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Abstract
Cigarette smoke is a complex mixture of more than 4700 chemical compounds including free radicals
and oxidants. Toxicity exhibited by cigarette smoke may be due to combined action of these
compounds inducing many cellular processes mediated through reactive oxygen species (ROS).
Major player probably nicotine as it is present in tobacco, in higher concentrations. The compounds
that induce intracellular oxidative stress recognized as the important agents involved in the damage
of biological molecules. Experiments using animal and cell culture model systems suggested that
moderately higher concentrations of some forms of ROS like NO and H2O2 can act as signal
transducing agents. Nuclear transcription factor κ (NF-κB) an inducible transcription factor detected
in neurons found to be involved in many biological processes such as inflammation, innate immunity,
development, apoptosis, and antiapoptosis. Our present study demonstrates that nicotine induces
ROS levels in a dose dependent manner in rat mesencephalic cells. Electro mobility shift analysis
showed that nicotine activates inducible NF-κB by binding to consensus sequence of DNA. Nicotine
added to cell culture stimulates the degradation of IκB-α subunit in 2 h. Further activation of c-Jun
terminal kinase indicates that nicotine induces oxidative stress leading to activation of stress
dependent NF-κB pathway in mesencephalic cells.
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Introduction
Nicotine was first obtained as a distillate from tobacco and used as a prescribed drug to treat
rodent ulcer and constipation. Later it was realized that it is toxic to humans. Humans normally
ingest nicotine by smoking or tobacco chewing in various forms. Smoking habit rapidly spread
in human population especially with young people, starts as a fun becomes a habit and
addictive, as it stimulates central nervous system followed by sedation [1]. The major alkaloid
present in cigarettes is nicotine approximately 1–2 mg/ml and is detected in the blood of
smokers [2]. Nicotine stimulates synaptic transmission in brain acting through nicotine
acetylcholine receptors (nAchRe) present in specific regions controlling behavior [3,4]. Studies
have demonstrated that the nicotine promotes cell proliferation in human and rodent bronchial
cells and lung epithelial cells [3,5-8]. It has been shown that pharmacological concentrations
of nicotine activates proliferation signals [9,10] such as activation of the enzyme protein kinase
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C in human and mouse lung cells [3,5,7], activation of a kinase Raf-1 which phosphorylates
Bcl-2 that antagonizes drug induced apoptosis in lung cancer cells [6,9,11]. Mice treated with
nicotine show increased mitogenic signals, phosphorylated Akt in lung tissue, and in human
lung cancer cells derived from smokers suggested that nicotine is the major compound present
in cigarette largely contributed to carcinogenesis [3,9,10]. Nicotine induces oxidative stress
and apoptosis, apart from inducing proliferative signaling pathways in number of cell types
and tissues [11] Exposure of cigarette smoke induces apoptosis in rat gastric mucosa mediated
by reactive oxygen species (ROS) in a p-53 independent fashion [12].

Many cell systems on exposure to short term oxidative stress lead to the accumulation of DNA
damage, genomic instability, and hypomethylation of DNA. On the other hand the cells
exposed to long term to oxidative stress lead to apoptosis resistance, neoplastic transformation,
and tumor development [13]. Hence the ROS induced by wide variety compounds are
implicated in the pathogenesis and toxicity leading to many human diseases. Experiments using
both in vivo and in vitro model systems suggested that moderately higher concentrations of
certain forms of ROS like NO and H2O2 can act as signal transducing agents. Numerous studies
carried out on the regulation of gene expression by oxidants, antioxidants, and other
determinants of the intracellular redox state [14] suggested that inducible nuclear transcription
factor (NF-κB) and its activator protein IκBα have been implicated and well defined in the
regulation of many processes in several cell systems. These factors control the transcription of
genes involved in immune response, inflammation, apoptosis and, tumorigenesis [15-17]. NF-
κB normally expressed in low levels in central nervous system [18] but plays a key role in
neuronal plasticity, learning, memory consolidation, neuro protection and neurodegenaration.
Recent data suggest an important role of NF-κB on proliferation, migration, and differentiation
of stem cells of nervous system [18,19]. However, number of events like seizures and cerebral
ischemia induces activation of NF-κB pathway [20].

Studies on the toxic effect of nicotine are limited and contradictory. Some labs reported that
nicotine and its metabolites do not exhibit genotoxic effect [21] and DNA alteration induced
by tobacco is not due to nicotine [22]. Hence the toxicity of nicotine, the major alkaloid present
in cigarette smoke and tobacco is the subject of intense scientific scrutiny. It is now known
that nicotine acts through nicotine acetyl choline receptors in the brain and is responsible for
addictive nature of tobacco and its products [23]. In our present study we address the toxic
effect of nicotine and the probable role of ROS in the activation of NF-κB in rat mesencephalic
cells.

Materials and methods
Cell lines, media and chemicals

Nicotine, 3-(4,5-dimethylthiozol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), 2,7-
dichlorofluoroscein diacetate (DCF-DA), Rat mesencephalic (1RB3AN27) was a gift from Dr.
AG Kanthasamy, Department of Biomedical Sciences, Iowa State University, Ames, Iowa.
Medium (RPMI 1640), Phosphate buffer saline (PBS), Fetal calf serum were obtained from
Gibco (Invitrogen corp, C arlsbad, CA, USA), Penicillin and Streptomycin, were obtained from
Sigma Chemical Co (St Louis, MO, USA).

Cell culture and treatments
Mesencephalic cells used were free from mycoplasma, confirmed by Gen-Probe Mycoplasma
Rapid Detection Kit (Fisher Scientific, Pittsburgh, PA). The rat mesencephalic (1RB3AN27)
cultures were maintained in Medium (RPMI 1640), supplemented with 10% fetal calf serum,
L-glutamine (1%), Penicillin (100 u/ml) and Streptomycin (100 u/ml) under the atmosphere of
5% CO2, 95% air in humidified incubator at 37 °C. The cells were incubated with or without
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nicotine or substances in 96 well plates or six well plates for time intervals as indicated in the
figure legends.

Measurement of intracellular ROS
The level of ROS present in living cells was quantified essentially as described earlier [23].
Equal number of rat mesencephalic cells (10,000/well in 96 well plate in Hanks Balanced Salt
Solution) were treated with 10 μM DCF-DA (2,7-dichlorofluoroscein diacetate) for 3 h. Cells
were washed with phosphate buffered saline and treated with different concentrations of
nicotine and for different time intervals as mentioned in figure legends. DCF-DA penetrates
into viable cells and inside the cells converted to DCF, which later reacts with ROS and
fluoresce. At indicated time intervals the intensity of fluorescence is measured at excitation of
wave length 485 nm and emission at wavelength of 527 nm and expressed as percent of control
florescence.

Enzyme mobility shift assay (EMSA) for NF-κB
Mesencephalic cells were incubated with or without nicotine at concentrations as described in
figure legends at 37 °C in a humidified atmosphere of air and 5% CO2 for 1 h. The cells were
extracted with lysis buffer and electrophoretic mobility shift assay (EMSA) was carried out
according to the method described earlier [23]. Briefly, nuclear extracts (8 μg of nuclear
protein) prepared from cells that were exposed to different concentrations nicotine (final
concentrations of 0.1, 1, 2.5, 5.0, and 10 μM) or 1 μM of nicotine concentration for different
time intervals (15, 30, 60, 120, and 240 min) and were incubated with 32P labeled double-
stranded NF-κB consensus sequence [23] The DNA-Protein complex supershifted was
analyzed on 6% native polyacrylamide gel. The dried gel was exposed to X-ray film and protein
binds to 32P radioactive NF-κB DNA activity was quantitated using Phosphor Imager
(Molecular Dynamics, Sunnyvale, CA) with Quant software

Immuno blot analysis of IκB-α
Mesencephalic cells were treated with or without nicotine (1 μM) and incubated at different
time intervals. Cells were washed with PBS and cell extracts were made in PBS by
homogenization. Protein concentration was measured by Bradford's method. Equal quantity
of protein (75 μg) was treated with sample buffer and boiled for 5 min and separated on sodium
dodecyl sulfate polyacrylamide gel electrophoresis and transferred to nylon membranes and
probed with IκB-α antibodies washed thrice with PBS. Blots were incubated with second
antibody horse radish peroxidase and bands were analyzed by chemiluminiscence kit by
standard procedure as described earlier [23].

c-JUN N-terminal Kinase assay
The c-Jun N-terminal kinase assay was performed by a modified method as described earlier
[23]. Briefly, the cells (3 × 106/ml) were exposed to nicotine for 30 min, and the cells were
lysed in lysis buffer containing protease inhibitors as described earlier [23]. The cell extracts
were immuno-precipitated with 30 mg of anti-JNK IκB-α sepharose beads for 45 min at 4 °C
and beads were then washed four times with lysis buffer (4 × 400 ml) and twice with kinase
buffer (2 × 400 ml: 20 mM HEPES, pH 7.4, 1 mM DTT, 25 mM nicotine). The kinase assay
was performed for 15 min at 30 °C using GST-Jun (1–79; 2 g/sample) as a substrate in 20 mM
HEPES buffer, pH 7.4, containing 10 mM MgCl2, 1 mM DTT, and 10 Ci [32P] ATP. The
reaction was terminated by the addition of 15 ml of 2 × SDS sample buffer, and the mixture
was boiled for 5 min. The reaction mixture was analyzed on 9% SDS-PAGE. The band GST-
Jun (1–79) was visualized by autoradiogram by exposing the gel to X-ray film. The
radioactivity of the phosphorylated protein was quantified in Phospho Imager (Molecular
Dynamics).
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Statistical analysis
ROS data was expressed as mean ± SD and statistical significance was assessed by student t
test. The difference between control and nicotine treated samples were considered significant
if the level is p < 0.05.

Results
Nicotine induces ROS levels

Mesencephalic cells incubated with different concentrations of nicotine increased the ROS in
a dose dependent manner (Fig. 1). As low as 0.1 μM concentration of nicotine induces ROS
by approximately 35%, however significant amount of increase in ROS is observed at 1 and
10 μM with 54% and 80% respectively. Nicotine also increased ROS in a time dependent
manner as shown in Fig. 2. In time course experiments the increase in ROS at 30 min followed
by slow increase thereafter till 180 min by nicotine.

Nicotine activates NFκB transcription factor
The results of EMSA for NF-κB DNA binding activity in mesencephalic cells exposed to
different doses of nicotine (0.01–10 μM) for 2 h is shown in Fig. 3. Nicotine enhanced NF-
κB DNA binding activity in a dose-dependent manner. NF-κB DNA binding activity was found
to be more than two fold at low concentration of 0.1 μM concentration and stimulated more
than 8 fold at 1.0 μM concentration and saturated by 5.0 μM concentration of nicotine compared
to control values. To investigate the time required for NF-κB activation mesenceplalic cells
were exposed to 1 μM concentration of nicotine for different time intervals (0, 30, 60, 120, and
240 min) and EMSA was carried out. The result of such as study is shown in Fig. 4. It suggests
that nicotine induces NF-κB transcription factor within 15 min and maximum DNA binding
activity was observed by more than sevenfold by 120 min. compared to control.

IκB-α degradation in response to nicotine
Mesencephalic cells show maximum expression of IκB-α protein levels in control and 30 min
exposure to 1 μM concentration of nicotine. However, the levels of IκB-α significantly
decreased by 1 h and maximum decrease is seen by 2 h (Fig. 5). This Result also suggests that
the inhibitory effect of IκB-α on NF-κB is temporally relieved following the addition of nicotine
and hence maximum binding activity of NF-κB is observed at 1 and 2 h (Fig. 5). The levels
IκB -α almost comes back to control levels by the end of 4 h (Fig. 5).

Nicotine activates c-Jun kinase
NF-κB DNA binding activity induced by nicotine was regulated by the phosphorylation of
oncogene c-Jun at the N-terminus. Phsophorylated c-Jun subsequently activates NF-κB and its
transcriptional activity. Phosphorylation of c-Jun was mediated by a MAP kinase called Jun
N-terminal kinase (JNK). Whole cell extracts from control and nicotine treated cells were
immuno-precipitated with anti-JNK antibody and kinase activity was measured using GST-
Jun as a substrate. The result of such a study is presented in Fig. 6. Mesencephalic cells
incubated with 1 μM nicotine show increased JNK activity by 15 min. and more than six fold
increase in the kinase activity was observed by 60 min.

Discussion
Cigarette smoke is a complex mixture of more than 4700 chemical compounds while the major
one is nicotine. Besides these compounds cigarette smoke also contains free radicals and the
other oxidants that add up to induced levels of ROS. Toxicity exhibited by cigarette smoke
may be due to combined action of many of these compounds inducing many cellular processes
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mediated by ROS. Major candidate probably nicotine, as it is present in higher concentrations
in tobacco. In the present study as low as 1 μM concentration of nicotine induces ROS levels
in significant amounts in rat mesencephalic cells. Studies from our laboratory on mouse brain
also report that long term environmental tobacco smoke (ETS) induces ROS in different regions
of brain [23]. Chronic administration of nicotine significantly depleted GSH content in liver
and testes. Nicotine also decreased catalase activity in liver while increased catalase activity
in kidney and testes. It has also been shown that ethanol or nicotine produce oxidative tissue
injuries in rat [24]. Cigarette smoke induce ROS production, and this ROS play a critical role
in signaling of the cellular inflammatory response by activating the transcription factor, NF-
κB in cancer cells in vitro [25].

Our results also demonstrate that nicotine activates NF-κB DNA binding activity to consensus
sequence in a dose dependent manner. NF-κB is a family of DNA binding proteins regulates
transcription of many genes and control many cellular processes [19]. Preliminary requirement
for activation of NF-κB is homo or heterologous dimerization of p50 and p65 Proteins [25].
Dimerization of NF-κB may occur between nascent polypeptide emerging from successive
ribosomes of mRNA [19]. NF-κB activation in different cells occurs following specific stimuli
such as cytokines, chemokines, bacterial LPS, or viral infection. Cigarette smoke, which has
variety of compounds also stimulates NF-κB over a period of time [23]. It is known that nicotine
acts through nicotine acetyl choline receptors in the brain and is responsible for addictive nature
of tobacco and its products [26]. Nicotine activation of NF-κB may be through binding to
nicotine acetyl choline receptors. Earlier study from our laboratory also shows activation of
NF-κB in mouse brain stem, cerebellum, frontal cortex, hippocampus, and straitum following
the long-term exposure of ETS [23].

NF-κB is normally present in inactive form in cytosol by binding to IκB. IκB kinase (IKK)
complex catalyze the signal dependent phosphorylation of IκB. Phosphorylated IκB undergoes
proteosomal degradation activating NF-κB [19]. Transfected mesencephalic cells show
maximum expression of IκB-α protein levels and on exposure to nicotine, the levels of IκB-α
significantly decreased and maximum decrease in levels were seen by 2 h (Fig. 5). Activated
NF-κB transported to nucleus and increase in binding activity of NF-κB to consensus sequence
of DNA could be seen in Fig. 4.

NFκB activation and DNA binding activity regulated by the phosphorylation of oncogene c-
Jun at the N-terminal portion of the protein [23]. Phsophorylated c-Jun subsequently activates
NF-κB and its transcriptional activity. phosphorylation c-Jun was mediated by a MAP kinase
called JNK [23]. Most agents that activates NF-κB also activates AP-1 transcription factor and
it was reported that cigarette smoke activates AP1 [27,28]. Our recent studies show that mouse
exposed to ETS activated AP-1 DNA binding activity in brain tissues [23]. Studies carried out
by other laboratory also show AP-1 activation in rat lung tissue after 8 weeks of exposure to
cigarette smoke [29]. This observation was in agreement with, the recent reports from our
laboratory as well as others that activation of AP-1 requires the action of JUN kinase, which
is an early event in this signaling pathway [29,30]. Nicotine treated mesencephalic cells induces
JNK enzyme activity by phosphorylating the substrate, suggested clearly that nicotine
activation of NF-κB is mediated through MAP kinase pathway. Cigarette smoke has been
shown to induce MAPK and this activation was co-related with concomitant increased in
histone 3 phospho-acetylation, histone 4 acetylation, and increased DNA binding of the redox-
sensitive transcription factor NF-κB in rat lung [29].

Our studies using in vitro mesencephalic cell model suggest that nicotine induce ROS
production in a dose dependent manner and ROS in turn activate redox-sensitive transcription
factor NF-κB. We found that nicotine exerts a specific effect on cell signal transduction
pathways mediated by NF-κB, possibly triggered by ROS. Cigarette smoke exposure induces
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inflammatory response by induction of cytokines mediated by NF-κB in rat lungs [29] and in
lung cells was observed [28]. ROS and NF-κB activation may be one of the initial events
transcription and expression of cytokines involved in the inflammatory response as it regulates
the expression of many genes involved in immune and inflammatory response. This also leads
to the coordinated expression of many genes such as cytokines, chemokines, adhesion
molecules, and enzymes involved in mediator synthesis and the further amplification and
perpetuation of the inflammatory response [27].

Nicotine induced significant increase in ROS that resulted in the activation of NF-κB by
activating signal responsive kinases. Further studies are underway to understand the genes that
are activated and regulated by nicotine.
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Fig. 1.
Effect of Nicotine on ROS levels in rat Mesencephalic Cells. Cells were treated with nicotine
at concentrations 0.1, 1.0 and 10.0 μM and incubated for 3 h. Fluorescence was measured at
the end of 3 h. and expressed as percent of control florescence mean ± SD of 8 wells (n = 8)
and the figure is a representative from three experiments performed independently. The *
indicates significantly different from control samples.
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Fig. 2.
Time course of induction of ROS by Nicotine in rat mesencephalic cells. Cells were incubated
with 10 μM of nicotine. Fluorescence was measured at different time intervals as described in
materials and methods. The values expressed as percent of control florescence mean ± SD of
8 wells (n = 8) and the figure is a representative from three experiments performed
independently.
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Fig. 3.
Effect of nicotine on NF-κB DNA binding activity in mesencephalic cells (dose). Nuclear
proteins (20 μg) were analyzed on 7.5% native PAGE to detect NF-κB by electrophoretic
mobility shift assay. The data shown is a representative of three independent experiments
performed on extracts obtained from control and different concentrations of nicotine (0.1, 1.0,
5.0, 10 μM) treated mesencephalic cells.
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Fig. 4.
Effect of nicotine on NF-κB DNA binding activity in mesencephalic cells (time). Nuclear
proteins (20 μg) were analyzed on 7.5% native PAGE to detect NF-κB by electrophoretic
mobility shift assay. The data shown is a representative of three independent experiments
performed on extracts obtained from control and 1 μM nicotine treated mesencephalic cells for
different time periods.
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Fig. 5.
Effect of nicotine on IκB-α degeradation. Mesencephalic cells were treated with or without
nicotine (1 μM) for different time intervals as described in materials and methods. Cells were
washed with PBS and cell extracts were made in PBS by homogenization. Equal quantity of
protein (75 μg) was separated on sodium dodecyl sulfate polyacrylamide gel electrophoresis
and transferred to nylon membranes and probed with IκB-α antibodies washed thrice with PBS
and incubated with second antibody horse radish peroxidase and bands were analyzed by
chemiluminiscence kit.
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Fig. 6.
Effect of nicotine on JNK activation. Cell extracts from control and nicotine treated
mesencephalic cells were prepared as described in materials and methods and 300 μg of total
protein extract were immuno-precipitated with anti-JNK (0.3 μg/sample) antibody, and the
kinase reaction was performed using 32P-labeled ATP and GST-Jun as substrate protein. The
radiolabeled GST-Jun was detected in 9% SDS-PAGE. The level of JNK was detected using
50 μg of same extract proteins and analyzed in 10% SDS-PAGE by Western blot.
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