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Abstract
Cigarette smoke contains a high concentration of free radicals and induces oxidative stress in the
lung and other tissues. Several transcription factors are known to be activated by oxidative stress,
including nuclear factor-κB (NF-κB), activator protein-1 (AP-1), and hypoxia-inducible factor
(HIF). Studies were therefore undertaken to examine if cigarette smoke could activate these
transcription factors, as well as other transcription factors that may be important in lung
carcinogenesis. Female A/J mice were exposed to cigarette smoke for 2, 5, 10, 15, 20, 42, or 56
days (6 hr/day, 5 days/wk). Cigarette smoke did not increase NF-κB activation at any of these
times, but NF-κB DNA binding activity was lower after 15 days and 56 days of smoke exposure.
The DNA binding activity of AP-1 was lower after 10 days and 56 days but was not changed after
42 days of smoke exposure. The DNA binding activity of HIF was quantitatively increased after
42 days of smoke exposure but decreased after 56 days. Whether the activation of other
transcription factors in the lung could be altered after exposure to cigarette smoke was
subsequently examined. The DNA binding activities of FoxF2, myc-CF1, RORE, and p53 were
examined after 10 days of smoke exposure. The DNA binding activities of FoxF2 and p53 were
quantitatively increased, but those of myc-CF1 and RORE were unaffected. These studies show
that cigarette smoke exposure leads to quantitative increases in DNA binding activities of FoxF2
and p53, while the activations of NF-κB, AP-1, and HIF are largely unaffected or reduced.

Introduction
Cigarette smoking is the predominant risk factor in the development of lung cancer, which is
the main cause of cancer deaths in men and women in the USA and the world. Estimates
indicate that the mortality from tobacco use will rise globally roughly 3-fold during the next
20 years. Tobacco smoke is a complex chemical mixture containing over 4,000 different
compounds, and more than 50 of which are known carcinogens, co-carcinogens and/or
mutagens (Hoffmann and Hoffmann 1997). The presence of high levels of pro-oxidants like
free radicals in smoke is well documented, and cigarette smoke is estimated to contain 1016

free radicals/cigarette, which are detectable in both mainstream and sidestream cigarette
smoke (Pryor et al. 1983).
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It has been generally difficult to induce respiratory cancers in animals by inhalation
exposure to cigarette smoke (Coggins 2007, 2002). Witschi and coworkers (2002) were the
first to establish a reproducible lung tumorigenicity model for inhaled cigarette smoke using
the A/J strain of mice. Exposure to environmental tobacco smoke, composed of 89% diluted
sidestream smoke and 11% mainstream smoke, for 5 months followed by a recovery period
of 4 months in filtered air increased the incidence and multiplicity of lung tumors in this
sensitive strain of mice and showed a relationship between the exposure dose of smoke and
tumorigenicity (Witschi et al. 2004). Currently, this model is commonly used for smoke-
induced lung tumor studies and was found to be reproducible in different labs (Witschi
2007; Curtin et al. 2004; Stinn et al. 2005). Traditionally, cigarette smoke constituents, such
as polycyclic aromatic hydrocarbons (PAH) and 4-(methylnitrosamino) - 1-(3-pyridyl)-1-
butanone (NNK), are believed to be the main carcinogens in smoke. However, studies in A/J
mouse model suggest that constituents other than these classical tobacco carcinogens may
also play a role in smoke-induced lung tumorigenesis (Witschi 2007). Exposure to gas phase
of smoke alone, which is largely devoid of the particulate carcinogens, increased lung
tumors in A/J mice to a similar extent as whole smoke, showing that PAH- and NNK-
mediated lung tumorigenesis in the A/J strain of mouse did not truly represent tobacco
smoke tumorigenesis (Witschi et al. 1997). Free radicals and other pro-oxidants of tobacco
smoke, which induce oxidative stress, therefore might be expected to play a role in lung
tumorigenesis.

Increased oxidative stress in cigarette smokers is well documented in the literature.
Inhalation of smoke exposes the lung tissue to high levels of free radicals that produce
oxidative stress. In addition, various endogenous oxidative processes are activated, which
promote chronic pulmonary inflammation characterized by increased levels of activated
leukocytes in circulation and tissues (Johnson et al. 1990). The presence of elevated levels
of various oxidized DNA, protein and lipid products, like 8-hydroxy deoxyguanosine,
inactivated α1-antiprotease and F2-isoprostanes, and depletion of plasma antioxidants, e.g.,
vitamin C, in active and passive smokers as well as smoke-exposed animals (Howard et al.
1998; Chow 1993) substantiates induction of increased oxidant burden by inhaled smoke.

Increased oxidative stress may also influence carcinogenesis by altering gene expression.
One family of transcription factors known to be activated by active oxygen is the nuclear
factor-κB (NF-κB) family. Reactive oxygen species (ROS), including hydrogen peroxide,
are potent activators of NF-κB (Gabbita et al. 2000). Consistent with these data, antioxidants
are effective inhibitors of NF-κB (Pahl and Baeuerle 1994). These effects by hydrogen
peroxide and antioxidants, and the broad range of stimuli which activate NF-κB, suggest that
NF-κB may be an important active oxygen-induced transcription factor. Further, AP-1
activity can be regulated by the redox status of a cell (Meyer et al. 1993; Abate et al. 1990),
suggesting that AP-1 activity could be modulated by H2O2 levels. Hypoxia-inducible factor
(HIF)-1 is a transcription factor that is activated by hypoxic conditions; it can also be
activated by hydrogen peroxide (Lopez-Lazaro 2006; Paul et al. 2004). HIF-1 increases the
expression of genes related to angiogenesis and cell survival (Lopez-Lazaro 2006; Paul et al.
2004).

In this study, it was postulated that oxidative stress induced by exposure to cigarette smoke
activates transcription factors related to oxidative stress, including NF-κB, AP-1, and HIF-1,
thereby triggering a series of downstream events contributing to lung tumor development. In
addition, the DNA binding activity of several other transcription factors in the lung was
examined, including the forkhead transcription factor FoxF2 (also known as FREAC-2 or
LUN), which has high expression in the lung (Aitola et al. 2000; Hellqvist et al. 1996); myc
common factor 1 (myc-CF1), which binds the c-myc promoter (Riggs et al. 1991); retinoic
acid receptor-related orphan receptor (RORE), which acts as a negative regulator of lung
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inflammation (Stapleton et al. 2005); and p53, which is frequently inactivated in lung cancer
(Robles et al. 2002).

Material and Methods
Materials

Biodyne B blotting membranes were purchased from Pall Life Sciences, East Hills, NY.
Transignal Protein/DNA arrays were purchased from Panomics, Redwood City, CA. All
other chemicals were purchased from Sigma Chemical Co. (St. Louis, MO).

Smoke Exposure
Female A/J mice, 8-9 weeks of age weighing 18-20 g, were purchased from The Jackson
Laboratory (Bar Harbor, Maine) and were fed the AIN-93G purified diet (Harlan Teklad,
Madison, WI) and water ad libitum. All procedures were approved by the Institutional
Animal Care and Use Committee at the University of Kentucky, Lexington, KY. After a
one-week acclimation period, mice (6 per group) were either maintained in HEPA-filtered
ambient air (sham) or exposed to cigarette-smoke in whole-body chambers (6 hr per day, 5
days per week) for 2 days, 5 days (one week), 10 days (2 weeks), 15 days (3 weeks), 20 days
(4 weeks), 30 days (6 weeks), or 40 days (8 weeks). Side stream smoke was generated from
the University of Kentucky reference cigarette (2R4F), with a suspended smoke particulate
concentration in the chamber atmosphere of approximately 40-45 mg/m3. Although the
particulate concentration used in our study falls at the lower end of the concentrations used
in other ETS studies (Witschi et al. 2002; Curtin et al. 2004; Stinn et al. 2005), a rise in the
incidence and multiplicity of lung tumors was consistently noted in A/J mice exposed to
pure SSCS using the Witschi protocol (Gupta et al. 2005; Martin et al. 2010). It should be
noted that because of the use of a whole-body exposure system, animals probably also
received some exposure to smoke particulates through ingestion of tar particles during
grooming and through dermal absorption. Further, it is pertinent to note that chemical
composition of mainstream and sidestream are qualitatively similar but levels of some
constituents may differ (Adams et al. 1987). Exposure of mice to smoke was ascertained by
measuring levels of urinary cotinine by ELISA and CYP1A1 protein levels in lung
microsomes by Western blot. For the 2 day - 20 day exposure periods, mice were euthanized
within one hr of completing the final smoke exposure. For the 6 and 8 week exposure
periods, mice were euthanized within one hr and 20 hr after completing the final smoke
exposure. At the time of euthanasia, lungs from sham and cigarette-smoke exposed mice
were quickly excised, and frozen immediately at -80°C for analyses.

Electrophoretic mobility shift assays (EMSAs)
Nuclear extracts were made with a Panomics nuclear extraction kit using a Panomics
protocol. Protein quantitation was performed by the BCA method using a Pierce BCA
protein assay kit. For EMSAs, 5 μg of each sample were incubated in a binding buffer
containing 50 mM KCl, 10 mM Hepes, pH 7.9, 6.5 mM DTT, and 10% glycerol along with
0.5 ug poly (dI-dC) for 10 min on ice and for 20 min at room temperature with 1 ng or
approximately 20,000 cpm of radioactively labeled probe. The NF-κB (5′-AGT TGA GGG
GAC TTT CCC AGG C-3′), AP-1 (5′-CGC TTG ATG ACT CAG CCG GAA-3′), HIF-1
(5′-AGCTTGCCCTACGTGCTGTCTCAGA-3′), Freac2 (5′-CAAACGTAAACAATCC-3′),
Myc-CF1 (5′-GGCCAGAGAAAATGGAGAGAAAATGGCCGAG-3′), RORE (5′-
AGTGACCCTTTTAACCAGGTCAGTGA-3′), and P53 (5′-
TACAGAACATGTCTAAGCATGCTGGGG-3′) probes were made from the respective
consensus oligonucleotides (Promega for NF-κB, Santa Cruz for the AP-1 and Panomics for
HIF-1, Freac2, Myc-CF1, RORE and P53). The gels were run using the protocol of
Tharappel et al. (2002). The shifted bands were quantified using densitometry.
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Western Blotting
The nuclear extracts were denatured by boiling with 2× gel loading buffer (173 mL/L
glycerol, 1.25 mol/L ß-mercaptoethanol, 52 g/L SDS, 220 mmol/L Tris pH 6.8, 1 mg
bromophenol blue). Ten μg of protein per sample were loaded to a western gel and
electrophoresed at 175 volts for 55 min. The proteins were transferred to a PVDF membrane
(Biorad, Hercules, CA). The membranes were blocked with 5% blocking solution (10 mmol/
L Tris pH 7.5, 150 mmol/L NaCl, 500 μL/LTween-20, 50 g/L nonfat dry milk) for 1 hr at
room temperature. The membranes were then incubated with antibodies diluted in 5%
blocking solution for one hr. The membranes were washed 3× in a washing buffer (10
mmol/L Tris pH 7.5, 150 mmol/L NaCl, 500 μL/L Tween-20) before the primary and
secondary antibody incubations. The membranes were probed with anti-actin antibodies to
normalize the sample quantities. For the detection of membrane bound antibodies, Pierce
SuperSignal West Pico chemiluminescent reagents were used (Pierce, Rockford, IL).

Statistical Analysis
Results were analyzed by Student's t-test or by analysis of variance. Results were considered
significant at p < 0.05. All results are expressed as means ± standard error of the mean
(SEM).

Results
The purpose of this study was to examine whether cigarette smoke could activate
transcription factors in the lung related to oxidative stress, including NF-κB, AP-1, and HIF,
as well as several additional factors associated with tumorigenesis. In our initial study, mice
were exposed to cigarette smoke for 2-20 days, euthanized within one hr after the end of the
final smoke exposure, and the DNA binding activity of NF-κB in the lung was quantified.
Cigarette smoke did not increase NF-κB activation at any of these times (Figure 1); the
DNA binding activity of NF-κB was significantly lower only after 15 days (3 weeks).

The activation of two other transcription factors that can be activated by oxidative stress,
AP-1 and HIF, as well as NF-κB, was then examined after 6 and 8 weeks of smoke
exposure. Mice were euthanized either the same day (SD), within one hr after smoke
exposure ended, or the day after (DA) (20 hr later). After 6 weeks, neither cigarette smoke
nor time of euthanasia significantly affected NF-κB binding activity (Figure 2). However,
after 8 weeks of treatment, cigarette smoke decreased the NF-κB binding activity whereas
the timing of euthanasia exerted no effect (Figure 3). In the 6 week smoke treatment groups,
AP-1 binding activity showed no marked change between control and smoke groups (Figure
4), whereas in mice exposed to smoke for 8 weeks AP-1 binding activity was reduced in
smoke-treated animals (Figure 5) when compared to control animals. The timing of
euthanasia exerted no effect at either 6 or 8 weeks. The HIF-1 DNA binding activity also
showed a time-specific change. After 6 weeks, this transcription factor showed a
quantitative increase in its binding activity regardless of the time of euthanasia (Figure 6).
After 8 weeks of treatment, the DNA binding activity of HIF was significantly decreased by
smoke exposure. Euthanizing the animals the following day rather than immediately after
ending smoke exposure also significantly decreased the DNA binding activity of HIF.

Whether the activation of other transcription factors in the lung could be altered after
exposure to cigarette smoke was subsequently examined. The DNA binding activities of
FoxF2, myc-CF1, RORE, and p53, as well as that of AP-1, were examined after 10 days of
smoke exposure. The data showed that 4 transcription factors had quantitatively elevated
DNA binding activity after exposure to cigarette smoke: FoxF2 was increased 50%, whereas
myc-CF1 rose 12%, RORE was elevated 10%, and p53 was increased 50%, with none of
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these 4 changes being significant (Figure 7). The DNA binding activity of AP-1 was
significantly decreased.

Discussion
Studies were undertaken to examine whether transcription factors whose activation is related
to oxidative stress were activated in the lung following exposure to cigarette smoke in mice.
The three transcription factors examined--NF-κB, AP-1, and HIF--were not activated by
smoke exposure, and for some time points their levels were in fact decreased. The minor
changes in the data between time points that were observed are likely due to normal
statistical variation. Four additional transcription factors were also analyzed; of these, FoxF2
and p53 were elevated about 50%, although neither increase was statistically significant.

Several other studies have examined if cigarette smoke can activate NF-κB or AP-1 in the
lung in vivo (Yao et al. 2008; Thatcher et al. 2007; Valenca et al. 2006; Vlahos et al. 2006;
Li et al. 2009; Marwick et al. 2004; Zhong et al., 2006; 2008). No other studies examining
the effect of smoke on HIF, FoxF2, myc-CF1, or RORE have been published. Several
studies reported that NF-κB was activated after smoke exposure in BALB/c or C57BL/6
mice, or in Ah receptor -/- mice on a C57BL/6 background (Yao et al. 2008; Thatcher et al.
2007; Valenca et al. 2006; Vlahos et al. 2006). NF-κB was activated to a lesser extent in A/J,
AKR/J, and CD-1 mice (Yao et al. 2008), but was not activated in 129SvJ mice (Yao et al.
2008) or C57BL/6 mice (Li et al. 2009). In Sprague-Dawley rats, cigarette smoke increased
the DNA binding activities of NF-κB (Marwick et al. 2004), but decreased NF-κB activation
was observed after smoke exposure in spontaneously hypertensive rats (Zhong et al. 2008).
Zhong et al. (2006) found that exposing pregnant rhesus monkeys and their offspring to
cigarette smoke decreased the DNA binding activity of NF-κB in the offspring as well as the
protein levels of the NF-κB activation pathway and of NF-κB-activated genes. In the present
study, which was performed in A/J mice, the DNA binding activity of NF-κB was mainly
unaffected but was reduced after 15 and 56 days of exposure. The reasons for the variable
results in the present study and in other studies are not clear.

The results of studies examining AP-1 in the lung in vivo generally observed activation after
smoke exposure. Cigarette smoke increased AP-1 DNA binding activity in mice and male
Sprague-Dawley rats (Marwick et al. 2004; Li et al. 2009). Wang et al. (1999) examined the
effect of cigarette smoke on the expression of AP-1 in ferrets and observed that the protein
levels of both c-Jun and c-Fos were elevated. These results contrast with those in the present
study. Laan et al. (2004), however, found that cigarette smoke condensate (CSC) inhibited
the LPS-mediated rise in DNA binding activity of AP-1 in BEAS-2B bronchial epithelial
cells.

The DNA binding activity of HIF was quantitatively increased after 6 weeks of smoke
exposure but was significantly decreased after 8 weeks. The importance of these findings is
not clear. No other studies have examined effects of cigarette smoking on HIF expression or
DNA binding in the lung.

No other studies examined the effects of cigarette smoke on the DNA binding activity of
p53 in the lung in vivo. The expression and phosphorylation of p53 in vivo was increased to
a maximum of about 2-fold by cigarette smoke in rats (Kuo et al. 2005). In RAT-1 murine
fibroblasts, CSC was shown to elevate the protein levels of p53 as well as the protein levels
of p53-regulated genes (Palozza et al. 2004). In addition, exposing human lung A549 cells to
the cigarette smoke component benzo[a]pyrene increased p53 DNA binding activity and
protein levels (Biswal et al. 2003). In the present study, a 50% rise in the DNA binding
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activity of p53 was observed, which was not statistically significant. This possible increase
may be in response to damage produced by cigarette smoke.

The 50% rise in FoxF2 DNA binding activity is intriguing. FoxF2 is expressed in the GI
tract and in lung epithelium (Chu et al. 2001; Hellqvist et al. 1996; Miura et al. 1998). The
lungs are not affected in FoxF2 knockout mice, however, with the primary defects being
cleft palate and an abnormal tongue (Ormestad et al. 2004; Wang et al. 2003); the mouse
strain using in this study (A/J) is also used as a model for cleft palate (Johnston and Bronsky
1991). FoxF2 binds to DNA sequences identical to those of regulatory regions of the E-
cadherin and Talin genes (Chu et al. 2001), whose presence or absence may be important in
lung tumorigenesis (Bremnes et al. 2002; Pitterle et al. 1998). E-cadherin expression is
inhibited by exposure of A549 lung cells to the smoke component benzo[a]pyrene (Yoshino
et al. 2007). However, FoxF2 expression is downregulated in the lung tissues from smokers
as well as in human lung cancer tissue (Oyanagi et al. 2004).

In summary, data demonstrated that cigarette smoke exposure leads to quantitative increases
in the DNA binding activities of FoxF2 and p53 (after 10 days exposure), while the
activations of NF-κB (2-56 days exposure), AP-1 (10, 42, and 56 days of exposure), and HIF
(42 and 56 days of exposure) are largely unaffected or decreased. Therefore, the activation
of NF-κB, AP-1, or HIF does not appear to be important in the carcinogenic activity of
cigarette smoke in mice. The mechanisms and consequences of FoxF2 and p53 DNA
binding require further study.
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Figure 1. Effect of smoke exposure on the DNA binding activity of NF-κB
Mice were exposed to cigarette smoke 6 hr/day, 5 days/wk, for 2, 5, 10, 15, and 20 days.
The DNA binding activity of NF-κB was determined by EMSA. Values were obtained by
densitometry. Results are expressed as percent of control ± SEM.
*Significant effect of smoke treatment (p < 0.05).
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Figure 2. Effect of 6 weeks' smoke exposure and timing of euthanasia on the DNA binding
activity of NF-κB
Mice were euthanized on the same day (SD) of the final day of smoke exposure or the day
after (DA). A. EMSA. B. Quantitation of NF-κB bands from EMSA. Values are means ±
SEM.
*Significant effect of smoke treatment (p< 0.05).
#Significant effect of timing of euthanasia (p < 0.05).
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Figure 3. Effect of 8 weeks' smoke exposure and timing of euthanasia on the DNA binding
activity of NF-κB
Mice were euthanized on the same day (SD) of the final day of smoke exposure or the day
after (DA). A. EMSA. B. Quantitation of NF-κB bands from EMSA. Values are means ±
SEM.
*Significant effect of smoke treatment (p < 0.05).
#Significant effect of timing of euthanasia (p < 0.05).

Tharappel et al. Page 13

J Toxicol Environ Health A. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Tharappel et al. Page 14

J Toxicol Environ Health A. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Effect of 6 weeks' smoke exposure and timing of euthanasia on the DNA binding
activity of AP-1
Mice were euthanized on the same day (SD) of the final day of smoke exposure or the day
after (DA). A. EMSA. B. Quantitation of AP-1 bands from EMSA. Values are means ±
SEM.
*Significant effect of smoke treatment (p < 0.05).
#Significant effect of timing of euthanasia (p < 0.05).
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Figure 5. Effect of 8 weeks' smoke exposure and timing of euthanasia on the DNA binding
activity of AP-1
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Mice were euthanized on the same day (SD) of the final day of smoke exposure or the day
after (DA). A. EMSA. B. Quantitation of AP-1 bands from EMSA. Values are means ±
SEM.
*Significant effect of smoke treatment (p < 0.05).
#Significant effect of timing of euthanasia (p < 0.05).
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Figure 6. Effect of smoke exposure and timing of euthanasia on the DNA binding activity of HIF
Mice were exposed to cigarette smoke for 6 weeks (A) or 8 weeks (B) and were euthanized
on the same day of the final day of smoke exposure or the day after. The DNA binding
activity of HIF was determined by EMSA. Values were obtained by densitometry. Values
are means ± SEM.
*Significant effect of smoke treatment (p < 0.05)
#Significant effect of timing of euthanasia (p< 0.05).
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Figure 7. Effect of 10 days' smoke exposure on the DNA binding activity of FoxF2, myc-CF1,
RORE, p53, and AP-1
Mice were exposed to cigarette smoke 6 hr/day, 5 days/wk, for 10 days. The DNA binding
activity of the above transcription factors was determined by EMSA. Values were obtained
by densitometry, and are expressed as means ± SEM.
*Significant effect of smoke treatment (p < 0.05).
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