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Abstract

Chemoprevention provides an important strategy for cancer control in passive smokers. Due to the crucial role played

by smoke-related chronic inflammation in lung carcinogenesis, of special interest are extensively used pharmacological
agents, such as nonsteroidal anti-inflammatory drugs (NSAIDs). We evaluated the ability of aspirin and naproxen,
inhibitors of both cyclooxygenase-1 and cyclooxygenase -2, to modulate environmental cigarette smoke (ECS)-induced lung
carcinogenesis in A/] mice of both genders. Based on a subchronic toxicity study in 180 postweaning mice, we used 1600mg/
kg diet aspirin and 320 mg/kg diet naproxen. In the tumor chemoprevention study, using 320 mice, exposure to ECS started
soon after birth and administration of NSAIDs started after weaning. At 10 weeks of life, the NSAIDs did not affect the
presence of occult blood in feces. As assessed in a subset of 40 mice, bulky DNA adducts and 8-hydroxy-2’-deoxyguanosine
levels were considerably increased in ECS-exposed mice and, irrespective of gender, both NSAIDs remarkably inhibited
these nucleotide alterations. After exposure for 4 months followed by 5 months in filtered air, ECS induced a significant
increase in the yield of surface lung tumors, the 43.7% of which were adenomas and the 56.3% were adenocarcinomas.
Oct-4 (octamer-binding transcription factor 4), a marker of cell stemness, was detected in some adenocarcinoma cells. The
NAIDs attenuated the yield of lung tumors, but prevention of ECS-induced lung adenomas was statistically significant only
in female mice treated with aspirin, which supports a role for estrogens in ECS-related lung carcinogenesis and highlights

the antiestrogenic properties of NSAIDs.

Introduction

Environmental cigarette smoke (ECS) or environmental tobacco
smoke (ETS) or second-hand smoke (SHS) is a complex mixture
that is inhaled by involuntary (or passive) smokers in indoor
environments. It is a mixture, at a ratio of ~8:1, of sidestream
cigarette smoke (SCS), generated at 900°C at the tip of a lit ciga-
rette, and of that portion of mainstream cigarette smoke (MCS),
generated at 1200-1600°C at the proximal extremity of a burning

cigarette, which is exhaled by active smokers (1,2). MCS, SCS and
ECS contain several thousands compounds (3). Combustion of
tobacco leaves generates more than 5000 identified products,
including radioactive substances and compounds that virtually
belong to any chemical family, 73 of which have been evalu-
ated by IARC to be carcinogenic to humans and/or experimental
animals (4). Qualitatively, the chemical composition of SCS and

Received: April 28, 2015; Revised: September 3, 2015; Accepted: October 6, 2015

© The Author 2015. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com.

1531


http://www.oxfordjournals.org/
mailto:sdf@unige.it?subject=

1532 | Carcinogenesis, 2015, Vol. 36, No. 12
Abbreviations
AsA aspirin or acetylsalicylic acid
COX cyclooxygenase
ECS environmental cigarette smoke
ETS environmental tobacco smoke
MCS mainstream cigarette smoke
NSAID nonsteroidal anti-inflammatory drug
SHS second-hand smoke
SCS sidestream cigarette smoke

MCS is similar but, due to the lower combustion temperature,
there are quantitative differences (5). At equivalent concentra-
tions, SCS is approximately four times more toxic than MCS, and
SCS condensates are 2-6 times more tumorigenic than MCS con-
densates in the mouse skin (6).

There is sufficient evidence for the carcinogenicity to
humans of SHS, which is categorized as an IARC Group 1 carcin-
ogen (4). In addition, SHS causes sudden infant syndrome, res-
piratory and ear infections, and asthma attacks in infants and
children, and coronary heart diseases, stroke and lung cancer
in adult nonsmokers, being on the whole responsible for more
than 41 000 deaths in adults and 400 deaths in infants each year
in the USA (7). In Korean women, more lung cases and deaths
were attributable to SHS than ever-smoking (8).

A primary objective for preventing SHS-related diseases is to
implement antismoke campaigns and to avoid exposure to ECS
in indoor environments. Indeed, in the USA, the prevalence of
SHS exposure in nonsmokers declined from 52.5% during 1999-
2000 to 25.3% during 2011-2012, but 58 million persons are still
exposed to SHS, especially among children and certain ethnic
and social groups (7). A complementary strategy to control can-
cer consists of chemoprevention by means of dietary and phar-
macological agents. In particular, due to the crucial role played
by smoke-related chronic inflammation in lung carcinogenesis
(9) and the general role of chronic inflammation as a promoting
mechanism (10), the use of anti-inflammatory agents provides
a promising approach (11). Of special interest are those drugs
that are extensively used in the population, such as nonsteroi-
dal anti-inflammatory drugs (NSAIDs), whose main mechanism
is to inhibit cyclooxygenase (COX) activities. While COX-1 is the
constitutive isoform that favors the homeostatic maintenance
of the gastric mucosa, COX-2 is the inducible, proinflammatory
isoform (12).

Among NSAIDs, the salicylate derivative, aspirin or acetyl-
salicylic acid (AsA), and the propionic acid derivative, naproxen,
are dual inhibitors of COX-1 and COX-2. After more than a cen-
tury of clinical use, AsA remains the most extensively used drug
in the world not only for therapeutic purposes but also for the
prevention of cardiovascular diseases, and holds promises also
in cancer chemoprevention (13). Meta-analyses of clinical trials
provided evidence that AsA users have a lower incidence of cer-
tain cancers, and especially colorectal cancers (14), but the pro-
tective role against lung cancer is uncertain, with either negative
findings (15) or modest results (16) or more convincing data (17).
A pooled analysis showed a weak, yet significant, attenuation of
deaths due to lung cancer, particularly to adenocarcinoma (18).
Moreover, AsA exerted protective effects in mice exposed either
to 9,10-dimethylbenz(a)anthracene (DMBA) (19) or to 4-(meth-
ylnitrosamino)- 1-(3-pyridyl)-1-butanone (NNK) (20). In rodent
models, naproxen inhibited colonic adenocarcinoma, oral can-
cer, and urinary bladder cancer (21-24) but did not protect rats
from methylnitrosourea (MNU)-induced mammary cancers (22)
and mice from NNK-induced lung tumors (20).

Since no experimental studies are available in animal mod-
els involving exposure to cigarette smoke as a complex mixture,
the goal of the present study was to evaluate in parallel the abil-
ity of NSAIDs to modulate nucleotide modifications and lung
tumors in A/] mice. This multitask project involved a series of
coordinated studies. The first one was a 6-week subchronic tox-
icity study aimed at assessing the doses of AsA and naproxen
to be used in the subsequent studies. Thereafter, groups of mice
were either kept smoke-free or were exposed to ECS since birth
and/or treated with oral AsA or naproxen since weaning. At 10
weeks of age, the levels of bulky DNA adducts and oxidative
DNA damage were evaluated in the lungs of a subset of mice.
The remaining mice were maintained under ECS exposure dur-
ing the first 4 months of life and then kept in filtered air for
an additional 5 months. This protocol is similar to the model
developed by Hanspeter Witschi (25), and also used in our labo-
ratory (26), except that exposure to ECS started at birth because
our studies have shown that MCS becomes a potent carcinogen
when exposure starts at birth (27). In the Witschi’s model, the
lung tumorigenicity is due to gas phase components of ECS (28).
According to the classical lung tumor assay, surface lung tumors
were scored. All of them were confirmed and classified histolog-
ically. In addition, the sections from most nodules were tested
by immunohistochemistry for the detection of Oct-4 (octamer-
binding transcription factor 4), a homeodomain transcription
factor of the POU family that is used as a marker for undifferen-
tiated stem cells (29).

Materials and methods

Mice

A total of 260 A/] mice were purchased from Harlan Laboratories (San
Pietro al Natisone, Udine, Italy). They include 80 adult mice (20 males and
60 females), to be used for breeding, and 180 post-weaning mice (90 males
and 90 females), to be used in the subchronic toxicity study, The mice
were housed in Makrolon™ cages on sawdust bedding and maintained on
standard rodent chow (Teklad 9607, Harlan Laboratories) and tap water ad
libitum. The animal room temperature was 23+2°C, with a relative humid-
ity of 55% and a 12-h day-night cycle. Housing and treatment of mice were
in accordance with NIH, European (2010/63/UE Directive), and institutional
guidelines.

Subchronic toxicity study

AsA and naproxen, purchased from Sigma-Aldrich (Milan, Italy), were
incorporated in the Teklad 9607 diet at 4 doses each, which were selected
based on literature data in rodent studies and taking into account the
pharmacological doses in humans. Postweaning mice were divided into
nine groups, each one composed of 20 mice (10 males and 10 females),
as follows. Group A, untreated (sham-exposed) mice; Groups B, C, D, and
E, mice receiving AsA at 2000, 1000, 500 and 250mg/kg diet, respectively;
Groups F, G, H, I, mice receiving naproxen at 400, 200, 100 and 50 mg/kg diet,
respectively. The mice were inspected daily for 6 weeks in order to detect
possible interim deaths and signs of sufferance and behavioral alterations.
Moreover, they were weighed individually at weekly intervals. The maxi-
mum tolerated dose is assumed as the highest dose that does not lower
the body weight of mice by more than 10%, as compared with untreated
mice, and that does not result in behavioral changes.

Exposure of mice to ECS

A whole-body exposure of mice to ECS was achieved by using a smoking
machine (model TE-10C, Teague Enterprises, Davis, CA), in which main-
stream CS (11%) and sidestream CS (89%) are mixed to generate ECS. Five
3R4F Kentucky reference cigarettes (College of Agriculture, The Reference
Cigarette Program, University of Kentucky, Lexington, KY), having a
declared content of 9.4mg tar and 0.7mg nicotine and delivering 12mg
CO each, were burnt at one time. Cigarettes were smoked using the FTC



(Federal Trade Commission) method of puffing for 2 s, once a min, at a vol-
ume of 35cm?. Two rounds of exposure were performed daily by burning a
total of 120 cigarettes per day. The total particulate matter in the exposure
chambers was on an average 95mg/m?® and CO was 610 ppm.

Treatment of neonatal mice

A total of 320 newborn mice were divided into four groups, each one com-
posed of 40 males and 40 females, as follows. Group J, mice kept in fil-
tered air for up to 9 months (sham-exposed mice); Group K, mice exposed
to ECS for up to 4 months, starting within 12h after birth (ECS-exposed
mice), and then kept in filtered air for an additional 5 months; Group L,
ECS-exposed mice receiving a diet supplemented with AsA, at the dose
indicated under Results, starting after weaning (~4 weeks) and continu-
ing for up to 9 months; Group M. ECS-exposed mice receiving for 6 weeks
a diet supplemented with naproxen, at the dose indicated under Results,
starting after weaning (~4 weeks) and continuing for up to 9 months. Each
experimental group (cases and controls) was composed of 80 mice, thus
allowing a statistical power of 90% to detect differences of at least 20% in
lung tumor incidence given an alpha error 0.05’.

Collection of biological samples for the study of
early biomarkers

At the age of 10 weeks, samples of feces were collected from sham-
exposed mice (Group A, 5 males and 5 females) and mice treated with the
highest nontoxic doses either of AsA (Group B, 5 males and 5 females) or of
naproxen (Group F, 5 males and 5 females), which were housed individu-
ally for 24h the day before the end of the subchronic toxicity study.

Ten mice (5 males and 5 females) belonging to Groups B (AsA-treated
mice), F (naproxen-treated mice), ] (sham-exposed mice), K (ECS-exposed
mice), L (ECS-exposed mice treated with AsA) and M (ECS-exposed mice
treated with naproxen) were killed by CO, asphyxiation at the age of 10
weeks, and the lungs were collected individually.

Evaluation of occult blood in feces

The guaiac fecal occult blood test (gFOBT) was used in order to evaluate
whether administration of NSAIDs may result in the presence of blood
in feces.

Evaluation of bulky DNA adducts and oxidative DNA
damage in lung

DNA was extracted from the left lungs of 59 mice, i.e. all mice belonging
to the above specified groups, excepting one ECS-exposed female treated
with AsA that died at the age of 7 weeks. Homogenization of lung frag-
ments was performed by continuous shaking for 2min at 30 Hz using a
tissue lyser (Tissuelyser, Qiagen, Gaithersburg, MD) in the presence of
a 5-mm stainless steel bead immersed in lysis buffer. Cell debris were
removed by centrifugation at 14 000x g at 4°C for 15min. DNA was purified
from the supernatant by using a commercially available kit (GenEluteTM
Mammalian Genomic DNA Miniprep kit, Sigma, St Louis, MO). Spin col-
umns were washed twice and the trapped DNA was eluted by ultrapure
water (100 pl). To avoid DNA oxidation, the extraction procedure was per-
formed under oxygen-free helium atmosphere using an automatic DNA
extractor (Genepure 341, Applied Biosystems, Foster City, CA).

Bulky DNA adducts were measured by means of *’P postlabeling
analyses, which were performed as described previously (30). Briefly,
aliquots of DNA (10 pg) were depolymerized by micrococcal nuclease/
spleen phosphodiesterase digestion. Lipophilic bulky adducts were
separated from normal nucleotides by butanol enrichment and labeled
by T4 nucleotide kinase action using AT-y-*P (64 pCi, specific activity
> 6,000 Ci/mmol, ICN, Irvine, CA) as *?P donor. 3?P labeled DNA adducts
were purified from the reaction mixture by multidirectional thin layer
chromatography on a 10x8cm cellulose sheet coated with the anion
exchanger polyethylenimine (Macherey and Nagel, Diiren, Germany).
Four chromatographic developments (D1, D2, D3 and D4) were performed
by rotating the development directions. DNA adducts were detected as
radioactive spots on chromatographic sheet by electronic autoradiography
performed in a phosphorimager (Instantlmager, Packard, Meriden, CT).
DNA-free samples were used as negative controls. 7R,8S,9S-trihydroxy-
10R-(N2-deoxyguanosyl-3’-phosphate)-7,8,9,10-tetrahydrobenzo(a)pyrene
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(BPDE-N2-dG) reference standard (National Cancer Institute Chemical
Carcinogen Reference Standard Repository, Mid-West Research Institute,
Kansas City, MO) was used as a positive control. The results are expressed
as DNA adducts/10° nucleotides.

8-Hydroxy-2'-deoxyguanosine (8-oxo-dGuo) was measured by *P post-
labeling as described previously (31). Briefly, DNA (3 ug) was depolymerized
and normal nucleotides were removed by trifluoroacetic acid incubation.
8-oxo-dGuo was *P postlabeled by polynucleotide kinase and AT[y-32P]
reaction. The remaining *P-labeled normal nucleotides were digested
by nuclease P1. *P-labeled 8-oxo-dGuo was purified by monodirectional
thin layer chromatography on polyethyleneimine-coated cellulose sheets
in formic acid. Quantification by electronic autoradiography was car-
ried out as described for the detection of bulky DNA adducts. DNA-free
samples were used as negative controls. An 8-oxodGuo reference stand-
ard (National Cancer Institute Chemical Carcinogen Reference Standard
Repository) was used as a positive control. The results are expressed as
8-0x0-dGuo/10° normal nucleotides.

Cancer chemoprevention study in mice exposed
to ECS

At 9 months of age, all surviving mice from Groups J (sham-exposed mice),
K (mice exposed to ECS for 4 months, starting at birth and thereafter kept
in filtered air for an additional 5 months), L (ECS-exposed mice treated
with AsA after weaning) and M (ECS-exposed mice treated with naproxen
after weaning) were killed by CO, asphyxiation. Since all 280 mice were not
born on the same day and taking into account that the yield of spontane-
ous tumors in A/J mice increases considerably with time (32), we respected
exactly the time of killing according to the date of birth. The lungs were
collected, immersed in formalin and, according to the classical lung tumor
assay in A/] mice (32), surface tumors were scored with the aid of a ster-
eomicroscope. All suspected nodules were embedded in paraffin, stained
with hematoxylin and eosin, and subjected to standard histopathological
analysis. A subset of nodules (see Results) was analyzed by immunohisto-
chemistry for the detection of Oct-4 in hematoxylin-stained sections. An
Oct-4 polyclonal antibody (BioVision Incorporated, Milpitas, CA) was used.
The antibody reacts with 45kDa Oct-4 (also designated Oct-3A) and, to a
lower extent, with 33kDa Oct-3B from human, mouse, and rat samples.

Statistical analyses

Comparisons between groups regarding survival of mice, incidence of his-
topathological lesions, and other frequency end-points (e.g. occult blood in
feces) were made by y? analysis. Body weights, bulky DNA adducts, 8-oxo-
dGuo levels, and multiplicity of lung tumors were expressed as means
+ SE of the data generated within the mice composing each experimen-
tal group. Comparisons between groups regarding body weights, bulky
DNA adducts, and 8-oxo-dGuo levels were made by parametric ANOVA
and Student’s t-test for unpaired data. Since tumor multiplicity data had
not a normal distribution, due to the high prevalence of tumor-free mice,
the differences between groups were assayed by using the Kruskal-Wallis
rank sum test, and pairwise comparisons between groups were carried
out by Wilcoxon rank sums tests. The estimated P values were adjusted for
multiple comparisons by using the Bonferroni post hoc test. The correla-
tion between bulky DNA adducts and 8-oxo-dGuo levels was evaluated by
Pearson product-moment correlation coefficient.

Results

Subchronic toxicity of AsA and naproxen

All the 180 postweanling mice used in the subchronic toxicity
study survived after 6 weeks, with the exception of one sham-
exposed female. No signs of morbidity or visible alterations in
appearance and behavior of mice were detected throughout
the study, irrespective of administration of the NSAIDs. The
body weights after 0, 1, 2, 3, 4, 5 and 6 weeks (means + SE) were
14.5+0.33, 18.8+0.36, 20.0+0.42, 20.7 +0.47, 21.7+0.47, 21.8 +0.49
and 23.8+0.66¢g in males, and 14.0+0.30, 16.1+0.30, 16.6+0.32,
17.6+0.47, 17.7+0.38, 17.9+0.37 and 20.0+0.32g in females,
respectively. At any dose, AsA and naproxen did not affect
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the body weight gains of mice by more than 10%, compared
to untreated controls. Therefore, it was decided to use in the
chemoprevention study the 80% of the maximum tested dose
that had not produced any apparent adverse effect in mice, i.e.
1600mg/kg diet for aspirin and 320 mg/kg diet for naproxen.

Fecal blood in feces

The guaiac fecal occult blood test (gFOBT), which provides
qualitative data, showed that 3 of 10 mice treated with AsA at
2000mg/kg diet (1/5 males and 2/5 females) and 2 of 10 mice
treated with naproxen at 400mg/kg diet (1/5 males and 1/5
females) were positive at this test, compared to 1 of 10 mice
used as controls (0/5 males and 1/5 females). These differences
were not statistically significant. Therefore, even at the high-
est dose tested, neither AsA nor naproxen caused a significant
bleeding of gastric mucosa in A/J mice treated for 6 weeks after
weaning.

Modulation of ECS-induced DNA adducts and
oxidative DNA damage

Spectrophotometric analyses showed a very good quality of
the DNA extracted from all 59 processed samples, the aver-
age 260/280 ratio being consistently >1.7, proving an adequate
DNA purity and integrity, and the 260/230 ratio being consist-
ently around 2, which rules out any contaminations by proteins.
2p-Postlabeling analyses for bulky DNA adducts showed that
exposure of mice to ECS results in the formation of a diagonal
radioactive zone (data not shown), which is typical of exposures
to complex mixtures. As shown in Table 1, DNA adduct levels
increased 7.9 times in ECS-exposed male mice and 9.8 times
in ECS-exposed female mice as compared with sham-exposed
mice of the same gender. Neither AsA nor naproxen affected the
baseline levels of DNA adducts in sham-exposed mice, whereas
both NSAIDs significantly inhibited the formation of DNA

Table 1. Bulky DNA adducts and oxidative DNA damage in the lung
of A/] mice, as related to exposure to ECS and/or treatment with ei-
ther AsA or naproxen

DNA adducts/10®  8-oxo-dGuo/10°
nucleotides nucleotides

Treatment Gender  (means + SE) (means + SE)
Sham M 2.0+0.16 1.7+0.16

F 1.7+£0.18 1.5+0.16

M+F 1.9+0.12 1.6+1.09
AsA M 1.5+£0.32 1.4+0.12

F 1.5+0.21 1.3+£0.10

M+F 1.5+0.18 1.4+0.08
Naproxen M 1.9+0.15 1.5+0.16

F 1.9+£0.20 1.3+0.09

M+F 1.9+0.12 1.4+0.09
ECS M 15.8+0.952 5.8+0.28°

F 16.6+0.84* 5.8+£0.37°

M+F 16.2+0.612 5.8+0.22°
ECS + AsA M 7.3+£0.59%4 3.2+0.33%

F 8.0+1.06%¢ 3.7+0.68"¢

M+F 7.5+0.9924 3.4+0.34%4
ECS + Naproxen M 6.5+0.534 3.1£0.52b¢

F 7.4£1.09%4 4.0+0.4304

M+F 7.0+0.5924 3.6+0.35%4

The lungs of 10 mice per experimental group (five males and five females) were
examined at the age of 10 weeks.

Statistical analysis: P < 0.01 and ®P < 0.001, as compared with the correspond-
ing Sham;°P < 0.01 and 9P < 0.001, as compared with the corresponding ECS.

adducts in ECS-exposed mice, with a more than 2-fold decrease
of adduct levels in both males and females.

Likewise, exposure of mice to ECS caused a significant oxida-
tive DNA damage in the lung, as shown by a 3.4- and 3.9-fold
increase of 8-oxo-dGuo levels in males and females, respectively
(Table 1). Neither AsA nor naproxen significantly affected 8-oxo-
dGuo levels, as compared with sham-exposed mice. Again, both
NSAIDs were able to significantly attenuate the ECS-related
induction of oxidative DNA damage, with a decrease ranging
between 1.5- and 1-9-fold as compared with ECS-exposed mice
in the absence of chemopreventive agents.

On the whole, there was a high correlation between DNA
adduct levels and 8-oxo-dGuo levels in the 59 examined sam-
ples (r = 0.919; P < 0.001).

Survival and body weights of the mice used in the
chemoprevention study

After killing of 40 mice for evaluating intermediate biomarkers,
each one of the four experimental groups (sham-exposed mice,
ECS, ECS + AsA and ECS + Naproxen) was composed of 70 mice
(35 males and 35 females), for a total of 280 mice. After 9 months,
all of them were still alive, excepting two sham-exposed females
and 1 ECS-exposed female treated with AsA. Figure 1 shows
the body weights of mice measured at monthly intervals from
months 1to 9. ECS-exposed females and even more ECS-exposed

T T T T T T T T T

40 ---0
O ---O-
PO sl

20 F

30

Body weight (g)

20

1 1 ] 1 1 1 1
1 2 3 4 5 6 7 8 9
Time (months)

Figure 1. Body weights (means + SE), measured at monthly intervals during the
first 9 months of life, of male and female A/J mice, either sham-exposed (empty
circles) or exposed to ECS during the first 4 months (full circles) or ECS-exposed
and treated with AsA (triangles) or naproxen (squares) from weaning until the
end of the experiment.



males had a significantly decreased body weight compared to
sham-exposed mice throughout the 9 months of observation.
This effect tended to be less evident in ECS-exposed females
treated with either AsA or naproxen after 4 months onwards,
when exposure to ECS was discontinued.

Modulation of lung tumors by AsA and naproxen

A total of 72 nodules were detected with the aid of a ster-
eomicroscope on the lung surface of the 277 A/] mice surviv-
ing after 9 months. All of them were subjected to standard

Adenomas
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histopathological analysis. Excepting one hyperplastic and
inflammatory nodule, the remaining 71 nodules were diagnosed
either as adenomas (31 nodules) or adenocarcinomas (40 nod-
ules). Figure 2 shows both incidence and multiplicity of surface
lung tumors in the four experimental groups, divided by gender
and exemplifies the appearance of adenomas and adenocarcino-
mas. Exposure of mice to ECS increased the yield of lung tumors.
In particular, adenomas were absent in female sham-exposed
mice. Compared to sham-exposed mice, the increase in the inci-
dence of adenomas in ECS-exposed mice was 2-fold in males

All tumors

M o [Esas
Sham F h [ ] L]

M+ il = =

M - P DT
pcs F I T I

vi+F I =] L
Ecs+ o [ — E—
AsA \uF h [ DR
ECcs+ M W S SR

Naposen ¢ = —
e« 3 it 5 me 5 B B e 5 B 5 ®
Incidence (%)

M = i =
Sham  F | - -

M+F [l I =

M - I .
ECS F I . r—

M+F —— e I

M O s s
ECS+ ¢ | — =
AsA vy DR — I o=
ol = S =i

Naproxen .y HEE— I &
0 0.05 0.10 0.15 0.20 0 0.05 0.10 0.15 0.20 0 0.05 0.10 0.15 0.20

Multiplicity (means + SE)

Figure 2. Examples of histopathological appearance of adenomas and adenocarcinomas detected on the lung surface, and their incidence and multiplicity in 9-month
old A/] mice, either males (M) or females (F). The mice were either sham-exposed (35M and 33 F) or exposed to ECS during the first 4 months, starting at birth (35M and
35 F), or ECS-exposed and treated with either AsA (35M and 34 F) or naproxen (35M and 35 F) from weaning until the end of the experiment.
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and 5.7-fold in combined genders. The increase in the incidence
of adenocarcinomas was 2.5-fold in males, 1.9-fold in females
and 2.3-fold in combined genders. The increase in the incidence
of total tumors (adenomas plus adenocarcinomas) was 2.3-fold
in males, 5.7-fold in females and 3.2-fold in combined genders.
The increase in the multiplicity of adenomas in ECS-exposed
mice was 2-fold in males and 5.0-fold in combined genders. The
increase in the multiplicity of adenocarcinomas was 2.3-fold in
males, 2.0-fold in females and 2.5-fold in combined genders.
The increase in the multiplicity of total tumors (adenomas plus
adenocarcinomas) was 2.5-fold in males, 5.0-fold in females and
3.3-fold in combined genders. Although the above increases were
biologically relevant in all groups of ECS-exposed mice, they
attained the statistical significance threshold (P < 0.05) only in
the case either of adenomas or of total tumors in females and
combined genders.

AsA attenuated both incidence and multiplicity of lung
tumors. In particular, no adenoma was detectable in ECS-
exposed female mice treated with AsA. Compared with ECS-
exposed mice, the incidence of adenomas was not reduced by
AsA in males and was decreased 2.0-fold in combined genders.
The incidence of adenocarcinomas in ECS-exposed mice was
decreased by AsA 1.7-fold in males, was unchanged in females
and was decreased 1.4-fold in combined genders. The incidence
of ECS-induced total tumors was decreased by AsA 1.2-fold in
males, 2.9-fold in females and 1.6-fold in combined genders.
Prevention of ECS-induced lung adenomas by AsA was statisti-
cally significant in female mice in terms of incidence (P < 0.05).
The decrease by AsA of adenoma multiplicity in female mice
(from 0.14+0.07 to 0) was statistically significant when evalu-
ated by Kruskal-Wallis rank sum test followed by Wilcoxon
rank sum tests but significance was lost after correction with
Bonferroni’s post hoc test.

Likewise, naproxen attenuated both incidence and multiplic-
ity of lung tumors. In particular, compared with ECS-exposed
mice, the incidence of adenomas was decreased by naproxen
2.0-fold in males, 3.9-fold in females and 3.0-fold in combined
genders, whereas the incidence of adenocarcinomas was
unchanged in females, and was decreased 1.7-fold in males and
1.4-fold in combined genders. The incidence of ECS-induced
total tumors was decreased by naproxen 1.8-fold in males, 2.0-
fold in females and 1.9-fold in combined genders. However, none
of the difference between ECS-exposed mice treated with nap-
roxen and ECS-exposed mice in the absence of NSAIDs reached
the statistical significance threshold.

Oct-4 in tumors and surrounding tissues

A subset of 25 nodule sections, including 1 hyperplastic and
inflammatory nodule, 3 adenomas and 21 adenocarcinomas,
were examined by immunohistochemistry for the presence of
Oct-4 protein. Excepting 4 adenocarcinomas and the hyperplas-
tic and inflammatory nodule, which were from sham-exposed
mice, all remaining lesions were from ECS-exposed mice. Some
of the analyzed samples were positive for Oct-4, but with dif-
ferent patterns. In fact, in the hyperplastic and inflammatory
nodule the brownish color was localized in the cytoplasm
(Figure 3A). In the adenomas there was no detectable Oct-4,
whereas in four adenocarcinomas (19.0%) the brownish color
was localized in the nucleus (Figure 3B). It is noteworthy that
no Oct-4 staining was detected in the tissue surrounding the
nodules, which served as negative control in each sample. Due
to the low number of available samples, it was not possible to
evaluate the influence either of gender or NSAIDs administra-
tion on Oct-4 positivity in ECS-exposed mice.

Figure 3. Examples of immunohistochemical detection of Oct-4 in sections of a
lung hyperplastic and inflammatory nodule (A) and of an adenocarcinoma (B).
See text for details. Original magnification 400x.

Discussion

The results of the present study showed that exposure of mice
to ECS caused the formation of evident nucleotide modifications
in the short term and induced a weak tumorigenic response in
the lung in the medium term. The ECS doses used in the pre-
sent experiment, accounting for an average total particulate
matter of 96.5mg/m? air, were within the ranges (70-150mg/
m? air) reported in 28 studies using the same smoking machine
available for the present study (33). These doses are high but not
unrealistic for human exposures. In fact, the Scientific Review
Panel of the California Environmental Protection Agency has
reported that the respirable particulate matter in certain enter-
tainment venues is estimated to range from less than 15mg/m?
where smoking is prohibited up to 350mg/m* where smoking is
allowed. In the home environment, peaks up to 300mg/m? have
been found, and inside vehicles concentrations are estimated to
range from about 90mg/m? to well over 1000 mg/m? (3).

The 70-day exposure period, after which bulky DNA adducts
and 8-oxo-dGuo were evaluated, covered the immediate post-
natal time, during which the sudden transition from the
maternal-mediated respiration to the autonomous pulmonary
respiration of neonatal mice causes paraphysiological genomic
and postgenomic alterations in the lung (34), followed by the
lactation period until completion of weaning and then adoles-
cence. It is known that children are especially sensitive to the
respiratory effects of exposure to SHS (3), and mice exposed
until weaning are more susceptible than their dams to molecu-
lar, biochemical and cytogenetic alterations induced by ECS in



the respiratory tract, mainly due to oxidative stress and the
resulting DNA damage and epigenetic alterations (35,36).

The tumorigenic response, in terms of surface lung tumors
as proposed in the classical mouse tumor assay (32), was weak
yet appreciable in A/J mice exposed to ECS. It was approximately
of the same order of magnitude as the one detected by expos-
ing adult A/] mice to ECS according to the model proposed
by Hanspeter Witschi (25,26,37). Probably, one of the reasons
accounting for the low yield of lung tumors in this model is
that, according to the classical lung tumor assay with chemical
carcinogenesis (32), only surface lung tumors are enumerated,
which may underestimate the lung tumor yield in the whole
organ (37).

Therefore, exposure early in life, which was found to be par-
ticularly advantageous in mice exposed to MCS (27), does not
appear to increase the lung tumor yield in ECS-exposed mice.
This probably depends on the young age of mice (9 months) at
the time of sacrifice, since the incidence of lung tumors, both
spontaneous and induced by chemical carcinogens, consider-
ably increases with age (32). However, an important difference is
that, in the Witschi’s model in adult A/J mice, only the 20% of the
lung tumors are adenocarcinomas, a figure that is not increased
by ECS (37), whereas in A/] mice exposed early in life the relative
proportion of adenocarcinomas (56.3%) was higher than that of
adenomas (43.7%), and the incidence of ECS-induced adenocar-
cinomas was more than twice that of spontaneous adenocar-
cinomas, although the difference did not reach the statistical
significance threshold. The finding that exposure to ECS mainly
induces lung adenocarcinomas in mice is of particular interest
because this type of tumor is particularly frequent in passive
smokers, as shown for instance in Japanese women exposed to
ECS both at home and in the workplace (38).

We previously demonstrated that stem cell antigen-1 (Sca-1)
is upregulated in the endothelial cells of the pulmonary vascula-
ture of post-weaning CD-1 mice exposed to ECS since birth (39).
In the present study, a proportion of the detected adenocarci-
nomas were positive for Oct-4, which suggests the presence of
stem cells within the tumor mass, contrasting with the lack of
detectable protein in the surrounding healthy tissue. In particu-
lar, Oct-4 was localized in the nucleus of adenocarcinomatous
cells, whereas in a hyperplastic and inflammatory nodule Oct-4
was localized in the cytoplasm. In fact, the antibody used reacts
both with both Oct-4A, which is localized in the nucleus as a
transcription factor related to its pluripotent properties, and
Oct-4B, which is localized in the cytoplasm and is related to
stress response (40,41).

AsA and naproxen were given with the diet starting after
weaning until the end of the experiment. Therefore, this pro-
tocol mimics an intervention in a passive smoker that, after
a while, avoids further exposure to ECS. The doses of NSAIDs
were selected based on a preliminary subchronic toxicity study,
and they did not cause any significant bleeding of the gastric
mucosa. These doses are 3-4 times higher than those used in
humans for therapeutic purposes, but it should be taken into
account that, due to metabolic reasons, mice eat as often as they
can, and accordingly the intake of drugs with the diet is highly
fractionated during the day.

Both AsA and naproxen were able to attenuate the early for-
mation of bulky DNA adducts and oxidative DNA damage in A/J
mice exposed to ECS, which is consistent with the finding that
COX-2 is able to mediate the formation of etheno adducts via
lipid peroxidation in cultured cells (42). Moreover, naproxen sig-
nificantly attenuated the systemic genotoxic damage induced
by MCS in female H mice (43). In addition, AsA inhibited the
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formation of DNA adducts both in the urinary bladder and
kidney of mice treated with the nephrotoxic mycotoxin ochra-
toxin A (44), which has been shown to behave as a tumor pro-
moter (45), and in a human bladder tumor cell line treated with
2-aminofluorene (46). Furthermore, AsA potently inhibited the
induction of oxidative DNA strand-breaks in plasmid DNA, most
likely through scavenging of hydroxyl radicals (47). All these
studies are consistent with the conclusion that NSAIDs are able
to attenuate oxidative DNA damage, and our results provide the
first evidence that this mechanism also occurs in the lung of
mice exposed to ECS early in life.

AsA significantly suppressed the formation of ECS-induced
adenomas in female A/] mice. Naproxen decreased ECS-induced
adenomas in female mice almost 4-fold, but this effect did
not reach the statistical significance threshold. Interestingly, a
selective inhibition of lung adenomas by both NSAIDs was also
observed in female Swiss H mice exposed to MCS (43). Thus, at
least in mice, the protective effects of NSAIDs towards smoke-
induced lung tumors are gender-specific, and they are due to
epigenetic mechanisms rather than to antigenotoxic mecha-
nisms because inhibition of ECS-induced DNA adducts by both
AsA and naproxen was of the same order of magnitude in
males and females. These findings suggest a role of estrogens in
smoke-related pulmonary carcinogenesis, as also supported by
metabolic studies (48,49). On the other hand, they are consist-
ent with the known antiestrogenic properties of NSAIDs, COX-2
overexpression being a critical component in aromatase-cata-
lyzed estrogen biosynthesis (50). Therefore, the NSAIDs appear
to mainly interfere with the tumor promotion process triggered
by CS in mouse lung. It should be noted that inhibition of nucle-
otide alterations and inhibition of lung tumors do not necessar-
ily correlate, also because tumors probably originate from stem
cells, whereas nucleotide alterations may affect other pulmo-
nary cell types as well (10).

In parallel with the present study, we are evaluating the
modulation of microRNA expression in the lung of the same
mice. Preliminary results highlight not only the well-known
ability of NSAIDs to regulate COX activity but also their involve-
ment in a variety of cell functions (A. Izzotti et al., in prepara-
tion). Tobacco smoke is known to trigger a cascade of events
involving both genotoxic and epigenetic mechanisms, such as
induction of intracellular signaling and modulation of gap junc-
tional intercellular communications, in the multistage process
of lung carcinogenesis (5,35,51). On the whole, our results show
that AsA and naproxen can interfere with cigarette smoke pul-
monary carcinogenesis both via antigenotoxic mechanisms, as
documented by inhibition of DNA adducts and oxidative DNA
damage in the lung, at a time when no histopathological altera-
tions are detectable in the lung yet, and via epigenetic mecha-
nisms, as documented by modulation of microRNA expression
and by the antiestrogenic activity resulting in inhibition of lung
tumors in females.
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