 1.23+0.17 0.43+0.08 0.21+0.04
5 10% FBRA (post-initiation) + NNK 20 28.6+£3.6 1.18+0.14 0.42+0.09 0.21+0.02
6 Control diet alone 5 28.0+4.2 1.27+0.14 0.44+0.07 0.23+0.02
7 5% FBRA alone 5 29.6+1.5 1.41+0.07 0.49+0.02 0.22+0.01
8 10% FBRA alone 5 26.1+1.8 1.30+0.08 0.42+0.04 0.23+0.01

2Mean + SD. PNumber of mice examined.
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Figure 2. Histopathology of lung adenoma induced by NNK. Photomicrograph of an H&E stained mouse lung adenoma from group 1 at x100 and x400

magnification, respectively.

Table II. Incidences and multiplicities of NNK-induced lung adenomas in female A/J mice treated with FBRA.

Group Treatment No. Incidence (%)° Multiplicity® Tumor size!
1 NNK alone 26 26/26 (100) 4.08+1.85 0.77+0.33
2 5% FBRA (initiation) + NNK 20 19/20 (95) 3.60+2.44 0.78+0.33
3 10% FBRA (initiation) + NNK 20 16/20 (80) 2.35+2.13¢ 0.78+0.32
4 5% FBRA (post-initiation) + NNK 20 20/20 (100) 3.10£1.59 0.74+0.30
5 10% FBRA (post-initiation) + NNK 20 20/20 (100) 3.00+1.52f 0.66+0.32¢
6 Control diet alone 5 0/5  (0) 0.00+0.00 ND*
7 5% FBRA alone 5 1/5 (20) 0.20+0.45 ND
8 10% FBRA alone 5 0/5 (0) 0.00+0.00 ND

aNumber of mice examined. "Number of mice observed each lesion (%). “Tumor per mouse (mean = SD). ‘Mean + SD (mm?). *Significantly
different from group 1 by Student's t-test (p<0.006). ‘Significantly different from group 1 by Student's t-test (p<0.04). £Significantly different

from group 1 by Student's t-test (p<0.04). "ND, not determined.

Expression levels of Cyp2a5 mRNA in liver and lung. To
investigate the molecular mechanisms of the suppressing
effect of FBRA against NNK-induced lung tumorigenesis in
the initiation phase, the mRNA expression levels of Cyp2a5

in both liver and lung tissues was analyzed by quantitative
RT-PCR. Data for relative-quantification of Cyp2a5 mRNA
in liver and lung of FBRA-treated A/J mice are summarized
in Fig. 3. Administration of 10% FBRA led to the decreased
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Figure 3. Quantitative real-time PCR (qRT-PCR) analyses of mouse Cyp2a5
mRNA in the liver and lung. Data are mean + SD values, normalized with
respect to B-actin.

expression levels of Cyp2a5 mRNA in the lung (0.48+0.25
in FBRA treated mice vs. 1.28+0.68 in the control mice,
p<0.02) but not in the liver (1.51+0.74 in FBRA-treated mice
vs. 1.27+0.33 in the control mice).

Cell proliferative and apoptotic indices in lung tumors. In
this study, suppressive effect of FBRA was confirmed not
only in the initiation phase, but also in the post-initiation phase.
Thus, cell kinetic analysis for cell proliferative and apoptotic
index of lung tumors was performed with the expression of
Ki67 and cleaved caspase-3. Administration of 10% FBRA
to NNK-treated mice significantly decreased Ki67 positive
cell index in the lung adenomas when compared with the
adenomas in the NNK-treated group with control diet alone
(0.065+0.016 and 0.114+0.025 per field at x400 magnifi-
cation, respectively, p<0.001). In contrast to the frequent
expression of positive cells for the cleaved caspase-3 in the
control section of the colon, positive cells were scarcely found
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in NNK-induced lung tumors from different groups, indicating
that cellular apoptosis rarely occurs in such tumors (data not
shown).

Discussion

It is widely recognized that cigarette smoke contains a number
of carcinogens, tumor initiators, promoters, co-carcinogens
and mutagens. The mutagenicity of many constituents in
tobacco smoke has been demonstrated in a variety of
prokaryotic and eukaryotic test systems. The carcinogenicity
of some of these mutagens has been evaluated in animals;
some of these compounds are already designated as human
carcinogens. 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) is one of the major carcinogenic compounds in
cigarette smoke. Several epidemiological studies have
suggested that NNK is one of the important causative agents
for human lung cancers (2-5).

It is assumed that dietary factors play an important role
in the prevention of several types of cancer, including lung
cancer. A number of reports have shown the chemopreventive
effect of fermented brown rice and rice bran (FBRA) on
several types of cancer (22,24-26). The data presented herein
also demonstrate that the exposure of 10% FBRA in the diet
during both initiation and post-initiation phase significantly
suppressed occurrence of the total number of lung proliferative
lesions of NNK-treated A/J mice. In this study, the adminis-
tration of 10% FBRA in the post-initiation phase significantly
decreased the mean size of tumor. This inhibitory action is
consistent with the previous reports that FBRA inhibited the
carcinogenesis of the colon, liver, stomach, bladder and
esophagus (22-26).

It is known that absorbed NNK initially exist in the body
as a procarcinogen, an inert form that requires activation to
exert its full effects. There are three primary pathways with
regard to NNK activation: i) carbonyl reduction, ii) pyridine
N-oxidation and iii) a-hydroxylation (5,29,30). Cytochrome
pigment 450 (CYP450) enzymes belonging to the CYP
multigene family catalyze the a-hydroxylation of NNK in the

[

Ki67 positive cell index

Control 10% FBRA

Figure 4. Immunohistochemical examination for the expression of Ki67 in lung adenoma induced by NNK. (A and C) Display lung adenoma from control diet
group (group 1) at x100 and x400 magnification, respectively. (B and D) Lung adenoma from 10% FBRA group (group 5) at x100 and x400 magnification,

respectively. Ki67 positive cell index + SD is shown (E).
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oxidative metabolism pathway (5,9,11). It is noteworthy that
expression levels of Cyp2a5 were significantly decreased by
the administration of FBRA in this study. It is possible that
the inhibitory effect on the Cyp2a5 expression leads to a
decreased production of the active form of NNKs such as a-
hydroxyNNKs and a-hydroxyNNALSs, and is associated with
the suppressive effects of FBRA on the lung tumorigenesis at
the initiation phase.

In general, hyperproliferation is suggested to be relevant
to carcinogenesis of many organs (31-33). Indeed, carcinomas
of the lung have the highest indices for Ki67 (34,35).
Therefore, the control of cell proliferation in the target organs
is regarded as an important strategy for chemoprevention.
Presently, we showed that dietary exposure of FBRA during
the post-initiation phase decreased the size of tumors. It is
important that the number of Ki67 positive cells in lung
adenomas was significantly decreased by the post-initiation
treatment of FBRA. Similar results have been obtained in
other studies with various chemopreventive agents (36,37)
and FBRA (24). The suppression of proliferative activity in
tumor cells might be one of the important mechanisms of
the chemopreventive effect of FBRA at post-initiation
phase.

FBRA is a processed food prepared by fermenting brown
rice and rice bran with Aspergillus Oryzae. The nutritional
and sanitary advantage of fermentation has been recognized,
although the details are not well known. Fermented soy
bean paste or soy sauce, which prepared by fermenting with
Aspergillus Oryzae, has been found to be more stable against
lipid peroxidation than unfermented soybeans, because
Aspergillus Oryzae-fermented soybean products contain several
antioxidants like 6-hydroxydaidzein, 8-hydroxydaidzein
and 8-hydroxygenistein more abundantly than unfermented
soybeans (38). These 8-hydroxyisiflavones are reported to
possess greater 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical-
scavenging activity and antiproliferative activity than the
corresponding isoflavone analogs (38,39). Furthermore, such
8-hydroxyisoflavones and 6-hydroxydaidzein are reported to
possess antimutagenic activity (39,40). Several epidemio-
logical and preclinical studies suggested the chemopreventive
effects of such fermented soybean products (41-43). Dihydro-
ferulic acid and dihydrosinapic acid, which were isolated
from unpolished rice vinegar (Kurosu), were suggested as the
major constituents responsible for radical scavenging activity
of Kurosu (44). These acids are produced in Kurosu through
the process of the fermentation from ferulic acid and sinapic
acid. Rice bran contains approximately 20% oil which
contains several bioactive polyphenols including ferulic acid,
protocatechuic acid, sinapic acid and vanillic acid (45). Thus,
it is possible that FBRA has similar mechanistic aspects to
the fermented soybeans or Kurosu.

In conclusion, we demonstrated that administration of
fermented brown rice and rice bran (FBRA) during both the
initiation and post-initiation phase inhibits lung tumori-
genesis induced by NNK in female A/J mice, indicating that
FBRA is a promising chemopreventive agent for human lung
cancer. Our results suggest that a reduction of Cyp2a5 mRNA
expression levels and a reduction of cell proliferative activity
in tumor cells may be involved in such chemopreventive
effects of FBRA.
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