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Abstract

Background: The development of effective chemopreventive agents against cigarette smoke-induced lung
cancer could be greatly facilitated by suitable laboratory animal models, such as animals treated with the tobacco-
specific lung carcinogen 4-(methylnitrosamino)-|-(3-pyridyl)-1-butanone (NNK). In the current study, we
established a novel lung cancer model in Wistar rats treated with NNK. Using this model, we assessed the effects
of two chemopreventive agents, aspirin and phenethyl isothiocyanate (PEITC), on tumor progression.

Methods: First, rats were treated with a single-dose of NNK by intratracheal instillation; control rats received
iodized oil. The animals were then sacrificed on the indicated day after drug administration and examined for
tumors in the target organs. PCNA, p63 and COX-2 expression were analyzed in the preneoplastic lung lesions.
Second, rats were treated with a single-dose of NNK (25 mg/kg body weight) in the absence or presence of aspirin
and/or PEITC in the daily diet. The control group received only the vehicle in the regular diet. The animals were
sacrificed on day 91 after bronchial instillation of NNK. Lungs were collected and processed for histopathological
and immunohistochemical assays.

Results: NNK induced preneoplastic lesions in lungs, including 33.3% alveolar hyperplasia and 55.6% alveolar
atypical dysplasia. COX-2 expression increased similarly in alveolar hyperplasia and alveolar atypical dysplasia,
while PCNA expression increased more significantly in the latter than the former. No p63 expression was
detected in the preneoplastic lesions. In the second study, the incidences of alveolar atypical dysplasia were
reduced to 10%, 10% and 0%, respectively, in the aspirin, PEITC and aspirin and PEITC groups, compared with
62.5% in the carcinogen-treated control group. COX-2 expression decreased after dietary aspirin or aspirin and
PEITC treatment. PCNA expression was significantly reduced in the aspirin and PEITC group.

Conclusion: (1) A single dose of 25 mg/kg body weight NNK by intratracheal instillation is sufficient to induce
preneoplastic lesions in Wistar rat lungs. (2) COX-2 takes part in NNK-induced tumorigenesis but is not involved
in proliferation. (3) Aspirin and PEITC have protective effects in the early stages of tumor progression initiated
by NNK.
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Background

Lung cancer is strongly associated with cigarette smoking
[1]. It is the single best-documented risk factor for all lung
cancer types [2]. Each cigarette contains a mixture of car-
cinogens, including the tobacco-specific nitrosamine
NNK and a small dose of polycyclic aromatic hydrocar-
bons (PAHs) among others, along with tumor promoters
and co-carcinogens [3,4]. The complex of PAHs and the
tobacco-specific nitrosamine NNK in cigarette smoke is
the mixture that is most likely to be involved in the induc-
tion of human lung cancer.

It is suggested that NNK is strongly related to human pul-
monary adenocarcinoma [2,5,6]. An etiological role of
NNK in the induction of human lung cancer is supported
by evidence showing that NNK is activated to form a
DNA-damaging agent in human lung tissue [7], and that
the lung is an important target organ for NNK-induced
carcinogenesis in rodents. NNK induces lung adenocarci-
noma in mice, rats and Syrian golden hamsters, inde-
pendently of administration route [8-11]. Although these
models are widely used to explore the genetic mecha-
nism(s) of pulmonary neoplasia and its chemopreven-
tion, some weaknesses cannot be ignored. First, the
animals are usually given carcinogens by intraperitoneal
(i.p.) or subcutaneous injection (s.c.) or oral administra-
tion, and administration takes a long time. Second, neo-
plasia can be found in other organs besides lung, e.g. nasal
cavity, liver, esophagus and pancreas. Third, a high inci-
dence of spontaneous tumors including pulmonary neo-
plasia has been observed in some special strains used in
this model, e.g. A/] mouse.

In the present work, we show that a single dose of NNK by
intratracheal instillation induces preneoplastic lesions in
Wistar rat lungs. This is the first time, to our knowledge,
that early preneoplastic lesions have been reported in
NNK-treated Wistar rats. The advantages and limitations
of the model in chemoprevention studies are discussed
and we also suggest that two chemopreventive agents,
PEITC and aspirin, protect the rats against NNK-induced
tumorigenesis during the early stages of tumor develop-
ment. Understanding the different early steps of lung tum-
origenesis caused by NNK might facilitate the
development of more effective strategies for the preven-
tion, early diagnosis and treatment of lung cancer.

Methods

Animals

Female Wister rats, 6-7 weeks, 200 + 10 g, were purchased
from the animal center of Hubei College of Traditional
Chinese Medicine. The animals were housed in plastic
cages under standard laboratory condition (25°C; 40%
relative humidity; 12 h dark/light cycle) with food and
water. We received approval for the production and use of
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laboratory animals (rodent, rabbit, dog and monkey)
from Hubei Province Department of Science and Technol-

ogy, license No. SYXK (/) - 2003 - 0013.

Chemicals
NNK was purchased from Chemsyn Science Laboratories.
PEITC and aspirin were from Sigma-Aldrich.

Tumor induction

NNK was dissolved in iodized oil at a stock concentration
of 50 mg/ml. The animals were randomly assigned to 2
groups. Group 1, comprising 18 animals, were instilled
with NNK into the left lobe using the method previously
established [12]. In brief: after the animal was anesthe-
tized, it was hung on a slanted surgical board and its vocal
cord was exposed. Using a blunt ZY-type 12-gauge needle,
NNK was instilled into the left lower lobe at a dose of 25
mg/kg body weight. Group 2, comprising 10 animals,
were instilled with 0.1 ml iodized oil into the left lung as
control. After instillation, the rats were given streptomycin
(250 mg/kg body weight) and penicillin (100000 U/kg
body weight) by muscle injection for 7 days to preclude
infections.

DSA of X-ray photography

Every animal was X-rayed immediately after instillation to
identify the location of the iodized oil, and again after 92
days to observe changes in the left lobe.

Histopathology

All animals that died during the study or were sacrificed
under ether anesthesia received a complete necropsy and
histopathological examination. Lungs were perfused
intratracheally with 10% neutral buffered formalin (NBF)
and immersed in 10% NFB for fixation. Major tissues were
fixed and preserved in 10% NFB, processed and trimmed,
embedded in paraffin, sectioned at a thickness of 3-4 um,
and stained with hematoxylin and eosin for microscopic
examination. The following tissues were examined micro-
scopically for gross lesions and tissue masses: bone and
marrow, heart, large intestine, small intestine, kidney,
liver, lung and associated lymph nodes, spleen, stomach,
nasal cavity. Three transverse step sections were prepared
to observe tumor development in the left lung of each rat.
The sections from group 1, which received NNK, were
divided into alveolar hyperplasia, alveolar atypical dyspla-
sia, adenoma and adenocarcinoma. The following criteria
for diagnostic evaluation were used: alveolar hyperplasia
- alveolar structure of lung is present, proliferation of cells
obliterates normal alveolar space, and the proliferated
cells are homogeneous and slightly enlarged without cyto-
logical atypia. Alveolar atypical dysplasia - alveolar struc-
ture of lung is largely present, and the proliferated cells are
larger and show enlarged nuclei, hyperchromasia and
nuclear-cytoplasmic reversal. Adenoma - alveolar struc-
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ture is largely absent and replaced by proliferated cells
with or without cytological atypia. Adenocarcinoma -
tumor composed of glandular, papillary, or solid masses
with cytological atypia. Preneoplastic lesions include alve-
olar hyperplasia and atypical dysplasia.

Transmission electron microscopy

To identify the origin of the proliferated cells in the group
treated with NNK (group 1), small pieces of specimens
from the left lung were fixed in 5% phosphate buffered
glutaraldehyde for 2 hours, then postfixed in 1% osmium
tetroxide, dehydrated in a graded series of ethanol and
acetone and embedded in epoxy resin 618. Ultrathin sec-
tions were stained with uranyl acetate and lead citrate and
examined with a Hitachi H-600 electron microscope.

Immunohistochemistry

Antibodies against CK (AE1/AE3), PCNA, p63, COX-2
(rabbit polyclonal) were purchased from NeoMarkers
(Lab Vision, Fremont, CA). IHC staining was performed
using a modified avidin-biotin complex method
described by Kobayashi [13]. Sections of formalin-fixed
and paraffin-embedded tissue samples from gross lesions
of the lung were deparaffinized in xylene and hydrated
through a graded alcohol series before being microwaved
in citrate buffer (pH 6) for 10 minutes, and the slides were
then allowed to cool at room temperature for 30 minutes.
Endogenous peroxidase was blocked with 3% hydrogen
peroxide for 15 minutes, and the tissues were incubated
with normal blocking goat serum. Subsequently, the
slides were incubated with primary antibody (dilution,
1:200) overnight at 4°C, washed, stained with bioti-
nylated second antibody for 30 minutes, incubated with
strepavidin horseradish peroxidase enzyme at room tem-
perature for 20 minutes, then treated with 3', 3-diami-
nobenzidine chromogen (DAB) for 3 minutes at room
temperature and counterstained with hematoxylin.

PCNA immunostaining [14] was scored by counting at
least 500 cells in representative high power fields. Every
stained nucleus was considered positive, irrespective of
intensity. In cases where staining was heterogeneous in
the section, the fields examined included those with the
highest and those with the lowest percentages of stained
cells. The percentage of positive stained cells was recorded
as the PCNA labeling index (LI). In preneoplastic lesions,
p63 was scored on the following basis: 0 for no staining;
1 for basal layer staining; 2 for basal and parabasal layer
staining; and 3 for full thickness staining. In the speci-
mens immunostained for COX-2, the distribution (the
percentage of positive cells) and the intensity of staining
were assessed semiquantitatively. The scoring criteria were
similar to those used for human specimens [15]. Both the
number of positive cells and the intensity of staining were
evaluated as follows. Number of positive cells: none, 0;
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focal (one third of cells stained), 1; multifocal (two third
of cells stained), 2; and diffuse (most cells stained), 3.
Intensity of staining: none, 0; mild (between 0 and 2), 1;
and strong (clearly identified by x 40 magnification), 2.
The scores for distribution and intensity were added. The
score for each specimen was then recorded as the mean
overall score of five x 40 objective fields. All samples were
independently scored by two blinded investigators.

Chemopreventive agents

Wistar rats (6-7 weeks of age, 200 + 10 g body weight)
were purchased from the animal center of Hubei Chinese
Medical College. The animals were housed in plastic cages
under standard laboratory condition (25°C; 40% relative
humidity; 12 h dark/light cycle) with food and water ad
libitum for 1 week. After the acclimation period, they were
randomly allocated to 5 groups: (A) aspirin, 0.5 g/kg diet,
10 rats; (B) PEITC, 0.5 g/kg diet, 10 rats; (C) aspirin, 0.5
g/kg and PEITC, 0.5 g/kg diet, 10 rats; (D) positive con-
trol, 8 rats; (E) negative control, 9 rats. Each rat in groups
A-D was given a single dose of NNK (25 mg/kg body
weight, intratracheal instillation). Rats in group E were
instilled with 0.1 ml iodized oil without NNK. Six hours
later, the rats in groups A, B and C were fed their special
diets, while groups D and E were maintained on the nor-
mal diet as before. The normal diet was produced by the
Laboratory of Wuhan University on the basis of rat for-
mula feeds, which are regulated by standard GB 14924-
2001 published by the People's Republic of China. The
dietary treatments were continued until the end of the
experimental period. The rats were weighed weekly and
food consumption was measured every other day. At 3
months (91 days) after NNK administration, the rats were
killed and the lungs were processed for histopathological
and immunohistochemical examination.

Statistics

Analyses were done using SPSS software version 13.0.
One-way ANOVA followed by Dunnett's T3 test was used
to evaluate the changes of PCNA protein expression
among the groups. One-way ANOVA followed by Tukey's
test was used to evaluate changes in COX-2 protein
expression, food consumption and body weight among
the groups. The incidences of alveolar hyperplasia and
dysplasia were compared among the chemopreventive
experiment groups using the y2 test.

Results

Instillation region

All animal pulmograms showed that the iodized oil was
located in the left inferior lobe (Fig. 1), and the image was
gradually attenuated with time. Three months (92 days)
after instillation, the image had almost disappeared.
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Figure |

X-ray photographs of NNK-treated rats. X-ray photo-
graphs showed the carcinogenic iodized oil located in the left
lobe after instillation.

Morphological changes

Group 1 was killed on day 92. In this group, 10 rats
(55.56%) were seen by the naked eye to have firm gray
nodules in the left inferior lobe, ranging in size from
about 2 to 5 mm; 2 rats had pulmonary emphysema; the
others had no obvious changes. Microscopy revealed that
6 rats (33.33%) had alveolar hyperplasia: the alveolar
structure of lung was present; the proliferated cells oblit-
erated the normal alveolar space but had no obvious cyto-
logical atypia. Ten rats (55.56%) showed alveolar atypical
dysplasia: the alveolar structure of lung was largely
present; the proliferated cells were larger and showed
enlarged nuclei, hyperchromasia and nuclear-cytoplasmic
reversal (Fig. 2). Only 2 out of 18 rats had squamous
metaplasia of the bronchial epithelium, and none had
dysplasia or CIS. No pathological changes appeared in
any of the control groups.

Origin of proliferated cells in the NNK-treated group
In order to determine the origin of the proliferated cells,
we studied CK and S-100 expression in lung specimens.
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Figure 2

Photomicrographs of typical lung lesions in NNK-
treated Wistar rats. (A) Alveolar epithelial hyperplasia in a
Wistar rat (magnification x 200). (B) Dysplasia occurred in
the alveolar region. Some of the alveolar structure was
absent and replaced by proliferated cells (magnification x
200). (C) Proliferated cells with increased cellular atypia
(magnification x 400).

CK was positive in some proliferated cells, but S-100 was
negative. In the thickened alveolar septa, some cells
expressed both CK and PCNA (Fig. 3A, B). By transmis-
sion electron microscopy, the proliferated cells had lamel-
lar body-like structures; the mitochondria in these cells
were swollen (Fig. 4).

COX-2, p63 and PCNA expression in preneoplastic lesions
in the NNK-treated rats

In normal rat lung tissue, bronchial mucosa epithelial
cells and smooth muscle cells stained positively for COX-
2. Some basal cells in normal bronchial epithelium
expressed p63 and PCNA. In the control group only 2
specimens showed no reaction for p63, the mean (SD)
scores for COX-2 and PCNA are 0.68 (0.33) and 1.16
(0.53), respectively. In preneoplastic lesions in the NNK-
treated group, the mean (SD) scores for COX-2 were 2.93
(0.24) and 3.34 (0.43) in alveolar hyperplasia and alveo-
lar atypical dysplasia, respectively. p63 protein was not
expressed anywhere in these specimens except in the
bronchial mucosa. The mean (SD) PCNA indices were
18.57 (2.60) and 24.25 (3.34) in alveolar hyperplasia and
alveolar atypical dysplasia, respectively. Compared with
normal tissues, COX-2 expression also clearly increased in
alveolar hyperplasia, but there was no difference between

Figure 3

CK and PCNA expression in alveolar septa of Wistar
rats exposed to NNK. Parallel sections of thickened alveo-
lar septa were stained with CK antibody (A) and PCNA-spe-
cific antibody (B). Arrows indicate cells that expressed both
CK and PCNA. Magnification X 400.
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Figure 4

Transmission electron microscopy of proliferated
cells in Wistar rats exposed to NNK. The proliferated
cells had lamellar body-like structures (arrows). Magnification
% 4000.

alveolar hyperplasia and alveolar atypical dysplasia. The
PCNA labeling index increased in cases of alveolar hyper-
plasia, and a significant difference was detected between
alveolar hyperplasia and alveolar atypical dysplasia (Fig.
5).

Chemoprevention

In the second part of our study, we explored the ability of
PEITC and aspirin to inhibit the effect of NNK in the Wis-
tar rat model of preneoplastic lesions. Figure 6 presents
the food consumption and body weight throughout the
experiment. Food consumption was lower in groups B
(PEITC) and C (aspirin and PEITC) than in the other
groups during week 1 (P < 0.01), especially on the second
day, and lower than in group E (negative control) during
week 9 (P < 0.05). There were no effects on body weight.
In the carcinogen-treated control group (group D), the
incidences of alveolar hyperplasia and alveolar atypical
dysplasia were 25.00% and 62.50% respectively. Progres-
sion to adenocarcinoma was inhibited in groups A, B and
C. Treatment with aspirin and/or PEITC reduced the alve-
olar dysplasia and improved the lung structure (Fig. 7).
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Figure 5

Expression of COX-2 and PCNA in preneoplastic
lung lesions of Wistar rats exposed to NNK. A and B
show immunohistochemical staining for COX-2 and PCNA
in normal lung tissues of rats. A, COX-2; B, PCNA. Cand D
show immunohistochemical staining for COX-2 and PCNA
in alveolar hyperplasia of NNK-treated Wistar rats. C, COX-
2; D, PCNA. E and F show immunohistochemical staining for
COX-2 and PCNA in alveolar dysplasia of NNK-treated
Wistar rats. E, COX-2; F, PCNA. Magnification % 200.

The results are summarized in Table 1. The incidence of
atypical dysplasia was significantly lower in groups A
(aspirin), B (PEITC) and C (aspirin and PEITC) than in
the carcinogen controls (group D). In group A, aspirin sig-
nificantly (P < 0.01) decreased atypical dysplasia by
84.00%. In group B, PEITC also significantly (P < 0.01)
decreased atypical dysplasia by 84.00%. In group C, atyp-
ical dysplasia was reduced by 100.00%. Alveolar hyper-
plasia was also reduced in group C but the reduction was
not statistically significant. No alveolar hyperplasia or
atypical alveolar dysplasia appeared in any of the negative
controls, which were not treated with NNK (group E).

The specimens were further analyzed for proliferation and
expression of COX-2 to elucidate the mechanism by
which aspirin or/and PEITC reduced alveolar atypical dys-
plasia. The data presented in Table 2 summarize the
PCNA labeling indices and COX-2 scores for each group.
The percentage of PCNA positive cells was significantly
reduced by aspirin and PEITC in group C, and also
reduced in groups A and B by aspirin or PEITC. However,
the reduction was not statistically significant. COX-2
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Figure 6

Food consumption and body weight in groups A-E. A,
food consumption was measured every other day and aver-

aged for all rats in the group; B, body weights were measured
weekly and averaged for all rats in the group. Values shown

are means.

expression was not changed by PEITC treatment; in con-
trast, it was clearly reduced by aspirin or by aspirin and
PEITC.

Discussion

The Wistar rat has been used widely in experimental
research. Unlike the A/] mouse, it is not susceptible to the
development of adenomas that progress with time to car-
cinomas. In 1984, we successfully established a protocol
for inducing squamous cell carcinoma in Wistar rat lungs
by MCA [12]. In this model, we could obtain different
morphological stages in the mutistep process of lung tum-
origenesis by controlling the survival time: hyperplasia,
squamous metaplasia, atypical dysplasia, CIS, invasive
carcinoma and metastatic carcinoma. Using this model,
we explored many aspects of the molecular mechanism of
formation of pulmonary squamous cell carcinoma. This
study demonstrated for the first time that a single-dose
intratracheal instillation of NNK could produce preneo-
plastic lesions in Wistar rat lungs. Three months after
instillation, the rats treated with NNK had no obviously
pathological lesions in any of the main organs except the
lung. First, this protocol has the advantage of being safe,
since the carcinogens are handled only once. To our
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Figure 7

Aspirin and/or PEITC inhibit lung tumorigenesis in
Wistar rats after NNK instillation. Treatment with aspi-
rin and/or PEITC reduced alveolar dysplasia and improved
lung structure after 91 days. A, NNK-treated group; B, aspi-
rin group; C, aspirin and PEITC group. Magnification x 100.

knowledge, only one other single dose protocol has been
reported to induce adenomas in A/] mice by the i.p. route:
Hecht developed a rapid single-dose protocol for induc-
ing lung tumors in A/] mice by NNK in 1989. A single
intraperitoneal injection of NNK at a dose of 2 mg per
mouse was sufficient to induce an average of 10-12 lung
adenomas in each animal [16]. Various investigators have
used this model to demonstrate the efficacies of chemo-
preventive agents. Second, our model is suitable for inves-
tigating somatic changes during lung tumorigenesis,
including changes in the blood. Although the organospe-
cificity of NNK for the lung is remarkable, most studies
have involved systemic administration of the compound,
e.g. orally or by i.p. or s.c. injection, so tumors were also
found in other organs [17-20]. This may make it difficult
for researchers to distinguish specific changes in lung tum-
origenesis-related serum proteins. In our study, NNK was
administered locally into the respiratory tract. Lesions
were found only locally in the lung. The model could be
used to identify prognostic and monitoring factors from
blood samples for early detection. Third, intratracheal
instillation is more relevant to inhalation of tobacco
smoke by people. The results show that alveolar hyperpla-
sia and atypical dysplasia can be observed in this model.
Some proliferated cells in these lesions had abundant
cytoplasm and usually expressed CK abundantly; electron

Table I: The effects of aspirin or/and PEITC on lung tumorigenesis in Wistar rats treated with NNK

Group Number of rat Alveolar hyperplasia Alveolar atypical dysplasia

n Incidence (%) n Incidence (%)

[Decrease?]
A. Aspirin 10 6 60.00 | 10.00@ [84.00%]
B. PEITC 10 4 40.00 | 10.00@ [84.00%]
C. Aspirin + PEITC 10 | 10.00 0 0.00¢4 [100.00%]
D. Positive control 8 2 25.00% 5 62.50%*
E. Negative control 9 0 0 0 0
a Compared with the incidence of alveolar atypical dysplasia in group D
*p < 0.05 when compared with negative control group by Fisher's exact probability test.
*p < 0.0] when compared with negative control group by Fisher's exact probability test.
@p < 0.05 when compared with positive control group by Fisher's exact probability test.
@ &p < 0.0l when compared with positive control group by Fisher's exact probability test.
Page 6 of 10

(page number not for citation purposes)



BMC Cancer 2007, 7:90

http://www.biomedcentral.com/1471-2407/7/90

Table 2: The effects of aspirin or/and PEITC on the expressions of PCNA and COX-2

Group Number of rat % Cells Positive for PCNA Scores for COX-2
Mean (SD) Mean (SD)
A.aspirin 10 12.05(8.81) 2.08(0.72)¢
B.PEITC 10 10.92(11.55) 2.34(0.95)
C.asprin + PEITC 10 425(5.27)¢¢ 1.60(0.73) ¢ &
D.Positive control 8 24.48(9.14) ** 3.13(0.88) **
E.Negative control 9 1.17(0.56) 0.67(0.35)

*p < 0.05 when compared with negative control group.
*#p < 0.01 when compared with negative control group.
@ p < 0.05 when compared with positive control group.
@ @p < 0.01 when compared with positive control group.

microscopy showed that most of these cells had lamellar
body-like structures. This suggests that the proliferated
cells may derive from type 2 pneumocytes. According to
the dosage reported by Schuller [21], we tested the carci-
nogenic potency of NNK in preliminary studies on Wistar
rats in doses ranging from 25-50 mg/kg body weight over
3 to 6 months, but no dose or time response was
observed. Long-term studies will be carried out to test our
expectation that the preneoplastic lesions described here
will in fact progress to adenocarcinomas. With further
development, this should furnish an excellent model for
preneoplastic lesions, carcinomas and metastatic carcino-
mas.

Comparing these two models morphologically, the MCA-
induced lung preneoplastic lesions were squamous meta-
plasia, squamous atypical dysplasia and CIS. The NNK-
induced preneoplastic lung lesions were alveolar hyper-
plasia and atypical dysplasia. This indicates that MCA and
NNK have different target locations in lung tumorigene-
sis.

Carcinogens such as NNK require metabolic activation to
exert their carcinogenic effects; there are competing
detoxification pathways, and the balance between meta-
bolic activation and detoxification differs among individ-
uals and will affect cancer risk. Prostaglandin (PG)-
endoperoxide synthase (cyclooxygenase) enzymes (COX)
may play important roles in the oxidation of NNK in lung,
and they also catalyze the conversion of certain polynu-
clear aromatic hydrocarbons and/or metabolites to the
ultimately carcinogenic diol epoxides [22,23]. Two iso-
forms of COX, COX-1 and COX-2, have been identified as
the enzymes responsible for the production of prostaglan-
dins. COX-2 increases in many neoplastic tissues and is
inducible by cytokines, growth factors and chemical car-
cinogens. Multiple lines of evidence suggest that COX-2 is
also important in carcinogenesis. El-Bayoumy et al. [24]
observed that increased COX-2 expression correlated with
the development of lung tumors induced by NNK. In
humans, overexpression of COX-2 has also been associ-

ated with lung cancer, specifically with adenocarcinomas
[25,26]. Hida et al. [25] reported that COX-2 was overex-
pressed in 16 of 23 adenocarcinomas (70%) and one of
three AAH. Increased COX-2 expression in precursor
lesions of human lung adenocarcinoma was also observed
by Yukio et al. [27]. This supports a role for COX-2 in the
earliest stages of lung adenocarcinoma progression. Our
data provide further confirmation of this role. COX-2 pro-
tein levels clearly increased in alveolar hyperplasia and
alveolar atypical dysplasia, and the COX-2 score corre-
lated with the PCNA labeling index. COX-2 expression in
squamous cell carcinoma is very different from that in
lung adenocarcinoma, studies have demonstrated that
COX-2 protein and mRNA expression was significantly
lower in squamous cell carcinoma than in adenocarci-
noma [26,28-30].

The recently discovered factor p63 is the most ancient
member of the p53 family [31]. p63 amplification or
overexpression is often found in NSCLC, specifically in
squamous cell carcinomas [32-34]. To study the role of
p63 in tumorigenesis, we analyzed the frequency and tim-
ing of p63 protein expression by IHC on NNK-induced
lesions. We found that p63 was not overexpressed in any
lesion induced by NNK. Conflicting data have been pub-
lished regarding the immunoreactivity of p63 in AAH
[35], indicating a need for further investigation.

Aspirin is a traditional non-steroidal anti-inflammatory
drug (NSAID). There is some evidence that regular and
prolonged aspirin use is associated with a reduced risk of
lung cancer [36-41]. One proposed mechanism for the
chemopreventive properties of aspirin and other NSAIDs
entails the inhibition of COX-2 [42], the enzyme that reg-
ulates prostaglandin production. Prostaglandin E, plays a
key role in the accelerated proliferation of lung cancer cell
lines [43]. The results from the first part of our study sug-
gested that COX-2 is important in NNK-induced tumori-
genesis. So, in the second part of the study, we used the
NNK model to observe the chemopreventive efficacy of
aspirin via COX-2 suppression. Our results confirmed that
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25 mg/kg body weight aspirin per day significantly
reduced COX-2 expression in lung, and also lowered the
incidence of alveolar dysplasia. However, aspirin failed to
decrease the proliferation of the alveolar epithelium. This
suggests that increased levels of COX-2 do not directly
lead to proliferation in the early stage of NNK-induced
tumorigenesis. Duan [44] declared that aspirin was not
able to inhibit A549 cell proliferation directly without
cytokine stimulation. In 2004, Keith et al. [45] found that
increased pulmonary production of prostaglandin 12
(prostacyclin) by lung-specific overexpression of prostacy-
clin synthase decreases lung tumor incidence and multi-
plicity in chemically-induced murine lung cancer models.
Hence, the modulation of pathways downstream of COX-
2 may be well worth exploring in lung cancer.

PEITC, a naturally occurring constituent of cruciferous
vegetables, has been reported to inhibit the development
of tobacco-specific carcinogen-induced lung tumors [46-
50]. Morse et al. [46] reported that F344 rats fed diets con-
taining PEITC (3 umol/g diet), before and during treat-
ment with the NNK, developed about 50% fewer lung
tumors than NNK-treated rats fed control diets. The lung
tumor incidences in the NNK-treated groups, fed a diet
containing 4 mmol/kg or 8 mmol/kg PEITC, were 9% and
17% respectively, compared to 67% in the control group
[49]. In this study, we observed inhibition of lung tumor-
igenesis in Wistar rats fed with PEITC after NNK instilla-
tion. PEITC significantly lowered the incidence of alveolar
dysplasia in group B, but we observed no down-regulation
of COX-2 expression or PCNA in this group. The anticar-
cinogenic action of isothiocyanates against lung cancer
has been attributed to the inhibition of phase I enzymes
and/or to the induction of activity of phase II conjugation
enzymes for carcinogen metabolism [51-54]. In most
reported studies, PEITC must be present at the time of car-
cinogen exposure in order to inhibit tumorigenesis detect-
ably [48,55,56]. The results indicate that PEITC inhibits
the progression to alveolar dysplasia in early stages of
tumorigenesis, and the inhibitory effect may be COX-2
independent. However, a previous study concluded that
PEITC decreased COX-2 protein expression levels, leading
to reduced secretion of both pro-inflammatory mediators
in Raw 264.7 macrophages [57]. The environment is very
complex in vitro; many factors participate in tumorigene-
sis. In cell culture, COX-2 expression has proved to be
highly responsive, changing rapidly in the presence of
many growth factors, cytokines and other inflammatory
mediators. It is therefore not surprising that COX-2
expression becomes up-regulated in some circumstances.
Despite strong evidence that PEITC inhibits cancer devel-
opment, there are also reports that it induces or promotes
carcinogenesis. The molecular basis of the latter may be
PEITC-increased transactivation of activator protein 1
(AP-1) and AP-1 DNA binding [58]. In contrast, some

http://www.biomedcentral.com/1471-2407/7/90

studies have reported that aspirin exerts antitumor effects
partly through blocking the induction of activator pro-
tein-1 (AP-1) activation by tumor promoters [59]. Our
results showed that a combination of aspirin and PEITC
reduced proliferation significantly. This could partly
explain why there was significant reduction of PCNA
expression in group C.

Lung tumorigenesis is a complex process in which many
factors participate. These finding are important for future
research into lung cancer chemoprevention and therapy
in smokers and ex-smokers with early lesions.

Conclusion

A single-dose of NNK at 25 mg/kg body weight by intrat-
racheal instillation is sufficient to induce preneoplastic
lesions in Wistar rats. COX-2 takes part in NNK-induced
tumorigenesis, but a decrease in this enzyme fails to
inhibit proliferation of the alveolar epithelium. Aspirin
and PEITC inhibit the progression of NNK-induced prene-
oplastic lesions by reducing cellular proliferation.

Competing interests
The author(s) declare that they have no competing inter-
ests.

Authors' contributions

FY, HLC and DX participated in the study design and
manuscript preparation. BY and YXZ participated in the
study design, statistical analysis, and manuscript prepara-
tion and drafting. MQL and BTL conceived the study and
participated in its design and manuscript preparation.

Acknowledgements
We gratefully acknowledge the skill of Jing Xiao in preparing the H&E stain-
ing and M Jiang for critical reading of the manuscript.

References

I. IARC: Tobacco Smoking. In IARC Monographs on the Evaluation of
the Carcinogenic Risk of Chemicals to Humans Volume 38. IARC Scientific
Publications, IARC, Lyon; 1986:37-375.

2. Wynder EL, Hoffmann D: Smoking and lung cancer: scientific
challenges and opportunities. Cancer Res 1994, 54:5284-5295.

3. Hoffmann D, Hoffmann I: The changing cigarette, 1950-1995. |
Toxicol Environ Health 1997, 50:307-364.

4. Hoffmann D, Hecht SS: Advances in tobacco carcinogenesis. In
Handbook of experimental pharmacology Volume 94/I. Edited by:
Cooper CS, Grover PL. Heidelberg (Germany): Springer-Verlag;
1990:63-102.

5. Yang P, Cerhan JR, Vierkant RA, Olson JE, Vachon CM, Limburg P),
Parker AS, Anderson KE, Sellers TA: Adenocarcinoma of the lung
is strongly associated with cigarette smoking: further evi-
dence from a prospective study of women. Am J Epidemiol 2002,
156:1114-1122.

6.  Hoffmann D, Rivenson A, Murphy SE, Chung FL, Amin S, Hecht SS:
Cigarette smoking and adenocarcinoma of the lung:The rel-
evance of nicotine-derived N-nitrosamines. | Smoking-Related
Dis 1993, 4:165-189.

7.  Castonguay A, Stoner GD, Schut HAJ, Hecht SS: Metabolism of
tobacco-specific nitrosamines by cultured human tissues.
Proc Natl Acad Sci USA 1993, 80(21):6694-6697.

Page 8 of 10

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7923155
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7923155
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9120872
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12480656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12480656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12480656

BMC Cancer 2007, 7:90

20.

21.

22.

23.
24.

25.

26.

Hammond WG, Benfield JR: Hamster bronchial carcinogenesis
induced by carcinogen-containing sustained release implants
placed endobronchially: a clinically relevant model. | Cell Bio-
chem 1993:104-107.

Hecht SS, Isaacs S, Trushin N: Lung tumor induction in A/J mice
by the tobacco smoke carcinogens 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone and benzo[a]pyrene: a potentially
useful model forevaluation of chemopreventive agents. Car-
cinogenesis 1994, 15:2721-2725.

Hoffmann D, Rivenson A, Amin S, Hecht SS: Dose-response study
of the carcinogenicity of tobacco-specific N-nitrosamines in
F344 rats. | Cancer Res Clin Oncol 1984, 108:81-86.

Rivenson A, Hoffmann D, Prokopczyk B, Amin S, Hecht SS: Induc-
tion of lung and exocrine pancreas tumors in F344 rats by
tobacco-specific and Areca-derived N-nitrosamines. Cancer
Res 1988, 48:6912-6917.

Tian HS, Liu MQ, Gao WQ, Zuo RD, Xiong YY, Chen ZF: Induction
of lung carcinoma by intralobar bronchial instillation of
iodized oil in rats. Chinese Medical Journal 1984, 97:36-40.
Kobayashi H, Uetake H, Higuchi T, Enomoto M, Sugihara K: JTE-522,
a selective COX-2 inhibitor, inhibits growth of pulmonary
metastases of colorectal cancer in rats. BMC Cancer 2005, 5:26.
Leonardi E, Girlando S, Serio G, Mauri FA, Perrone G, Scampini S,
Dalla Palma P, Barbareschi M: PCNA and Kié7 expression in
breast carcinoma: correlations with clinical and biological
variables. | Clin Pathol 1992, 45:416-419.

Hida T, Yatabe Y, Achiwa H, Muramatsu H, Kozaki K, Nakamura S,
Ogawa M, Mitsudomi T, Sugiura T, Takahashi T: Increased expres-
sion of cyclooxygenase 2 occurs frequently in human lung
cancers, specifically in adenocarcinomas. Cancer Res 1998,
58:3761-3764.

Hecht SS, Morse MA, Amin S, Stoner GD, Jordan KG, Choi CI, Chung
FL: Rapid single-dose model for lung tumor induction in A/J
mice by 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
and the effect of diet. Carcinogenesis 1989, 10:1901-1904.

Hecht SS, Chen CB, Ohmori T, Hoffmann D: Comparative carci-
nogenicity in F344 rats of the tobacco-specific nitrosamines,
N'-nitrosonornicotine and 4-(N-methyl-N-nitrosamino)-I-
(3-pyridyl)-1-butanone. Cancer Res 1980, 40:298-302.

Rivenson A, Hoffmann D, Prokopczyk B, Amin S, Hecht SS: Induc-
tion of lung and exocrine pancreas tumors in F344 rats by
tobacco-specific and Areca-derived N-nitrosamines. Cancer
Res 1988, 48:6912-6917.

Hoffmann D, Castonguay A, Rivenson A, Hecht SS: Comparative
carcinogenicity and metabolism of 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone and N'-nitrosonornicotine in Syrian
golden hamsters. Cancer Res 1981, 41:2386-2393.

Anderson LM, Hecht SS, Dixon DE, Dove LF, Kovatch RM, Amin S,
Hoffmann D, Rice JM: Evaluation of the transplacental tumori-
genicity of the tobacco-specific carcinogen 4-(methylnitro-
samino)-1-(3-pyridyl)-l-butanone in mice. Cancer Res 1989,
49:3770-3775.

Schuller HM, Jorquera R, Lu X, Riechert A, Castonguay A: Transpla-
cental carcinogenicity of low doses of 4-(methylnitro-
samino)-1-(3-pyridyl)-1-butanone administered
subcutaneously or intratracheally to hamsters. | Cancer Res
Clin Oncol 1994, 120:200-203.

Marnett L), Reed GA, Dennsion DJ: Prostaglandin synthetase-
dependent activation of  7,8-dihydro-7,8-dihydroxy-
benzo[a]pyrene to mutagenic derivatives. Biochem Biophys Res
Commun 1978, 82:210-216.

Eling TE, Curtis JF: Xenobiotic metabolism by prostaglandin H
synthase. Pharmacol Ther 1992, 53(2):261-273.

El-Bayoumy K, latropoulos M, Amin S, Hoffmann D, Wynder EL:
Increased expression of cyclooxygenase-2 in rat lung tumors
induced by the tobacco-specific nitrosamine 4-(methylnitro-
samino)-4-(3-pyridyl)-1-butanone: the impact of a high-fat
diet. Cancer Res 1999, 59:1400-1403.

Hida T, Yatabe Y, Achiwa H, Muramatsu H, Kozaki K, Nakamura S,
Ogawa M, Mitsudomi T, Sugiura T, Takahashi T: Increased expres-
sion of cyclooxygenase 2 occurs frequently in human lung
cancers, specifically in adenocarcinomas. Cancer Res 1998,
58:3761-3764.

Wolff H, Saukkonen K, Anttila S, Karjalainen A, Vainio H, Ristimaki A:
Expression of cyclooxygenase-2 in human lung carcinoma.
Cancer Res 1998, 58:4997-5001.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

http://www.biomedcentral.com/1471-2407/7/90

Yukio Hosomi, Tomoyuki Yokose, Yuko Hirose, Ryu Nakajima, Kanji
Nagai, Yutaka Nishiwaki, Atsushi Ochiai: Increased cyclooxygen-
ase 2 (COX-2) expression occurs frequently in precursor
lesions of human adenocarcinoma of the lung. Lung Cancer
2000, 30:73-81.

Watkins DN, Lenzo JC, Segal A, Garlepp MJ, Thompson PJ: Expres-
sion and localization of cyclo-oxygenase isoforms in non-
small cell lung cancer. Eur Respir | 1999, 14:412-418.

Ochiai M, Oguri T, Isobe T, Ishioka S, Yamakido M: Cyclooxygen-
ase-2 (COX-2) mRNA expression levels in normal lung tis-
sues and non-small cell lung cancers. Jpn | Cancer Res 1999,
90:1338-1343.

Ermert L, Dierkes C, Ermert M: Immunohistochemical expres-
sion of cyclooxygenase isoenzymes and downstream
enzymes in human lung tumors. Clin Cancer Res 2003,
9:1604-1610.

van Bokhoven H, McKeon F: Mutations in the p53 homolog pé63:
allele-specific developmental syndromes in humans. Trends
Mol Med 2002, 8:133-139.

Pelosi G, Pasini F, Olsen Stenholm C, Pastorino U, Maisonneuve P,
Sonzogni A, Maffini F, Pruneri G, Fraggetta F, Cavallon A, Roz E, lan-
nucci A, Bresaola E, Viale G: p63 immunoreactivity in lung can-
cer: yet another player in the development of squamous cell
carcinomas? | Pathol 2002, 198:100-109.

Massion PP, Taflan PM, Jamshedur Rahman SM, Yildiz P, Shyr Y, Edg-
erton ME, Westfall MD, Roberts JR, Pietenpol JA, Carbone DP,
Gonzalez AL: Significance of p63 amplification and overex-
pression in lung cancer development and prognosis. Cancer
Res 2003, 63:7113-7121.

Shtilbans V, Szporn AH, Wu M, Burstein DE: p63 immunostaining
in destained bronchoscopic cytological specimens. Diagn
Cytopathol 2005, 32:198-203.

Sheikh HA, Fuhrer K, Cieply K, Yousem S: p63 expression in
assessment of bronchioloalveolar proliferations of the lung.
Mod Pathol 2004, 17:1134-1140.

Thun M), Namboodiri MM, Calle EE, Flanders WD, Heath CW |r:
Aspirin use and risk of fatal cancer. Cancer Res 1993,
53:1322-1327.

Schreinemachers DM, Everson RB: Aspirin use and lung, colon,
and breast cancer incidence in a prospective study. Epidemiol-
ogy 1994, 5:138-146.

Harris RE, Beebe-Donk J, Schuller HM: Chemoprevention of lung
cancer by non-steroidal anti-inflammatory drugs among cig-
arette smokers. Oncol Rep 2002, 9:693-695.

Moysich KB, Menezes R], Ronsani A, Swede H, Reid ME, Cummings
KM, Falkner KL, Loewen GM, Bepler G: Regular aspirin use and
lung cancer risk. BMC Cancer 2002, 2:31.

Muscat JE, Chen SQ, Richie JP Jr, Altorki NK, Citron M, Olson S, Neu-
gut Al, Stellman SD: Risk of lung carcinoma among users of non-
steroidal antiinflammatory drugs. Cancer 2003, 97:1732-1736.
Holick CN, Michaud DS, Leitzmann MF, Willett WC, Giovannucci E:
Aspirin use and lung cancer in men. Br | Cancer 2003,
89:1705-1708.

Vane JR, Bakhle YS, Botting RM: Cyclooxygenases | and 2. Annu
Rev Pharmacol Toxicol 1998, 38:97-120.

Krysan K, Reckamp KL, Dalwadi H, Sharma S, Rozengurt E, Dohad-
wala M, Dubinett SM: Prostaglandin E2 activates mitogen-acti-
vated protein kinase/Erk pathway signaling and cell
proliferation in non-small cell lung cancer cells in an epider-
mal growth factor receptor-independent manner. Cancer Res
2005, 65(14):6275-6281.

Duan W, Zhang L: Cyclooxygenase inhibitors not inhibit rest-
ing lung cancer A549 cell proliferation. Prostaglandins Leukot
Essent Fatty Acids 2006, 74:317-321.

Keith RL, Miller YE, Hudish TM, Girod CE, Sotto-Santiago S, Franklin
WA, Nemenoff RA, March TH, Nana-Sinkam SP, Geraci MW: Pul-
monary prostacyclin synthase overexpression chemopre-
vents tobacco smoke lung carcinogenesis in mice. Cancer Res
2004, 64:5897-5904.

Morse MA, Wang CX, Stoner GD, Mandal S, Conran PB, Amin SG,
Hecht SS, Chung FL: Inhibition of 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone-induced DNA adduct formation and
tumorigenicity in the lung of F344 rats by dietary phenethyl
isothiocyanate. Cancer Res 1989, 49:549-553.

Morse MA, Hecht SS, Chung FL: Inhibition of tobacco-specific
nitrosamine 4-(methyl-nitrosamino)- | -(3-pyridyl)- 1 -

Page 9 of 10

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8001227
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8001227
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8001227
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6746721
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6746721
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6746721
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180100
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180100
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180100
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6329610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6329610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6329610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15743541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15743541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15743541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1350788
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1350788
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1350788
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9731479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9731479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9731479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2791206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2791206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2791206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7356512
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7356512
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7356512
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180100
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180100
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180100
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7237437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7237437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7237437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2736518
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2736518
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2736518
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8288673
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8288673
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8288673
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=96834
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1641409
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1641409
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10197601
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10197601
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10197601
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9731479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9731479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9731479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9823297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9823297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11086200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11086200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11086200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10515422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10515422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10515422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10665651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10665651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10665651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12738712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12738712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12738712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11879774
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11879774
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12210069
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12210069
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12210069
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14612504
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14612504
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15754365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15754365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15205681
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15205681
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8443812
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8443812
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8172988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8172988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12066194
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12066194
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12066194
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12453317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12453317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12655530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12655530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14583773
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14583773
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9597150
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16024629
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16024629
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16024629
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16618538
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16618538
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15313935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15313935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15313935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2910476
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2910476
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2910476
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2327941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2327941

BMC Cancer 2007, 7:90

butanone (NNK)-induced lung tumors and DNA methyla-
tion in F344 rats and A/J] mice by phenethyl isothiocyanate.
Basic Life Sci 1990, 52:345-350.

48. Morse MA, Eklind Kl, Hecht SS, Chung FL: Inhibition of tobacco-
specific nitrosamine 4-(N-nitrosomethylamino)-1-(3-pyri-
dyl)-1-butanone (NNK) tumorigenesis with aromatic isothi-
ocyanates. IARC Sci Pub 1991, (105):529-534.

49. Chung FL, Kelloff G, Steele V, Pittman B, Zang E, Jiao D, Rigotty J,
Chio ClI, Rivenson A: Chemopreventive efficacy of arylalkyl iso-
thiocyanates and N-acetylcysteine for lung tumorigenesis in
Fischer rats. Cancer Res 1996, 56:772-778.

50. Hecht SS, Trushin N, Rigotty ), Carmella SG, Borukhova A, Akerkar
S, Rivenson A: Complete inhibition of 4-(methylnitrosamino)-
1-(3-pyridyl)-l-butanone-induced rat lung tumorigenesis and
favorable modification of biomarkers by phenethyl isothio-
cyanate. Cancer Epidemiol Biomarkers Prev 1996, 5:645-652.

51. Guo Z, Smith T), Wang E, Sadrieh N, Ma Q, Thomas PE, Yang CS:
Effects of phenethyl isothiocyanate, a carcinogenesis inhibi-
tor, on xenobiotic-metabolizing enzymes and nitrosamine
metabolism in rats. Carcinogenesis 1992, 13:2205-2210.

52. Yang CS, Smith TJ, Hong JY: Cytochrome P-450 enzymes as tar-
gets for chemoprevention against chemical carcinogenesis
and toxicity: opportunities and limitations. Cancer Res 1994,
54(Suppl 7):1982s-1986s.

53. Zhang, Talalay P: Anticarcinogenic activities of organic isothi-
ocyanates: chemistry and mechanisms. Cancer Res 1994,
54(Suppl 7):1976s-1981s.

54. Conaway CC, Yang YM, Chung FL: Isothiocyanates as cancer
chemopreventive agents: their biological activities and
metabolism in rodents and humans. Curr Drug Metab 2002,
3:233-255.

55. Hecht SS, Trushin N, Rigotty ], Carmella SG, Borukhova A, Akerkar
S, Rivenson A: Complete inhibition of 4-(methylnitrosamino)-
1-(3-pyridyl)- 1 -butanone-induced rat lung tumorigenesis and
favorable modification of biomarkers by phenethyl isothio-
cyanate. Cancer Epidemiol Biomarkers Prev 1996, 5:645-652.

56. Staretz ME, Foiles PG, Miglietta LM, Hecht SS: Evidence for an
important role of DNA pyridyloxobutylation in rat lung car-
cinogenesis by 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone: effects of dose and phenethyl isothiocyanate. Can-
cer Res 1997, 57:259-266.

57. Rose P, Won YK, Ong CN, Whiteman M: Beta-phenylethyl and 8-
methylsulphinyloctyl isothiocyanates, constituents of water-
cress, suppress LPS induced production of nitric oxide and
prostaglandin E2 in RAW 264.7 macrophages. Nitric Oxide
2005, 12:237-243.

58. LiJ, Yao S, Zhang Y: The role of c-Jun in the AP-Il activation
induced by naturally occurring isothiocyanates. Food Chem
Toxicol 2005, 43:1373-1380.

59. Jamaluddin MS: Aspirin upregulates expression of urokinase
type plasminogen activator receptor (uPAR) gene in human
colon cancer cells through API. Biochem Biophys Res Commun
2006, 348:618-627.

Pre-publication history
The pre-publication history for this paper can be accessed

here:

http://www.biomedcentral.com/1471-2407/7/90/prepub

http://www.biomedcentral.com/1471-2407/7/90

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here:

O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 10 of 10

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2327941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8631012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8631012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8631012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8824368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8824368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8824368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1473225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1473225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1473225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12083319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12083319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12083319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8824368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8824368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8824368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9000565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9000565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9000565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15917216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15917216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15917216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15989974
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15989974
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16893520
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16893520
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16893520
http://www.biomedcentral.com/1471-2407/7/90/prepub
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Animals
	Chemicals
	Tumor induction
	DSA of X-ray photography
	Histopathology
	Transmission electron microscopy
	Immunohistochemistry
	Chemopreventive agents
	Statistics

	Results
	Instillation region
	Morphological changes
	Origin of proliferated cells in the NNK-treated group
	COX-2, p63 and PCNA expression in preneoplastic lesions in the NNK-treated rats
	Chemoprevention

	Discussion
	Conclusion
	Competing interests
	Authors' contributions
	Acknowledgements
	References
	Pre-publication history

