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Abstract

Nicotine has been shown to induce relaxation via nitric oxide (NO) production with activation of endothelium nitric oxide
synthase (eNOS), however the effect of nicotine on lipopolysaccharide/interfefloRS/IFN-y)-induced NO production and
inducible NOS (iNOS) gene expression is still undefined. Here, nicotine alone did not affect the NO andrB@Etion in
RAW264.7 and primary peritoneal macrophages. Interestingly, nicotine showed the dose-dependent stimulatory effect on LPS
(20 ng/ml)/IFN<y (10 ng/ml)-induced NO but not PGproduction in both cells. Although nicotine stimulates NO production in
the presence of LPS/IFN; LPS at the dose of 20 ng/ml, nicotine showed no obvious inductive effect on the expression of INOS
protein by Western blotting in both cells. However, nicotine significantly stimulates LPS (2.5, 5 ng/my/{E0~g/ml)-induced
iINOS expression and NO production in RAW264.7 cells. Cytotoxicity assay showed that nicotine enhanced LPS (20 ng/ml) and
IFN-vy (10 ng/ml)-induced cytotoxicity, which was inhibited by an NOS inhibNbnitro-L-arginine (NLA) in RAW264.7 cells.

Direct and indirect NOS activity assays indicated that nicotine did not affect NOS activity. And, iNOS protein stability was not
changed by nicotine after LPS/IFijtreatment. These data indicates that nicotine may potentiate LPSAHiRNuced cytotoxic
effects by enhancing NO production; enhancing iNOS gene expression induced by LRS4iNelved. A cross-talk between
inflammation and smoking was proposed in the present study.
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1. Introduction

Cancer was the first disease to be linked to
tobacco used, and the relationship between to-
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E, (PGE) is over-produced at inflammatory sites by
activating COX-2 (not COX-1) gene expression, an
inducible enzyme in the conversion of arachidonic
acid to prostaglandin $J prostacyclin and thombox-

bacco use and cancer has been demonstrated exane A. Elevation of cyclooxygenase-2 protein has

tensively Minna, 2003; Hecht, 2002 Several
carcinogens such a$l'-nitrosonornicotine (NNN)
and 4-(methylnitrosamino)-1-)3-pyridyl)-1-butanone
(NNK) isolated from tobacco have been identified
(Balansky et al., 1994; Nair et al., 1996Gnd West

et al. indicated that nicotine might contribute to lung
tumorigenesis by Akt activationest et al., 2008

In addition, tobacco use can affect the therapeutic ef-

been demonstrated to be associated with the occur-
rence of some human diseases such as colon carci-
noma (Manning et al., 2002

The relationship between nicotine and NO release
has been studied extensively. Nicotine was able to
induce NO release in several tissues such as arter-
ies, vein, colitis and nervelLée, 2002; Si and Lee,
20071). NO from smoke may be able to increase nico-

fect of cancer cells to agents in lung, head, and neck tine absorption and increase post-synaptic dopamine

cancers Kaufmann, 198% Previous studies demon-
strated that nicotine, the most important compound
in cigarette, inhibited apoptosis induced by ultra-
violet light (UV), H2O2, chemotherapeutic agents,
and calcium ionophoreSugano et al., 2001; Sugano
and Ito, 2000. Moreover, some studies have shown
that nicotine inhibited cell proliferation through its
cytotoxicity without internulceaosomal DNA cleav-
age in glioma cells or with apoptotic characteristics
in leukemia cells Yoshida et al., 1998; Lahmouzi
et al., 2000. Therefore, both apoptosis-inductive and
protective effects of nicotine have been reported.
Inflammation is a complex process through acti-
vation of a serious of genes including nitric oxide

levels {leeming et al., 2002 In food-deprived
rats, nicotine administration decreased NOS gene
expression in the hypothalamudafg et al., 2002

In the process of carcinogenesis, nicotine stimu-
lates angiogenesis and promotes tumor growth and
atherosclerosis through endothelial production of NO,
prostacyclin and vascular endothelial growth factor
(Heeschen et al., 20D1Although many biological
effects of nicotine have been identified, the effect
of nicotine on LPS-induced inflammatory responses
is still undefined. Results of the present study show
that nicotine was able to enhance LPS/IFNRduced
cytotoxicity through stimulating NO production
in RAW264.7 macrophages and primary peri-

sythases (NOSs) and cycooxygenases (COXs). Threetoneal macrophages, and iNOS gene expression is

types of NOSs including endothelium nitric oxide syn-
thase (eNOS), neural NO synthase (nNOS) and in-
ducible NO synthase (iNOS) and two types of COXs
including COX-1 and COX-2 have been identified
(Shen et al., 2002Chen et al., 2001a)bNitric ox-

ide (NO) derived from NOS activation as a signaling
molecule involved in a variety of pathophysiological
activities. The physiological role of NO from eNOS
or nNOS play as a neurotransmitter in central ner-

vous system or as a potent vasorelaxant in regulat-

ing the blood pressure though modulating muscular
tone Moncada et al., 1989 However, NO derived

involved.

2. Materials and methods
2.1. Cdls

RAW264.7, a monocyte-macrophage cell line, was
obtained from the American Type Culture Collec-
tion. Cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 2mM
glutamine, antibiotics (100 U/ml of penicillin A and

from iINOS has been defined as a deleterious molecule 100 U/ml of streptomycin), and 10% heat-inactivated

in the process of inflammation and sepsBo(than
and Szabo, 1996 Exposure to outer bacterial toxins
such as lipopolysaccharide (LPS) stimulated cellular

fetal bovine serum (Gibco/BRL) and maintained in
a 37°C humidified incubator containing 5% GO
Thioglycollate-elicited peritoneal macrophages are

inflammatory responses, and released a lot amountobtained from specific pathogen-free male Balb/c

of NO induced by iINOS activation to promote in-
flammatory responses. Similar to NO, prostaglandin

mice at 5—8 weeks of age by injection of 3% thiogly-
collate solution (Difco, Detroit, Ml) for 4 days before
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lavage with 10 ml of phosphate-buffered saline. The basal level of nitrite in DMEM medium without cells
peritoneal macrophages were purified and identi- has been measured by Griess reaction, and the basal
fied as described in our previous pap&hén et al., amount of nitrite in DMEM medium is below 1M.
2002. The blank in the study has been corrected by the basal
nitrite in the medium.
2.2. Agents
) ) o . 2.5. Western blotting

Lipopolysaccharide (LPS) Hgcherichia cali,
serotype 055:B5), trypan blue, nitroblue tetra-
zolium (NBT), 5-bromo-4-chloro-3-indolyl phosphate
(BCIP), interferony, sulfaniliamine, naphthylenedi-  gonarated on 8%-12% SDS-polyacrylamide minigels,
amine dihydrochloride, anii-nitro-L-arginine (NLA) g transferred to immobilon polyvinylidenediflu-
were purchased from Sigma (St. Louis, MO). The ige membranes (Millipore). Membranes were in-
prostaglandin E2 enzyme linked immunosorbent assay . \pated with 1% bovine serum albumin and then
(ELISA) kits were purchases from Cayman Chemi- j,chated with anti-NOS, anti-COX-2, anti-HO-1
cal (Ann Arbor, MI). The antibodies of anti-INOS,  ,; antia—tubulin antibodies (Santa Cruz, CA)

anti-COX-2, anti-HO-1, and anti-tubulin were ob- 4 erpight at £C. Expression of protein was detected
tained from Santa Cruz Biotechnology (Santa Cruz, by staining with NBT and BCIP suggested by the

CA). manufacture.

Total cellular extracts were prepared according to
our previous paperd.€e et al., 2002; Ko et al., 2092

2.3. Cdll viability assa
Y Y 2.6. Measurement of iNOS enzyme activity

Trypan blue was used as an indicator of cell viability . , .
as determined by the integrity of cellular membrane.  Direct iNOS enzyme activity was measured as de-

RAW264.7 cells were plated at a density of&510° scribed in our previous papeCfen et al., 200)a
cells per well into 24-well plates for 12 h, followed Briefly, 200..g of cell lysates from LPS/IFN-treated

by treatment with different components for a further RAW264.7 cells was incubated in 20/ Tris—HCl
12h. The cells were collected by trypsinization and (PH7:9) containing 4M FAD, 4uM tetrahydro-

the viability of cells was determined by trypan blue PioPterin, 3mM dithiothreitol (DTT), and 2mM each
exclusion. of L-arginine and NADPH. The reaction was carried

out in duplicate for 180 min at 3T in 96-well plates.
Residual NADPH was oxidized enzymatically and
the Griess reaction was performed as above. In the in-
direct INOS enzyme activity assay, cells were treated
LPS/INF-«y for 12h, followed by trypsinization and
subculture to 24-well plates in the presence of indi-
cated compounds for a further 12h. Griess reaction
was performed as above to measure the amount of
NO in the medium.

2.4. Nitrite assay

RAW?264.7 cells were plated at a density of
5 x 1P cells/ml in 24-well plates for 12 h, followed
by treatment with LPS (20 ng/ml) and interfergn
(10ng/ml) and different concentrations of indicated
components for a further 12h. The amount of NO
production in the medium was detected with the
Griess reaction. One hundred microliters of each su-
pernatant was mixed with the same volume of Griess 2.7. Satistical analysis
reagent (1% sulfanilamide in 5% phosphoric acid
and 0.1% naphthylethylendiamine dihydrochloride  Values are expressed as the m&aE. The signif-
in water). The absorbance of the mixture at 530 nm icance of the difference from the respective controls
was determined with an ELISA plate reader (Dynat- for each experimental test condition was assayed by
ech MR-7000; Dynatech Laboratories), and nitrite using Student's-test for each paired experiment. A
concentration was determined using a dilution of P value <0.05, or 0.01 was regarded as indicating a
sodium nitrite as a standar€lien et al., 2002 The significant difference.
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3. Results nitrite in medium can be measured by griess reaction.
Our preliminary data show that reduction of nitrate to
3.1. Nicotine enhancement of NO, but not PGE;, nitrite by nitrate reductase did not affect the result of
production in LPSIFN-y-treated RAW264.7 and NO detection in cells induced by LPS. Therefore, a
peritoneal thioglycolate-€licited macrophages direct measurement of nitrite in the medium by griess

reaction as a representative of NO production was
Induction of NO and PGE production by LPS performed in the present study. Result$-@f. 1 show
(20 ng/ml)/IFN<y (10 ng/ml) has been identified pre- that both NO and PGEare significantly induced in
viously, however the effect of nicotine in their in- LPS/IFN-y-treated RAW?264.7 cells as analyzed by
duction is still undefined. NO will react with ROS Griess reaction and ELISA kits, respectively. After
to form both nitrite and nitrate, and the amount of 12h incubation, unstimulated macrophages produced

RAW264.7 RAW264.7
80 I @@ @@ @@ @@

Nitrite (LM)
PGE; (pg/ml)

(A)

Nitrite (LM)

(¢) NIC - - 08 16 02 04 08 1.6 (mM)

Fig. 1. Nicotine enhances LPS/IFNinduced NO but not PGEproduction in RAW264.7 (A and B) and thioglycolate-elicited macrophages

(C). RAW264.7 cells were treated with LPS/IFN{LPS, 20 ng/ml; IFNy, 10ng/ml) in the presence or absence of different doses of
nicotine (0.2, 0.4, 0.8, 1.6 mM) for 12h. (A) NO production in the medium was measured by the Griess reaction. ¢(ByrB@GIetion

in medium under different treatments was measured by ELISA kit as descrit®gelction 2 (C) Primary macrophages were treated with
LPS/IFN+<y (LPS, 5png/ml; IFN-y, 10 ng/ml) in the presence or absence of different doses of nicotine (0.2, 0.4, 0.8, 1.6 mM) for 12h. NO
production in the medium was measured by the Griess reaction. The amount of NO production was quantitatively assessed ysing NaNO
as a standard. Data were obtained from three independent experiments and are expressed asdth@Enéan< 0.05, **P < 0.01

indicate a significant difference from the LPS-treated group, Bnd 0.01 indicates a significant difference from the control group, as
analyzed by Student'stest.”*P < 0.01 indicates a significant difference between indicated groups, as analyzed by Sttdest’d PS,
LPS/IFN+y; NIC, nicotine.
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background level of nitrite and PGEbelow 5uM

and 25pg/ml in culture medium, respectively. Nico-
tine alone did not exhibit any effect on NO and

PGE, production without LPS/IFNy. Interestingly,
in the presence of LPS/IFN; nicotine showed a

nicotine potentiation of NO production in the present
of LPS/IFN-+y in both macrophages.

3.2. Effects of nicotine on LPS (20 ng/ml)/IFN-y
(10 ng/ml)-induced iNOS gene expression and iNOS

dose-dependent stimulation on NO production in activity in RAW264.7 cells

RAW264.7 macrophages. In contrast to NO produc-

tion, PGE induced by LPS/IFNy remained at the
same level as that in LPS/IFNplus nicotine-treated

Based on the data indicating nicotine stimulation
of LPS (20 ng/ml)/IFN%y(10 ng/ml)-induced NO pro-

macrophages. In order to further elucidate if nicotine duction, there are two possibilities for the NO stim-
possess the ability to enhance NO production induced ulatory effect of nicotine. One is by inducing INOS
by LPS/IFN+y, primary macrophages were established gene expression, and the other is by activating iINOS
from thioglycolated-treated Balb/c mice as described enzyme activity. In order to elucidate if nicotine
in our previous paperShen et al., 2002 Results enhanced NO production by elevating iINOS gene ex-
of Fig. 1 C show that nicotine dose-dependently pression, Western blotting using specific anti-bodies
stimulated NO production in LPS (&g/ml)/IFN-y were performed to examine the expression of iINOS,
(10 ng/ml)-treated primary peritoneal macrophages, COX-2, and a-tubulin protein in LPS/IFNy- or
however PGE still did not changed by nicotine ad- LPS/IFN+y plus different doses of nicotine-treated
dition (data not shown). These data suggested thatRAW?264.7 macrophages. Result &ig. 2A show

LPS/IFN-y LPS/IFN-y+NIC

LPS/IFN-y- + - - + + + +
NIC - - 0816 02 04 08 1.6 (mM) C N 4 8 124 8 12¢n
— S S S e —iINOS — S e W —INOS
—_— —— s — (C0X-2 w— —COX-2
—— e
" wp— - Tubulin . . . ' . <«0o-Tubulin
s - .
(A) (B)
LPSAFN-y - + - - + + + +
NIC - - 08 1.6 0.2 04 0.8 1.6 (mM)

B EEEE o

«COX-2

-—-—ﬁ._ —

——— ¢ H -1

©)

Fig. 2. Nicotine shows no effect on LPS (20 ng/ml)/IRN-L0 ng/ml)-induced iINOS and COX-2 gene expression in protein in RAW264.7

and primary macrophages. (A) RAW264.7 cells were treated with LPS{RNPS, 20 ng/ml; IFNy, 10 ng/ml) in the presence or absence

of different doses of nicotine (0.2, 0.4, 0.8, 1.6 mM) for 12h, and the expression of iINOS, COX-2-tadlin protein was examined

by Western blotting. (B) RAW264.7 cells were treated with LPS/H-N:PS, 20 ng/ml; IFNy, 10 ng/ml) in the presence or absence of
nicotine (1.6 mM) for different time points (4, 8, 12h), and the expression of INOS, COX-2, and a-tubulin was examined by Western
blotting. (C) Primary macrophages were treated with LPSAFNPS, 5ug/ml; IFN-y, 10 ng/ml) in the presence or absence of different
doses of nicotine (0.2, 0.4, 0.8, 1.6 mM) for 12 h, and the expression of INOS, COX-2 and HO-1 protein was examined by Western blotting.
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that nicotine alone do not induce iINOS and COX-2
protein expression, and LPS/IFN-addition signifi-
cantly induced iINOS and COX-2 protein expression.
Addition of different doses of nicotine showed no
obvious stimulatory effect on LPS/IFNHNnduced
iINOS and COX-2 protein expression in RAW264.7
macrophagesx-Tubulin protein was described as an
internal control to verify the equal amount of protein in
each lane. Similarly, a time-dependent induction pat-
tern of INOS and COX-2 protein in LPS/IFM- and
LPS/IFN-y plus nicotine (1.6 mM)-treated RAW264.7
cells was examined, and nicotine showed no visible
stimulatory effect on LPS/IFN~induced iNOS and
COX-2 protein expressionF{g. 2B). Similar results

Y.-C. Chen et al. / Toxicology Letters 153 (2004) 191-200

and indirect INOS enzyme activity assays. NLA and
NAME, non-specific NOS enzyme inhibitors, de-
creasing NO production in the assays were described
as positive controls.

3.3. Nicotine stimulates LPS (2.5, 5ng/ml)/IFN-y
(10 ng/ml)-induced iNOS protein expression in
RAW264.7 cells, but no effect on the stability of INOS
protein

Although nicotine enhancement of NO production
in the presence of LPS (20 ng/ml)/IFN{10 ng/ml),
both iINOS protein and iINOS enzyme activity were
not affected by nicotine at this condition. One pos-

were obtained in peritoneal macrophages treated by sibility is a large amount of NO production induces

LPS/IFN<y in the presence or absence of nicotine
(Fig. 20. Furthermore, a direct and an indirect INOS
enzyme activity assay were performed to identify
if nicotine affect INOS enzyme activity. Results of
Table 1showed that nicotine showed no obvious stim-
ulatory effect on INOS enzyme activity in both direct

Table 1
Effects of nicotine on iNOS activity by indirect and direct NOS
enzyme activity assays in RAW264.7 cells

Compounds Indirect INOS Direct INOS
enzyme activity assay enzyme activity
(uwM/6 x 10° cellsp assay (LM/200 g

proteiny

DMSO 18.6+ 1.1 10.6+ 1.3

Nicotine (mM)

0.4 19.4+ 1.4 1244+ 21

0.8 17.8+ 1.8 11.8+ 0.8

1.6 176+ 1.5 12.6+ 1.8

3.2 19.8+ 2.5 10.3+ 2.5

NLA (100 M) 15+ 0.7 3.1+ 0.4+

NAME (100 M) 5.6+ 1.1 26+ 1.2

**P < 0.01, significantly different from DMSO-treated group,
analyzed by student'stest.

a8 RAW264.7 macrophages were stimulated with LPS/H-N-
(LPS, 20 ng/ml; IFNy, 10 ng/ml)) for 12 h, and cells were washed
twice with PBS to remove LPS. RAW264.7 cells were then

cytotoxicy in cells and causes no significant iINOS
induction was observed. Therefore, lower doses of
LPS (2.5, 5, 10ng/ml) and IFN- (10 ng/ml) were
used to study the effect of nicotine on iINOS gene ex-
pression. Results dfig. 3A show that nicotine shows
stimulatory effect on lower doses of LPS (2.5, 5,
10 ng/ml) plus IFNy (10 ng/ml)-treated RAW264.7
cells. Elevation of INOS protein expression by nico-
tine about 1.5-fold, compared with LPS (2.5, 5ng/ml)
plus IFN=y (10 ng/ml)-treated group, was observed
(Fig. 3B). However, nicotine showed no obvious stim-
ulation on INOS protein expression in LPS (10 ng/ml)
plus IFN<y (10 ng/ml)-treated group. Additionally, to
explore the possible action of nicotine on the stability
of induced iNOS protein, cell containing an induced
iINOS after LPS stimulation were washed with fresh
medium to remove LPS and the decline of iINOS
protein in both control and nicotine-treated group
was detected. As densitometry analysis, the turn over
half-life of INOS was not significantly altered by
nicotine (1.6 mM) Fig. 30).

3.4. Nicotine enhanced the cytotoxic effect of
LPYIFN-y through NO production

The cytotoxic effect induced by NO has been

trypsinized and placed in a 24-well plate and indicated compounds found and involved in the pathophysiology of in-

were added and incubated at “®7 incubator for a further 12 h.

flammation, therefore identifying if nicotine was

The amount of NO accumulated in the medium was measured as ghle to potentiate the cytotoxic effect of LPS

described inSection 2

b Lysate preparation and iNOS activity assay were described
in Section 2 Each compound was added into lysates (29D
from LPS-treated RAW264.7 macrophages and iNOS activity was
measured by NO analysis using Greiss reaction.

(20 ng/ml)/IFN<y(10ng/ml) in RAW 264.7 cells
was performed. In the absence of LPS/IFNNLA
showed no significant reduction on endogenous
NO production and cellular viability in RAW264.7
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Fig. 3. Nicotine stimulates LPS, at the dose of 2.5 and 5 ng/ml, plusyKN3 ng/ml)-induced iINOS gene expression and NO production.

(A) RAW264.7 cells were treated with LPS, at the doses of 2.5, 5 and 10 ng/ml, pluy I@8ng/ml) in the presence or absence of
nicotine (NIC; 1.6 mM) for 12h. The amount of NO production in the medium was quantitatively assessed using &alQtandard.

Data were obtained from three independent experiments and are expressed as theSrRe&hP < 0.01 indicates a significant difference

from the LPS-treated group, as analyzed by Student&st. (B) RAW264.7 cells were treated with LPS, at the doses of 2.5, 5 and
10ng/ml, plus IFNy (10ng/ml) in the presence or absence of nicotine (NIC; 1.6 mM) for 12h. The expression of iINOS protein was
detected by Western blotting, followed by quantification with densitometry. (C) Nicotine did not affect iINOS protein stability. After LPS
(20 ng/ml)/IFN=y (10 ng/ml)-treatment for 12 h, LPS was washed out and nicotine (1.6 mM) was added or not for 2, 4, 6, 8, 12 h. Detection
of INOS expression at indicated time points was performed by Western blotting followed by quantification with densitometry.

cells (data not shown). Results of trypan blue ex- evidences to demonstrate the cytotoxic effect induced
clusion assay and griess reaction showed that LPShy LPS (20 ng/ml)/IFNy (10 ng/ml) was enhanced
(20 ng/ml)/IFN<y(10 ng/ml) significantly reduced the by nicotine addition in RAW264.7 macrophages.
number of viable cells with elevating NO produc-

tion, and nicotine addition potentiates the cytotoxic

effect, accompanied by enhancing NO production, 4. Discussion

induced by LPS/IFNy(Fig. 4A and B. NOS in-

hibitor NLA attenuates both LPS (20 ng/ml)/IFN- Data of the present study provide scientific evi-
(20 ng/ml)- or LPS (20 ng/ml)/IFN¢ (10 ng/ml) plus dences to link nicotine and inflammatory responses.
nicotine (1.6 mM)-induced decreases in the viable Briefly, nicotine enhances LPS/IFf{induced NO
cell numbers by trypan blue exclusion in association production with enhancing iNOS protein expression
with decreasing NO production. These data provide without affecting iINOS enzyme activity and iINOS
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Fig. 4. Nicotine enhances LPS/IFNinduced cytotoxic effect
with elevating NO production. (A) RAW264.7 cells were treated
with LPS/IFN+<y (LPS, 20 ng/ml; IFNy, 10 ng/ml) or LPS/IFNy
(LPS, 20ng/ml; IFNy, 10ng/ml) plus nicotine (1.6 mM) in the
presence or absence of NLA (1a®) for 12h. NO produc-
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suggest that nicotine possess the ability to enhance
cytotoxic effect during inflammation, and NO induc-
tion involves.

LPS has been demonstrated to be a potent NO
inducer through activation of INOS gene expression.
However, a possible mechanism of nicotine action in
stimulating NO production induced by LPS/IF{Nis
still undefined. In the present study, nicotine shows
a significant enhancement on LPS/IRNnduced
NO production in RAW264.7 and primary peritoneal
macrophages. However, nicotine also did not affect
NOS enzyme activity in indirect and direct NOS activ-
ity assays, and iNOS protein stability was not changed
by nicotine. At the lower doses of LPS, nicotine
stimulates INOS protein expression about 1.5-fold,
compared with respective control group. These data
suggested that NO stimulated by nicotine was me-
diated by stimulating INOS gene expression in the
presence of LPS/IFN- It is suggested that the both
inducing iINOS protein might be involved in nicotine
enhancement of NO production.

Apoptosis is an important mechanism in the in-
flammatory process, and LPS derived from Gram
negative bacterial has been shown to be an inducer of
inflammatory molecules such as NO, PGEytokines
and TNFea (Chen et al.,, 2004; Kang et al., 2003;
Lin et al., 2003; Tam et al., 1998Previous stud-
ies indicated that LPS induced apoptosis in various
cell types through NO productiorii( et al., 2002;
Gotoh et al., 200R However, the effect of nicotine on
LPS-induced cell death in macrophages is still unclear.
Wu et al. indicated that nicotine inhibited cell pro-

tion in the medium under different treatments was measured by |iferati0n, and induced apoptosis through activating

the Griess reaction. The amount of NO production was quantita-
tively assessed using NaNGas a standard. Data were obtained

from three independent experiments and are expressed as the

meant S.E. **P < 0.01 indicates a significant difference from
the control-treated group, artf P < 0.01 indicates a significant

caspase 3 activity and HSP 90 gene expressiga (
et al., 2002. In contrast to pro-apoptosis of nicotine,
nicotine has been shown to inhibit cardiac apoptosis
induced by LPS in rats, and suppression of apoptosis

difference between indicated groups, as analyzed by Student's by npicotine was mediated by inducing Bcl-2 phos-

t-test. (B) Cells were treated as described in (A) for 24h, and
the number of viable cells (light cells) was measured by cytome-
try analysis using trypan blue exclusion method. LPS, LPSHAFN-
(LPS, 20ng/ml; IFNy, 10ng/ml); NIC, nicotine (1.6 mM); LPS

+ NIC, LPS/IFN=y (LPS, 20 ng/ml; IFNy, 10 ng/ml) plus nicotine
(1.6 mM).

protein stability. In addition, nicotine stimulates the
cytotoxic effect of LPS/IFNy, and NLA prevents
cells from LPS (20ng/ml)/IFNy (10ng/ml) plus
nicotine (1.6 mM)-induced cell death. These results

phorylation Mai et al., 2003; Suzuki et al., 20p3
Thus, both pro-apoptotic and anti-apoptotic effects of
nicotine have been identified previously. Results of
the present study indicated that nicotine potentiated
LPS/IFN<y-induced cytotoxicity associated with NO
production, and the stimulatory effect of nicotine at-
tenuated by NOS inhibitor NLA. Increasing the ratio
of hypodiploid cells and the level of DNA fragmen-
tation by nicotine in the presence of LPS/IFNwere
observed (data not shown). It is suggested that nicotine
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was able to enhance LPS/IFNinduced apoptosis in
macrophages by elevating NO production.

In the present study, nicotine enhances NO produc-

tion in LPS-treated cells (at the dose of 20ng/ml),
however the expression of INOS protein was not
obviously elevated in the same condition. This exper-

iment has been repeated at least 6 times, and similar
results were obtained. In contrast, at lower doses

of LPS (2.5, 5ng/ml), nicotine showed significant
stimulation on INOS protein expression induced by
LPS/IFN-<y. Results of cytotoxicity assay showed that
LPS at the dose of 20 ng/ml exhibited cytotoxic ef-
fect in cells, and nicotine potentiated the cytotoxicity.

Based on these data, we proposed that no significant

stimulation of nicotine on iINOS protein expression
at higher doses (10 ng/ml or 20 ng/ml) of LPS-treated

by nitric oxide synthase inhibitors and lipopolysaccharide.
Biochem. Pharmacol. 61, 1417-1427.

Chen, Y.C., Shen, S.C., Lee, W.R., Hou, W.C., Yang, L.L.,

Lee, T.J., 2001b. Inhibition of nitric oxide synthase
inhibitors and lipopolysaccharide induced inducible NOS and
cyclooxygenase-2 gene expressions by rutin, quercetin, and
guercetin pentaacetate in RAW 264.7 macrophages. J. Cell.
Biochem. 82, 537-548.

Chen, Y.C., Shen, S.C., Lee, W.R., Lin, H.Y.,, Ko, C.H.,

Lee, T.J., 2002. Nitric oxide and prostaglandin E2
participate in lipopolysaccharide/interferon-gamma-induced
heme oxygenase 1 and prevent RAW264.7 macrophages from
UV-irradiation-induced cell death. J. Cell. Biochem. 86, 331—
339.

Chen, T.J., Shen, S.C., Lin, H.Y., Chien, L.L., Chen, Y.C., 2004.

Lipopolysaccharide enhancement of d-2etradecanoylphorbol
13-acetate-mediated transformation in rat glioma CB6,
accompanied by induction of inducible nitric oxide synthase.
Toxicol. Lett. 147, 1-13.

cells might be due to the cytotoxic effect on cells. Gotoh, T., Oyadomari, S., Mori, K., Mori, M., 2002. Nitric

Therefore, enhancement of INOS protein expression

was involved in the stimulatory effects of nicotine on
LPS/IFN<y-induced NO production and cytotoxicity.
In summary, we identified that nicotine enhances
LPS/IFN<y-induced cytotoxicity by stimulation of
NO production. The stimulatory mechanism of nico-

tine mediated by enhancing iINOS gene expression,

but not related to INOS enzyme activity and iNOS

oxide-induced apoptosis in RAW 264.7 macrophages is
mediated by endoplasmic reticulum stress pathway involving
ATF6 and CHOP. J. Biol. Chem. 277, 12343-12350.

Hecht, S.S., 2002. Cigarette smoking and lung cancer: chemical

mechanisms and approaches to prevention. Lancet Oncol. 3,
461-469.

Heeschen, C., Jang, J.J., Weis, M., Pathak, A., Kaji, S., Hu, R.S.,

Tsao, P.S., Johnson, F.L., Cooke, J.P., 2001. Nicotine stimulates
angiogenesis and promotes tumor growth and atherosclerosis.
Nat. Med. 7, 833-839.

protein stability. It is suggested that nicotine from Jang, M.H., Shin, M.C., Lim, B.V., Chung, J.H., Kang, H.S.,

smoke may play as a deleterious factor in inflamma-

tory process through potentiating cytotoxicity and NO
production.
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