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The MouserasH2/BHT Model as an in vivo Rapid Assay for Lung Carcinogens
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We have demonstrated the utility of a 9-week in vivo two-stage assay for lung cancer initiating
agents, using transgenic mice carrying the human prototype c-Ha-ras gene (rasH2 mice) and butyl-
hydroxytoluene (BHT) as a potent lung promoter (rasH2/BHT model). In the present study, to
ascertain appropriate conditions for BHT administration in this model, the effects of exposure on
proliferation of alveolar type Il cellsin male rasH2 mice were examined. Additionally, use of BHT
was validated for promotion of urethane (UR) carcinogenesisin male and female rasH2 mice. In a
time-cour se study of a single intragastric administration of BHT at a dose of 400 mg/kg, increased
bromodeoxyuridine-labeling index (L1) reached a maximum 3 days after treatment and was still
observed after 7 days. In a dose-response study, effects were dose-dependent, the dose of 400 mg/
kg causing eight-fold elevation as compared to the control. With repeated administration, whereas
the L1 was increased dramatically at first, effects gradually diminished with further exposure, and
finally six BHT treatments failed to induce cell proliferation. In a two-stage model using UR asthe
initiator, although up to five consecutive doses of BHT were able to exert continued enhancing
effects in terms of adenoma yield, no increment was evident with further treatments. The data
overall indicate that a rasH2/BHT model with five weekly administrations of BHT at a dose of 400

mg/kg is most efficacious.
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For the purpose of detecting environmental carcinogens,
2-year long-term in vivo carcinogenicity tests using rodent
species have generally been conducted. However, these
tests require large numbers of animals, their long-term
maintenance and large-scale facilities, leading to ineffi-
ciency in the search for potential carcinogens in the envi-
ronment. While in vitro short-term screening assays such
as the Ames test and chromosomal aberration test are
powerful tools to detect mutagens and consequently are
helpful to predict the carcinogenicity of compounds,?
interest has also been concentrated on transgenic mouse
models, introduced in the expectation of detecting in vivo
gene mutations.>"> Together with the lack of information
on target sites with in vitro assays, the accumulation of
data suggesting a lack of congruity between mutagenicity
and carcinogenicity® indicates the importance of develop-
ing rapid in vivo assay systems with tumors themselves as
endpoints. The Ministry of Health, Labour and Welfare,
Japan, concerned with this issue, has set up a research
project entitled “Studies on establishment of new methods
for evaluation of carcinogenicity studies using animals and
its implications.”

In our previous papers, we have already demonstrated
the utility of rapid in vivo assays for genotoxic carcino-
gens, developed using the rasH2 mouse, a transgenic strain
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that expresses the human prototype c-Haras gene.” In
particular, we have paid attention to the extremely high
susceptibility of rasH2 mice to lung carcinogens and the
potential application of a potent lung promoter, butylhy-
droxytoluene (BHT) in the rasH2 mouse (rasH2/BHT
model). In fact, carcinogenicity of genotoxic carcinogens
targeting the murine lung, such as urethane (UR), dieth-
ylnitrosamine (DEN) and 4-nitroquinoline 1-oxide (4NQO),
can be detected within a 9-week experimental period in
our rasH2/BHT model.? To detect environmental chem-
icals acting as initiating agents in the murine lung is impor-
tant for evaluation of possible harm to human lung, and
thus the rasH2/BHT model is a promising tool for risk
assessment.

It is considered that the tumor-promoting action of BHT
depends on metabolite-induced cytotoxicity to alveolar
type | cells and the consequent increase of cell prolifera-
tion by their aveolar type Il counterparts.® Cell kinetics of
alveolar cells in severa strains of mouse following BHT
exposure have been reported,’® and strain differences
exist regarding susceptibility to BHT-induced effects.?24
Interestingly, repeated administration of BHT diminishes
its potential to induce cell proliferation, though this may
also depend on the mouse strain.™®

The aim of the present study was to establish a standard
protocol for the rasH2/BHT model, especialy with regard
to appropriate BHT administration. We therefore investi-
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gated time- and dose-dependence, and repeated-dose
effects of BHT on cell proliferation in alveolar type Il
cells of male rasH2 mice, with reference to bromodeox-
yuridine (BrdU) incorporation. In addition, effective
repeated BHT exposure to male and female rasH2 mice
was explored in terms of modifying effects on UR car-
cinogenesis.

MATERIALS AND METHODS

Chemicals BrdU, UR and corn oil were obtained from
Sigma Chemical (St. Louis, MO) and BHT from Wako
Pure Chemica Co., Ltd. (Osaka). The former two were
dissolved in saline and the last in corn oil, all at a concen-
tration of 10% (w/v).

Animals Mice of the rasH2 strain, originaly developed
by Saito et al.*® by insertion of the human prototype c-Ha-
ras gene into the DNA of wild CB6F1 mice, were bred at
the Central Ingtitute for Experimental Animals (Kana
gawa). In the present study, 7-week-old rasH2 mice were
housed for 1 week under controlled conditions in polycar-
bonate cages (4—5 mice per cage) in a conventional ani-
mal facility, and given free access to CRF1 basal diet
(Charles River Japan, Kanagawa) and tap water. The Ani-
mal Care and Utilization Committee for the National Insti-
tute of Health Sciences, Japan, approved the protocols for
these studies.

Experimental design

Experiment 1: We examined the time-course of change in
BrdU-labeling index (L1) of aveolar type Il cells follow-
ing a single exposure of BHT to male rasH2 mice. Groups
of 5 mice were given a single intragastric administration at
a dose of 400 mg/kg, this being selected based on prelim-
inary studies as the highest with which no fatalities
occurred up to 7 days after compound administration, in
spite of the obvious decrease in body weight (data not
shown). Animals were killed by exsanguination under
ether anesthesia at 1, 3, 5 and 7 days after the treatment.
Control animals were similarly administered corn oil at the
same dose and killed after 7 days in the same manner. All
animals were intraperitonealy injected with BrdU (100
mg/kg) once on the day of termination, 2 h before killing.
Experiment 2: We examined the dose-response with regard
to the L1 of alveolar type Il cells following a single expo-
sure of BHT at doses of 0, 100, 200 and 400 mg/kg to
groups of 5 male rasH2 mice. They were killed 3 days
after the treatment and then the same procedures were per-
formed as for the time-course study.

Experiment 3: We examined the effects of repeated doses
of BHT on the LI of aveolar type Il cells in male rasH2
mice. Groups of 4 mice received 400 mg/kg of BHT by
gavage, with one to six consecutive administrations. The
interval between each administration was set to be 1 week.
Controls were treated with corn oil alone and were
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included for each treatment group. They were killed 3
days after each final treatment with BHT and the same
procedures were performed as in the above two studies.
Experiment 4. We examined the modifying effects of
repeated doses of BHT on UR lung carcinogenesis in
rasH2 mice. A total of forty male and female rasH2 mice
were intraperitoneally injected with UR at a dose of 250
mg/kg and then were randomly divided into 4 groups
(groups 2-5), as shown in Fig. 1. Animals in groups 3-5
were given weekly administration of BHT intragastrically
at a dose of 400 mg/kg from 1 week after UR treatment
for 3, 5 and 8 weeks, respectively. Animals in group 2
were given corn oil instead of BHT with the same proce-
dure as in group 5. Additionally, ten male and female
rasH2 mice untreated with UR were given BHT with the
same procedure as in group 5 (group 1). All animals were
killed at 9 weeks after UR treatment, as in the previous
studies. At necropsy in al cases, lungs were fixed by
intratracheal instillation of 10% neutral buffered formalin,
and routinely processed for embedding in paraffin. All
lung lobes were horizontally sectioned at 4-5 um thick-
ness to ensure that maximum areas of each could be exam-
ined and five sections of different lung lobes were stained
with BrdU in the first three studies and with hematoxylin
and eosin (H&E) in the last.

Immunohistochemical procedures  For immunchis-
tochemical staining of BrdU, sections were treated sequen-
tially with normal horse serum, monoclonal mouse anti-
BrdU (Becton Dickinson, Mountain View, CA) (1:100),
biotin-labeled horse anti-mouse 1gG (1:400), and avidin-
biotin-peroxidase complex (ABC) after denaturation of
DNA with 4 N HCI for 30 min at room temperature.
The sites of peroxidase binding were demonstrated by
incubation with 3,3'-diaminobenzidine tetrahydrochloride
(Sigma Chemica Co.). The immunostained sections were
lightly counterstained with hematoxylin for microscopic
examination.
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Fig. 1. Experimenta design to detect modifying effects of
weekly repeated injections of BHT on UR-induced pulmonary
carcinogenesis in male and female rasH2 mice. NE, no exposure;
v, UR 250 mg/kg, i.p.; 4, BHT 400 mg/kg, i.g.



Quantification of cell proliferation in alveolar type Il
cells Type Il cells were microscopically identified on
the basis of their location, mostly in the corners of ave-
oli, their cuboidal shape, protrusion into alveoli, and their
uniformly vacuolated cytoplasm.*”? Numbers of labeled
type Il cells in thirty randomly-selected square views
(surrounded by a 25 mm?micrometer attached to the
eyepiece) of the aveolar region of each anima were
counted.

Pathological assessment Pulmonary neoplastic lesions
distinguishable from hyperplastic aveolar lesions main-
taining the normal wall structure despite their epithelia
cells being enlarged were classified into alveolar/bronchi-
olar adenomas as previously described.’®® The areas of
the examined sections were measured by means of an
image analyzer with a microscope (IPAP, Sumika Technos,
Osaka) in order to allow average numbers of neoplasias/
cm? to be calculated from the data.

Statistical analysis The significance of differences in the
results for LI and tumor multiplicity were evaluated with
ANOVA, followed by Student’s or Welch's t tests (experi-
ments 1 and 3) or Dunnett’s multiple comparison or Dun-
nett’s type mean rank tests (experiments 2 and 4). Fischer’s
exact probability test was used to determine the signifi-
cance of differences in tumor incidence (experiment 4).

RESULTS

Time-cour se of changein cell kinetics following a single
BHT administration Data for Lls of aveolar type Il
cells of male rasH2 mice after a single intragastric treat-
ment with BHT at a dose of 400 mg/kg are detailed in
Fig. 2. A gradua rise occurred, and reached a peak 3 days
after treatment. The LI after 7 days was till significantly
higher than in the controls (38.2+17.2 vs. 15.2+5.0,
P<0.05).

Dose-response with regard to cell kinetics following a
single BHT administration Changes in LIs of aveolar
type Il cells of male rasH2 mice exposed to BHT by single
intragastric administration at various doses are shown in
Fig. 3. The LIswere elevated in a dose-dependent manner,
with significant increases at 400 (90.4£20.6, P<0.01) and
200 (72.6x8.3, P<0.01) mg/kg, as compared with the
control value (11.0£1.8).

Cel kinetics following repeated administrations of
BHT As shown in Fig. 4, the first exposure of mae
rasH2 mice to BHT (400 mg/kg) resulted in dramatic
increase of the LI in alveolar type Il cells (76.6+6.6 vs.
12.0£1.7 (control), P<0.01). The second and third expo-
sures were also able to induce remarkable elevation of the
LI, while with the fourth and fifth exposures only slight
increments were evident, although they were still statis-
tically significant (20.0+£5.1 vs. 10.0£2.5, P<0.05,
18.4+3.8 vs. 10.2+£1.6, P<0.01, respectively). The sixth

rasH2/BHT Model as an in vivo Rapid Assay

120 7
100 4
80
60

40 4

Number of labeled cells/mm?

Control 1 3 s 7

Days after treatment

Fig. 2. Time-dependent changes of LI in alveolar type Il cells
of male rasH2 mice given BHT at a dose of 400 mg/kg by single
i.g. administration. Values represent the mean+SD of data for
five mice. Control data were obtained from animals killed 7 days
after the administration of corn oil alone. J [ P<0.05, 0.01 vs.
control.

120 4

100 4 ’
k%
80 4 l

60

I

L

0 100 200
Dose of BHT

et

Number of labeled cells/mm

400 mghkg

Fig. 3. Dose-dependent changes of LI in aveolar type Il cells
of male rasH2 mice 3 days after single i.g. administration of
BHT at doses of 0, 100, 200 and 400 mg/kg. Values represent
the mean+SD of data for five mice. [ P<0.01 vs. 0 mg/kg.

exposure no longer augmented the numbers of S-phase
alveolar type 1l cells.

Effects of repeated BHT injections on UR-initiated
lung tumorigenesis Table | summarizes the incidences
and multiplicities of neoplastic lesions in the lungs of male
and female rasH2 mice at 9 weeks after single intraperito-
neal injection of UR at a dose of 250 mg/kg followed by
three, five or eight administrations of BHT at a dose of
400 mg/kg at 1-week intervals. No statistically significant
increment in incidences or multiplicities of lung tumors
was evident in male and female rasH2 mice given BHT
three times after UR initiation, except for the incidence in
males. In contrast, a statistically significant increase was
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Fig. 4. The effects of weekly repeated injections of BHT at a
dose of 400 mg/kg by gavage on LI in alveolar type Il cells of
male rasH2 mice. Animals were killed 3 days after each final
treatment with BHT. Values represent the mean+SD of data for
four mice. O, vehicle control; @, BHT treatment. [J [ P<0.05,
0.01 vs. the relevant control.

noted for both parameters in rasH2 mice of both genders
given BHT five times. However, the incidences and multi-
plicities in male and female rasH2 mice given BHT eight
times were comparable to those in the mice given five
doses.

DISCUSSION

The results of the present study confirmed the utility of
BHT application for promoting lesion development in the
rasH2 mouse lung model for risk assessment of environ-
mental compounds. BHT induces compensatory prolifera-
tion and differentiation of alveolar type Il cells following
destruction of alveolar type | cells.® Recent reports dem-
onstrated inhibition of gap junctiona intercellular commu-
nication?® and apoptosis™ in lung epithelial cells. It seems
likely that metabolites of BHT generated by hydroxyl-
ation of the tert-butyl group by P450 isozymes are neces-
sary to trigger the chain of events leading to enhance-

ment of lung tumor development.?? Therefore, the appear-
ance of biological effects may be dependent on the ability
to metabolize BHT, which implies the existence of strain
differences in susceptibility. In fact, it has been reported
that there is major variation in the profiles of pulmonary
DNA synthesis after BHT exposure among C57BL,
BALB/c, ICR and SSIn mice® The present results of
time-course and dose-response studies suggest that weekly
intragastric treatment with BHT at a dose of 400 mg/kg
is sufficient to maintain increased proliferation of alveolar
type Il cells of rasH2 mice for at least 5 weeks. The previ-
ous reports demonstrated that three weekly administra-
tions of BHT were unable to induce cell proliferation in
alveolar type Il cells of A/Jmice, though single and double
treatments were efficacious.® Clearly the proliferative
effects due to repeated BHT exposure are more prolonged
in rasH2 mice than in A/J mice. Although the reason for
the strain difference is uncertain, destruction of Clara cells,
in which BHT is mainly metabolized to the active form
is presumably of importance.?®

Regarding strain differences in sensitivity to BHT and
the diminution of the response with repeated BHT expo-
sures, it has been reported that six weekly administrations
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Fig. 5. Nine-week in vivo assay for lung carcinogens: rasH2/
BHT model. v, vehicle; v, test compound; 4, BHT 400 mg/
kg, i.g. Animals: male and female rasH2 mice, 8 weeks old.

Table I. The Modifying Effects of Repeated Doses of BHT on UR-induced Pulmonary Carcinogenesis in
Male and Female rasH2 Mice
Male Female
Groups  Treatments No. of ' Average number No. of ' Average number
adenomas  'ncidence (no./cm?) adenomas  'ncidence (no./cm?)
1 NE/BHTx8 0 0/10 0 0/10 0
2 UR/NE 1 1/10 0.05%0.16 2 2/10 0.12+0.26
3  UR/BHTx3 8 6/109 0.47+0.67 6 6/10 0.22+0.29
4  UR/BHTx5 11 6/109 0.65+0.67% 19 8/10" 1.06+1.03>9
5 UR/BHTx8 10 6/109 0.57+0.61% 17 9/10" 0.97+£0.579

a) P<0.05 vs. control (UR/NE).
b) P<0.01 vs. control (UR/NE).
¢) P<0.05vs. UR/BHTx3.

UR, urethane; NE, no exposure.
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of BHT with BALB/c mice following UR elevated the
multiplicity of lung tumors, whereas the number of tumors
in CB6F1 mice (BALB/cxC57BL) F1 hybrids, the back-
ground strain of rasH2 mice, was unaffected.?® In the
present study with rasH2 mice both five and eight admin-
istrations of BHT exerted enhancing effects on UR car-
cinogenesis, but there were no differences in incidences
and multiplicities between the two cases, suggesting that
more than five exposures does not bring further benefit.
The results for cell kinetics also provide support for the
conclusion.

The data overall allow us to propose a standard protocol
for the rasH2/BHT modd, i.e., rasH2 mice of both gen-
ders are treated with test chemical and, starting 1 week
later, are given BHT weekly five times at a dose of 400
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