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Abstract
Objective: Present study investigated the effect of tobacco-specific carcinogen, nicotine-derived nitrosamine
ketone (NNK), on the expression of cellular stress response genes in lung tissue of Wistar rats. Moreover, the
effect of exercise training on alterations of these genes in exposed rats was investigated.

Materials and Methods: A total of 30 healthy Wistar rats were obtained and divided into the following group:
(1) Control (CON), (2) NNK exposure (NNK, once a week / 12.5 mg per kg body mass for 12 weeks), and NNK
+ swimming training (NNK+ST, received NNK exposure + 25-60 min of aerobic swimming training / 5 days per
week for 12 weeks). The mRNA expression level of nuclear factor kappa-B (NF-κB), forkhead box protein O3
(FOXO3), and Sirtuin-1 (Sirt-1) were determined in lung tissue by the quantitative real-time PCR.
Results: The NNK exposure resulted in a significant reduction in mRNA expression of the NF-κB and FOXO3
(P=0.0001 and P=0.005, respectively), as well as a significant increment in mRNA expression of Sirt-1
(P=0.001) comparing to the CON group. Moreover, the ST in rats under NNK treatment led to a significant
reduction in mRNA expression of NF-κB (P=0.0001), but it did not have any significant effect on mRNA
expression of FOXO3 and Sirt-1 (P>0.05) comparing to the NNK group.
Conclusion: These findings indicate that NNK exposure can lead to adverse alterations in the expression of
cellular stress response genes in the lung tissue of Wistar rats and exercise training may not have any favorable
effect on the expression of these genes in rats under NNK treatment.
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1. Introduction

N

icotine-derived nitrosamine ketone
(NNK) or 4-(methylnitrosamino)-1(3-pyridyl)-1-butanone is the most
abundant and powerful carcinogenic
compound in tobacco smoke and
exerts its pathological effects after metabolic
activation by the cytochrome P450 enzymes (1,2).
After bioactivation, NNK can lead to the formation of
various deoxyribonucleic acid (DNA) adducts which
if not repaired may result in incorrect nucleotide
bindings, mutation, tumor growth, and progression
(2,3). Moreover, NNK can bind to beta-adrenergic

receptors (β-AdrR) and nicotinic acetylcholine
receptors (nACHR) and activate signaling pathways
that regulate cell proliferation, apoptosis and survival,
as well as immunosuppressive pathways which can
disrupt the normal cell cycle (2). Consequently, this
can lead to the accumulation of "primer" cells that
have mutations in their tumor suppressor genes and
oncogenes required for cellular transformation (4).
Due to the remarkable organospecificity of the NNK
to lung, the incidence of lung diseases including
chronic obstructive pulmonary disease and lung
cancer is significantly higher among tobacco users,
with 10% to 20% of smokers developing these
diseases (5). However, the molecular and cellular
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mechanisms underlying NNK pathogenesis in the lung
have not yet been completely understood. Sirtuin-1
(Sirt-1) is a nicotinamide adenine dinucleotide–
dependent deacylase which may function as an
intracellular regulatory protein. Sirt-1 has complex
functions and its effects on various processes
including stress response, metabolism, and cancer
development is still under investigation (5). It interacts
with several other transcriptional factors including
nuclear factor kappa-B (NF-κB) and forkhead box
protein O3 (FOXO3) and inhibits or promotes their
activity and plays an important role in the regulation
of cell death/survival pathways (6).
NF-κB is a
transcription factor that is well-known for its role in
the regulation of inflammatory response and
promoting oncogenesis (4,7). Moreover, some studies
highlighted the role of NF-κB in regulating cell
apoptosis, especially in transformed cells. Research
studies show that NF-κB may act as both tumor
promoter and suppressor (8,9). FOXO3 is a member
of forkhead box class O transcription factors which
responds to several cellular stresses and mediates
multiple physiological and pathological processes
including DNA damage, apoptosis, and tumorigenesis.
Furthermore, recent evidence suggests that FOXO3
may act as a tumor suppressor in cancer (10). Despite
the critical role of these transcriptional factors and
regulatory proteins in cell stress response and
carcinogenesis, less is known about their response to
NNK, which is the most potent tobacco smoke
carcinogen.
Moreover, regular exercise training has been shown to
have numerous health benefits and reduce cancer
incidence, inhibit tumor growth and cancer
progression through a direct effect on tumor-intrinsic
factors, improving immune system function, and
interplay with whole-body exercise effects (11,12).
Although the exact mechanisms by which exercise
training may inhibit tumor growth and cancer
progression are not clear yet, we postulated that the
preventative effects of exercise training may in part be
mediated by regulating these transcriptional factors
and regulatory proteins. Therefore, the present study
aimed at investigating the mRNA expression of NFκB, FOXO3, and Sirt-1 in lung tissue of NNKexposed rats. Furthermore, the effect of swimming
training on the mRNA expression level of these
transcriptional factors and regulatory proteins in lung
tissue of NNK-exposed rats was investigated.

2. Materials and Methods
In this experimental study, 30 male and female Wistar
rats (6-8 weeks old, weighing 105±25 g) were
purchased from the Laboratory of Animal Care of
Pasteur Institute in Amol. All steps and procedures of
the study were accordant with national guidelines for
the use of laboratory animals and were approved by
the
Mazandaran
University (code
number:
MUBABOL.HRI.REC.1395.109). Animals were
housed in cages (four rats in each cage) made of
transparent polyethylene in a 12:12 h light-dark cycle
with ad libitum access to food and water (ambient
temperature ~23 °C, humidity 45–60%). Then, they
were divided into the following groups: (1) Control
(C, n = 10); (2) NNK exposure (NNK, n = 10); (3)
NNK exposure + swimming training (NNK+ST, n =
10). Calculation of sample size was done based on
resource equation method in which: E = Total number
of animals − Total number of groups, and any sample
size which keeps E between 10 and 20 considered
adequate (13) [in current study E = (10*3) – 3 = 27
which is more than 20. So, the sample size in the
current study was more than necessary].

2.1. NNK exposure
Following the adaptation and familiarization, in the
NNK and NNK+ST groups, the NNK was
subcutaneously injected once a week for 12 weeks
(12.5 mg/kg body mass) (14). Rats in the C group
were injected with the same amount of distilled water.
Rats in the NNK+ST group were treated with the
NNK and exercised 5 days per week till the end of the
study.

2.2. Exercise training protocol
Rats in the NNK+ST group were trained to swim in a
rodent swimming pool (50 height × 50 widths × 100
length cm) for one week in the adaptation phase of the
study (3 sessions, 10-20 min per session). Then the
swimming training protocol was started from the third
week along with the NNK exposure commencement.
The aerobic swimming training was performed 25-60
min per session 5 days per week for 12 weeks. The
workload increased gradually by increasing the
duration (25 to 60 min) and water flow rate (4 to 10 lit
per min) by the end of the seventh week. Then the
workload was maintained till the end of the study (15)
(Table 1).
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Table 1. Swimming training protocol

Frequency

Phase

(d/w-1)

Duration
(minutes)

Intensity*

Adaptation

Week 1

-

-

-

Familiarization

Week 2

3

10 to 20

2

Week 3 to 6

5

25 to 40

4 to 5

Week 7 to 10

5

45 to 60

6 to 7

Week 11 to 14

5

60

8 to 10

Main

* Average flow rate (liter per minute)

2.3. Sample collection
Forty-eight hours after the last exercise training
session rats were anesthetized with a combination of
xylazine 10% and ketamine 2% and tissue samples
were collected. The lower lobe of the right lung of all
rats was isolated, quickly washed with phosphatebuffered saline, and immediately placed in a -70° C
freezer until they were used for assessments.

2.4. RT-PCR analysis
RNA extraction was performed manually by QIAzol®
Lysis Reagent (Qiagen, Germany) and chloroform
(Qiagen, Germany). Then, the RNA concentration
obtained from 50 mg of lung tissue in each
homogenized sample was assessed (Eppendorf,
Germany). The ratio of 260 to 280 (between 1.8 and
2) was defined as the optimal concentration of RNA.
In the second step, RNA samples were incubated to
remove genomic DNA under specific conditions. The

cDNA was synthesized using the QuantiTect Reverse
Transcription Kit (Qiagen, Germany) according to the
manufacturer's instructions. After cDNA synthesis, a
polymerase chain reaction (PCR) was performed. The
mRNA levels of NF-κB, FOXO3, and Sirt1 in lung
homogenates were assessed by quantitative Real timePCR (using PriMix SYBER Green II) (Applied
Biosystems Step One, USA). In this method, the
reaction mixture was performed in a final volume of
20 Landa and each reaction was duplicated. The
Glyceraldehyde-3-phosphate
dehydrogenase
(GAPDH) gene was used as an internal reference
control. The mRNA expression levels were calculated
using the comparative CT method (2−ΔΔCT) (16). All
data are presented as fold change relative to control.
The primer sequences of the genes are presented in
Table 2.

Table 2. The primer sequences of the genes
Gene

Primer sequences

NF-κB

FOR:5´- CATACGCTGACCCTAGCCTG -3´
REV:5´- TTTCTTCAATCCGGTGGCGA -3´

FOXO3

FOR:5´- GCCTCATCTCAAAGCTGGGT-3´
REV:5´- TGCTCTGGAGTAGGGATGCT -3´

Sirt-1

FOR:5´- TGGTTTACAACGTCTGTGCCT -3´
REV:5´- GCTGCTTGCTGTCCATACCT -3´

GAPDH

FOR:5´- AAGTTCAACGGCACAGTCAAGG -3´
REV:5´- CATACTCAGCACCAGCATCACC -3´

2.5. Statistical analysis
The Kolmogorov–Smirnov was used to test the
normality of data. One-way analysis of variance
(ANOVA) was performed to identify significant
differences (P<0.05) among groups, which followed
by Dunnett’s T3 post hoc test when a significant
difference was observed. Statistical analysis was
conducted using IBM SPSS Statistics 20 (IBM, New
York, NY, USA).
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3. Results
Table 3 represents the body mass changes of the
groups throughout the study.
Table 3. Body mass (mean±SD) of study groups (gram)
Group
Phase
Adaptation
Familiarization

Main

Time
Week 1
Week 2
Week 3
Week 4
Week 5
Week 6
Week 7
Week 8
Week 9
Week 10
Week 11
Week 12
Week 13
Week 14

Con

NNK

NNK+ST

103.6±10.2
127.4±12
146.6±8.7
163.4±9.1
175.6±9.8
186.2±8.6
197±8.3
205.6±7.7
206±7.5
210.4±11.2
218.2±8.8
221.6±8.9
226.5±6.4
259.5±9.3

106.7±20.1
138.1±19.9
162.5±21.5
186.1±27.2
209.5±34.1
223.6±39
240±42.5
241.6±42.4
258±50.6
264.4±54.5
272.6±56.6
274.7±61.6
288.3±64.1
285.6±70.4

111.6±35.9
124.7±35
155.7±26.6
173±12.9
192.2±13
208.4±16.3
225±24.6
226.7±21.9
236.4±31.5
246±38.4
261.7±45.4
282.2±63.4
277.5±59
274.3±61.8

CON= Control; NNK= NNK exposure; NNK+ST= NNK exposure + swimming training

significant decrease in NF-κB (P<0.0001) (Figure 1B)
and FOXO3 (P=0.006) (Figure 1A) expression
compared to the CON group. Finally, comparing the
NNK and the NNK+SE group showed that exercise
training in rats under NNK treatment led to a
significant decrease in the expression of NF-κB
(P<0.0001) (Figure 1B), but it did not have any
significant effect on mRNA expression of the FOXO3
(P=0.887) and Sirt-1 (P=0.1) (Figure 1A and 1C,
respectively).

Effect of NNK treatment and exercise
training on NF-κB, FOXO3a, and Sirt-1
The results showed that NNK treatment led to a
significant decrease in mRNA expression of FOXO3
(P=0.005) (Figure 1A) and NF-κB (P<0.0001) (Figure
1B), while it resulted in a significant increase in
expression of Sirt-1 (P = 0.001) (Figure 1C).
Moreover, the result revealed that cotreatment with
NNK+SE resulted in a significant increase in mRNA
expression of Sirt-1 (P<0.0001) (Figure 1C) and a

FOXO3

1
0.5

*
0

CON

*

NNK

.

2^-fold changes

20

NF-κB

1.5

A
2^-fold changes

2^-fold changes

1.5

ǂ

1

*

0.5

*

0

NNK+ST

B

Sirt-1
*

CON

*

NNK

.

NNK+ST

C

10

0

CON

.

NNK

NNK+ST

Figure 1. 2^-fold changes in relative expression of FOXO3 (A), NF-κB, (B), and Sirt-1 (C) in study groups. CON= Control; NNK= NNK
exposure; NNK+ST= NNK exposure + swimming training.
* Significant change in expression as compared to the CON group p<0.05. ǂ Significant change in expression as compared to the NNK group p<0.05.
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to a significant increase in mRNA expression of Sirt-1
in lung tissue of Wistar rats. In line with our finding
Jianyi Lu et al., (2015) showed that Benzo[a]pyrene
(B[a]P) exposure, a carcinogen in cigarette smoke, led
to overexpression of Sirt-1 in the lung of mice (28). In
normal cells, Sirt-1 plays major roles in processes
such as cell cycle, metabolism, DNA repair, aging,
and cell survival (29). However, Sirt-1 can also
function as an oncogene through the regulation of
some tumor suppressors, including p53 and FoxOs,
and NF-κB (30). In fact, a recent meta-analysis
concluded that Sirt-1 overexpression was significantly
correlated with overall survival in different cancers
including lung and liver cancers and its
overexpression indicates poor prognosis in these
patients (31). Moreover, it has been shown that
silencing the Sirt-1 gene can inhibit the migration or
invasion of cancer cells (32-34), which suggests its
role in tumor progression and metastasis. Considering
the significant increase in Sirt-1 expression in the
present study due to NNK exposure it seems that our
findings are consistent with the oncogenic role of Sirt1 and NNK exposure probably has led to tumor
induction in lung tissue of the rats. Finally, findings
showed that swimming exercise in Wistar rats under
NNK treatment led to a significant reduction in NF-κB
expression, a non-significant increase in FOXO3 and
Sirt-1 expression. To the best of our knowledge, this is
the first study that investigates the effect of exercise
training on the expression of these genes in subjects
under NNK treatment. We postulated that swimming
training in rats under NNK treatment may reduce
pathogenic effects of NNK in lung tissue by
improving cellular stress response or other
mechanisms such as improving immune system
function and enhancing antioxidant capacity, which all
may increase the resistance of lung tissue against
tumorigenic effects of NNK. Exercise-induced
changes in expression of FOXO3 suggest a probable
positive effect of exercise training in subjects under
NNK treatment, however, the amount of changes was
not statistically significant. On the other, considering
the tumor-suppressive effects of NF-κB, significant
decrease of NF-κB, and increased Sirt-1 expression
following exercise in rats under NNK treatment
indicates that exercise has exacerbated the negative
effects of the NNK and may potentiate its pathogenic
effects. In line with this finding, Ardies et al., (1996)
showed that running exercise increased the expression
of NNK-activating enzymes in lung tissue of rats (35).
Possible mechanisms for the observed negative effects
may be the increased NNK delivery to the lung tissue
due to increased pulmonary perfusion during exercise,
immunosuppressive effect of exercise because of high
volume and frequency of exercise (5 days per week,
up to 60 min per session) and imposing oxidative and
physiological stress beyond adaptive capacity of the
cells which all may result in increased vulnerability of
lung to pathogenic effects of the NNK.

4. Discussion
NNK is one of the most potent carcinogens in tobacco
products that affect various cellular processes
including cell survival/apoptosis and causes cellular
injury in various tissues including the lung tissue. The
results of the present study showed that NNK
exposure for 12 weeks led to a significant reduction in
mRNA expression of the NF-κB in lung tissue of rats.
NF-κB is a transcription factor supporting host
responses to cellular stress and immune responses to
pathogens and other challenges, as well as it plays
opposing functions in inflammation and cancer (17).
Some studies have shown that NF-κB has an
oncogenic role in cancer development through
induction of expression of genes involved in the
blockade of apoptosis, promotion of proliferation, and
angiogenesis which all contribute to the malignant
transformation of cells (18). However, other studies
reported that NF-κB is involved in tumor suppression
(19). These opposing roles might be depended on cell
type. Although the tumorigenesis did not assess in the
current study, previous studies have proved the role of
NNK in DNA damage and tumor development with
the dose and time course applied in the present study
(14), so the decreased NF-κB expression observed in
the current study after NNK exposure supports the
anti-tumoral role of NF-κB in lung cancer
development. Moreover, considering the crucial role
of the NF-κB in inflammation and immune responses
the decreased expression of the NF-κB due to NNK
treatment means that along with DNA damage NNK
probably leads to suppression of immune responses
necessary for removal of damaged cells, which
consequently results in accumulation of transformed
cells and tumor progression in lung tissue. However,
further research is needed to provide more evidence
before drawing any conclusion. Our results also
showed that NNK exposure reduced mRNA
expression of FOXO3 in lung tissue of Wistar rats.
Although some previous studies reported a
tumorigenic role for FOXO3 (20,21), recent studies
classified it as a tumor suppressor and it has been
shown that deregulation of FOXO3 is associated with
cancer development (22,23). Previous studies have
reported decreased FOXO3 in various types of cancers
including breast (24), prostate (25), and bladder (26).
Moreover, a more recent study also reported that
FOXO3 expression was suppressed in lung cancer
tissues and cells (27). As NNK is a potent carcinogen
and previous studies proved its tumorigenic potency
with the same dose used in the present study (14),
decreased expression of FOXO3 after NNK treatment
that observed in the present study provides further
evidence that FOXO3 plays an anti-tumoral role in
lung cells. It also suggests that tumorigenic effects of
NNK in lung cells and tissue may in part be due to the
deregulation of FOXO3 expression. Additionally, our
result revealed that exposure to NNK for 12 weeks led
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