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Abstract

4-Methylnitrosamino-1-(3-pyridyl)-1-butanone (NNK) is a
tobacco-specific procarcinogen. We have investigated whe-
ther NNK causes inflammatory upheaval in the brain by acti-
vation of resident microglia and astrocyte and result in
bystander neuronal damage. We have carried out the work in
both in vitro and in vivo models. We have found that treatment
with NNK' causes significant activation of mouse microglial
(BV2) cell line as evident by increase in reactive oxygen
species and nitric oxide level. Western blot analysis has
showed increase in proinflammatory signaling proteins, pro-
inflammatory effector proteins, and other stress-related pro-
teins. Interestingly, increased levels of proinflammatory
cytokines like interleukin (IL)-6, tumor necrosis factor-a,

Several compounds of the cigarette smoke have been
identified to have carcinogenic potency (Nakayama et al.
1985; Hecht et al. 1999). 4-N-methyl-N-nitrosamino-1-(3-
pyridyl)-1-butanone (NNK), a major nitrosamine formed in
tobacco smoke, is a very potent carcinogen (Jin et al. 2004).
Concentrations of NNK in tobacco substances may vary
widely (Akopyan and Bonavida 2006), (http:/www.
springerlink.com/content/j8115k7025052204/). Both direct
and second-hand tobacco smoke exposures lead to sub-
stantial measures of NNK intake.

One of the most important aspects of diseases that have
been studied in the recent years is inflammation. Inflamma-
tion plays a pivotal role in extremely wide array of disease
conditions ranging from viral diseases of CNS (Ghoshal
et al. 2007) to neurodegenerative disorders (Griffin 2006).
Few studies provide insights on the effect of tobacco smoke
and inflammation (Hellermann et al. 2002; Weng et al.
2004). Although NNK has been reported to induce oxidative
stress in the microsomal fraction of brain (Bhagwat et al.
1998), little work has been carried out to elucidate whether
NNK can trigger neuroinflammation in brain and whether the
inflamed milieu can cause any neuronal damage. Considering
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monocyte chemoattractant protein 1 (MCP1), and IL-12p70
are also detected. Work from our in vivo studies has dem-
onstrated similar increase in proinflammatory signaling and
effector molecules along with the proinflammatory cytokine
levels, following NNK treatment. Immunohistochemical stain-
ing of the brain sections of NNK-treated mice reveals massive
microglial and astrocyte activation along with distinct foci of
neuronal damage. Both in vitro and in vivo results provide
strong indication that NNK causes significant upheaval of the
inflammatory condition of brain and inflicts subsequent
neuronal damage.

Keywords: astrocytes, cytochrome P450, inflammation, mi-
croglia, neuron, tobacco carcinogen.
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the extreme economical and disease burden of the neuro-
inflammation-related disorders (http://www.ingentaconnect.
com/content/ftd/erp/2006/00000006/00000002/art00007)
(Menzin et al. 1999), it is extremely important from medical,
social, and economic point of view to elucidate whether
NNK could cause neuroinflammation.

Our present study conducted in both in vitro and in vivo
model systems showed that NNK could cause robust
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microglial activation leading to profound increase in inflam-
matory mediators. Our study extended further to show that
the inflamed milieu may cause neuronal damage.

Materials and methods

Cell lines and animals

Detailed information of cell lines and animals used are provided in
the Appendix S1. Mouse neuroblastoma cell line (N2a), microglial
cell line (BV2), and cortical neurons were used for in vitro
studies. Cortical neurons were obtained following a published
protocol (Gao et al. 1991) but with substantial modification. Adult
BALB/c mice (6 weeks) of either sex were used in all in vivo
experiments.

MTT assay
Mouse neuroblastoma Neuro2a cells (N2a) and mouse microglial
cells (BV2) were plated in 96-well plate at a density of
2 x 10* cells/well and were cultured for 24 h in 200 pL of
Dulbecco’s modified Eagle’s medium (Sigma, St Louis, MO,
USA) with 10% fetal bovine serum (Sigma). After 24 h, the cells
were switched to serum-free media for additional 12 h. Cells were
then treated with various concentrations of NNK for 48 h. The
viability was then evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Sigma) assay as described
elsewhere (Swarup et al. 2008).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
assay was also performed on the primary cortical neurons plated
in the 96-well plates after treating the cells with various concen-
trations of NNK for 48 h. The primary neuronal cells plated in
Labtek chamber slide (Labtek, Roskilde, Denmark) were fixed in
4% paraformaldehyde for 20 min, and then stained for Beta III
Tubulin (Promega Corporation, Madison, WI, USA). The slides
were observed under Zeiss Axioplan 2 Fluorescence microscope
(Zeiss, Gottingen, Germany).

bromide

Measurement of reactive oxygen and nitrogen species

BV2 cells were plated in low density and allowed to grow for 24 h
in Dulbecco’s modified Eagle’s medium with 10% fetal bovine
serum. Cells were then switched to serum-free media for 12 h and
then treated with 500 pM of NNK for various time points. The level
of reactive oxygen species (ROS) produced within cells was then
monitored fluorimetrically by Varioskan Flash Multimode Reader
(Thermo Electron Corporation, Vantaa, Finland) using the dye 5-and
6-chlromethyl-20,70-dichlorodihydrofluorescein diacetate (Sigma)
according to a process previously described (Mishra et al. 2007).
Reactive nitrogen species and nitric oxide (NO) levels in cell
supernatant was measured by Griess reagent as previously described
(Mookerjee Basu et al. 2006).

Immunoblot

Immunoblot analysis was performed against cyclooxygenase 2
(COX-2), induced inducible nitric oxide (iNOS), phospho-extracel-
lular regulated kinase (ERK1/2), phospho-p38 mitogen-activated
protein kinase (MAPK), phospho-c-Jun N-terminal kinase (JNK),
phospho-nuclear factor (NF)xfB, NFkf, IkBa heat shock protein
(HSP70), superoxide dismutase (SOD)-1, and thioredoxin 1 (TRX1)
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using respective antibodies at 1 : 1000 dilutions. Details of the
immunoblot procedure are provided in the Appendix S1.

Cytokine bead array

The BD mouse cytokine bead array (CBA) kits (mouse inflamma-
tion CBA kit; BD Biosciences, San Diego, NJ, USA) were used to
quantitatively measure cytokine levels in BV2 cell lysates and
mouse whole-brain lysates. Fifty pL of mouse inflammation
standard and sample dilutions were used and the assay was
performed according to the manufacturer’s instructions and analyzed
on the FACS Calibur (BD Biosciences) (Swarup et al. 2007).

Immunohistochemsitry

Animals from control and treated groups of both 4 and 12 days
experiments were perfused and the brains were processed for
cryostat sectioning (Basu et al. 2002; Ghoshal et al. 2007). To label
activated microglia, activated astrocytes and neurons, sections were
incubated overnight at 4°C with rabbit anti-Iba-1 (Wako, Osaka,
Japan), rabbit anti-glial fibrillary acidic protein (GFAP) (Dako,
Glostrup, Denmark), and mouse anti-NeuN (Chemicon, Concord
Road, MA, USA) respectively at dilutions of 1 : 500. After washes,
slides were incubated with appropriate secondary antibodies
conjugated with fluorescein (Vector Laboratories, Burlingame, CA,
USA) and following final washes, sections were mounted. All the
slides were observed under Zeiss Axioplan 2 Fluorescence
microscope or Zeiss Confocal microscope (Zeiss).

Histochemistry

Cryostat sections were also processed for thionin (Basu et al. 2005)
and Flouro Jade C (FJC; Chemicon) staining (Schmued ez al. 2005).
The thionin-stained sections were then observed under Leica 4000
DB light microscope (Leica Microsystems, Wetzlar, Germany). FJC-
stained slides were observed under Zeiss Axioplan 2 Fluorescence
microscope (Zeiss).

Statistical analysis

The data generated from the experiments were analyzed statistically
using One-way model 1 anova followed by Holm-Sidak multiple
comparision test using SigmaStat 3.5 (Sigma, Chicago, IL, USA). A
level of p < 0.05 was considered significant.

Results

NNK does not cause direct neuronal or microglial
cytotoxicity in vitro

Previous experiments with human bronchiolar and alveolar
cell lines (BEAS2B and AS549, respectively) treated with
500 uM NNK, showed substantial immunomodulatory effect
of NNK on these cell lines (Proulx ef al. 2005). Thus, we
wanted to know the effect of 500 uM NNK on N2a and BV2
cell lines. To assess the direct cytotoxicity that NNK might
be having on the neuronal and microglial cell line, we
performed the MTT assay after treating N2a cells and BV2
cells plated in 96-well plate with various concentrations of
NNK for 48 h. Results of the MTT assay showed that NNK
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Fig. 1 NNK does not causes direct neuronal or microglial cytotoxicity
in vitro (a—d). Mouse neuroblastoma Neuro2a cells (N2a) and mouse
microglial cells (BV2) were treated with various concentrations of NNK
for 48 h. The viability was then evaluated by MTT assay. Figure clearly
depicts that NNK does not cause significant direct cellular death to the
neuronal and microglial cell lines in a dose even as high as 700 uM
(a,b). Primary cortical neurons were cultured from cortices of P2 pups
and grown in neurobasal media. Cells were plated at a density of
5 x 10° cells/cm? onto poly-p-lysine-coated 96-well plate (Nunc,
Roskilde, Denmark). MTT assay was performed after treating the cells
with various concentrations of NNK for 48 h. Figure clearly depicts that
NNK does not cause significant direct cellular death to the primary
neuron in a dose even as high as 500 uM (d). Primary neurons cul-
tured from cortices of the pups were also plated in Labtek chamber
were fixed in 4% paraformaldehyde for 20 min, and then stained for
primary neuronal marker Beta Il Tubulin (c). The Figure is of 20x

© 2009 The Authors

magnification and scale bar is 25 um. Asterisks (*) indicate significant
difference from the control group (p < 0.001; One-way model 1 ANOVA).
Data represent mean + SD from three independent experiments
performed in duplicate. NNK induces significant nitric oxide release
and intracellular ROS generation in BV2 cells (e,f): BV2 cells were
treated with NNK for different time span. Then the cell supernatants of
the control and treated cells were collected and assayed for released
NO by Griess reagent. The whole-cell lysate of the control and
respected treated groups are used for intracellular ROS measurement
by DCFDA. (e) NO level in cell supernatant of control and different
treatment groups. (f) Fold increase in intracellular ROS level over
control in different groups. Asterisks (*) indicate significant difference
from the control group (p < 0.001; One-way model 1 anova). Data
represent mean + SD from three independent experiments performed
in duplicate.
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did not cause significant direct cellular death to the neuronal
and microglial cell lines in a dose even as high as 700 uM
(Fig. 1a and b). Further, we wanted to assess whether NNK
is toxic if tested on primary neuronal cells. We cultured
primary neuronal cells and performed MTT after treating the
cells with different NNK doses. NNK did not cause
significant death to primary neurons (Fig. 1d), showing that
NNK was not directly toxic to primary neuronal cells.

NNK induces nitric oxide release and intracellular ROS
generation in BV2 cells

BV2 cells were treated with 500 pM of NNK for various time
points: 12, 24, and 48 h. The whole-cell lysate of the control
and NNK-treated groups were used for intracellular ROS
measurement by 5- and 6-chloromethyl-2",7" dichlorodihy-
drofluorescein diacetate acetyl ester. Prior to lysis, cells were
treated with 5- and 6-chloromethyl-2’,7” dichlorodihydroflu-
orescein diacetate acetyl ester (5 mM) for 1 h at 25°C, and
then washed twice with 1x phosphate-buffered saline (PBS).
The protein obtained was used to measure relative fluores-
cence by Varioskan Flash Multimode Reader. The cell
supernatants of the control and treated cells were collected
and assayed for released NO by Griess reagent. Both NO and
ROS levels increased gradually with increase in time period
of NNK treatment (Fig. le and f). Maximum ROS generation
and NO release were observed at 48 h of NNK treatment

(a) ¢
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(p < 0.001). Data represent mean + SD from three indepen-
dent experiments performed in duplicate.

NNK causes up-regulation of inflammation-associated
proteins in BV2 cells

Western blot analysis demonstrated a significant induction in
the expression of different inflammatory proteins in BV2
cells following NNK treatment (Fig. 2a and b). BV2 cells
were treated with NNK of 500 pM concentration for three
time points: 12, 24, and 48 h. The whole-cell lysate was used
for western blot analysis of the proteins. There was a
significant increase in the expression of COX-2, iNOS,
phospho-ERK1/2, phospho-p38 MAPK, phospho-JNK,
HSP70 (p <0.001), and TRXI1 (p < 0.05). But phospho-
NF«kB, NFkf, and SOD-1 did not increase significantly.
A significant decrease in the expression of IkBa (p < 0.05)
in the 48 h NNK-treated group when compared with control
was observed. Data represent mean £ SD from three inde-
pendent experiments performed in duplicate. This result
showed that MAPK signaling pathway of BV2 could be
activated by NNK (Lee et al. 2000).

NNK causes up-regulation of proinflammatory
cytochemokines in BV2 cells

The up-regulated status of the signaling molecules of
microglia activation prompted us to check the proinflamma-
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Fig. 3 (a) NNK induces up-regulation of proinflammatory cyto-
chemokines in vitro. The figure shows absolute values of proin-
flammatory cytokines in the whole-cell lysate of BV2 cells after NNK
treatment of 12, 24, and 48 h. The whole-cell lysate of control and
treated cells of all time point of treatments was analyzed by CBA
which showed that treatment with NNK caused significant increase in
the expression of proinflammatory mediators like TNF-o, monocyte
chemoattractant protein 1 (MCP1), IL-6, and IL-12. For all the cases
the proinflammatory cytokine level increased gradually with time of
treatment. Asterisks (*) indicate significant difference from the control

group (p < 0.001; One-way model 1 anova). Data represent

tory cytokine levels in the BV2 cells. BV2 cells were treated
with 500 pM of NNK for various time points: 12, 24, and
48 h. CBA analysis showed NNK caused significant increase
in the expression of proinflammatory mediators like tumor
necrosis factor (TNF)-o, monocyte chemoattractant protein 1
(MCP1), interleukin (IL)-6, and IL-12 (Fig. 3a) in BV2 cells.
For all the cases the proinflammatory cytokine level
increased gradually with time of NNK treatment.

Again we performed CBA with BV2 cell lysate on a single
time point (24 h) treatment with various doses of NNK,
starting from a dose as low as 1 uM. Result showed that
treatment of BV2 cell with such a low dose also caused
significantly high release of proinflammatory cytokines

© 2009 The Authors

mean + SD from three independent experiments performed in
duplicate. (b) NNK induces up-regulation of proinflammatory cyto-
chemokines in vitro in a dose-dependent manner. NNK caused sig-
nificant increase in the expression of proinflammatory mediators like
MCP1, TNF-a, and IL-6. The figure shows absolute values of pro-
inflammatory cytokines in the whole-cell lysate of BV2 cells under-
going 24-h treatment of NNK in different doses. For all the cases the
proinflammatory cytokine level increased gradually with doses of
treatment. # indicate significant difference from the control group
(p < 0.001; One-way model 1 anova). Data represent mean + SD
from three independent experiments performed in duplicate.

compared with control (Fig. 3b). The cytokine level gradu-
ally increased with higher doses.

Data represent mean = SD from three independent
experiments performed in duplicate (p < 0.001). This result
indicates that NNK causes activation of microglia via
MAPK pathway, leading to secretion of inflammatory
cytokines.

NNK causes up-regulation of inflammation-associated
proteins in mice brain

We then proceeded to explore whether NNK could cause
microglial activation in vivo. Adult BALB/c mice of either
sex were randomly assigned to three groups: (i) control
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group receiving PBS (C); (ii) group being administered
10 mg/kg body weight of NNK; and (iii) group being
administered 15 mg/kg body weight of NNK. NNK was
administered twice daily, i.m. and ip., in an alternate
manner. Treatment of NNK was carried out for 4 days.
Western blot analysis of the whole-brain lysate of the

Tobacco carcinogen induces neuroinflammation | 1075

control and treated group demonstrated a significant
induction in the expression of different inflammatory
proteins following NNK treatment (Fig. 4a and b). There
was a significant increase in the expression of COX-2,
iNOS, phospho-ERK1/2 (p < 0.05), phospho-p38 MAPK,
phospho-JNK, phospho-NFkf HSP70, SOD-1, and TRXI.
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Fig. 4 NNK treatment for 4 days causes activation of inflammation-
associated proteins and stress-induced proteins in vivo. Adult BALB/
c mice of either sex were randomly assigned to three groups:
(i) control group (C) being administered PBS; (ii) group being
administered 10 mg/kg body weight of NNK; (iii) group being
administered 15 mg/kg body weight of NNK. NNK was administered
twice daily via i.m. and i.p. route in an alternate manner for 4 days.
Immunoblot analysis of the whole-brain lysate of control and treated
mice (of both 10 and 15 mg/kg body weight) showed that there was
a significant increase in the levels of COX-2, iINOS, pERK1/2,

© 2009 The Authors

10 mg/kg

15 mg/kg

phospho-p38MAPK, and pJNK in the NNK-treated cells over control
(a). Again there was significant increase in the expression of pNF«f,
HSP70, TRX1, and SOD1 because of NNK treatment (b). The
expression of IkBa shows substantial down-regulation caused by
NNK treatment (b). The densitometric analyses of immunoblots are
presented as graphs, depicting fold increase in the expression of
corresponding proteins over control at different doses of NNK treat-
ment. Asterisks (*) indicate significant difference from the control
group (p < 0.001; One-way model 1 aNova). Data represent
mean + SD from six animals of each group.
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There was also a significant decrease in the expression of
IkBa in the NNK-treated group when compared with
control. The findings from in vivo experiment corresponded
to in vitro results but increase in phospho-NF«kf level and
decrease in IkBo should be taken into account which
indicates availability of free NFxp. Thus, in addition to
MAPK pathway the in vivo data actually indicate that NFxf3
may also play some role (p <0.001). Data represent
mean = SD from six animals of each group.

NNK causes up-regulation of proinflammatory cytokines in
mice brain

The cytokine profile of whole-brain lysate of control and
4 day NNK-treated mice (of both 10 and 15 mg/kg body
weight) was analyzed by CBA. NNK caused significant
increase in the expression of proinflammatory mediators like
TNF-a, MCP1, IL-6, and IL-12 (Fig. 5) (» < 0.001). Data
represent mean + SD of six animals from each group.

NNK maintains elevated expression of inflammation-
associated proteins in mice brain after 12 days of
treatment

We next analyzed whether NNK-induced inflammatory con-
dition sustained over considerable time span. The treatment
regime of the animals was extended upto 12 days. Western blot
analysis of whole-brain lysate for iNOS, phospho-ERK1/2,
COX-2, phospho-JNK, phospho-p38 MAPK, phospho-NFx,
SOD-1, HSP70, and TRXI, demonstrated a significant
increase in expression of all the proteins (except SOD-1)
following NNK treatment (Fig. 6). The resultis quite similar to
that of 4 days treatment condition, which depicts that the
signaling pathway of microglial activation is still active at

© 2009 The Authors

10 mglkg

10 mglkg

Fig. 5 NNK induces up-regulation of pro-
inflammatory cytochemokines in adult mice
brain. The whole-brain lysate of control and
treated mice (of both 10 and 15 mg/kg body
weight) was analyzed by CBA. The figure
shows absolute values of proinflammatory
cytokines in the whole-brain lysate of mice
undergoing 4-day NNK treatment. Treat-
ment with NNK caused significant increase
% in the expression of proinflammatory medi-
ators like TNF-o, monocyte chemoat-
tractant protein 1 (MCP1), IL-6, and IL-12.
The change was more profound in the
group treated with 15 mg/kg body weight
dose of NNK. Asterisks (*) indicate signifi-
cant difference from the control group
(p < 0.001; One-way model 1 anova). Data
represent mean + SD of six animals from
each group.

15 mglkg

15 mglkg

12 days of treatment. (p < 0.001). Data represent mean + SD
from six animals of each group.

NNK treatment causes activation of microglia and
astrocytes in mice brain
As recent data have suggested that both microglia (Gonzalez-
Scarano and Baltuch 1999) and astrocytes (Moynagh 2005)
play a major role in brain inflammatory upheaval, we
proceeded to check the morphological features of microglial
and astroglial population of the control and NNK-treated
brain. Cryostat sections of brain from control and NNK-
treated mice (15 mg/kg body weight; both 4 and 12 days
treatment) were analyzed immunohistochemically for Iba-1, a
marker for microglia (Ito ef al. 2001) and GFAP, a marker for
astrocytes. Expression of both Iba-1 and GFAP showed a
prominent increase. Substantial microgliosis and astrogliosis
(Fig. 7e and b) was noted on day 4 of treatment with robust
changes in the morphology of both microglia and astrocytes.
On the day 12, although astrogliosis persisted, there was
reduced population of activated microglia (Fig. 7c and f). The
figures represent cryosections of a mouse brain from each
group as a representative of six animals from each group.
We also checked whether NNK activated microglia at a
low dose. We performed immunostaining for Iba-1 in mice
brains treated with 5 and 0.5 mg/kg doses of NNK.
Microglia was moderately activated by 4-day time point
when administered a dose of 0.5 mg NNK/kg body weight
but we found distinct microglial activation on 12-day-treated
mice model. However, microglia activation occurred at 4-day
time point when NNK was administered at a dose of 5 mg/kg
body weight. Thus, we can predict that lower doses of NNK
activate microglial cell, over a longer time span (Fig. S1).
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Fig. 6 NNK treatment for 12 days sustains the activation profile of
inflammation-associated proteins and stress-induced proteins in vivo.
NNK treatment was carried out for 12 days at two doses — 10 and
15 mg/kg of body weight, and immunoblot analysis of the whole-brain
lysate was performed. Figure shows that there is a significant increase
in the levels of INOS, pERK1/2, COX-2, pJNK, phospho-p38MAPK
(a, b), pNFkB, HSP70, and TRX1 (c, d) expression after NNK

For both higher and lower doses of NNK treatment,
astrogliosis and microgliosis were found in cortex of all
the regions of brain. But microgliosis was more acute in the
cortex over the hippocampus. We have not studied the phe-
nomena in cerebellum or brain stem regions, the investiga-
tion of which could be conducted in a separate study.

NNK causes acute neuronal damage in mice brain

Experiments so far have suggested that NNK may cause
acute microglial and astroglial activation with profound
increase in proinflammatory cytokines and neurotoxic ele-
ments. It is obvious that such an environment may trigger
neuronal damage and thus we checked the status of the
cortical neurons of the control and treated mice. Cryostat
sections of brain from control and NNK-treated mice
(15 mg/kg; both 4 and 12 days treatment) were analyzed
immunohistochemically for NeuN. Substantial neuronal
damage was evident from both the 4- and 12-day NNK
treatment group when compared with control sections

© 2009 The Authors

treatment. Expression of SOD1, however, showed no significant
change from control (b). The densitometric analyses of immunoblots
are presented as graphs, depicting fold increase in the expression of
corresponding proteins over control at different doses of NNK treat-
ment. Asterisks (*) indicate significant difference from the control
group (p < 0.001; One-way model 1 anova). Data represent
mean + SD from six animals of each group.

(Fig. 8d—f; Fig. S2). Cryostat sections of brain from control
and NNK-treated mice were also processed for thionin and
FJC staining. Thionin staining showed distinct change in
neuronal morphology in both day 4 and day 12 of treatment
groups compared with control (Fig. 8a—c); foci of neuro-
degeneration was evident in both 4- and 12-day NNK-treated
brain sections as observed by FJC staining (Fig. 8g—i).
The figures represent cryosections of a mouse brain from
each group as a representative of six animals from each
group.

We observed by FJC staining that neuronal damage
correlated with the microglial actvation. In the lower dose
of NNK treatment (0.5 mg/kg), microglia was moderately
activated at 4 days but we did not find any foci of neuronal
damage by FJC staining (Fig. S3). Again when administered
at 5 mg/kg body weight, substantial microglial activation was
observed at 4-day time point but we still observed that there
were no foci of neurodegeneration. At 12 days of treatment
both 0.5 and 5 mg/kg doses resulted in significant
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Fig. 7 NNK treatment causes acute microgliosis and astrogliosis acti-
vation in vivo. Mice were treated with 15 mg/kg body weight of NNK for 4
and 12 days. Then cryostat sections of brain from control (a, d) and
treated mice were stained immunohistochemically with Iba-1, a marker
for microglia and GFAP, marker for astrocyte. Substantial microgliosis
and astrogliosis were noted on day 4 of treatment where there was
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Fig. 8 NNK treatment causes acute neuronal damage in vivo. Mice
were treated with 15 mg/kg body weight of NNK for 4 and 12 days.
Then cryostat sections of brain from control and treated mice of both
the treatment groups were stained with the thionin (a—c), NeuN (d.,f),
and Flouro Jade C (g—i). Thionin staining showed distinct neuronal
loss along with morphological alteration in the 4- and 12-day treatment
groups respectively. Substantial neuronal loss in both the treatment

microgliosis and neurodegenerative foci. This result indicated

that microglia activation was followed by neuronal damage.
This clearly indicated that neuronal damage might be caused

© 2009 The Authors

robust change in the morphology of both microglia and astrocytes (e and
b). On the day 12, although astrogliosis persisted (c), there was reduced
population of activated microglia (f). The images are of cerebral cortex
around the hippocampal region. The figures represent cryosections of
a mouse brain of each group as a representative of six animals from
each group (40x magnification; Scale Bar: 25 um).

groups was evident by NeuN staining, while Flouro Jade C staining
showed foci of neurodegeneration. The images are of cerebral cortex
around the hippocampal region. Figures represent cryosections of
mouse brain from each group as a representative of six animals from
the group. (a—c: 20x magnification, Scale Bar: 50 pm; d—-i: 40x mag-
nifications; Scale Bar: 25 um).

by activated microglia. The foci of neuronal damage (Fig. 8
and Fig. S3) were found in cortical regions of brain but it was
more acute in the cortex over the hippocampal zone.
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Discussion

Millions of people all over the world practice tobacco
smoking. Till date, research in this area has highlighted the
carcinogenic and respiratory hazards of tobacco smoke. But
studies are scanty regarding the role of tobacco carcinogen
NNK in causing neuroinflammation and neuronal damage in
brain. This study is the first of its kind that showed that NNK,
one of the most potent carcinogens in tobacco smoke, could
cause neuroinflammation in mammalian brain.

In our study, we have focused on the role of NNK in
microglial activation because microglia has been the pivotal
part of neuroinflammation and several neurodegenerative
disorders (Gonzalez-Scarano and Baltuch 1999; Streit et al.
2004; Jack et al. 2005). Microglia, the primary immune cells
of the central nervous system, is particularly sensitive to
changes in their microenvironment and readily become
activated in response to infection or injury. In a non-
regenerating organ such as the brain, a dysregulated innate
immune response can be deleterious. Thus, microglia that
remain activated for extended periods of time can damage
nearby neurons.

The major findings of our study are (i) NNK causes
microglial activation in vitro and in vivo, (ii) NNK induces
the elevation of proinflammatory signaling and effector
molecules in vitro and in vivo, and (iii) NNK causes indirect
neuronal damage in vivo.

4-N-methyl-N-nitrosamino-1-(3-pyridyl)-1-butanone  en-
tered the body through lungs where it was metabolized
considerably into its active form by lung enzymes (Akopyan
and Bonavida 2006). Alhough there were no data showing
that NNK could cross the blood-brain barrier, recent studies
have shown NNK to be highly lipid-soluble (Jorquera et al.
1992; Gerde et al. 1998); Again most of the substrates of
CYP2B6 which include NNK are generally small hydro-
phobic molecules having low-permeability surface area,
suggesting that most CYP2B6 substrates are active in CNS
and can cross the blood—brain barrier (Liu et al. 2004; Ekins
et al. 2008). CYP2A6, CYP2A13, CYP3A4, CYP3AS,
CYP2EL, and CYP2B6 are considered to be P450 enzymes,
most likely to be active in the human pulmonary biotrans-
formation of NNK. However, we are not sure whether
pulmonary CYP enzymes could metabolize all the NNK
absorbed. Some of these CYP enzymes are also widely
present in liver and brain (Stevens et al. 1997; Higashi et al.
2007). Thus, NNK is administered both via i.p. and i.m. route
to provide NNK in both metabolized and unmetabolized
form to the brain, thereby mimicking the in vivo situation as
close as possible.

The concentration of NNK in the mainstream cigarette
smoke could be as high as 1.749 ng (Fischer et al. 1990a,b;
Harris 2004). Again it has been shown previously that
nicotine can be metabolized in liver into NNK precursor
molecule (Hecht et al. 2000), moreover the half lives of
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NNK metabolites are long and they have a slow clearance
rate (Hecht et al. 1999; Jacob et al. 2008). These properties
qualifies NNK to be a compound wherein toxicity effect
could be estimated by Haber’s Law (Saghir ef al. 2005)
which states that concentration X time = constant. Thus, to
estimate the effect NNK might have for prolong period of
time (few years), we have administered 10 and 15 mg/kg
body weight of NNK for most of our in vivo experiments for
4 and 12 days. However, we have also shown in the Figs. S2
and S3 that NNK administered at a dose of 0.5 mg/kg leads
to substantial activation of microglial and subsequent
neuronal damage. Moreover, BV2 cells exposed to NNK at
a dose as low as 1 uM can get activated and release
inflammatory cytokines. Thus low doses of NNK do activate
microglia. Again we have found out that there is a
relationship between dose and time period of treatment.
Microglia was only slightly activated by 4-day time point
when NNK was administered at a dose of 0.5 mg/kg body
weight but at a dose of 5 mg/kg, microglia was activated by
4 days. Interestingly, for both the doses there were no
neurodegenerative foci at 4 days. After 12 days of treatment
both 0.5 and 5 mg/kg doses resulted in significant micro-
gliosis and neurodegenerative foci (Fig. S3). Thus microglia
activation was followed by neuronal damage. Again our
MTT data (Fig. 1a—d) showed that 500 uM of NNK did not
kill N2a or the primary neurons even after 48 h. This clearly
indicated that neuronal damage might be caused by activated
microglia, and not directly by NNK. Thus we can predict that
lower doses of NNK activate microglial cell, over a longer
time span, and this chronic activation may be very harmful
for neurons. In fact, reports state that prolonged smoking
caused cognitive decline among middle-aged men and
women (Sabia et al. 2008).

The in vitro experiments showed that NNK may cause
BV2 cells to become activated and secrete proinflammatory
cytochemokines. However, NNK treatment of BV2 cells did
not cause pNFkP induction but the decrease of IkPo was
found 48 h after the addition of NNK. At this time point
however, pro-inflammatory genes were already up-regulated.
So the decrease in Ixfo was not related to the microglia
activation as found here but might play a role when NNK
was exposed for more than 48 h. Thus NNK may activate
microglia by another signaling pathway and detailed studies
are needed to fully elucidate the signaling pathway by which
NNK activates microglia. Our work shows that microglia are
being activated by the MAPK pathway which ultimately
induces signaling molecules like pERKs, pJNK, and
p38MAPK while triggering transcription of COX-2. NNK
treatment also leads to the production of neurotoxic medi-
ators like TNF-o. In our in vitro experiments found that in
most cases the proinflammatory proteins was increased to
maximum, much before ROS generation reached its maxi-
mum. Thus, further studies are needed to clarify the sequence
of events that lead to the microglial activation. In our in vivo
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model, immunoblot analysis showed higher expression of
pNFkp along with pERKs, pJNK, and p38MAPK in the
NNK-treated brains. The increase in pNFxf in this case
might be because of the activated astrocytes which were
present in vast numbers in the brain. The literature shows that
inflammatory cytokines from microglia activate astrocytes
(Moynagh 2005) via signaling pathways involving NFkf but
we cannot rule out the fact that NNK may activate astrocytes
directly.

In Fig. 7 and Fig. S1, the Iba-1 staining of the mice
treated for 4 days shows robust microglial activation. This
finding is reinforced by increased expression of microglial
signaling molecules like pERKSs, pJNK, and p38MAPK. The
CBA analysis shows dramatic increase in proinflammatory
cytochemokine levels in the brain; and all this evidence
suggests that the neuronal damage is caused by the activated
microglia and astrocytes. However, fewer activated micro-
glia were observed at 12 days when administered higher
doses of NNK (Fig. 7) but astrocyte activation was still
robust. The inflammatory mediators secreted by microglia
may provide a negative feedback to the microglia causing
them to return to the inactive state. This hypothesis is
supported by the fact that we did not detect any significant
levels of proinflammatory cytochemokines on day 12 brain
samples. It is very interesting that in high dose of 15 mg/kg
body weight, 12 days treatment with NNK caused microglia
to become quiescent or less activated but in lower dose of
0.5 and 5 mg/kg microglia was more activated with
prolonged NNK treatment (Fig. S1). Thus NNK in low
dose taken for prolong period may cause chronic microglial
activation and this inflamed milieu may be extremely
harmful for neurons.

TRX1 and SODI1 play a protective role against the ROS
(Halliwell 1992; Gabai et al. 1997). In 4-day NNK-treated
brain, increased levels of both the proteins were observed.
This up-regulation of SOD1 and TRX1 may be intrinsic
response of body against the generated oxidative stress.
Interestingly, after 12 days of NNK treatment the SODI
expression was decreased to normal. Thus NNK may inhibit
SODI1 expression in longer time period, thus amplifying the
oxidative stress.

In conclusion, we can state that NNK can induce acute
inflammation in brain leading to neuronal damage and can
aggravate conditions in neuroinflammation-mediated patho-
logical conditions. We also highlighted in this study that
NNK in a low concentration activated microglia over a
longer time period.
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