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Abstract
Cigarette smoke causes direct oxidative DNA damage as well as indirect damage through
inflammation. Epidemiological studies show a strong relationship between secondhand smoke and
cancer; however, the mechanisms of secondhand smoke-induced cancer are not well understood.
Animal models with either i) deficient oxidative DNA damage repair, or ii) a decreased capacity
to combat oxidative stress may help determine the pathways important in mitigating damage
caused by smoke. In this study, we used mice lacking Ogg1 and Myh, both of which are involved
in base excision repair by removing oxidatively damaged DNA bases. Gclm-deficient mice, which
have decreased levels of glutathione (GSH), were used to look at the role of smoke-induced
oxidative damage. Ex vivo experiments show significantly elevated levels of DNA single-strand
breaks and chromosomal aberrations in peripheral blood lymphocytes from Ogg1−/−Myh−/−

double knockout mice compared to wild type (WT) mice after 24 hours of exposure to cigarette
smoke extract (CSE). The average γH2AX foci per cell was significantly elevated 3 hours after
exposure to CSE in cells from Ogg1 −/−Myh −/− double knockout mice compared to wildtype
mice. In vivo we found that all mice had increased markers of DNA damage after exposure to
side-stream tobacco smoke (SSTS). Ogg1−/− Myh−/− and Gclm−/− mice had altered levels of
peripheral blood glutathione after SSTS exposure whereas wild type mice did not. This may be
due to differential regulation of glutathione synthesis in the lung. We also found that
Ogg1−/−Myh−/− mice had a decreased lifespan after oral gavage with benzo[a]pyrene compared to
wildtype mice and sham-exposed Ogg1−/−Myh−/− mice. Our results are important in investigating
the roles of oxidative stress and oxidative DNA damage repair in cigarette smoke-induced cancers
and characterizing the role of genetic polymorphisms in smoke-related disease susceptibility.
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INTRODUCTION
In 1964 The Surgeon General’s report classified tobacco smoke as a carcinogenic compound
and in 1992, the EPA classified secondhand smoke as a Group A human carcinogen after
evaluating human and animal data (Respiratory health effects of passive smoking: lung
cancer and other disorders. 1992. EPA: Washington D.C.). Secondhand smoke contains over
4000 chemicals of which at least 250 are toxic or carcinogenic (Report on Carcinogens,
Eleventh Edition, 2005, U.S. Department of Health and Human Services, Public Health
Service, National Toxicology Program). While the negative health effects of smoking are
well known, 43.4 million adults continue to smoke, exposing approximately 126 million
nonsmokers (Cancer Facts & Figures, 2009, American Cancer Society), making secondhand
smoke a major public health concern.

Both in vitro and in vivo studies in laboratory animals as well as in non-smokers show
genotoxic effects of second hand and side-stream tobacco smoke (SSTS) (Husgafvel-
Pursiainen 2004). DNA adducts and oxidative DNA damage have been found in people
exposed to SSTS (DeMarini 2004; Husgafvel-Pursiainen 2004). Compounds in smoke can
react directly with DNA leading to DNA adducts as well as indirectly by producing reactive
oxygen species (ROS). Benzo[a]pyrene (B[a]P) is one of the most well-known carcinogenic
components of smoke and causes DNA adducts, often leading to GC→TA mutations
(Pfeifer, Denissenko et al. 2002; Husgafvel-Pursiainen 2004). B[a]P has been shown to
increase pulmonary DNA adducts in vivo, and causes altered mutational profiles in human
lung tumors (Bartsch 1996; Denissenko, Pao et al. 1996; Hecht 2002). Although G to T
transversions are most often attributed to DNA adducts caused by compounds in smoke such
as polyaromatic hydrocarbons (PAHs), oxidative DNA damage also commonly leads to
GC→TA mutations.

It is well established that second hand smoke increases the risk of diseases such as cancer
(Sasco, Secretan et al. 2004) and heart disease (Ambrose and Barua 2004), however,
mechanisms of smoke-induced injury are still not fully understood. The classic model is that
smoke exposure causes DNA damage and mutations in tumor suppressor genes or
oncogenes which lead to carcinogenesis. More recently, other factors have been suggested to
increase susceptibility to smoke-induced lung cancer including inflammation, cell cycle
signaling, and rates of activation and detoxification of smoke particles (Engels, Wu et al.
2007; Schwartz, Prysak et al. 2007). Understanding how smoke exposure causes lung cancer
will help to clarify why some smokers develop lung cancer while others do not.
Approximately 85% of lung cancers are attributed to smoking, however, only 10–15% of
smokers develop lung cancer (Schwartz, Prysak et al. 2007), implying that a subset of
smokers is more susceptible to smoke-induced injury. The association between secondhand
smoke and lung cancer is weaker so that susceptibility may play a more prominent role.

Since oxidative stress is important in smoke-induced damage, we studied the roles of
antioxidant and DNA damage repair capacity in combating the effects of smoke. We
assessed the effects of cigarette smoke extract (CSE) and SSTS on DNA damage and
oxidative stress in different mouse models. We used mice deficient in Ogg1 (8-oxodG
glycosylase) and Myh (MutY homologue), as well as mice deficient in Gclm (Glutamate-
cysteine ligase, modifier subunit). Ogg1 is considered to be the major enzyme for repair of
8-oxodG (Evans, Dizdaroglu et al. 2004). Myh primarily repairs 8-oxodG:A and 8-
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oxodG:G mismatches during DNA replication and its activity is directed towards the
daughter strand (Evans, Dizdaroglu et al. 2004). Spontaneously, over 30% of double mutant
Ogg1−/−Myh−/− mice develop lung tumors after 12 months (Xie, Yang et al. 2004). Further
characterization of these lung tumors show that 75% of sequenced K-ras alleles from tumors
had a G to T transversion compared to no transversions in adjacent normal tissue (Xie, Yang
et al. 2004). This is consistent with mice deficient in 8-oxodG repair and the types of
mutation which lead to tumorigenesis (Xie, Yang et al. 2004). Subsequently, it was found
that the number of 8-oxodG lesions in the liver, lungs, and small intestines of
Ogg1−/−Myh−/− mice were at least tripled compared to wildtype controls (Russo, De Luca et
al. 2004).

We used Gclm−/− mice to study the role of anti-oxidant defense in smoke-induced disease
and injury. Gclm is important for glutathione synthesis. Glutathione is one of the most
abundant reducing agents in the cell and has an important role in protection against reactive
oxygen species (ROS), metabolism of nutrients and xenobiotics, and regulation of
intracellular redox status (Wu, Fang et al. 2004). Gclm−/− mice have 9–16% of the normal
GSH levels in the liver, lung, pancreas, erythrocytes, and plasma compared to wildtype
littermates (Yang, Dieter et al. 2002). Gclm−/− mice also exhibit reduced cysteine levels in
the kidney, pancreas, and plasma (Yang, Dieter et al. 2002).

To study the roles of DNA damage and oxidative stress in environmental tobacco smoke-
induced cancer, we exposed Ogg1−/−Myh−/− , Gclm+/−, and Gclm−/− and wildtype mice or
cells to SSTS or CSE and measured markers of DNA damage and oxidative stress. We
observed that CSE induced DNA double strand breaks in mononucleated white blood cells,
single strand breaks in leukocytes, and micronucleus formation in Ogg1−/−Myh−/− mutant
but not in wildtype cells. We also found that γH2AX foci were increased in mice after SSTS
exposure; however single-strand breaks and hOGG-1-induced DNA strand breaks were not
significantly increased. SSTS increased GSH levels in Ogg1−/−Myh−/− , Gclm+/−, and
Gclm−/− mice but not wildtype mice. Gene expression of oxidative stress and GSH
regulatory proteins were also altered in the lungs of SSTS-exposed animals. Finally, we
show that DNA repair deficient animals had decreased survival proportions after oral gavage
of benzo[a]pyrene compared to wildtype animals. These results show that mice deficient in
base-excision repair have a mild but significantly increased susceptibility to smoke and
smoke components and that GSH is an important molecule in mitigating these effects.

MATERIALS AND METHODS
Mice Breeding and Care

Myh- and Ogg1-deficient mice have been described previously (Xie, Yang et al. 2004) and
were backcrossed with C57BL/6J mice at least 4 times. Additionally, they have been
backcrossed at least twice with C57BL/6J pun/pun mice. Gclm+/− mice have also been
described previously and have been backcrossed at least 4 times with C57BL/6J pun/pun

mice (McConnachie, Mohar et al. 2007). To obtain Gclm−/− mice, heterozygous females
were crossed with heterozygous males. Myh−/−Ogg1−/− mice were obtained by crossing
Ogg1+/−Myh+/− males and females and by crossing Ogg1−/−Myh+/− mice with
Ogg1+/−Myh−/− or Ogg1−/−Myh+/− and Ogg1+/−Myh−/− with Ogg1+/−Myh+/− mice.
Genotyping was be done by PCR as described previously (Xie, Yang et al. 2004;
McConnachie, Mohar et al. 2007). Wild type mice were obtained from Gclm+/− crosses,
Ogg1+/−Myh+/− crosses, or from our wildtype C57BL/6J pun/pun colony, used in all
backcrosses. 8–10 week old male and female mice were used for in vivo experiments and
12–13 month old male and female mice were used for ex vivo experiments. Mice were bred
in an institutional specific pathogen free animal facility under standard conditions with a 12
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hr light/dark cycle according to Animal Research Committee regulations. Mice were fed a
standard diet and water ad libitum.

Blood Collection
For exposure to CSE, peripheral blood was collected from experimental mice via terminal
right ventricle cardiac puncture using a heparin-coated syringe (American Pharmaceutical
Partners, Inc. Schaumburg, IL). At least 1 mL of blood was collected from each animal,
aliquoted into 2 tubes for exposure to CSE or PBS and incubated at 37°C. For in vivo
experiments, blood was collected by facial vein puncture using 5 mm sterile lancets
(Medipoint Inc. Mineola, Ny). Blood from each mouse was collected into EDTA-coated
tubes (Sarstedt Aktiengesellschaft & Co., Numbrecht).

Whole blood CSE exposure
Frozen stocks of cigarette smoke extract were supplied by the lab of Andrew Dannenberg at
Cornell University as described previously (Du, Leung et al. 2007). Concentrated 40.3 puffs/
mL cigarette smoke extract was diluted to a working solution of 5 puffs/mL with PBS. 5
puffs/mL cigarette smoke extract (CSE) was administered directly into whole peripheral
blood to a final concentration of 1 puff/mL CSE and allowed to incubate in a shaking 37°C
incubator for 3,6, or 24 hours.

SSTS exposure
Mice were exposed to SSTS in a Teague Enterprises Model TE-10 cigarette-smoking
machine (http://memebers.dcn.org/svteague/catalog.html). Smoke from a smoldering
Kentucky reference cigarette 2R4F was collected in a mixing chamber, then flowed through
a dilution chamber before entering the exposure chamber. Mice were exposed in open cages
with access to food and water ad libitum. 8–10 week old mice were exposed to an average of
43 mg/m3 TPM for 6 hours/day for 14 days. Daily exposures were separated with a 1 hour
break between 3-hour exposures. TPM was measured by a particulate counter (DusTrak, TSI
Inc., St. Paul, MN) and calibrated for tobacco smoke.

γ-H2AX Immunofluorescence
After erythrocyte lysis, cells were laid over poly -D-lysine-coated coverslips and fixed with
4% paraformaldehyde (Electron Microscopy Sciences) at room temperature as described
previously (Goldstine, Nahas et al. 2006). Subsequently, cells were permeabilized with 0.5%
Triton X-100 (Sigma), followed by 5 rinses in PBS. For ex vivo experiments blocking was
done in aluminum-covered plates overnight at 4°C in 10% FBS. For in vivo experiments
blocking was done for 1 hour at room temperature in 10% FBS. Coverslips were then
incubated for 1 hour at room temperature with mouse anti-phospho-Histone H2A.X
(Upstate, Temecula, CA) at a dilution of 1:400, then rinsed with 0.1% Triton X-100.
Following a second 10% FBS blocking, cells were stained with FITC-conjugated anti-mouse
IgG (Jackson ImmunoResearch, West Grove, PA) at a dilution of 1:200 for 1 hour at room
temperature. Coverslips were mounted onto slides using VECTASHIELD with DAPI
(Vector Laboratories, Burlingame, CA). Foci were analyzed on a Zeiss automated
microscope. At least 100 cells were counted per sample and cells with more than four
distinct foci in the nucleus were considered positive for γH2AX.(Westbrook, Wei et al.
2009). Apoptotic cells, which have an approximate 10-fold increased in nuclear foci in
damaged cells, were not included in analyses (Muslimovic, Ismail et al. 2008; Westbrook,
Wei et al. 2009). Statistical analysis was done using ANOVA and tukey’s post hoc test in ex
vivo experiments and two-way repeated measures ANOVA followed by Bonferroni post-
tests for in vivo experiments (PRISM).
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Micronucleus assay
3µl of whole blood were spread on a microscope slide and stained with Wright-Giemsa
solution (Sigma-Aldrich, St. Louis, MO). At least 4000 erythrocytes were counted according
to published recommendations (Hayashi, Tice et al. 1994). MN were counted and scored
with an Olympus Ax70 (Tokyo, Japan) at 100X magnification. Statistical analysis was done
using repeated measures ANOVA followed by a Bonferroni or Kruskal-Wallis post-tests , or
a t-test to compare 2 groups. (GraphPad Prism).

DNA single strand breaks
Oxidative DNA damage and DNA strand breaks were measured in peripheral blood cells
using the alkaline comet assay. In ex vivo experiments peripheral blood was collected before
CSE incubation, and immediately after 3, 6, or 24 hours of incubation with CSE. For in vivo
experiments blood was collected before, and after 1 and 2 weeks of SSTS exposure. Blood
was diluted 1:1 with RPMI + 20% DMSO, slowly frozen and stored at −80C until the assay
was performed. The comet assay was done as described previously (Singh, McCoy et al.
1988). Briefly, cells were mixed with low melting-point agarose, and placed in triplicate
onto normal agarose layed over gelbond (Lonza Inc. Rockland, ME). The gel was immerse
in lysis buffer (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, 1% Triton, and 10% DMSO), then
alkaline electrophoresis buffer (0.3 M NaOH, 1 mM EDTA). After 20 minutes in the
electrophoresis buffer at 4°C, the gel was run for 45 minutes at 300 mA, allowed to dry and
then stained with SYBR Gold (Molecular Probes). Comet tail-moments were analyzed using
CASP (Comet Assay Software Project, http://casp.sourceforge.net/). To measure oxidative
DNA damage, the comet assay was modified to include an incubation step with hOGG1
(New England Biolabs, Ipswich, MA). As described previously, embedded cells were
incubated with hOGG1 (1:300 in NEBuffer1 and BSA) at 37°C for 30 minutes following the
lysis step (Smith, O'Donovan et al. 2006). Tail-moments were normalized to a control to
account for inter-experimental variability. Statistical analyses were done using ANOVA
(GraphPad Prism).

GSH measurements
Glutathione levels were determined in blood samples taken before, and after 1 and 2 weeks
of SSTS exposure and stored at −80°C until analysis. GSH was extracted using 5%
metaphosphoric acid and analyzed using the OxisResearch Bioxytech GSH/GSSG-412 kit
(Portland, OR) which is based on the Tietze method (Tietze 1969). The assay was modified
to fit into a 96-well plate. Statistical analyses were done using ANOVA.

Gene expression analysis
Lungs from mice at the end of the 2-week SSTS exposure or unexposed control mice were
perfused and lavaged before immersion into RNAlater (Qiagen). Lungs were kept at 4°C for
24 hours then transferred to −80°C until RNA was isolated using the RNeasy Mini kit
according to manufacturer’s instructions (Qiagen). cDNA was synthesized using
SuperscriptIII (Invitrogen) according to manufacturer’s recommendations. Quantitative real-
time PCR was performed on an ABI Prism 7500 gene expression system (Applied
Biosystems) using Taqman gene expression assays for Nrf2, Hmox, Gclc, Gclm, Gsr,
Gstα4, Mcp-1, IL-1β, Tnfα, and Tgfβ. Gapdh was used as an internal control. Each reaction
was done in triplicate and analyzed using the relative standard curve method.

B[a]P survival proportions
Wildtype and Ogg1−/−Myh−/− double knockout mice were dosed twice a week for 1 month
by oral gavage with Benzo[a] pyrene (Sigma, lot no.37F-0555). B[a]P was suspended in
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corn oil and mice were dosed at 100mg/kg body weight. Control mice were gavaged with
corn oil only.

RESULTS
CSE exposure increased DNA double-strand breaks in mononucleated white blood cells
from base excision repair deficient mice

The frequency of DNA double stranded breaks in white blood cells (WBCs) from wildtype
and Ogg1−/−Myh−/− mice was measured using the γH2AX assay. After 3 hours of exposure
to 1 puff/mL CSE ex vivo, the average number of γH2AX foci per Ogg1−/−Myh−/− cell was
four times higher than mononucleated WBCs in the non-exposed group (Figure 1A, p<0.05).
No significant differences were found in wildtype WBCs exposed to 1 puff/mL CSE for 3
hours compared to non-exposed wildtype mononucleated WBCs. No differences were found
between genotypes at any time point. (Figure 1A).

CSE induced micronucleus formation in erythrocytes from base excision repair deficient
mice after 24 hours

We found a significant induction of micronuclei in the peripheral blood from Ogg1−/−

Myh−/− mice after incubation with CSE for 24 hours (Figure 1B, p<0.05). Micronuclei were
slightly elevated in the peripheral blood from wildtype animals exposed to CSE for 24
hours , however, this difference was not significant. No differences were found between
genotypes at any time point. These results suggest that cells from Ogg1−/− Myh−/− double
knockout mice exhibit increased susceptibility to components of cigarette smoke extract.

CSE induced DNA strand breaks in peripheral leukocytes of wildtype and base excision
repair deficient mice

Single- and double-strand breaks as well as alkalilabile sites were assessed by mean olive
tail moment using the alkaline comet assay (Figure 1C). The mean olive tail moment from
wildtype and Ogg1−/−Myh−/− double knockout mice remained low after 3 and 6-hour
incubations with CSE. Mean olive tail moments were significantly higher after 24 hours of
CSE incubation in both wildtype and Ogg1−/−Myh−/− double knockout mice compared to
incubation with PBS only (p<0.05 and p<0.001, respectively) and compared to shorter
incubation times. No differences were found between genotypes at any time point. (Figure
1C).

γH2AX foci and micronuclei are increased in mice after exposure to SSTS, however single-
strand breaks, and hOGG1-induced DNA single-strand breaks were not

After 1 week of exposure to SSTS, γH2AX foci increased in all mice (Figure 2A, p<0.05).
After 2 weeks of exposure, average γH2AX foci per cell were still above spontaneous levels,
but did not increase above week 1 levels. No differences were found between genotypes at
any time point. In Ogg1−/−Myh−/− mice, levels of γH2AX foci decreased significantly after
2 weeks of exposure compared to after 1 week. Since blood was taken within 15 minutes
following exposure to SSTS, the γH2AX foci represent ongoing DNA damage and repair in
these mice. Although γH2AX foci are increased after exposure to SSTS, micronuclei, which
represent permanent damage following a double-strand break, are only significantly
increased in wildtype and Gclm+/− mice after 2 weeks of exposure to SSTS (Figure 2B).
Micronuclei are increased in Ogg1−/−Myh−/− and Gclm−/− mice, however the trend does not
reach significance (Figure 2B). Importantly, however, spontaneous levels of micronuclei are
lower in wildtype mice than Ogg1−/−Myh−/− mice (p<0.05 using the t test). DNA single-
strand breaks as measured by the comet assay were not increased significantly after
exposure to SSTS. Oxidized DNA damage, measured by the hOGG1-modified comet assay,
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which induces breaks at oxidized bases, was also increased but not significantly in response
to SSTS (data not shown). A lack of significant DNA damage seen by the comet assay could
be due to the sensitivity of the assays or number of mice since our data show slight but not
significant increases after SSTS exposure.

Glutathione in the peripheral blood is differentially altered in response to SSTS depending
on genotype

GSH is a major antioxidant in the cell. As expected, Gclm−/− mice have decreased levels of
GSH at all time points (Figure 3A). Following exposure to SSTS, peripheral blood GSH
levels were increased in all knockout mice over spontaneous levels (Ogg1−/−Myh−/−,
Gclm−/−, and Gclm+/−) but not in wildtype mice (Figure 3A). GSH levels were significantly
increased as early as 1 week in Ogg1−/−Myh−/− and Gclm−/− mice and after 2 weeks in
Gclm+/− mice. Therefore, wildtype mice may be more efficient at regulating a stress
response when exposed to sub-chronic doses of SSTS.

Gene expression of proteins involved in oxidative stress response and GSH regulation are
altered in lungs after exposure to SSTS

After 2 weeks of exposure to SSTS, Nrf2 expression is significantly increased in
Ogg1−/−Myh−/− and wildtype mice (Figure 4A). Nrf2 is a transcription factor upregulated in
response to oxidative stress and smoke (Adair-Kirk, Atkinson et al. 2008; Hubner, Schwartz
et al. 2009). Hmox is regulated by Nrf2 and is increased in all mice (Figure 4B). This data is
consistent with previous results showing increased Nrf2 and Hmox in response to smoke in
wildtype mice (Adair-Kirk, Atkinson et al. 2008).

Since we found altered levels of GSH in the blood, we also looked at expression of genes
involved in GSH homeostasis. Although McConnachie et al found a spontaneous increase of
Gclc in the liver of Gclm−/− mice (McConnachie, Mohar et al. 2007), we did not see a
similar increase in the lungs. Following exposure to smoke, however, Gclc expression was
upregulated in Ogg1−/−Myh−/−, Gclm−/−, and wildtype mice (Figure 5A). In addition, Gclm
expression was increased in response to SSTS in all mice except the Gclm-deficient mice
(Figure 5B). Other genes involved in the GSH regulation include Glutathione reductase
(Gsr), responsible for reducing GSSG to 2 GSH units and glutathione-S-transferases (Gstα4)
which use GSH for detoxification. We found that Gsr is significantly upregulated in Gclm−/−

mice (Figure 5C). We also found that Gstα4 is significantly upregulated in Gclm−/− mice
(Figure 5D). Therefore, mice primarily responded to SSTS exposure by up-regulating genes
involved in oxidative stress response and there are slight differences depending on genotype.

Ogg1 −/−Myh−/− double knockout mice exhibit decreased survival after exposure to B[a]P
by oral gavage

B[a]P and other polyaromatic hydrocarbons (PAHs) are thought to be the cause of the
carcinogenic effects of exposure to coal tars, soots, and related materials (Hecht 2002).
B[a]P has also been shown to induce tumor formation at the site of application in rodents
(Hecht 2002). Metabolism of BaP to the major carcinogen BaP-diolepoxide , forms reactive
oxygen species including superoxide, H2O2, •OH radicals and semiquinone. (Gao, Li et
al.).These ROS induce DNA damage and can cause modifications to guanine residues to
form the common 7,8-dihydro-8-oxoguanine (8oxo-dG) mutagenic legion .This specific
legion is normally recognized by the Ogg1 enzyme. (Le Marchand, Donlon et al.
2002).Furthermore, (8oxo-dG) legions readily mispair with adenines to form transversion
mutations, these mispaired adenines are removed by the MYH protein.(Miyaishi, Osawa et
al. 2009) In this current work Ogg1−/−Myh−/− and wildtype mice were exposed to100 mg/kg
B[a]P twice per week for 1 month by oral gavage. Ogg1−/−Myh−/− mice exposed to B[a]P
have a significantly decreased median lifespan compared to B[a]P-exposed wildtype mice
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(Figure 6A, p<0.05). In addition, Ogg1−/−Myh−/− mice gavaged with B[a]P had a shorter
median lifespan than Ogg1−/−Myh−/− mice gavaged with corn oil only (Figure 6B, p<0.005).
These data show that the Ogg1−/−Myh−/− mice have increased susceptibility to a major
component found in cigarette smoke.

DISCUSSION
We examined susceptibility to cigarette smoke extract and SSTS in mice deficient in the
repair of oxidative DNA damage and in mice with decreased levels of GSH. In ex vivo CSE
experiments we found that cells from Ogg1−/−Myh−/− mice had significantly higher amounts
of chromosomal aberreations and single stranded breaks after 24-hour incubations assessed
via micronucleus and comet assays, respectively. After a 3-hour CSE incubation we also
observed a significant increase in DNA double-strand breaks assessed by γH2AX foci
formation in peripheral blood lymphocytes. In vivo experiments showed that DNA double-
strand breaks were increased in response to SSTS in all groups of mice. GSH homeostasis,
however, was differentially regulated in Ogg1−/−Myh−/−, Gclm−/− and Gclm+/− mice
compared to wildtype mice. Although in our in vivo experiments we did not observe a
significant increase in DNA damage as measured by the comet assay after a two week SSTS
exposure in all mice, a significant increase in ex vivo mouse lymphocytes suggests that the
cells of the DNA repair deficient mice are more sensitive than that of wildtype mice exposed
to CSE. There may be a dose or time-dependency which is important in differentiating these
mice in vivo, as alluded to by the decreased γH2AX foci formation after 2 weeks of SSTS
exposure in Ogg1−/−Myh−/− mice. In addition, Ogg1−/−Myh−/− mice were significantly more
sensitive to B[a]P, a constituent of cigarette smoke.

In our experiments SSTS induced DNA double-strand breaks in peripheral blood cells in all
mice after 1 week of exposure to SSTS, similar to what has been seen in cells exposed to
smoke (Tanaka, Huang et al. 2007). Levels of DNA double-strand breaks decreased
significantly in Ogg1−/−Myh−/− mice after 2 weeks of exposure and remained approximately
the same or slightly decreased in all other mice indicating i) an increase in DNA repair
capacity and/or ii) that SSTS-induced γH2AX foci had reached a saturation point so that
there was an equilibrium between DNA damage and repair by 1 week. Although we found
significant increases in DNA damage as measured by the micronucleus assay only in
wildtype and Gclm+/− mice, in all groups of mice micronuclei levels seemed to increase
over time. In support of this, slight but significant increases in peripheral blood micronuclei
has been shown previously (Balansky, F et al. 1999). Since γH2AX foci form in response to
DNA double-strand break recognition, and may signal repair, the lack of a significant
increase in micronuclei could be indicative of proficient repair of double-strand breaks, or
an indication that the measurement of micronuclei is not as sensitive after 1 and 2 weeks of
exposure to SSTS. Micronuclei have been shown to increase 30 hours after a 1 day exposure
to SSTS (Mohtashamipur, Norpoth et al. 1987). Micronuclei gradually accumulate in
circulating blood until they reach a maximum level at 48–72 hours, then decrease
(Mohtashamipur, Norpoth et al. 1987). Micronuclei gradually Chaubey, Bhilwade et al.
1993). Therefore, if repair capacity increases, circulating levels of micronuclei may decrease
after 1–2 weeks of SSTS exposure. Single-strand breaks and hOGG1-induced single-strand
breaks in peripheral blood lymphocytes also did not significantly increase in response to
SSTS. It is possible that upregulation of protective enzymes such as DNA repair proteins
prevented increases in DNA damage after 1 week of exposure since it was shown that HO-1
(Hmox1) and Ogg1 were upregulated as early as 4 days after exposure to diesel exhaust
particles (Risom, Dybdahl et al. 2003). We also show an increase in Hmox1 after SSTS
exposure. Although Ogg1 could not be upregulated in Ogg1−/−Myh−/− mice, there are
several proteins which could help repair DNA damage (Evans, Dizdaroglu et al. 2004).
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Since GSH is the most abundant small molecule antioxidant in the cell and its homeostasis is
associated with several health effects (Wu, Fang et al. 2004; Ballatori, Krance et al. 2009),
we measured circulating GSH levels. In response to SSTS exposure, we found that
peripheral blood GSH levels significantly increased in Ogg1−/−Myh−/−, Gclm−/−, and
Gclm+/− mice but not wild type mice. Since Ogg1−/−Myh−/− and wildtype mice in principle
have equivalent abilities to regulate GSH, this was somewhat surprising. An increase in
GSH in response to stress has been seen previously (Dickinson, Levonen et al. 2004;
Yamamoto, Reliene et al. 2008), and specifically in a human lung cell line in response to
cigarette smoke extract (Baglole, Sime et al. 2008). Since GSH regulation is important in
many parameters of human health, changes in GSH levels may indicate disruption of normal
processes (Wu, Fang et al. 2004; Ballatori, Krance et al. 2009). Different levels of peripheral
blood GSH may be explained by differential regulation of enzymes involved in GSH
metabolism as found in the lungs, in addition to Nrf2, which is a transcription factor shown
to upregulate Gclc and Gclm (Nguyen, Sherratt et al. 2003; Dickinson, Levonen et al. 2004;
Rangasamy, Cho et al. 2004). Although Gclc is upregulated in the lungs of wildtype,
Ogg1−/−Myh−/− and Gclm−/− mice, Gclm is considered to be more involved in stress
response (Dickinson, Levonen et al. 2004). Therefore, it is not surprising that Gclm is
induced in all mice besides the knockout mouse. Gsr, important in reducing GSSG, is
upregulated in Gclm−/− mice. Since these mice lack GSH sythesizing capacity, this may be a
compensatory mechanism in Gclm−/−mice in response to SSTS. Gclm−/− mice were also the
only group of mice to upregulate Gstα4. Gstα4 is a glutathione transferase which has been
shown to detoxify 4-HNE (Engle, Singh et al. 2004), a product of lipid peroxidation.
Therefore, an increase in Gstα4 in Gclm−/− mice may indicate the presence of oxidative
stress.

The fact that mice respond to cigarette smoke with increased production of GSH and GSH
metabolizing enzymes and possibly DNA repair functions might explain why it is difficult to
induce cigarette smoke induced lung cancer in mice (Witschi, Joad et al. 1997; Coggins
2007). Of the small rodents, hamsters, rats, and mice have all been used to study effects of
smoke. In many cases a small difference in smoke-exposed versus non-exposed animals was
found, however the degree of carcinogenesis was relatively low (Coggins 2007). Newer
models of smoke-induced lung cancer have been developed. One uses a high exposure
concentration (100–250 TPM/m3) for up to 30 months which led to a significant induction
of lung tumors and cancer in mice and rats (Mauderly, Gigliotti et al. 2004; Hutt,
Vuillemenot et al. 2005; Hahn, Gigliotti et al. 2007). However, smoke exposed mice lived
longer than control mice and had a significantly delayed onset of other types of cancer (Hutt,
Vuillemenot et al. 2005) which is in agreement with our in vivo studies, showing an
induction of defense enzymes and antioxidants which can reduce systemic genotoxicity.

In relation to smoking induced lung cancer the strongest and most widely studied
carcinogens are the PAHs (Hecht 2002). B[a]P, one of the most extensively studied PAH
present in cigarette smoke, has been shown to induce tumors at the site of application in
rodents (Hecht 2002). Metabolism of PAHs causes genotoxic intermediates that can lead to
ROS mediated G to T transversion mutations caused by elevated 8-OHdG adenine
mispairing.(Gao, Li et al. ; Xie, Yang et al. 2004) These mutations are recognized and
removed by the Ogg1, and MYH enzymes, respectively. Furthermore, this specific DNA
alteration is elevated in peripheral leukocytes and lung tissue in smokers and lung cancer
patients, making it advantageous to use base excision reapair deficient animals to study ROS
mediated DNA damage caused by B[a]P exposure. In our experiments we gavaged wildtype
and Ogg1−/−Myh−/− double knockout mice with 100 mg/kg B[a]P. Although extensive
pathology was not conducted on these animals we observed a marked decrease in overall
survival proportions in Ogg1−/−Myh−/− double knockout mice gavaged with B[a]P
compared to B[a]P-gavaged wildtype and sham-exposed Ogg1−/−Myh−/− mice. In support of
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these observations, (Lan, Mumford et al. 2004) describes an increased risk of lung cancer in
individuals with polymorphisms in DNA damage repair exposed to PAHs, including B[a]P,
(Lan, Mumford et al. 2004). B[a]P DNA adducts are primarily repaired by nucleotide
excision repair, but our results indicate that a certain proportion is also repaired by the base
excision repair pathway or that B[a]P metabolites lead to damage which requires the base
excision repair pathway.

Mechanistically the modes of cigarette smoke extract induced genotoxicity are not fully
elucidated. Many studies suggest oxidative stress plays a major role in the genotoxic
response (Asami, Manabe et al. 1997; Carnevali, Petruzzelli et al. 2003; Iimura and
Iwahashi 2006; DeMarini, Gudi et al. 2008). However, these and many other aspects of
cigarette smoke-induced carcinogenesis and tumorogenesis require further study. Our ex
vivo results suggest an increased susceptibility to cigarette smoke induced genotoxicity in
cells from base excision repair deficient mice compared to untreated wildtype mice. These
data further identify the importance of proper DNA repair and removal of genotoxic insults
from noxious environmental agents like cigarette smoke extract.

In conclusion, this study has observed a significant difference in ex vivo CSE-induced
damage in base excision repair deficient mice compared to wildtype mice, differentially
regulated GSH homeostasis in Ogg1−/−Myh−/−, Gclm−/−, and Gclm+/− mice compared to
wildtype mice, and decreased survival proportions after exposure to B[a]P in
Ogg1−/−Myh−/− mice compared to wildtype mice. These results are in agreement with
epidemiological data showing an increased susceptibility to lung carcinogenesis in people
with polymorphisms in OGG1 and MYH (Chang, Wrensch et al. 2009) (Le Marchand,
Donlon et al. 2002). More studies using genetically modified animal models may expedite
our understanding of cigarette smoke-induced cancer susceptibility.

Abbreviations

CSE cigarette smoke extract

OMM Ogg1−/− Myh−/−

WT wild type

ETS environmental tobacco smoke

SSTS side stream tobacco smoke

MN micro nucleus

DSBs double stranded breaks
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!! Increased CSE-induced DNA damage in Ogg1 −/−Myh−/− mice compared to
WT mice

!! GSH is differentially regulated in genetically modified mice compared to WT
mice

!! B[a]P treatment decreases survival in Ogg1−/−Myh−/− compared to WT mice
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Figure 1. Ex-vivo DNA damage assays in peripheral leukocytes
A.) Average number of γH2AX foci formed in peripheral leukocytes. Presence of double
strand breaks was confirmed by immunofluorescence of γH2AX. At least 100 cells were
analyzed per sample. Data represent mean ± SEM. Statistical analyses were done using
ANOVA testing and Tukey’s post hoc analysis. n=5 in all groups. * indicates significant
p<0.01 between no CSE exposed and CSE exposed lymphocytes at 3hr time point . B.) At
least 4000 normochromatic erythrocytes were counted and scored for the presence of
micronuclei. Data, statistical analyses, and error bars represent mean ± SEM of
micronucleated normochromatic erythrocytes (MN-NCE) per 1000 NCEs. * indicate
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significant p<0.05 between no CSE exposed lymphocytes at 0hr and CSE exposed
lymphocytes at 24hr. n=5 in all groups. Statistical analyses were done using ANOVA with
Kruskal-Wallis Test and Dunn's Multiple Comparison Post hoc analysis C.) At least 100
“comets” were scored per mouse. n=5 in all groups. Data were log transformed before
statistical analyses and error bars represent mean ± SEM. Statistical analyses were done
using ANOVA testing and Tukey’s post hoc analysis. # indicates significant p< 0.05
between WT CSE exposed lymphocytes at 24hr and non-exposed and CSE exposed
lymphocytes from previous time points . *** indicates significance p ≤ 0.001 between CSE
exposed Ogg1−/−Myh−/− lymphocytes at 24hr and non-exposed and CSE exposed
lymphocytes from previous time points.
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Figure 2. In-vivo DNA damage assays in peripheral leukocytes
A.) γH2AX foci in peripheral blood increase after 1 and 2 weeks of exposure to SSTS in all
mice (p<0.05). n= 8 for wildtype mice and 6 for all other groups. B.) Micronuclei in
normochromatic erythrocytes do not increase significantly after exposure to smoke. n= 5 for
wildtype mice and 6 for all other groups. *indicates p<0.05, **indicates p<0.01, and
***indicates p<0.001. Error bars indicate the mean ± SEM. Significance is compared to
before timepoints unless otherwise indicated.
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Figure 3. Peripheral blood levels of GSH are differentially altered after SSTS exposure
A.) Peripheral blood GSH levels are differentially altered depending on genotype. GSH
levels in Gclm−/− mice are significantly lower than all other mice at all timepoints. n= 8 for
wildtype mice and 6 for all other groups. *indicates p<0.05, **indicates p<0.01, and
***indicates p<0.005. ‘a’ indicates p<0.005 comapred to all other genotypes. Error bars
represent the mean ± SEM.
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Figure 4. Gene expression of Nrf2 and Hmox proteins involved in oxidative stress response in the
lung are upregulated in response to SSTS
A.) Nrf2 expression changes, n=3 for each group. B.) Hmox expression changes, n=5 for
each group. *indicates p<0.05. Error bars represent the mean ± SEM.
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Figure 5. Expression of genes which affect GSH in the lung in response to SSTS
A.) Gclc expression changes, n=3 for each group. B.) Gclm gene expression changes, n=3
for each group. C.) Gsr expression changes, n=3 for each group. D.) Gstα4 expression
changes, n=5 for each group. *indicates p<0.05, ** indicates p<0.01, **indicates p<0.001.
Error bars represent the mean ± SEM.
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Figure 6. Percent survival in Wildtype and Ogg1−/−Myh−/− mice after Benzo (a) pyrene gavaging
A.) Percent survival in weeks in wildtype (black line) and Ogg1−/−Myh−/−(red line) mice
after benzo (a) pyrene gavaging. B.) Percent survival in weeks in control
Ogg1−/−Myh−/−(black line) and benzo (a) pyrene gavaged Ogg1−/−Myh−/− mice (red line).
n=10 for wildtype mice and n=9 for Ogg1−/−Myh−/− mice. p< 0.005 for both curves.
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