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microglial cells.

Materials and methods: N9 cells were pretreated with vehicle or TMP and then exposed to LPS for the
time indicated. Cell viability was determined by methylthiazoyltetrazolium (MTT) assay. Nitrite assay
was performed by Griess reaction. Expression of iNOS mRNA was examined by RT-PCR. Protein levels of
iNOS, p38 mitogen-activated protein kinase (MAPK), ERK1/2, JNK, phosphatidylinositol 3-kinase (PI3K)
and Akt were determined by western blot analysis. Formation of reactive oxygen species (ROS) was
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Inducible nitric oxide synthase evaluated by fluorescence image system.

Microglial cell Results: TMP inhibited LPS-induced over-production of NO and iNOS in N9 cells. TMP also inhibited the
Mitogen-activated protein kinase NF-kB translocation from cytoplasm into nucleus of N9 cells. In addition, TMP showed blocking effect
PI3-kinase on the phosphorylation of p38 MAPK, ERK1/2, JNK and Akt, but not PI3K. Further, TMP suppressed the

formation of intracellular ROS in LPS-induced N9 cells.
Conclusions: TMP inhibited production of NO and iNOS in LPS-induced N9 cells through blocking MAPK
and PI3K/Akt activation and suppressing ROS production.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction factor responsible for microglial cell activation (Qin et al., 2004; Bi
et al., 2005; Zhu et al., 2008). Among LPS-induced inflammation
Microglial cells, functionally equivalent to peripheral reactions, the over-production of nitric oxide (NO) generated

macrophages in central nervous system, play a critical role in by inducible NO synthase (iNOS) has been paid more attention
the pathogenesis of neurodegenerative diseases such as Parkin- for its substantial contribution to microglial dysfunction. As a
son’s disease, Alzheimer’s disease, HIV dementia and multiple recognized marker of pro-inflammatory responses, the strong
sclerosis (Block et al., 2007). Upon activation, microglial cells will release of NO may trigger a series of inflammatory cascades
initiate the secretion of neurotoxic cytokines including tumor in activated microglial cells (Stoll and Jander, 1999). Further,
necrosis factor-a (TNF-a), interleukin-6 (IL-6), reactive oxygen molecular mechanisms of LPS-induced NO and iNOS production in
species (ROS) and nitric products (Ma et al., 2009), which sub- microglial cells are partly identified to be due to the activation of

sequently result in the occurrence of associated neurological mitogen-activated protein kinase (MAPK) and phosphatidylinosi-
diseases. Lipopolysaccharide (LPS), the major portion of outer tol 3-kinase (PI3K)-Akt signaling pathways (Bhat and Fan, 2002;
membrane of gram-negative bacteria, is regarded as a main risk Kim et al., 2004). Therefore, blockade of these pro-inflammatory
pathways followed by down-regulation of NO and iNOS levels in
microglial cells may be an attractive therapeutic strategy against
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China as one of the traditional Chinese medicines for its preven-
tive effect on oxidative stress, myocardial injury, renal toxicity
and hepatocellular injury, etc. (Liu et al., 2002; So et al., 2002;
Zhou et al., 2004). In addition, recent studies in vivo and in vitro
suggest that TMP protects central nervous system from injuries
challenged by exogenous stimuli. For example, systemic admin-
istration of TMP significantly blocked neuronal degeneration in
brains of rats (Tan, 2009). TMP might provide neuroprotection
against ischemic brain injury in rats through suppression of inflam-
matory reaction (Kao et al., 2006). Moreover, TMP inhibited glioma
activity and protected neurons against glioma-induced excito-
toxicity (Fu et al., 2008). Nonetheless, no studies have provided
direct evidence of TMP-mediated inhibitory effect on the over-
production of NO and iNOS in activated microglial cells, which
may be important for further application of TMP against neuronal
diseases.

In this study, we investigated the inhibitory effect of TMP on
LPS-induced production of NO and iNOS in N9 microglial cells. We
assessed TMP-mediated inhibition of NO secretion as well as sup-
pression of iNOS at transcription and translation levels. To explore
the underlying mechanisms by which TMP inhibited NO and iNOS
production in LPS-induced N9 cells, the roles of signaling molecules
including nuclear factor kB (NF-kB), MAPKs and PI3K/Akt were
evaluated, and the scavenging effect of TMP on intracellular ROS
was also determined.

2. Materials and methods
2.1. Chemicals and reagents

TMP (purity >98%), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), LPS from Escherichia coli
and 2',7’-dichlorofluorescein diacetate (DCFH-DA) were obtained
from Sigma (St. Louis, MO, USA). P38 MAPK inhibitor (SB203580),
ERK1/2 inhibitor (PD98059) and c-Jun N-terminal kinase (c-
JNK) inhibitor (SP600125) were purchased from Invitrogen
Corporation (Carlsbad, CA, USA). PI3K inhibitor (LY294002) was
obtained from Beyotime Institute of Biotechnology (Jiangsu,
China). Polyclonal rabbit or mouse antibodies against p38
MAPK, phospho-p38 (p-p38) MAPK, ERK1/2, phospho-ERK1/2
(p-ERK1/2), JNK, phospho-JNK, Akt (Thr 308), phospho-Akt (Thr
308), PI3K, phospho-PI3K, iNOS, (3-actin and horseradish per-
oxidase (HRP)-conjugated goat anti-rabbit or mouse IgG were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Polyclonal rabbit antibody against NF-kB was obtained
from Beyotime Institute of Biotechnology (Jiangsu, China).
Iscove’s modified dulbecco’s medium (IMDM) and fetal bovine
serum (FBS) were purchased from Gibco (Grand Island, NY,
USA).

2.2. Cell culture and drug treatment

The murine microglial cell line N9 was a kind gift from Pro-
fessor Yun Bai (the 3rd Military Medical University, Chongging,
China). Cells were cultured in IMDM supplemented with 10% FBS,
0.5% [B-mercaptoethanol, 1% glutamine, 100 units/ml penicillin,
100 units/ml streptomycin and 5 units/ml heparin in a humidified
atmosphere of 5% CO, and 95% O, at 37 °C.

For most experiments, N9 cells grown to sub-confluence were
pretreated with vehicle or TMP (25-100 pg/ml) for 4-24 h. After
pretreatment, cells were challenged with LPS (1 g/ml) in presence
or absence of TMP for the time indicated and then subjected to
further analysis. TMP was dissolved in dimethylformamide (DMSO,
<0.1%), which showed no deleterious effect on the viability of N9
cells in preliminary studies.

2.3. Determination of cell viability

Cell viability was determined by the conversion of MTT to for-
mazan (Tarozzi et al., 2007). In brief, N9 cells were seeded in
96-well microtiter plates at a concentration of 7.5 x 103 cells/well
and treated with TMP and/or LPS for the indicated time periods.
After treatment, culture medium was removed and the cells were
incubated with MTT (5 mg/ml) for 3 h at 37 °C. The formazan blue,
which formed in cells, was solubilized in 100 .l of DMSO. The
optical density was measured at 490 nm using a Sunrise Remote
Microplate Reader (Grodlg, Austria). The viability of N9 cells in each
well was presented as percentage of the control level (untreated).

2.4. Nitrate assay

NO production from activated N9 cells was determined based
on the accumulation of nitrite (NO2~), a stable metabolite of NO
and molecular oxygen (Nizamutdinova et al., 2008). After treat-
ment with TMP and/or LPS, the culture medium in N9 cells was
harvested. An aliquot of the culture supernatant (50 wl) was mixed
with an equal volume of Griess reagent (1% sulfanilamide and 0.1%
N-naphthylethyl-ethylenediamine dihydrochloride in 5% phospho-
ric acid) for 15 min at room temperature. The optical density was
measured at 540 nm using a Sunrise Remote Microplate Reader
(Grodlg, Austria). Nitrite concentration was calculated with refer-
ence to a standard curve of sodium nitrite generated by known
concentrations.

2.5. Measurement of NO scavenging activity

The direct scavenging effect of TMP on NO was measured accord-
ing to the reported method with some modification (Marcocci etal.,
1994). Briefly, 0.2 ml of sodium nitroprusside (SNP) (10 mM) was
incubated with 1.8 ml of phosphate-buffered saline (PBS) or differ-
ent concentrations of TMP in light at 25 °C. After incubation for 2 h,
the supernatant was collected and nitrite levels were determined
by Griess reaction as described in Section 2.4.

2.6. Reverse transcription-polymerase chain reaction (RT-PCR)

For RT-PCR, total RNA was extracted using cold TRIZOL reagent
(Takara, Dalian, China) according to the manufacturer’s protocol.
Reverse transcription was carried out at 42°C for 1h in a reac-
tion mixture containing 1 g of total RNA, 25 pmol of oligo-dT
primer, 10 nmol of dNTP mixture, 20 units of RNase inhibitor and
2.5 units of AMV reverse transcriptase (Bioer, Hangzhou, China).
PCR was performed using the prepared cDNA as templates, with
following cycle parameters: 4 min at 94 °C for initial denaturation;
30cycles x 30s at 94°C, 45s at 53°C, and 455 at 72°C for iNOS;
30cycles x 30s at 94°C, 30s at 54°C, and 30s at 72 °C for $-actin.
The primer sequences were as follows: 5'-TGG AGC GAG TTG TGG
ATT GTC-3'(sense),5'-CCCTTT GTG CTG GGA GTCAT-3’ (anti-sense)
for iNOS (650bp); 5'-GAT GGT GGG AAT GGG TCA GA-3' (sense),
5-GGA GAG CAT AGC CCT CGT AGA T-3’ (anti-sense) for $-actin
(386 bp). The PCR products were visualized by electrophoresis in
1.5% agarose gel containing 1% GoldView™, Band intensity was
analyzed with Image] system (NIH, USA).

2.7. Preparation of cell lysates

Cytoplasmic and nuclear extracts were prepared using Nuclear
and Cytoplasmic Protein Extraction kit according to the manufac-
turer’s instructions (Beyotime Institute of Biotechnology, Jiangsu,
China). The experimental procedures were as followed: (1) after
drug treatment, N9 cells were washed with ice-cold PBS twice,
detached and collected; (2) after centrifugation at 1000 x g for
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5minat4°C, the supernatant was discarded and the cells were fully
resuspended in 200 pl of cytoplasmic protein extraction reagent
(CPER) A; (3) the cell suspension was violently vortexed for 5s and
incubated on ice for 10 min; (4) 10 ! of CPER B was added to each
tube followed by vigorous vortex for 5s and the incubation on ice
for 1 min was performed; (5) after vigorous vortex for 5s, the cell
lysate was centrifuged at 16,000 x g for 5 min at 4 °C and the super-
natant was aliquoted for cytoplasmic proteins; (6) the insoluble
cell pellets were resuspended in 50 .l of nuclear protein extraction
reagent and successively vortexed for 15s every 2 min for a total
of 30 min on ice; (7) the supernatant fraction containing nuclear
proteins was collected by centrifugation at 16,000 x g for 10 min at
4°C,

For isolation of total cell extracts, cells were lysed in 200 wl of
RIPA lysis buffer (50 mM Tris with pH 7.4, 150 mM Nacl, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS and 0.05 mM EDTA). The
cell lysate was incubated on ice for 30 min and mixed with a vor-
tex every 5 min. After that, the lysate was centrifuged at 12,000 x g
for 15min at 4°C and the supernatant was collected as total cell
extracts. Protein concentration was quantified by the Bicinchoninic
Acid Protein Assay kit (Biomed Biotech Co., Ltd., Beijing, China). All
samples were stocked at —80 °C until further analysis.

2.8. Western blot analysis

Levels of target proteins including iNOS, NF-kB, p-p38, p-
38, p-ERK1/2, ERK1/2, p-JNK, JNK, p-PI3K, PI3K, p-Akt, Akt and
[3-actin were determined by Western blot analysis using the respec-
tive antibodies stated above. Briefly, cell lysate was boiled in
5 x loading buffer (125 mM Tris-HCI, pH 6.8, 10% SDS, 8% dithio-
threitol, 50% glycerol and 0.5% bromchlorphenol blue) for 10 min.
Equal amount of protein samples (50 ug) was separated by 6-12%
SDS-polyacrylamide gel and transferred to polyvinylidene fluo-
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Fig. 1. Effect of TMP and/or LPS treatment on N9 cell viability. (A) Cells were treated
with vehicle or TMP (25-100 pg/ml) for 24 h. (B) Cells were pretreated with vehicle
or TMP(25-100 pg/ml) for 4 hand then exposed to LPS (1 g/ml) for 20 h. After treat-
ment, cell viability was determined by MTT analysis (n=5) as described in Section
2. Data are expressed as means =+ SD.

ride membranes. The membranes were blocked with 5% skim
milk in PBS with 0.1% Tween 20 (PBST) for 1h, and incubated
with primary antibodies overnight at 4°C. After washing with
PBST, HRP-conjugated secondary antibodies were applied and the
blots were developed using enhanced chemiluminescence reagents
(ECL). Densitometric analysis was performed with the use of PDI
Imageware System (Bio-Rad, Hercules, CA, USA).

2.9. Intracellular ROS measurement

For measurement of the intracellular ROS levels, N9 cells were
incubated with 20 wM DCFH-DA in culture medium at 37°C for
1 h. After incubation, cells were washed with PBS, and fluorescence
images of random fields were captured using a Leica DMRX micro-
scope (Wetzlar, Germany). Fluorescent intensity of each picked
image was measured with Image-Pro Plus 6.0 software (Media
Cybernetics, USA).

2.10. Statistics

Statistical evaluation was carried out using SPSS 10.0 package
(SPSS Inc., Chicago, IL, USA). Data were expressed as mean +SD
of 3-5 independent experiments. Statistical differences between
groups were determined using one-way ANOVA and Student’s t-
test followed by a Bonferroni correction. Values of P<0.05 were
considered to be statistically significant.

3. Results

3.1. TMP and/or LPS treatment show no inhibitory effect on N9
cell viability

Effect of TMP on N9 cell viability was evaluated by MTT assay.
Results show that TMP incubation alone for 24 h at concentrations
of 25, 50 and 100 pg/ml had no effect on the viability of N9 cells
(Fig. 1A). Additionally, when cells were pretreated with TMP (25, 50
and 100 pg/ml) for 4 h before exposed to LPS (1 wg/ml) for 20 h, no
significant difference in cell viability was found in comparison with
the vehicle-treated group (Fig. 1B). Thus, for this study, we used
TMP at concentrations of 25-100 p.g/ml, which caused no cytotox-
icity for the following experiments of anti-inflammatory property
and action mechanisms in LPS-induced N9 cells.

3.2. TMP shows no scavenging effect on NO production in SNP
solution, but suppresses LPS-induced NO production in N9 cells

As an exogenous NO donator, SNP can lead to the generation of
nitrate under light irradiation. Results in Fig. 2A indicate that, after
incubation for 2 h, SNP (10 mM) generated quite a large amount of
nitrite (9.8 £ 0.4 wM, P<0.01, vs the blank group), and this high level
of nitrite was not significantly decreased by the presence of TMP
(25-100 pg/ml). It is presumed that TMP has no direct scavenging
effect on NO production in SNP solution.

The suppression of NO production in LPS-induced N9 cells
was measured by Griess reaction. As shown in Fig. 2B, the NO
level in vehicle-treated cells was minimal (0.2+0.1 wM) and a
pronounced increase was observed after LPS exposure (1 pg/ml)
for 20h (5.4+0.4 uM, P<0.01, vs the vehicle-treated group). On
the contrary, pretreatment with TMP for 4h dose-dependently
suppressed LPS-induced NO production in N9 cells (25 pg/ml,
3.8+0.6 uM, P<0.05; 50 pg/ml, 3.1 £0.4 uM, P<0.01; 100 pg/ml,
1.8+0.3 uM, P<0.01, vs the LPS-treated group).
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Fig. 2. Effect of TMP on NO and iNOS levels in SNP solution or in LPS-induced N9 cells. (A) SNP solution (10 mM) was incubated with PBS or TMP (25-100 p.g/ml) in light at
25°C for 2 h. After incubation, nitrate levels were measured by Griess reaction as described in Section 2. (B) Cells were pretreated with TMP (25-100 p.g/ml) for 4 h and then
exposed to LPS (1 wg/ml) for 20 h. After treatment, nitrite levels in culture medium were measured by Griess reaction as described in Section 2. (C) Cells were pretreated
with TMP (25-100 pg/ml) for 18 h and then exposed to LPS (1 wg/ml) for 6 h. After treatment, the mRNA level of iNOS was determined by RT-PCR analysis as described in
Section 2. (C) Cells were pretreated with TMP (25-100 pg/ml) for 4 h and then exposed to LPS (1 pg/ml) for 20 h. After treatment, the protein level of iNOS was determined by
Western blot analysis as described in Section 2. Data are representative of three experiments (means + SD). 44P<0.01 compared to the blank group (PBS alone); ##P<0.01
compared to the vehicle-treated group; *P<0.05, **P<0.01 compared to the LPS-treated group.

3.3. TMP inhibits LPS-induced iNOS expression at transcription
and translation levels in N9 cells

To study the effect of TMP on LPS-induced over-expression of
iNOS mRNA, N9 cells were pretreated with different concentra-
tions of TMP (25-100 pg/ml) for 18 h and then exposed to LPS
(1 wg/ml) for 6 h. Prior to LPS stimulation, the cells produced unde-
tectable mRNA level of iNOS by RT-PCR analysis (Fig. 2C). However,
LPS challenge led to a high expression of iNOS mRNA, and this
over-expression was inhibited by TMP pretreatment (25 pg/ml,
38.4+1.9%, P<0.01; 50 pg/ml, 23.7+3.3%, P<0.01; 100 pg/ml,
16.5+2.0%, P<0.01, vs the LPS-treated group).

The inhibition of iNOS by TMP at protein level in LPS-induced
N9 cells was also tested by Western blot analysis. As indicated in
Fig. 2D, cells in the vehicle-treated group almost showed no pro-
tein expression of iNOS, which was remarkably induced by LPS
(1 pg/ml) challenge for 20 h. TMP pretreatment for 4 h effectively
alleviated LPS-induced iNOS production (25 wg/ml, 60.6 & 7.3%,
P<0.05; 50 pg/ml, 38.5+4.2%, P<0.01; 100 ng/ml, 14.6+0.4%,
P<0.01, vs the LPS-treated group), suggesting a similar inhibitory
effect as revealed in Fig. 2C.

3.4. TMP shows blocking effect on LPS-induced NF-«xB
translocation into nucleus of N9 cells

Because increased expression of iNOS is known to be associated
with the activation of NF-kB (Mukaida et al., 1996), we assessed the
inhibitory effect of TMP on LPS-induced NF-kB translocation from
cytoplasm into nucleus of N9 cells. Results in Fig. 3 suggest that LPS

(1 pg/ml) challenge for 6 h promoted the NF-kB translocation into
nucleus of N9 cells as indicated by a markedly changed protein level
of NF-kB, which was decreased in cytoplasm (53.6 +-4.8%, P<0.01)
and increased in nucleus (147.6 £13.3, P<0.01), compared to the
vehicle-treated group. In contrast, TMP pretreatment for 18 h evi-
dently directed the up-regulation of cytoplasmic NF-kB p65 protein
levels (25 pwg/ml, 152.4+19.7%, P<0.05; 50 wg/ml, 166.3 +13.3%,
P<0.01; 100 pg/ml, 220.7+13.2%, P<0.01, vs the LPS-treated
group) and down-regulation of nuclear NF-kB p65 protein lev-
els (25 wg/ml, 56.5+ 7.4%, P<0.01; 50 wg/ml, 43.1 +3.4%, P<0.01;
100 pg/ml, 41.4 +£2.5%, P<0.01, vs the LPS-treated group), indicat-
ing that TMP inhibited LPS-induced NF-kB activation in N9 cells.

3.5. TMP inhibits LPS-induced phosphorylation of MAPKs
including p38 MAPK, ERK1/2 and JNK in N9 cells

To clarify whether TMP inhibits LPS-induced MAPK activation,
N9 cells were pretreated with TMP (25-100 p.g/ml) for 24h and
then exposed to LPS (1 wg/ml) for 30 min. As shown in Fig. 4, all
of the three MAPK members including p38 MAPK, ERK1/2 and
JNK were highly phosphorylated in N9 cells treated by LPS alone
(272.1+£29.2%, P<0.01; 207.2+18.6%, P<0.01; 489.6+78.4%,
P<0.01, respectively) as compared to the vehicle-treated group.
On the other hand, LPS-induced p38 phosphorylation was inhib-
ited by TMP pretreatment in a dose-dependent manner (25 pg/ml,
63.4+6.3%, P<0.01; 50 pg/ml, 44.7 +3.4%, P<0.01; 100 pg/ml,
46.2 +5.8%, P<0.01, vs the LPS-treated group). Also, the elevated
phosphorylation of ERK1/2 and JNK were reversed by TMP at higher
concentrations (50-100 pg/ml), and the relative phosphorylation
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Fig. 3. Effect of TMP on nuclear translocation of NF-kB in LPS-induced N9 cells. CE: cytoplasmic extracts; NE: nuclear extracts. (A) Relative protein levels of NF-kB in cytoplasm
of N9 cells; (B) relative protein levels of NF-kB in nucleus of N9 cells. Cells were pretreated with TMP (25-100 p.g/ml) for 18 h and then exposed to LPS (1 pg/ml) for 6 h.
After treatment, nuclear and cytoplasmic fractions were analyzed for detection of NF-kB by Western blot analysis as described in Section 2. Data are representative of three
experiments (means + SD). ##P<0.05 compared to the vehicle-treated group; *P<0.05, **P<0.01 compared to the LPS-treated group.
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Fig. 4. Effect of TMP on LPS-induced phosphorylation of MAPKs including p38 MAPK (A), ERK1/2 (B) and JNK (C) in N9 cells. Cells were pretreated with TMP (25-100 p.g/ml)
for 24 h and then exposed to LPS (1 pg/ml) for 30 min. After treatment, total cell extract was prepared and the protein levels of phosphorylated p38 MAPK (p-p38), total p38
MAPK (t-p38), phosphorylated ERK1/2 (p-ERK1/2), total ERK1/2 (t-ERK1/2), phosphorylated JNK (p-JNK) and total JNK (t-JNK) were determined by Western blot analysis
as described in Materials and methods. Data are representative of three experiments (means + SD). #P<0.05, ##P<0.01 compared to the vehicle-treated group; **P<0.01
compared to the LPS-treated group.
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magnitudes of both MAPK members in TMP-pretreated cells were
as follows: 50 pg/ml, 36.7 +£4.8% for p-ERK and 18.9 +4.2% for p-
JNK, P<0.01; 100 pg/ml, 0.5+0.1% for p-ERK and 14.3 +2.7% for
p-INK, P<0.01, vs the LPS-treated group.

3.6. TMP shows inhibitory effect on LPS-induced phosphorylation
of Akt, but not PI3K in N9 cells

Next, we determined the effect of TMP on PI3K/Akt signaling
pathway, which was confirmed to be implicated in regulation of
inflammatory cytokines in microglial cells (Kim et al.,2004). Results
in Fig. 5 show that LPS (1 pg/ml) exposure for 30 min induced a
rapid increase in the protein levels of both p-PI3K and p-Akt in N9
cells (246.6 +£29.6%, P<0.01; 142.44+10.0%, P<0.05, respectively,
vs the vehicle-treated group). After pretreatment with TMP at con-
centrations of 25, 50 and 100 p.g/ml for 24 h, the phosphorylated
Akt level was reduced to 66.3 +3.3% (P<0.05),20.0 £ 1.6% (P<0.01)
and 25.6+3.1% (P<0.01) of the LPS-treated group, respectively. In
addition, TMP pretreatment failed to alter LPS-induced p-PI3Klevel.
These results indicate that TMP may inhibit the Akt activation, but
not PI3K in LPS-induced N9 cells.
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Fig. 5. Effect of TMP on LPS-induced phosphorylation of PI3K (A) and Akt (B) in N9
cells. Cells were pretreated with TMP (25-100 pg/ml) for 24 h and then exposed
to LPS (1 pg/ml) for 30 min. After treatment, total cell extract was prepared and
the protein levels of phosphorylated PI3K (p-PI3K), total PI3K (t-PI3K), phosphory-
lated Akt (p-Akt), and total Akt (t-Akt) were determined by Western blot analysis as
described in Materials and methods. Data are representative of three experiments
(means + SD). #P<0.05, ##P<0.01 compared to the vehicle-treated group; *P<0.05,
**P<0.01 compared to the LPS-treated group.
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Fig. 6. Effects of p38 inhibitor, SB203580, ERK1/2 inhibitor, PD98059, JNK inhibitor,
SP600125 and PI3K inhibitor, LY294002, on LPS-induced iNOS production in N9
cells. Cells were pretreated with SB203580 (10 wM), PD98059 (30 wM), SP600125
(20 M) or LY294002 (50 wM) for 1h and then exposed to LPS (1 pg/ml) for 20 h.
After treatment, total cell extract was prepared and the protein level of iNOS was
determined by Western blot analysis as described in Materials and methods. Data
are representative of three experiments (means + SD). #¥P<0.01 compared to the
vehicle-treated group; **P<0.01 compared to the LPS-treated group.

3.7. Inhibitors of p38 MAPK, ERK1/2, JNK and PI3K inhibit
LPS-induced iNOS production in N9 cells

To verify whether MAPK and PI3K/Akt signaling pathways are
involved in LPS-induced iNOS production, N9 cells were pretreated
with p38 MAPK inhibitor, SB203580, ERK1/2 inhibitor, PD98059,
JNK inhibitor, SP600125, or PI3K inhibitor, LY294002, for 1 h and
then exposed to LPS (1 pg/ml) for 20 h. In keeping with our previous
experiment, LPS challenge for 20h induced a pronounced up-
regulation of iNOS protein level in N9 cells (Fig. 6). By contrast, pre-
treatment with the specific inhibitors including SB203580 (10 wM),
PD98059 (30 M), SP600125 (20 M), or LY294002 (50 M) signif-
icantly inhibited LPS-induced over-production of iNOS, which was
decreased to 45.4+5.9% (P<0.01), 28.1+2.3 (P<0.01), 36.3+2.2%
(P<0.01) and 30.5 +3.4% (P<0.01), respectively, compared to the
LPS-treated group. No significant inhibition of iNOS was observed
when N9 cells were incubated with SB203580, PD98059, SP600125
and LY294002 alone (data not shown).

3.8. TMP suppresses LPS-induced intracellular ROS formation in
N9 cells

Once diffusion into cells, the non-fluorescent dye DCFH-DA is
conversed into DCF, a fluorescent product, by intracellular esterases
and oxidation occurs (Kilic et al., 2006). Therefore, enhanced
oxidative stress within cells can be reflected by monitoring the
increase in fluorescence. Accordingly, we examined whether TMP
modulates LPS-induced intracellular ROS formation in N9 cells.
Exposure of cells to LPS (1 pg/ml) for 20 h significantly increased
the intracellular ROS level to 351.6 + 14.1% of the vehicle-treated
group (P<0.01) (Fig. 7A and B). Such elevation of intracellu-
lar ROS was inhibited by pretreatment with TMP for 4h in a
dose-dependent manner (25 pg/ml, 71.9 £ 3.6%, P<0.05; 50 p.g/ml,
63.8+7.0%, P<0.01; 100 pg/ml, 44.3 +2.7%, P<0.01, vs the LPS-
treated group) (Fig. 7C and D).
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Fig. 7. Effect of TMP on LPS-induced intracellular ROS formation in N9 cells. Cells were pretreated with TMP (25-100 w.g/ml) for 4 h and then exposed to LPS (1 pg/ml) for
20 h. After treatment, cells were washed with PBS and the fluorescence intensity was measured by flow cytometry as described in Materials and methods. A-C showed
representative flow cytometric histograms of vehicle-treated cells, cells exposed to 1 pg/ml of LPS for 20 h and cells pretreated with 100 pg/ml of TMP for 4 h before exposed
to 1 pg/ml of LPS for 20 h, respectively. Fig. 7D presented the fluorescent intensities of N9 cells treated with vehicle, TMP and/or LPS. Data are expressed as means & SD (n=3).
##P<0.01 compared to the vehicle-treated group; *P<0.05, **P<0.01 compared to the LPS-treated group.

4. Discussion

Microglial cells are vulnerable to infiltrating inflammatory
mediators and can readily become activated by stimulation with
LPS, B-amyloid, interferon (IFN)-y or adenosine triphosphate (ATP)
(Inoue, 2002; Bamberger et al., 2003; Pawate et al., 2004). Acti-
vated microglial cells migrate to the brain where they damage
normal brain cells by secreting a number of pro-inflammatory
and neurotoxic factors as above-mentioned (Wang et al., 2009).
It seems that pharmacological interventions targeting the sup-
pression of microglial cell activation may be a key step against
neuro-inflammations. In recent reports, several anti-inflammatory
agents like Fluvastatin, Ketamine and Resveratrol have displayed
remarkable suppressive effects on the production of NO/iNOS and
other inflammatory effectors in microglial cells (Bi et al., 2005; Xu
et al.,, 2008; Chang et al., 2009). For the first time, we here demon-
strate that TMP inhibits the NO/iNOS production in LPS-induced N9
cells through blockade of MAPK and PI3K/Akt signaling pathways.

NO is a highly reactive free radical and plays an important
role in response to many physiological and pathological conditions
(Moncada et al., 1991). While NO is beneficial as an intracellular
messenger or modulator, the excessive production of NO syn-
thesized by iNOS has been defined as a cytotoxic molecule in
inflammation and endotoxemia (Brochu et al., 1999). Activated
microglial cells are shown to kill neurons via NO from iNOS through
inhibiting neuronal respiration (Bal-Price and Brown, 2001), and
LPS has been documented to represent one of the most potent
stimuli for iNOS production in microglial cells (Garrido et al.,
2004).In previous studies, TMP decreased NO production in human
polymorphonuclear leukocytes and suppressed iNOS expression

in rodent models of endotoxic shock (Wu et al., 1999; Zhang et
al., 2003). Consistent with these results, we found that TMP pre-
treatment not only inhibited NO secretion, but suppressed iNOS
protein level through the blockade of iNOS transcription in LPS-
induced N9 cells. Incubation of N9 cells with TMP (25-100 p.g/ml)
for 24 h showed no significant cytotoxic effect on cell viability,
implying that the down-regulation of NO and iNOS levels by TMP
pretreatment was not due to a decrease in cell numbers. Because
TMP displayed no direct scavenging effect on nitrite level in SNP
solution, we supposed that TMP may inhibit LPS-induced NO pro-
duction following by the suppression of iNOS in N9 cells. There have
been still some contrary results regarding the effect of TMP on NO
level. For instance, TMP can stimulate NO production in human
platelets through activation of NOS (Sheu et al., 2000). These con-
tradictory biological effects of TMP may depend, at least in part, on
different cell types and changed oxidative status of cells.

NF-kB is an important transcription factor mainly involved in
mediating inflammatory responses. Commonly, NF-kB is located in
cytoplasm as an inactive complex bound to its inhibitory factor kB-
a (IkB-a) (Rajan et al., 2008). Once activated by LPS, IL-1[3 or other
inflammatory mediators, NF-kB is disassociated from IkB-a and
translocates into nucleus to trigger the transcription of its target
genes (Meng et al., 2008). It has been reported that the promoter
region of murine gene encoding iNOS contains NF-kB binding site
(Xie et al., 1994), and activation of NF-kB is proved to be a key
component of NO and iNOS production in LPS-induced microglial
cells (Kim et al., 2004). Indeed, this study revealed that, for NF-kB
p65 level, LPS markedly led to a decrease in cytoplasm of N9 cells
and an increase in nucleus, which was effectively reversed by TMP
treatment. Studies by Hwang et al. (2004) showed that suppression
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of NF-kB activity by its chemical inhibitor repressed IFN-y-induced
NO generation in microglial cells. Hence, it appears that nuclear
inhibition of NF-kB activation by TMP is critical for suppression of
NO and iNOS in N9 cells.

MAPKs are mainly composed of three well-characterized sub-
families including p38 MAPK, ERK1/2 and JNK, which elicit many
cellular functions in physiology and pathological diseases (Johnson
and Lapadat, 2002). It has been documented that MAPKs are
upstream modulators for iNOS expression in microglial cells (Jung
et al., 2009). In the case of LPS-induced NF-kB activation and sub-
sequent NO and iNOS production, a pivotal role for three MAPK
members in signaling transduction of microglial cells was identi-
fied (Ock et al., 2009). Thus, on the basis of our results that TMP
inhibited LPS-induced NF-«kB activation in N9 cells, we further
investigated the suppressive effect of TMP on MAPK phosphory-
lation. We found that TMP pretreatment failed to influence the
phosphorylation of p38 MAPK, ERK1/2 and JNK in vehicle-treated
N9 cells (data not shown), but remarkably down-regulated the
increase in phosphorylated levels of three MAPK members in LPS-
induced N9 cells. Additionally, specific MAPK inhibitors, SB203580
against p38 MAPK, PD98059 against ERK1/2 and SP600125 against
JNK, significantly suppressed the over-expression of iNOS protein
in LPS-induced N9 cells, confirming the involvement of MAPKs in
suppression of NO and iNOS by TMP. These results suggest that
blockade of MAPK pathways may be a molecular mechanism under-
lying the inhibitory effect of TMP on NF-kB activation, and NO and
iNOS production in microglial cells.

Paralleled by the MAPK signaling pathway, PI3K and its down-
stream signaling molecule, Akt, are also necessary regulators
in the control of NF-kB activation and inflammatory cytokine
synthesis in several cell types. The PI3K/Akt pathway, most fre-
quently associated with regulation of cell growth and survival, was
recently suggested to be positively correlated with LPS-induced
iNOS expression in microglial cells (Kauffmann-Zeh et al., 1997;
Ohetal., 2009). This was supported by the involvement of PI3K/Akt
pathway in regulation of iNOS expression in manganese-induced
microglial cells (Bae et al., 2006). In accordance with the above
studies, our findings indicate that LPS stimulation induced evident
increase in phosphorylated levels of both PI3K and Akt in N9 cells.
Furthermore, the up-regulation of iNOS protein level by LPS chal-
lenge was reversed by specific PI3K inhibitor, LY294002, providing
the direct evidence that PI3K/Akt pathway is implicated in the reg-
ulation of NO and iNOS production in microglial cells. Similarly,
in the studies by Hwang et al. (2004) LY294002 blocked IFN-vy-
induced iNOS mRNA expression and subsequent NO production in
BV2 microglial cells. On the other hand, although TMP pretreat-
ment had no effect on phosphorylated levels of both PI3K and
Akt in vehicle-treated N9 cells (data not shown), it displayed evi-
dent inhibitory effect on Akt phosphorylation in LPS-induced N9
cells. Collectively, the inhibitory effect of TMP on NO and iNOS
production in microglial cells might be partly contributed to the
suppression of Akt activation. Regretfully, TMP failed to inhibit LPS-
induced PI3K activation, so further studies should be performed to
determine which signal molecule (s) led to the inhibition of Akt
activation by TMP.

Intracellular ROS is a group of signaling molecules which medi-
ated diverse cellular events such as inflammatory reactions (Kang
et al., 2001). Over-production of ROS in microglial cells is strongly
linked to brain injuries with high levels of inflammatory mediators
including TNF-«, IL-13 and iNOS (Min et al., 2004). Based on these
facts, the suppression of ROS may be an effective way to protect
microglial cells from inflammatory damage. In previous investi-
gations, TMP acted as an antioxidant that reduced angiotensin
[I-induced intracellular ROS production by interfering with the
ERK1/2 pathway in vascular endothelial cells and smooth muscle
cells (Lee et al., 2005; Zheng et al., 2006). In line with the above

reports, our studies show that TMP pretreatment exerted inhibitory
effect on LPS-induced ROS formation in N9 cells. We thus pro-
posed that inhibition of NO and iNOS production in N9 cells may be
attributed to the elimination of intracellular ROS by TMP. Studies by
Koh et al. (2009) and by Oh et al. (2009) showed that ROS mainly
acted as second messengers to amplify the inflammatory signals
through activation of p38 MAPK, JNK and Akt in microglial cells.
Therefore, ROS may act upstream of MAPKs and Akt or in separate
pathways with crosstalk, and this remains to be determined.

Because of extensive fist-pass metabolism, TMP is recom-
mended to be given intravenously instead of oral administration
in the treatment (Qi et al., 2002). Considering the dose range of
TMP (1-10 mg/kg) used in in vivo studies, efficient permeability
to blood-brain barrier, and comparable protein binding in serum-
supplemented media and plasm (Liang et al., 1999; Tan, 2009; Tsai
and Liang, 2001), we consider that the concentrations of TMP used
for cell culture experiments might be relevant to plasma and tissue
levels achievable clinically.

In conclusion, our findings demonstrate that TMP inhibited LPS-
induced over-production of NO and iNOS in N9 cells. The molecular
regulation that directed protective effect of TMP may be performed
through inhibition of NF-kB activation, blockade of MAPK and Akt
phosphorylation, and suppression of intracellular ROS formation.
In consideration of the potential cellular role and the novel signal
transduction mechanisms for TMP in regulating microglial inflam-
mation, our study shed light on the future application for TMP in
treatment of neurodegenerative diseases.
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