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The effects of 1Q on the promotion stage of DHPN-induced lung
carcinogenesis and contributions of oxidative stress were
investigated in rats. Groups of 20 male 6-week-old F344 rats
were given 0.1% DHPN in their drinking water for 2 weeks for
initiation. From the age of 9 weeks, they were treated with 0, 150
and 300 p.p.m. of 1Q in the diet for 27 weeks. Control rats were
similarly fed 300 p.p.m. 1Q or basal diet alone without the
preceding initiation. IQ clearly (P < 0.01) enhanced the multiplicity
of lung tumors in a dose-dependent manner (DHPN alone,
3.63 + 1.80; DHPN +150 p.p.m. IQ, 11.50 + 5.04; DHPN +300 p.p.m.
1Q, 18.83 £4.58 [no./rat]). In addition, the incidence of lung
tumors in the 300 p.p.m. IQ alone group (25%) was significantly
(P < 0.05) higher than that in the non-treatment group (0%). In a
second experiment, male rats were given IQ at doses of 0 and
300 p.p-m. in the diet for one week in order to analyze 8-OHdG
formation, levels of TBARS and BrdU-LI in the lungs. There were
no changes in 8-OHdG or TBARS levels, but significant elevation
of BrdU-LI occurred in the 1Q administration group. The overall
data clearly indicate that IQ is a potent lung carcinogen in
rats, in which oxidative stress may not be involved in lung
carcinogenesis. (Cancer Sci 2006; 97: 368-373)

Q, one of the mutagenic and carcinogenic heterocyclic

amines (HCAs), has been detected in cooked meat and
fish? and also in cigarette smoke condensate.®’ It has been
established to act as a complete carcinogen in the liver,
colon, small intestine, Zymbal’s gland, clitoral gland and
skin of F344 rats® and in the lungs of CDF, mice.®> Of
several carcinogenic HCAs, none have hitherto demonstrated
lung carcinogenicity in rats® although we recently suggested
that IQ might be an exception.” Thus, we incidentally found
that incidences of alveolar hyperplasias, adenomas and
adenocarcinomas in the lung were significantly increased in
a group given 300 p.p.m. IQ for 27 weeks after initiation with
diethylnitrosamine (DEN) and 1,2-dimethylhydrazine (DMH),
as compared with the initiation alone group.” DEN is a
genotoxic lung carcinogen and it was found to induce lung
neoplastic lesions in approximately 50% of rats receiving a
single dose (200 mg/kg body weight) in a long-term (103 week)
experiment.® With regard to mechanisms of IQ carcinogenesis,
metabolically activated IQ forms DNA adducts'¥ which
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have been detected in the lungs as well as in its established
target organs in F344 rats.') Therefore, previous results
suggested that IQ enhanced lung carcinogenesis after
initiation with DEN and that it is a complete lung carcinogen.
The present study was conducted to test the hypothesis that
IQ is indeed a lung carcinogen in rats, as well as in mice,
using a suitable experimental condition and a common lung
carcinogen, DHPN, as an initiator.

It was recently suggested that oxidative stress may participate
in HCA carcinogenesis, based on the finding that induction of
preneoplastic or neoplastic lesions was significantly inhibited
when antioxidants were simultaneously administered'>'3 and
that superoxide anion radicals are generated during metabo-
lism of HCAs by NADPH/cytochrome P-450 reductase in
vitro, as demonstrated using a spin-trapping method.!® In
addition, exposure to 2-amino-3,8-dimethylimidazo[4,5-f]
quinoxaline (MelQx), another HCA, dose-dependently raised
8-hydroxydeoxyguanosine (8-OHdG) levels in rat partially
excised liver.!'” Recently, we demonstrated that simultaneous
treatment with NaNO, enhanced the carcinogenic potential of
1Q, especially in the colon and Zymbal’s glands of rats with
oxidative stress suggested to be partly responsible for the
observed enhancement of colon carcinogenesis.” Likewise,
IQ treatment of Nrf2-gene (transcriptional factor for inducible
expression of a group of antioxidant enzymes) knockout
mice increased liver tumor formation associated with increase
in oxidative stress markers as compared with wild mice (Y.
Kitamura et al., unpublished data).

Epidemiological studies have shown that cigarette smoke
is closely associated with development of human cancers in
various organs, mainly in the lung."*'” More than 20 carcin-
ogens, which convincingly cause lung tumors in laboratory
animals or humans exhibiting genotoxic effects, have been
identified in cigarette smoke, including the tobacco-specific
nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK).181 Together with the specific DNA adduct formation,*”
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Fig. 1. Experimental design of Experiment 1. Three groups of F344
male rats, at the age of 6 weeks, were given drinking water
containing 0.1% DHPN during the first 2 weeks for initiation. From
the age of 9 weeks, they received basal diet containing 0, 150 or
300 p.p.m. 1Q. Non-initiation groups were treated with basal diet
containing 300 p.p.m. IQ or basal diet alone.

oxidative DNA damage was considered to be involved in
nitrosamine NNK-induced respiratory tract tumorigenesis
in rodents.®” In addition, the amount of 8-OHdG excreted in
urine is higher in smokers as compared with non-smokers.?
Accordingly, in the light of IQ detection in cigarette smoke,”®
possible involvement of oxidative stress in its carcinogenesis
was also examined in the present study.

To determine the effects of IQ in rats, we chose a two-
stage lung carcinogenesis model with DHPN initiation in
male F344 rats. To investigate possible contributions of
oxidative DNA damage and lipid peroxidation, 8-OHdG
formation in DNA and levels of thiobarbituric acid reactive
substances (TBARS) were measured, respectively. Moreover,
to assess influence on cell proliferation, bromodeoxyuridine
(BrdU)-positive cells were counted.

Materials and Methods

Chemicals

N-bis(2-hydroxypropyDnitrosamine (DHPN) was purchased
from Nacalai Tesque (Kyoto, Japan), 1Q from Toronto
Research Chemicals (North York, Canada), and BrdU and
alkaline phosphatase from Sigma Chemical (St Louis, MO).
Nuclease P1 was obtained from Yamasa Shoyu (Chiba,
Japan). Monoclonal mouse anti-BrdU, biotin-labeled rabbit
anti-mouse immunoglobulin G, streptavidin-biotin-peroxidase
complex horseradish peroxidase were purchased form
DakoCytomation (Kyoto, Japan).

Animals

A total of 90 and 20 male F344/DuCrj SPF rats, at 5 weeks
of age, were obtained from Charles River Japan (Tokyo, Japan)
for experiments 1 and 2, respectively, and acclimatized for
approximately 1 week before being assigned to four groups
consisting of 20 animals each and a group consisting of 10
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animals as the non-treatment group (experiment 1), or two
groups consisting of 10 animals each (experiment 2). They
were housed in plastic cages (five rats/cage) with soft chips
for bedding in a room with a barrier system and maintained
under the following conditions: temperature (23 +2°C),
relative humidity (60 £ 5%), ventilation frequency (18 times
per hour) and a 12-h illumination. Normal powdered diet
(CRF-1; Oriental Yeast, Tokyo, Japan) and tap water were
available ad libitum. The protocols for these studies were
approved by the Animal Care and Utilization Committee for
the National Institute of Health Sciences, Japan.

Experimental design

The experimental protocol for experiment 1 is shown in
Figure 1. Three groups of animals at the age of 6 weeks
received water containing 0.1% DHPN during the first 2
weeks for initiation. From the age of 9 weeks, these initiated
animals received basal diet containing 0, 150 or 300 p.p.m.
IQ. The remaining two groups were treated with basal diet
containing 300 p.p.m. IQ without initiation or basal diet
alone. The duration of the post-initiation period was set at
27 weeks. The highest dose level of IQ was selected
according to the results of our previous study, in which lung
tumors were observed at 300 p.p.m. in a DEN and DMH-
initiated two-stage carcinogenesis model.”

Body weights and food consumption were measured once
a week until week 6 and thereafter once every three weeks.
All surviving animals were killed under ether anesthesia at
the end of week 30. At autopsy, the major organs/tissues
were carefully examined and the liver, kidneys and lungs
were weighed. All the major organs and tissues, including
lungs, liver, kidneys, stomach, small intestine, colon, Zymbal’s
glands, thyroids, esophagus and any other grossly abnormal
lesions were fixed and preserved in 10% phosphate-buffered
formalin solution. In the lung, all pulmonary lobes were
injected with formalin solution from the trachea to ease
histopathological examination. Organs of animals found
dead or killed on becoming moribund were also fixed and
preserved.

In experiment 2, the two groups of 10 rats received basal
diet alone or 300 p.p.m. IQ in the diet for one week from the
age of 6 weeks. Five rats in each group were injected
intraperitoneally with 100 mg/10 mL saline/kg of BrdU
daily three times in total (the last 2 h before being killed).
The animals were killed under ether anesthesia, autopsied
and lungs were removed. For the BrdU-treated animals, the
lungs were inflated with 10% phosphate-buffered formalin,
injected through the trachea, for fixation of all pulmonary
lobes. For the remaining five animals in each group, lungs
were frozen immediately with liquid nitrogen and stored at
—80°C until used for analysis of 8-OHdG formation and lipid
peroxidation.

Histopathology

All the preserved organs/tissues were embedded in paraffin,
sectioned and stained with hematoxylin—eosin for routine
histopathological examination. For the histopathological
evaluation of lesions, rats who died or were killed on
compassionate grounds were also included. Five lung lobes
from each animal were examined.
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Measurement of 8-OHdG formation in DNA

The 8-OHAG levels in lung DNA were determined by the
method of Nakae et al.?® with approximately 0.3 g wet
weight samples. Briefly, nuclear DNA was isolated with a
DNA Extracter WB Kit (Wako Pure Chemical Industries,
Osaka, Japan) and digested into deoxynucleotides by
treatment with nuclease P1 and alkaline phosphatase.
Levels of 8-OHdG (8-OHdG/10° deoxyguanosine) were
then assessed by high-performance liquid chromatography
(column: Beckman Ultrasphere-ODS, 5 pm, 4.6 X 250 mm;
Beckman Coulter, Fullerton, CA) (elution, 10 mM NaH,PO,
containing 4% methanol) with an electrochemical detection
system (Coulochem II; ESA, Bedford, MA) (guard cell,
model 5020 [0.35 V]; analytical cell, model 5011 [electrode
1, 0.15 V; electrode 2, 0.3 V]).

Measurement of TBARS

Malondialdehyde (MDA; nmol/g) was assessed as an
index of lipid peroxidation by the method of Uchiyama and
Mihara.®® In brief, a 0.15 g portion of lung was homogenized
with 1.35mL of 1.15% KCI solution. In 0.05 mL of the
homogenate, 0.2 mL of 8.1% sodium dodecyl sulphate and
3.0 mL of 0.4% thiobarbiturate in 10% acetic acid solution
(pH 3.5) were added, followed by heating in a water bath at
95°C for 60 min. After cooling, 5.0 mL of n-butanol and
pyridine (15 : 1 v/v) and 1.0 mL distilled water were added
to the sample, which was centrifuged at 1870 g for 10 min.
The TBARS were measured by a Hitachi F-2500 fluorescence
spectrophotometer (Hitachi High-Technologies, Tokyo, Japan)
at 515 nm (excitation) and 553 nm (emission) in the butanol/
pyridine phase.

Immunohistochemical staining for BrdU

Sections of lungs were treated with 0.5% hydrogen peroxide
to block endogenous peroxidase activity, 4 mole HCI for
denaturation of DNA and normal rabbit serum to block
background staining. They were then treated with monoclonal
mouse anti-BrdU (1 : 100), biotin-labeled rabbit anti-mouse
IgG (1:300) and strept avidin-biotin-peroxidase complex
horseradish peroxidase. Peroxidase activity was visualized by
treatment with diaminobenzidine tetrahydrochloride containing
hydrogen peroxide and the nuclei were counterstained with
hematoxylin.

Quantification of cell proliferation

In the lungs, at least 2000 alveolar type II cells were counted
in the total of five lobes per animal. The BrdU-LI were
calculated as percentages of positive cells.

Statistical analysis

Incidences of lesions were analyzed by Fisher’s exact
probability test. Data for body weights, organ weights, lesion
multiplicities, 8-OHdG level, TBARS and BrdU-LI were
examined using analysis of variance. When positive results
were obtained, Dunnett’s multiple comparison test was
applied to evaluate the statistical significance between pairs
of groups. For DHPN-initiated groups, simple linear regression
analysis was conducted to confirm the IQ dose-dependent
effects on body weights, organ weights and lesion multiplicities.

Results

Experiment 1

Two animals in the DHPN 4300 p.p.m. 1Q group (week 25
and 28) and one animal in the DHPN alone group (week 28)
were found dead. By the histopathological evaluation, these
animals probably died of renal mesenchymal tumor and
leukemia/malignant lymphoma in the DHPN +300 p.p.m.
IQ group and renal mesenchymal tumor in the DHPN alone
group. In lung, neoplastic lesions were not observed in the
animal found dead at week 25, however, they were observed
in the animals found dead at week 28 in both groups.

The results for final body and relative organ weights are
shown in Table 1. In the groups given initiation, final body
weights in the IQ-treated groups were significantly lower
than in the group given DHPN alone (P < 0.01) with dose
dependence, and final body weights in the 300 p.p.m. IQ
alone group were significantly lower than that in the non-
treatment group (P < 0.01). In initiated groups, relative organ
weights of liver, kidneys and lungs were dose-dependently
and significantly increased by subsequent IQ administration.
Relative organ weights in the 300 p.p.m. 1Q alone group were
also significantly increased as compared with those in the
non-treatment group (liver and kidneys, P <0.01; lung,
P <0.05). In addition, relative lung weights in the DHPN
alone group were significantly higher than that in the
non-treatment group (P < 0.01).

Data for final incidence and multiplicity of lung tumors are
summarized in Table 2. In the initiated groups, incidences
were 100% in all three groups and multiplicities showed
significant increase (P < 0.01) in a clear dose-dependent
manner with IQ administration (DHPN alone, 3.63 £ 1.80;
DHPN +150 p.p.m. 1Q, 11.50 £ 5.04; DHPN +300 p.p.m.
1Q, 18.83 +£4.58). Notably, the incidence of lung adenomas
in the 300 p.p.m. 1Q alone group was also significantly
increased (25%) as compared with the non-treatment group
(0%) (P < 0.05).

Table 1. Final body and relative organ weights of rats treated with DHPN and/or 1Q

Treatment No. of rats Body weight (g) Liver (%) Kidneys (%) Lungs (%)
0.1% DHPN 19 345+ 16 2.61+£0.14 0.58 +0.04 0.46 + 0.04**
0.1% DHPN/150 p.p.m. 1Q 20 322 £ 12%*** 3.16 £ 0.16**** 0.62 £ 0.09*** 0.54 £ 0.07***
0.1% DHPN/300 p.p.m. 1Q 18 303 & 13**** 3.60 £ 0.32%*** 0.65 £ 0.06%*** 0.71 £0.23%%**
300 p.p.m. 1Q 20 314 £ 11%* 3.37£0.17** 0.64 +0.03** 0.39+0.03*
Non-treatment 10 35117 2.57 £0.11 0.55+0.02 0.36 £ 0.03

*P < 0.05; **P < 0.01, significantly different from non-treatment group: ***P < 0.05; ****P < 0.01, significantly different from DHPN alone.
For DHPN-initiated groups, 1Q dose-dependency was observed in all parameters (P < 0.01).
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Table 2.

Incidence and multiplicity of lung tumors in rats treated with DHPN and/or 1Q

Adenoma Carcinoma Total
No.

Treatment of rats Incidence Multiplicity Incidence Multiplicity Incidence Multiplicity

(%) (no./rat) (%) (no./rat) (%) (no./rat)
0.1% DHPN 19 18 (95)** 2.84 £ 1.57** 11 (58)** 0.79 £0.85** 19 (100)** 3.63 £ 1.80**
0.1% DHPN/150 p.p.m. IQ 20 20 (100) 8.30 £ 3.93*** 19 (95)*** 3.20 £ 2.24%** 20 (100) 11.50 + 5.04***
0.1% DHPN/300 p.p.m. 1Q 18 18 (100) 11.72 £3.80%** 18 (100)*** 7.11£3.01%** 18 (100) 18.83 £ 4.58***
300 p.p.m. IQ 20 5 (25)* 0.25+0.44 0 (0) 0 5 (25)* 0.25+0.44
Non-treatment 10 0 (0) 0 0 (0) 0 0 (0) 0

*P < 0.05; **P < 0.01, significantly different from non-treatment group: ***P < 0.01, significantly different from DHPN alone. For DHPN-
initiated groups, 1Q dose-dependency was observed in all multiplicity data (P < 0.01).

Table 3. Incidence of preneoplastic and neoplastic lesions in other organs of rats treated with DHPN and/or 1Q
0.1% 0.1% DHPN/ 0.1% DHPN/ 300 Non-
Group DHPN 150 p.p.-m. 1Q 300 p.p.m. IQ p.p.m. IQ treatment
No. of animals 19 20 18 20 10
Organs/findings
Thyroid
Follicular cell hyperplasia 1 (5%) 2 (10%) 3 (17%) 0 0
Follicular cell adenoma 0 1 (5%) 3 (17%) 0 0
Follicular cell carcinoma 2 (11%) 6 (30%) 2 (11%) 0 0
Liver
Hepatocellular adenoma 0 0 1(6%) 0 0
Hepatocellular carcinoma 0 0 1(6%) 0 0
Kidney
Adenoma 1 (5%) 0 0 0 0
Adenocarcinoma 0 1(5%) 0 0 0
Transitional cell hyperplasia 0 1 (5%) 0 1 (5%) 0
Renal pelvic carcinoma 0 3 (15%) 0 0 0
Renal mesenchymal tumor 0 0 1(6%) 0 0
Zymbal’s gland
Carcinoma 0 1 (5%) 2 (11%) 1 (5%) 0
Colon
Adenocarcinoma 0 1 (5%) 1 (6%) 0 0

No significant difference was observed in any of these groups.

Incidences of other preneoplastic and neoplastic lesions
are summarized in Table 3. In the thyroids, incidences of
follicular cell hyperplasias, adenomas and adenocarcinomas
tended to increase with IQ administration among the initiated
groups, though without statistical significance. In the other
organs, incidences of lesions in the liver, kidney, Zymbal’s
glands and colon showed no statistically significant variation
among the groups.

Experiment 2

The results for 8-OHdG, TBARS and BrdU-LI in lungs are
shown in Table 4. Neither 8-OHdG nor TBARS levels showed
any significant changes with IQ administration. Although
results of toxicity such as hypertrophy, necrosis and hyperplasia
in alveolar epithelial cells were not observed, BrdU-LI showed
a significant increase with IQ administration (P < 0.05).

Discussion

In the present experiment, IQ administration in the post-
initiation stage dose-dependently enhanced lung carcino-
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genesis in rats pretreated with DHPN. In addition, the fact
that IQ administration alone without initiation induced lung
tumors is clearly indicative of complete carcinogenic
potential in the rat lung. HCAs like IQ have genotoxic effects
in many in vitro and in vivo assays and they form DNA
adducts in their target organs.>?*? Schut er al. has reported
that IQ-DNA adduct levels in the lung to be second highest
among target and non-target organs examined in F344 rats.!'V
Thus, it is possible that genotoxic effects are responsible for
the positive results with 1Q in the present DHPN two-stage
carcinogenesis model. In CDF, mice, the lung was previously
reported as a target of IQ® but the lungs did not demonstrate
lesions in one rat study.”? Also, no other HCAs have so far
shown carcinogenicity in the rat lung.® Therefore, this
first report of potent lung carcinogenicity is particularly
important. As a possible mechanism of IQ carcinogenesis, in
addition to genotoxicity, a relevance of oxidative stress was
expected from the literature”'>'¥ but representative oxidative
stress markers such as 8-OHdG and TBARS were not
increased in the lung in the present experiment. It should
be stressed, however, that Mgller et al. recently presented

CancerSci | May2006 | vol.97 | no.5 | 371

© 2006 Japanese Cancer Association



Table 4. 8-OHdG, TBARS and BrdU-LI levels in lung of rats treated with or without I1Q

Treatment No. 8-OHdG levels TBARS levels BrdU labeling index

of rats (8-OHdG/10° dG) (nmol MDA/g lung) (BrdU positive cells/total cells (%))
Control 5 0.89+£0.20 31.9+44 109+7.7
1Q (300 p.p.m) 5 1.01+0.55 28.6 +9.3 26.5 +8.2*

*P < 0.05, significantly different from the control values.

evidence that oxidative stress biomarkers are unaltered by 1Q
treatment in Big Blue rats, even if dose dependent DNA
adduct formation and DNA strand breaks were observed in
both liver and colon.®® In addition, our previous experiment
demonstrating that 1Q administration to F344 rats for one
week did not enhance any oxidative stress markers including
8-OHdG, TBARS and acrolein-modified protein in both liver
and colon® clearly concurs with the present results.

Our present data showing that 1Q significantly increased
cell proliferation in alveolar epithelium monitored in terms of
the BrdU-LI strongly suggest that IQ is able to exert a pro-
motional effect on DHPN lung carcinogenesis in rat. It has
been considered that pulmonary type I cell damage by toxic
insult is followed by proliferation of type II epithelial cells
which eventually transform into new type I cells.?” However,
indicators of lung toxicity such as hypertrophy, necrosis and
hyperplasia in alveolar epithelial cells by IQ administration
were not observed in the same preparations stained with
hematoxylin—eosin. Although 1Q exposure was reported to
cause cytotoxicity as well as mutagenicity in mammalian
cells in vitro®* lack of cytotoxicity in alveolar epithelium
in vivo strongly indicates that the increase in BrdU-LI was
due to the primary effect of this chemical. Whatever the case,
the increased type II epithelial cell proliferation observed in
the present study might not be related to oxidative stress, but
might be due to some direct action of 1Q.

In an informative report concerning human risk, IQ
induced hepatocellular tumors but failed to induce Iung
tumors in cynomolgus monkey primates.? In these animals,
N-hydroxylation, subsequent adduct formation and probable
carcinogenesis of 1Q appears to be largely dependent on
hepatic CYP3A4 and/or CYP2C9/10¢" and not CYP1A2
having high specificity and catalytic activity for 1Q,*? which
is not expressed in liver of this species.®? Accordingly, our
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mechanisms. In addition, further experiments to evaluate rat
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priority.
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