
-1
oglia

role in neu-

-carbazole-3-

e (LPS)/inter-

imulated N9

. In activated

thase (iNOS)

NA and the

DNA-binding

otein (CREB),

otein (C/EBP)

c-Jun and C/

nscription-1

CHO had no

extracellular

ated protein

s, whereas it

ich occurred

phorylation.

in microglia
Inhibition of nitric oxide production by the carbazole
compound LCY-2-CHO via blockade of activator protein
and CCAAT/enhancer-binding protein activation in micr

Ling-Chu Chang a, Lo-Ti Tsao b, Chi-Sen Chang c, Chun-Jung Chen b,
Li-Jiau Huang d, Sheng-Chu Kuo d, Ruey-Hseng Lin a,e,1, Jih-Pyang Wang b,d,1,*
a Institute of Medicine, Chung Shan Medical University, Taichung 403, Taiwan, ROC
bDepartment of Education and Research, Taichung Veterans General Hospital, Taichung 407, Taiwan, ROC
cDivision of Gastroenterology and Hepatology, Taichung Veterans General Hospital, Taichung 407, Taiwan, ROC
dGraduate Institute of Pharmaceutical Chemistry, China Medical University, Taichung 404, Taiwan, ROC
eDepartment of Pharmacology, Chung Shan Medical University, Taichung 403, Taiwan, ROC

b i o c h e m i c a l p h a r m a c o l o g y 7 6 ( 2 0 0 8 ) 5 0 7 – 5 1 9

a r t i c l e i n f o

Article history:

Received 13 April 2008

Accepted 2 June 2008

Keywords:

LCY-2-CHO

Microglial cells

Nitric oxide

Inducible nitric oxide synthase

Activator protein-1

CCAAT/enhancer-binding protein

a b s t r a c t

Excessive nitric oxide (NO) production by activated microglia plays a critical

rodegenerative disorders. In this study, we found that 9-(2-chlorobenyl)-9H

carbaldehyde (LCY-2-CHO) suppressed the NO production in lipopolysaccharid

feron-g (IFNg)-stimulated murine microglial N9 and BV-2 cells and in LPS-st

cells and rat primary microglia. LCY-2-CHO had no cytotoxic effect on microglia

N9 cells, LCY-2-CHO abolished the expression of inducible nitric oxide syn

protein and mRNA but failed to alter the stability of expressed iNOS mR

enzymatic activity of expressed iNOS protein. LCY-2-CHO did not block

activity of nuclear factor-kB (NF-kB) or cyclic AMP response element-binding pr

but abolished that of activator protein-1 (AP-1), CCAAT/enhancer-binding pr

and nuclear factor IL6 (NF-IL6). LCY-2-CHO attenuated the nuclear levels of

EBPb, but not those of p65, p50, C/EBPd, signal transducer and activator of tra

(STAT-1) or the nuclear expression of IFN regulatory factor-1 (IRF-1). LCY-2-

effect on the phosphorylation of p38 mitogen-activated protein kinase (MAPK),

signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), MAPK-activ

kinase-2 (MAPKAPK-2), STAT-1, CREB or c-Jun in LPS/IFNg-stimulated N9 cell

attenuated the phosphorylation of C/EBPb at Ser105 and Thr235 residues, wh

concomitantly with LCY-2-CHO inhibition of C/EBPb expression and phos

Taken together, these results suggest that LCY-2-CHO inhibits NO production

through the blockade of AP-1 and C/EBP activation.
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1. Introduction

Microglial cells, the resident macrophages in the central

nervous system, play a pivotal role in the first line of host

defense by removing pathogens. However, over-reactive

microglial cells contribute to inflammatory damage by

releasing various proinflammatory mediators, including nitric

oxide (NO) [1]. The overproduction of NO in the central nervous

system is believed to contribute to progressive damage in

neurodegenerative diseases such as multiple sclerosis, Par-

kinson’s disease, and Alzheimer’s disease [1]. Thus, pharma-

cological interference with the NO production from microglia

presents a reasonable strategy to control the potentially

harmful proinflammatory activity of these cells in NO-

mediated neurodegenerative damage.

NO is a product of the oxidation of L-arginine to L-citrulline

catalyzed by nitric oxide synthase (NOS). Three isoforms of

NOS have been identified: two constitutive NOSs, endothelial

NOS (eNOS) and neuronal NOS (nNOS), which are regulated by

Ca2+, and one inducible NOS (iNOS), which is Ca2+-indepen-

dent and is regulated mainly at the transcriptional level [2].

Bacterial lipopolysaccharide (LPS), widely used in brain

inflammatory studies, activates microglial cells and induces

the expression of iNOS [3], which is responsible for the

prolonged and profound production of NO. A number of

binding sites for transcription factors, including nuclear

factor-kB (NF-kB), activator protein-1 (AP-1), interferon reg-

ulatory factor-1 (IRF-1), CCAAT/enhancer-binding protein

(C/EBP), nuclear factor IL-6 (NF-IL6), cyclic AMP response

element-binding protein (CREB), and signal transducer and

activator of transcription (STAT), have been identified in iNOS

promoter region in glial cells [4].

In studies of the anti-inflammatory activities of chemically

synthetic carbazole compounds, 9-(2-chlorobenyl)-9H-carba-

zole-3-carbaldehyde (LCY-2-CHO) has been shown to inhibit

platelet aggregation, neutrophil degranulation, superoxide

anion generation [5,6] and NO production in macrophages and

smooth muscle cells [7–9], and to induce malignant hemato-

poietic cells apoptosis [10]. Because NO derived from microglia

is critical to brain damage, we extended this study by

examining the effect of LCY-2-CHO on NO production in

microglial cells and attempted to clarify the underlying

mechanisms. The results demonstrated that inhibition of

NO production by LCY-2-CHO in microglial cells could be

attributed to the down-regulation of AP-1- and C/EBP-

dependent pathways.
Fig. 1 – Synthesis of LCY-2-CHO compound.
2. Materials and methods

2.1. Drugs and chemicals

Iscove’s modified Dulbecco’s medium (IMDM), Dulbecco’s

modified Eagle’s medium (DMEM), penicillin, streptomycin

and fetal bovine serum (FBS) were purchased from Invitrogen

(Carlsbad, CA, USA). Polyvinylidene difluoride membrane and

Immobilon Western chemiluminescent horseradish peroxi-

dase (HRP) substrate were obtained from Millipore (Bedford,

MA, USA). Hybond-N+ nylon membrane was purchased from

Amersham Bioscience (Buckinghamshire, UK). REzolTM C&T
reagent was obtained from Protech Technology (Taiwan).

Express Hyb hybridization solution and the antibodies against

iNOS were obtained from BD Biosciences (San Diego, CA, USA).

Random primer fluorescein labeling kit was obtained from

PerkinElmer (Hong Kong). DIG gel shift kit, positive charge

nylon membrane and Cytotoxicity Detection Kit (LDH) were

purchased from Roche Applied Science (Mannheim, Ger-

many). Antibodies against p50, p65, p38 MAPK, phospho-

STAT-1 (Tyr701), STAT-1, C/EBPb, C/EBPd, IRF-1 and prolifer-

ating cell nuclear antigen (PCNA) were obtained from Santa

Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against

phospho-p38 MAPK, extracellular signal-regulated kinase

(ERK), phospho-ERK, phospho-CREB (Ser133), CREB, phos-

pho-c-Jun (Ser73), c-Jun, c-Jun NH2-terminal kinase (JNK),

phospho-JNK, phospho-C/EBPb (Ser105) and phospho-C/EBPb

(Thr235) were purchased from Cell Signaling Technology

(Beverly, MA, USA). Antibody against b-actin was obtained

from Chemicon (Temecula, CA, USA). Mouse recombinant

IFNg was obtained from R&D Systems (Minneapolis, MN, USA).

Other chemicals were purchased from Sigma–Aldrich (St.

Louis, MO, USA). The final volume of DMSO in the culture

medium was �0.1% (v/v).

2.2. Synthesis of LCY-2-CHO

Carbazole (3.34 g, 20 mmol) was dissolved in dry THF (50 ml),

and KOH (2.24 g, 40 mmol) was added with stirring at room

temperature. 2-Chlorobenzyl chloride (6.44 g, 40 mmol) in THF

(10 ml) was added portionwise to the mixture and refluxed for

16 h. The reaction mixture was quenched with ice water

(100 ml) and extracted with CH2Cl2, The CH2Cl2 layer was

washed with aqueous NaHCO3, dried over anhydrous MgSO4

and the residue was purified by chromatography on silica gel.

Elution with n-hexane/ethyl acetate (9:1) and recrystallization

from n-hexane/CH2Cl2 to yield 9-(2-chlorobenzyl)-carbazole

(2.26 g, 45%) which was then dissolved in DMF (20 ml) and

POCl3 (1.4 ml, 15 mmol) for 1 h at 5 8C followed by stirring at

room temperature overnight, then heated at 60 8C for 2 h. The

reaction was quenched with ice water (100 ml) and extracted

with ethyl acetate. The ethyl acetate layer was evaporated to

dryness. The residue was purified by silica gel chromatogra-

phy and eluted with n-hexane/ethyl acetate (7:3) to yield LCY-

2-CHO (Fig. 1) (1.52 g, 53%) as colorless powder; m.p.: 129–

131 8C. 1H NMR (CDCl3) d 5.54 (2H, s, N-CH2), 7.11-7.55 (8H, m, H-

1, H-6, H-7, H-8, H-30, H-40, H-50, H-60), 7.98 (1H, dd, J = 1.6, 8.6 Hz,

H-2), 8.19 (1H, d, J = 1.6, 8.6 Hz, H-5), 8.65 (1H, d, J = 1.6 Hz, H-4),
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10.10 (1H, s, -CHO). Anal. calcd. for C20H14NOCl: C, 75.12; H,

4.41; N, 4.38. Found: C, 75.06; H, 4.40; N, 4.37. LCY-2-CHO

(purity > 99%) was dissolved in DMSO.

2.3. Cell culture

Murine microglial cell line N9 (kindly provided by Dr. P.

Ricciardi-Castagnoli, CNRCellular and Molecular Pharmacology

Center, Italy), obtained by immortalization of E13 mouse

embryonic cultures with the 3RV retrovirus carrying an

activated v-myc oncogene that is similar to primary microglia

in producing substantial amounts of NO and various cytokines

after stimulation [11], was cultured in IMDM, supplemented

with 5% heat-inactivated fetal calf serum (FCS), 100 U/ml

penicillin and 100 mg/ml streptomycin, and 50 mM b-mercap-

toethanol at 37 8C in humidified incubator with 5% CO2. Stock

cells were passaged 2–3 times/week with 1:10 split ratio and

used within 8 passages. Murine microglial cell line BV-2 (kindly

provided by Dr. J.-S. Hong, Neuropharmacology Section, NIEHS,

Research Triangle Park, NC, USA), obtained by infecting primary

microglia with a v-raf/v-myc oncogene-carrying retrovirus that

exhibits both the phenotypic and functional properties of

reactive microglia cells [12], was cultured in DMEM supple-

mented with 10% FCS, penicillin and streptomycin.

Rat primary microglial cultures were prepared as pre-

viously described [13]. Briefly, the cerebral cortices of 1-day-

old rats (Sprague-Dawley) were dissected. The tissue chunks

were incubated with papain solution (100 U/ml of papain,

0.5 mM EDTA, 0.2 mg/ml of cysteine, 1.5 mM CaCl2, and 0.21%

DNase I) at 37 8C for 20 min to dissociate the cells. The cells

were suspended in the DMEM supplemented with 10% horse

serum and plated onto poly-D-lysine-coated 75-mm2 flask in

humidified incubator with 5% CO2 for 24 h. The medium was

replaced by the DMEM supplemented with 10% FCS, penicillin

and streptomycin, and the medium was changed every 4–5

days thereafter till 10–14 days after plating. Flasks were then

shaken (150 rpm for 20 min) in a rotary shaker, and detached

cells (as microglia) were plated into 96-well plate at a density of

8 � 104 cells/well with purity �98% (assessed using ED-1

antibody). All experiments in the present study were per-

formed under the guidelines of the Institutional Experimental

Laboratory Animal Committee and were in strict accordance

with the principles and guidelines contained in the Guide for

the Care and Use of Laboratory Animals published by the U.S.

National Institutes of Health.

2.4. Determination of NO production and iNOS activity
assay

N9 cells (8 � 104 cells/well), BV-2 cells (8 � 104 cells/well) or

primary microglia (8 � 104 cells/well) were seeded onto 96-well

plates and allowed to adhere overnight. Cells were then treated

with the test drug at 37 8C for 1 h before stimulation with LPS

(10 ng/ml)/IFNg (10 U/ml) for 18 h (for N9 cells) or with LPS (1 mg/

ml) for 24 h (for BV-2 cells and rat primary microglia) in a final

volume of 0.2 ml. The production of NO was determined by

measuring the accumulation of nitrite, the stable metabolite of

NO, in culture medium based on the Griess reaction. A standard

nitrite curve was generated in the same fashion using NaNO2. In

the iNOS activity assay, N9 cells were stimulated with LPS/IFNg
for 12 h and then washed twice with PBS. Test drugs were added

for an additional 12 h in the absence of LPS/IFNg. The nitrite

content of culture media was analyzed as above.

2.5. Preparation of cell lysates and nuclear extracts

Cells were washed twice with PBS and harvested in Laemmli

SDS sample buffer as cell lysate preparation. Nuclear extracts

were prepared as previously described [14]. Briefly, cells were

suspended in hypotonic buffer (10 mM HEPES, pH 7.9, 10 mM

KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, 0.5 mM

phenylmethylsulfonyl fluoride, 1 mM NaF, and 1 mM Na3VO4)

and incubated on ice for 15 min. Cells were then lysed by the

addition of 0.5% Nonidet P-40 and vigorous vortexing for 10 s.

The nuclei were pelleted by centrifugation (12,000 � g for

2 min at 4 8C) and resuspended in extraction buffer (20 mM

HEPES, pH 7.9, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM

dithiothreitol, 1 mM NaF, and 1 mM Na3VO4). After 15 min on

ice, lysates were centrifuged (12,000 � g for 10 min at 4 8C), and

the supernatants were removed and stored at �70 8C.

2.6. Western blot analysis

Cell lysates (30 mg protein) or nuclear extracts (5 mg protein)

were separated by 7.5% SDS-PAGE (for iNOS and b-actin), 10%

SDS-PAGE (for c-Jun, MAPKs, STAT-1, CREB, and IRF-1), or 13%

SDS-PAGE (for C/EBPb and C/EBPd) and electrophoretically

transferred to polyvinylidene difluoride membranes. Mem-

branes were incubated with 5% non-fat milk in TBST (10 mM

Tris–HCl, pH 7.5, 150 mM NaCl, and 0.1% Tween 20) for 1 h, and

blotted with various antibodies. After washing with TBST

buffer, HRP-labeled IgG was added at room temperature for

1 h. The blots were developed using Immobilon Western

chemiluminescent HRP substrate. The band intensity was

detected and quantitated by Luminescent Image Analyzer

(Fujifilm LAS-3000) using MultiGauge software.

2.7. RNA extraction, reverse transcriptase-polymerase
chain reaction (RT-PCR) and Northern blot analysis

The total RNA (20 mg), isolated from N9 cells using REzolTM

C&T reagent according to the instructions of the manufac-

turer, was subjected to electrophoresis on 1% agarose gels,

then transferred onto Hybond-N+ nylon membranes by

electroblotting. After UV cross-linking, the membranes were

prehybridized, and then hybridized with a cDNA probe [7]. The

iNOS and GAPDH cDNA probes were amplified by reverse

transcription-polymerase chain reaction (RT-PCR) using pub-

lished iNOS and GAPDH primers. The primers used are as

follows: iNOS, sense primer: 50-TCA TTG TAC TCT GAG GGC

TGA CAC A-30, antisense primer: 50-GCC TTC AAC ACC AAG

GTT GTC TGC A-30; and GAPDH, sense primer: 50-TAT GAC AAC

TCC CTC AAG AT-30, antisense primer: 50-AGA TCC ACA ACG

GAT ACA TT-30 [7]. The PCR products were labeled with a

random primer fluorescein labeling kit. After hybridization,

the membranes were washed and subsequently probed with

antifluorescein-HPR conjugated antibody before visualization

with the nucleic acid chemiluminescence reagent. To ensure

equal loading of RNA, a GAPDH probe was used as an internal

control to normalize iNOS mRNA expression. The densities of
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the bands were detected and quantitated by Luminescent

Image Analyzer (Fujifilm LAS-3000) using MultiGauge soft-

ware. For mRNA degradation assay, cells were stimulated with

LPS/IFNg for 12 h. After washing, cells were incubated with

vehicle or test drug in the presence of actinomycin D (5 mg/ml)

for various time periods, and then the iNOS mRNA was

determined.

2.8. Electrophoretic mobility shift assay (EMSA)

The consensus sequence of DNA probe used to detect the

DNA-binding activities is as follows: NF-kB, 50-TCG ACC AAC

TGG GGA CTC TCC CTT TGG GAA CA-30 [15]; AP-1, 50-TCG AGA

TCC GCT TGA TGA CTC AGC CGG AA-30 [16]; CREB, 50-AGA GAT

TGC CTG ACG TCA GAG AGC TAG-30; C/EBP, 50-TGC AGA TTG

CGC AAT CTG CA-3 [17]; NF-IL6, 50-CCA CAG AGT GAT GTA

ATC A-30 [18]. Nuclear extract (5 mg) was used for EMSA after

end labeling of the DNA probes with DIG gel shift kit according

to the protocol of the manufacturer. Samples were loaded on

to 6% native polyacrylamide gels. The gels were then

transferred onto positive charge nylon membrane for chemi-

luminescent detection. The specificity of binding was deter-

mined by the addition of 20-fold unlabeled oligonucleotide.
Fig. 2 – LPS/IFNg induced NO production and iNOS protein expr

production in microglial cells. N9 cells were treated with the in

before the measurement of (A) nitrite in medium and (B) iNOS pr

4 independent experiments. The iNOS protein and b-actin (as lo

blot analysis and the mean of relative densitometric value from
*P < 0.05, **P < 0.01, compared with the corresponding resting val

cells, (D) BV-2 cells or rat primary microglia were treated with t

before stimulation with LPS (10 ng/ml)/IFNg (10 U/ml) for 18 h (fo

primary microglia), and then the nitrite in the medium was det

experiments. **P < 0.01, compared with the corresponding contr
Before the binding reaction, supershift assays were carried out

by the addition of 2 mg of specific antibody to the nuclear

extract at 4 8C overnight.

2.9. Statistical analysis

Statistical analyses were performed using Student’s t test for

two group comparison and the Bonferroni t test method after

ANOVA for multigroup comparison; P < 0.05 was considered

statistically significant. Analysis of the regression line test was

used to calculate IC50 values.
3. Results

3.1. Effect of LCY-2-CHO on NO production in microglial
cells

Treatment of N9 cells with either LPS or IFNg evoked NO

production in a concentration-dependent manner. The NO

production was markedly stimulated when LPS (10 ng/ml) and

IFNg (10 U/ml) were given in combination (Fig. 2A). This result

is in accordance with that of a previous report [19]; however
ession in N9 cells, and effect of LCY-2-CHO (LCY) on NO

dicated concentrations of LPS (mg/ml)/IFNg (U/ml) for 18 h

otein expression in cells. Nitrite values are means W S.D. of

ading control) in cell lysates were determined by Western

4 independent experiments is shown below the blots.

ues (1st column for (A) and 1st lane for (B)). #P < 0.001. (C) N9

he indicated concentrations (mM) of LCY or 1400 W for 1 h

r N9 cells) or with LPS (1 mg/ml) for 24 h (for BV-2 cells and

ermined. Values are means W S.D. of 4 independent

ol values (2nd group columns).
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less then a 10-fold concentration was required in the present

study to release a similar amount of NO. It is believed that

iNOS plays a major role in the NO production in activated

inflammatory cells. The parallel changes in NO production

and iNOS protein expression (Fig. 2B) support the potentiating

effect of LPS in the presence of IFNg, therefore LPS (10 ng/ml) in

combination with IFNg (10 U/ml) (LPS/IFNg) was used as

stimulant in the following experiments. Pretreatment of cells

with LCY-2-CHO attenuated the LPS/IFNg-induced NO produc-

tion in a concentration-dependent manner (Fig. 2C) with an

IC50 value of 1.8 � 0.1 mM. Under the same experimental

conditions, addition of 10 and 100 mM 1400 W, a widely used

iNOS inhibitor [20], resulted in 50% and 90% inhibition,

respectively, of NO production. Cell viability, assessed in

lactate dehydorgenase (LDH) release and 30-(4,5-dimethylthia-

zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction,

was >95% within the reaction intervals (data not shown). The

inhibition by LCY-2-CHO of NO production was also observed
Fig. 3 – Effects of LCY-2-CHO (LCY) on the expression of iNOS p

were stimulated with LPS (10 ng/ml)/IFNg (10 U/ml) for 12 h, the

0.3 mM L-NAME for additional 12 h in the absence of LPS/IFNg be

means W S.D. of 4 independent experiments. **P < 0.01, compare

treated with the indicated concentrations (mM) of LCY for 1 h bef

respectively, for measuring the expression of (B) iNOS protein by

and (C) iNOS mRNA by means of Northern blot analysis (GAPDH

independent experiments. *P < 0.05, **P < 0.01, compared with th

stimulated with LPS/IFNg for 12 h, and then washed with PBS a

periods (h) in a fresh medium containing 5 mg/ml of actinomyc

means W S.D. of 3 independent experiments.
in LPS-stimulated BV-2 microglial cells and rat primary

microglia (Fig. 2D) with the IC50 values of 0.8 � 0.1 and

3.2 � 0.8 mM, respectively.

3.2. Effects of LCY-2-CHO on iNOS activity and the
expression of iNOS protein and mRNA

We next examined whether the expression of iNOS protein

and iNOS activity can be influenced by LCY-2-CHO in N9

cells. Stimulation with LPS/IFNg for 12 h significantly

increased the cellular iNOS activity (Fig. 3A). Subsequent

LCY-2-CHO (up to 5 mM) addition had no appreciable effect

on the expressed iNOS activity, whereas the NOS inhibitor L-

NAME (0.3 mM) attenuated the iNOS activity to 11.0 � 2.0%

of the control value. Western blot analysis demonstrated

that LCY-2-CHO down-regulated iNOS protein expression in

N9 cells (with an IC50 value of 0.8 � 0.5 mM) (Fig. 3B) as well

as in LPS-stimulated rat primary microglia (with an IC50
rotein and mRNA and on iNOS activity in N9 cells. (A) Cells

n washed with PBS and treated with DMSO, 5 mM LCY or

fore the measurement of nitrite in the medium. Values are

d with the control value (2nd column). Cells were also

ore stimulation with LPS/IFNg for an additional 18 and 6 h,

means of Western blot analysis (b-actin as loading control)

as internal standard). Values are means W S.D. of 4

e corresponding control values (2nd column). (D) Cells were

nd treated with DMSO or 5 mM LCY for the indicated time

in D before the measurement of iNOS mRNA. Values are



Fig. 4 – Effects of LCY-2-CHO (LCY) on the binding activation of NF-kB, AP-1, CREB, C/EBP and NF-IL6 in N9 cells. Cells were

treated with the indicated concentrations (mM) of LCY for 1 h before stimulation with LPS (10 ng/ml)/IFNg (10 U/ml) for

additional 1.5 h. The nuclear extracts were prepared and EMSA was performed by incubation with a DIG-labeled probe

containing sequences for promoter (A) NF-kB, (B) AP-1, (C) CREB, (D) C/EBP and (E) NF-IL6 binding. The mean of relative

densitometric value from 4 independent experiments is shown below the graphs. **P < 0.01, compared with the

corresponding control values (2nd lane). Specificity was conducted by the addition of 20-fold excess of unlabeled

oligonucleotide competitors to nuclear extracts (the middle graph of each panel). The supershift experiments were carried

out by incubation of nuclear extract with specific antibody before the binding reaction (the lower graph of each panel).
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value of 1.9 � 0.8 mM) (data not shown). Therefore, we

undertook experiments to assess whether LCY-2-CHO can

affect the iNOS gene expression. LCY-2-CHO decreased iNOS

mRNA expression in N9 cells with an IC50 value of

2.5 � 0.9 mM as evidenced by Northern blot analysis

(Fig. 3C). Moreover, 12 h after stimulation of cells with

LPS/IFNg, the degradation rate of the expressed iNOS mRNA

was not changed by subsequent addition of LCY-2-CHO (t1/2

value of 2.2 � 0.8 h vs. 2.8 � 1.1 h for control, P > 0.05)

(Fig. 3D) in the presence of actinomycin D to blockade the

synthesis of new iNOS mRNA.
3.3. Effect of LCY-2-CHO on DNA-binding activity of
transcription factors in the iNOS promoter

To determine whether LCY-2-CHO influences the activation of

transcription factors, which have binding sites in iNOS

promoter, we examined its effects on the DNA-binding activity

of NF-kB, AP-1, CREB, C/EBP and NF-IL6 by using EMSA. After

stimulation with LPS/IFNg, the DNA-binding activity of these

transcription factors was detectable at 0.5 h and peaked at 1.5–

2 h before declining (data not shown). The time of maximal

response was used in the following EMSA experiments. LCY-2-



Fig. 5 – Effect of LCY-2-CHO (LCY) on nuclear translocation of transcription factors in N9 cells. (A) Cells were treated with the

indicated concentrations (mM) of LCY for 1 h before stimulation with LPS (10 ng/ml)/IFNg (10 U/ml) for additional 1.5 h, and

then the nuclear extracts were prepared for Western blot analysis by using antibodies against NF-kB (p50 and p65), c-Jun or

PCNA (as loading control). The mean of relative densitometric value from 3 independent experiments is shown below the

blots. **P < 0.01, compared with the corresponding control value (2nd lane). Cells were also treated with DMSO or 5 mM LCY

for 1 h before stimulation with LPS/IFNg for the indicated time periods (h), and then nuclear extracts were prepared for

Western blot analysis using antibodies against (B) C/EBPb (LAP and LIP) or (C) C/EBPd. The densitometric values of C/EBPs

are expressed as means W S.D. of 4 independent experiments. *P < 0.05, **P < 0.01, compared with the corresponding resting

values (1st group columns); #P < 0.05, ##P < 0.01, compared with the corresponding DMSO-treated values.
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CHO attenuated the LPS/IFNg-induced DNA-binding activity of

AP-1 (about 40% inhibition at 5 mM LCY-2-CHO) (Fig. 4B), C/EBP

and NF-IL6 (IC50 values of 1.9 � 1.2 and 3.7 � 0.3 mM, respec-

tively) (Fig. 4D and E), whereas it had no effect on NF-kB

(Fig. 4A) or CREB (Fig. 4C). The specificity of DNA-binding was

confirmed by using an excessive oligonucleotide competitor.

The supershift experiments were assessed by incubation of

nuclear extract with specific antibody before the binding

reaction. These results suggest the involvement of AP-1, C/EBP

and NF-IL6 signalings in LCY-2-CHO-mediated inhibition of

iNOS expression.

3.4. Effects of LCY-2-CHO on the levels of nuclear
transcription factors

It is believed that the recruitment of transcription factors to

nucleus is essential for transcriptional activation. LCY-2-CHO

did not affect the levels of nuclear NF-kB as assessed by

immunoblot analysis of p65 and p50, two subunits of NF-kB

heterodimer in microglia [21], in nuclear extracts of LPS/IFNg-
stimulated N9 cells, whereas it attenuated the levels of nuclear

c-Jun, a major AP-1 component (about 50% inhibition at 5 mM

LCY-2-CHO) (Fig. 5A).

Six members of C/EBP transcription factor family have been

identified, among them, C/EBPb and C/EBPd have been

implicated in glial iNOS induction [4]. NF-IL6 is a member of

the C/EBP family and is composed of C/EBPb and C/EBPd in

transcription activation by LPS. Three C/EBPb isoforms includ-

ing two full-length liver-enriched activating proteins (LAPs), 38-

and 35-kDa, and a 21-kDa truncated liver-enriched inhibitory

protein (LIP) have been identified. Only LAPs have been reported

to function as transcriptional activators, whereas LIP lacks a

transactivation domain in a dominant negative fashion [22]. All

three C/EBPb isoformsas well as C/EBPd wereevident in N9cells,

which showed a time-dependent increase in the nuclear levels

of these isoforms in response to LPS/IFNg (Fig. 5B and C).

Pretreatment of cells with 5 mM LCY-2-CHO attenuated the

levels of nuclear C/EBPb (about 40% and 30% inhibition for LAPs

and LIP, respectively, at 4.5 h after LPS/IFNg stimulation),

whereas it had no effect on the levels of nuclear C/EBPd.



Fig. 6 – Effect of LCY-2-CHO (LCY) on phosphorylation of transcription factors in N9 cells. (A) Cells were treated with the

indicated concentrations (mM) of LCY for 1 h before stimulation with LPS (10 ng/ml)/IFNg (10 U/ml) for additional 15 min,

then cell lysates were prepared for Western blot analysis using antibodies against phospho-c-Jun, c-Jun (as loading

control), phospho-CREB or CREB (as loading control) (left panel). Cells were also incubated with 5 mM LCY for 1 h before

stimulation with LPS/IFNg for the indicated time periods before Western blot analysis (right panel). The mean of relative

densitometric value from 3–4 independent experiments is shown below the blots. Cells were treated with DMSO or 5 mM

LCY for 1 h before stimulation with LPS/IFNg for the indicated time periods (h), and then cell lysates were prepared for

Western blot analysis using antibodies against (B) phospho-C/EBPb (Ser105), phospho-C/EBPb (Thr235), C/EBPb (LAP and

LIP) or b-actin (as loading control). The ratio of immunointensity between the phospho-c-Jun, phospho-CREB, phospho-C/

EBPb and the corresponding loading controls was calculated. The mean of relative ratio value from 3 independent

experiments is shown below the blots. *P < 0.01, compared with the corresponding resting values (1st lane of each group);
#P < 0.01, compared with the corresponding DMSO-treated values.
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3.5. Effects of LCY-2-CHO on phosphorylation of
transcription factors

Both c-Jun and CREB were activated through phosphorylation

and translocated into nucleus for transcription of target genes

[23,24]. LPS/IFNg stimulation evoked the phosphorylation of c-

Jun and CREB in N9 cells, and these responses were not

changed in the presence of LCY-2-CHO (Fig. 6A) even with time

up to 1.5 h after LPS/IFNg stimulation. To standardize protein

loading in each lane, blots were stripped and reprobed with

the antibody against c-Jun or CREB. There was no difference in

the total cellular levels of c-Jun between the LCY-2-CHO-

treated and control cells.

In addition to the regulation by nuclear translocation,

phosphorylation has been also proposed to regulate C/EBPb

activity [25]. Fig. 6B shows a time-dependent manner of the

phosphorylation of C/EBPb at Thr235 and Ser105 residues in

N9 cells by Western blot analysis using anti-phospho-C/EBPb

(Thr235) and anti-phospho-C/EBPb (Ser105) antibodies,

respectively. Phosphorylation of C/EBPb was detectable at
3 h and the immunointensity continued to rise for at least 4.5 h

after exposure to LPS/IFNg. A significant attenuation of C/EBPb

phosphorylation and the total level of C/EBPb by LCY-2-CHO

was observed at 4.5 h after LPS/IFNg stimulation.

3.6. Effect of LCY-2-CHO on the protein expression of C/
EBPb and C/EBPd

It has been reported that the inflammatory stimulation leads

to alteration of C/EBPs expression in microglia [26]. Therefore,

we undertook experiments to assess whether the decrease in

the levels of nuclear C/EBP is mediated by LCY-2-CHO

inhibition of C/EBP expression. Western blot analysis of cell

lysates indicated that the cellular levels of both C/EBPb and C/

EBPd were increased in a time-dependent manner in LPS/IFNg-

stimulated N9 cells, with immunoreactive bands being

detectable at 3 h (Fig. 7A and B). C/EBPb continued to rise

for at least 18 h, whereas C/EBPd continued to rise for 6 h and

declined thereafter (data not shown). A similar time-depen-

dent increase in C/EBPb expression was also demonstrated in



Fig. 7 – Effects of LCY-2-CHO (LCY) on C/EBPb and C/EBPd

protein expression in N9 cells. Cells were treated with

DMSO or 5 mM LCY for 1 h before stimulation with LPS

(10 ng/ml)/IFNg (10 U/ml) for the indicated time periods (h),

and then cell lysate were prepared for Western blot

analysis using antibodies against (A) C/EBPb and (B) C/

EBPd or b-actin (as loading control). The densitometric

values of C/EBPs are expressed as means W S.D. of 4

independent experiments *P < 0.05, **P < 0.01, compared

with the corresponding resting values (1st group

columns); #P < 0.05, ##P < 0.01, compared with the

corresponding DMSO-treated values.

Fig. 8 – Effect of LCY-2-CHO (LCY) on STAT signaling

pathway in N9 cells. (A) Cells were treated with the

indicated concentrations (mM) of LCY for 1 h before

stimulation with LPS (10 ng/ml)/IFNg (10 U/ml) for an

additional 1 h. The STAT-1 and PCNA (as loading control),

phospho-STAT-1, IRF-1 and b-actin (as loading control) in

the nuclear extracts were determined by Western blot

analysis. The result shown is representative of 4

independent experiments. (B) Cells were treated with the

indicated concentrations (mM) of LCY for 1 h before

stimulation with 2 mg/ml of LPS for another 24 h. The

nitrite content of culture media was analyzed. Values are

means W S.D. of 4 independent experiments. *P < 0.01,

compared with the control value (2nd column).
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macrophages [27]. LCY-2-CHO attenuated the expression of all

three isoforms of C/EBPb at 4.5 h after LPS/IFNg stimulation,

whereas it did not affect the cellular levels of C/EBPd.

3.7. Effect of LCY-2-CHO on STAT signaling pathway

Since IFNg activates transcription factors IRF-1 and STAT-1 [4],

we therefore examined the effect of LCY-2-CHO on activation

of these factors in response to LPS/IFNg. The results displayed

in Fig. 8A indicate that stimulation of N9 cells with LPS/IFNg

elicited a prominent phosphorylation of STAT-1 and increased

the nuclear levels of both IRF-1 and STAT-1. LCY-2-CHO (up to
5 mM) failed to change these LPS/IFNg-induced responses. In

the absence of IFNg, LPS alone evoked NO production in N9

cells at higher concentrations (2 mg/ml of LPS) (Fig. 8B). LCY-2-

CHO exhibited an inhibitory effect on LPS-induced NO

production with an IC50 value of 1.2 � 0.2 mM.

3.8. Effect of LCY-2-CHO on phosphorylation of mitogen-
activated protein kinases (MAPKs)

MAPKs cascades have been implicated in the regulation of

iNOS expression at the transcriptional level in LPS-stimulated

glial cells [28]. It is conceivable that the dual-phosphorylation

of a conserved domain (TXY) in the activation loop of MAPKs



Fig. 9 – Effects of LCY-2-CHO (LCY) on MAPKs phosphorylation in N9 cells. Cells were treated with the indicated

concentrations (mM) of LCY for 1 h before stimulation with LPS (10 ng/ml)/IFNg (10 U/ml) for additional 15 min, and then cell

lysate were prepared for Western blot analysis using antibodies against phospho-p38 MAPK, p38 MAPK (as loading

control), phospho-ERK1/2, pan-ERK (as loading control), phospho-JNK or JNK (as loading control) (left panel). Cells were also

incubated with 5 mM LCY for 1 h before stimulation with LPS/IFNg for the indicated time periods before Western blot

analysis (right panel). The ratio of immunointensity between the phospho-MAPKs, phospho-JNK and the corresponding

loading controls was calculated. The mean of relative ratio value from 4 independent experiments is shown below the

blots.
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by the upstream MEKs leads to activation of ERK, p38 MAPK

and JNK [29]. LPS/IFNg stimulation increased the phosphor-

ylation of p38 MAPK, ERK and JNK (both p46 and p54 isoforms)

in N9 cells as assessed by immunoblot analysis of dually

phosphorylated forms of MAPKs (Fig. 9), but LCY-2-CHO had

no appreciable inhibitory effect on MAPKs phosphorylation

even with time up to 1.5 h of exposure of cells to LPS/IFNg. To

standardize protein loading in each lane, blots were stripped

and reprobed with the antibodies against p38 MAPK, pan-ERK

or JNK. p38 MAPK activation was also assessed in monitoring

the phosphorylation of downstream target MAPK-activated

protein kinase-2 (MAPKAPK-2) by immunoblotting. LCY-2-

CHO had no appreciable effect on LPS/IFNg-stimulated

MAPKAPK-2 phosphorylation (data not shown).
4. Discussion

In the present study, we demonstrated that a synthetic

carbazole compound LCY-2-CHO inhibited NO production in

LPS/IFNg-stimulated N9 microglial cells and in LPS-stimulated

BV-2 microglial cells and rat primary microglial cells. Therefore,

LCY-2-CHO inhibition of NO production is not restricted to

macrophages, as indicated in previous reports [7,8] and to

immortalized microglial-like cells. This inhibitory effect is not

mediated by cytotoxic effect on microglia. LCY-2-CHO had no
appreciable inhibitory effect on the enzymatic activity of

expressed iNOS. It is plausible that the blockade of transcription

step plays an important role as evident from the parallelism of

the inhibition of both iNOS protein and mRNA expression by

LCY-2-CHO, which was carried out without affecting the half-

life of the expressed iNOS mRNA. The attenuation of nuclear

levels of transcription factors AP-1 and C/EBP and their binding

to the DNA consensus sequence of the iNOS promoter

reinforces the critical role for transcriptional regulation in

LCY-2-CHO inhibition of microglial NO production.

NF-kB and AP-1 have been the most commonly studied

transcription factors that modulate iNOS expression. NF-kB is

composed of p65 and p50 heterodimer in microglia [21], and c-

Jun/c-Fos heterodimer is the prominent form of AP-1 [30]. The

results that LCY-2-CHO effectively inhibited DNA-binding

activity of AP-1 and attenuated the nuclear levels of c-Jun,

whereas it did not have any appreciable effect on NF-kB

activation as assessed in DNA-binding activity of NF-kB and in

nuclear levels of p50 and p65 in N9 microglial cells, are

compatible with the results of earlier reports on RAW 264.7

murine macrophages [7,8]. Many of the LPS effects on glial

cells are mediated through activation of the MAPKs [28]. Three

major subfamilies of MAPK cascades, i.e., ras-raf1-MEK1/2-

ERK1/2, rac-MEKK1-MEK4/7-JNK1/2 and MEK3/6-p38 MAPK,

have been defined [29]. MAPKs transmit signals in the form of

sequential phosphorylation events. The MAPKs are activated
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upon dual-phosphorylation of Tyr and Thr residues in the

activation loop of the kinase domain. Stimulation of N9 cells

with LPS/IFNg resulted in the dual-phosphorylation of all three

MAPKs (ERK, p38 MAPK and JNK). The downstream targets of

ERK and JNK include AP-1 [31]. Activation of JNK, in turn,

phosphorylates the N-terminus (Ser63 and Ser73) of c-Jun

protein leading to increases in activity [32]. However, LCY-2-

CHO did not affect the MEK-JNK-c-Jun cascades as evidenced

from the failure of LCY-2-CHO to alter the phosphorylation

states of JNK, ERK and c-Jun. The loss of nuclear AP-1 likely

results from decreased import or enhanced export by LCY-2-

CHO, since (1) there was no difference in the total cellular levels

of c-Jun between the LCY-2-CHO-treated and control cells,

precluding the increased degradation of AP-1; and (2) both the

DNA-binding and nuclear levels of AP-1 were attenuated by

LCY-2-CHO with the same efficacy. It has been reported that c-

Jun binds specifically to the nuclear import receptor importin in

a leucine zipper-dependent manner to promote efficient import

of transcription factor c-Jun into the nucleus [33]. The import

complex is then dissociated in the nucleus upon the interaction

of Ran-GTP with importin, before recycling of the latter into the

cytosol. Further study will be required to clarify the mechanism

of LCY-2-CHO inhibition of AP-1 nuclear recruitment. Since p38

MAPK is required for NF-kB-dependent gene expression [34], the

lack of effect on p38 MAPK activation as assessed by Western

blot analysis of the phosphorylation of both p38 MAPK and its

downstream MAPKAPK-2 is in line with the notion that LCY-2-

CHO inhibition of iNOS expression does not implicate a NF-kB

signaling.

The synergistic NO production after combined treatment

with LPS and IFNg indicates that they act through comple-

mentary signaling pathways that are required for optimal

activation of iNOS/NO system. The Janus tyrosine kinase

(JAK)-STAT pathway has been implicated in IFNg-induced

iNOS expression in glial cells [35]. Phosphorylated STAT-1

translocates to the nucleus and induces transcription of IRF-1

via binding to the g-interferon-activated site (GAS) [36], and

IRF-1 plays a role in the expression of iNOS via binding to the

interferon-stimulated responsive element (ISRE) of the iNOS

promoter. The results that LCY-2-CHO did not affect the

phosphorylation of STAT-1 and the nuclear levels of STAT-1

and IRF-1 preclude the involvement of IFN-JAK-STAT-IRF

signaling pathway, and the finding that similar IC50 values

were obtained in LCY-2-CHO inhibition of LPS-induced NO

production whether in the presence or absence of IFNg

reaffirms this interpretation. Thus, LCY-2-CHO primarily

affects the LPS-mediated signaling pathways.

In the present study, we found that a 2–3-fold lower

concentration of LCY-2-CHO was required to diminish C/EBP

and NF-IL6 binding to the DNA consensus sequence of the

iNOS promoter than to inhibit DNA-binding activity of AP-1. It

is likely that the transcriptional activity of C/EBP and NF-IL6

also plays an important role. Six members of the C/EBPs, a

family of leucine zipper transcription factors, including C/

EBPa, C/EBPb, C/EBPg, C/EBPd, C/EBPe and growth arrest DNA

damage/C/EBP homologous protein (CHOP/Gadd153), have

been identified. Among them, C/EBPb and C/EBPd have been

implicated in induction of glial iNOS [4]. NF-IL6, also known as

C/EBPb, was shown to form heterodimer with C/EBPd (or NF-

IL6b), resulting in a synergistic transcriptional effect [4] which
recognizes the same nucleotide sequences as C/EBP. We,

therefore, focused here on examining the effect of LCY-2-CHO

on C/EBPb and C/EBPd activation. A previous report demon-

strated that the transcriptional activity of C/EBP correlated

with its phosphorylation, DNA-binding ability and nuclear

localization [37]. C/EBPb contains an intramolecular auto-

inhibitory element that hinders its binding to DNA, and this

autoinhibition is relieved upon phosphorylation at several

discrete Thr or Ser residues by various protein kinases [25].

Phosphorylation of C/EBPb at Ser105 by 90 kDa ribosomal S6

kinase (RSK), the main MAPKAPK of the ERK cascade, and at

Thr235 by ERK, results in recruitment of C/EBPb to nucleus for

the gene transactivation [38,39]. Although the phosphoryla-

tion of C/EBPb at Ser105 and Thr235 residues as well as the

nuclear levels of C/EBPb was attenuated by LCY-2-CHO, this

inhibitory effect may result from LCY-2-CHO-decreased C/

EBPb expression in LPS/IFNg-stimulated cells as evidenced

from (1) the closely matched inhibitory profiles, including the

time dependency and inhibitory intensity, of all three

responses; and (2) the result that ERK activation was not

affected by LCY-2-CHO. This is in accordance with the findings

of a previous report that the most frequent mode of regulation

of C/EBP is by increased de novo synthesis [27]. All three

MAPKs (ERK, p38 MAPK and JNK) pathways which mediated

the LPS activation of AP-1 and CREB have been implicated in

the induction of C/EBPb gene transcription in LPS-stimulated

microglia [26]. Based on current data, the blockade of AP-1

transactivation seems to be the most likely mechanism of

attenuation of C/EBPb upregulation by LCY-2-CHO in LPS/

IFNg-stimulated N9 cells. Although the participation of other

transcription factors has not been excluded, further studies

are warranted to clarify this mechanism. A recent report has

demonstrated that the murine C/EBPd gene promoter is

regulated by STAT-3 and Sp1 transcriptional activators [40].

LCY-2-CHO failed to modulate the expression and the nuclear

levels of C/EBPd implying a lack of effect on these transcription

factors. However, it is worth noting that LCY-2-CHO inhibition

of C/EBP binding to the DNA consensus sequence of the iNOS

promoter could play a major role during the initial stage of

iNOS transcriptional activation, since LCY-2-CHO inhibition of

C/EBP DNA-binding activity (at 1.5 h) before C/EBPb and C/EBPd

concentrations increased (at 3 h) in LPS/IFNg-stimulated

microglia, while effective attenuation of C/EBPb expression

(at 4.5 h) by LCY-2-CHO could contribute to maintenance of the

inhibition of iNOS transcription. This proposition is in line

with the finding of a previous report that the specific C/EBP

induction mechanism may not be required for the rapid

activation of some endogenous target genes [27].

The second messenger cAMP mediates the transcriptional

induction of numerous genes through protein kinase A (PKA)-

dependent phosphorylation of transcription factors, including

C/EBPb (Ser299) and CREB (Ser133) [41,42], which is essential

for nuclear translocation and transcriptional activation.

Although a number of studies have reported the effects of

cAMP on NO production, the role of cAMP in the microglia and

macrophages remains controversial [43,44]. In the present

study, it is unlikely that LCY-2-CHO inhibition of NO

production in N9 cells was via the cAMP-PKA signaling

pathway because it had no appreciable effect on phosphor-

ylation of CREB at Ser133 residue.



Fig. 10 – Schematic diagram showing the mechanisms

underlying the inhibition by LCY-2-CHO (LCY). The

signaling molecules generally employed in mediating

activation of the transcription factors for iNOS expression

in response to LPS/IFNg are indicated. Some additional

signaling molecules in these pathways have been omitted

for the sake of clarity. The broken line arrow indicates the

possible sites of action of LCY.
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In summary, we have demonstrated that inhibition of LPS/

IFNg-induced NO production by LCY-2-CHO in microglia is

attributed to the down-regulation of AP-1 activity probably

through the interference with nuclear translocation, and to the

suppression of C/EBP activity probably through the blockade of

DNA-binding and C/EBPb expression (Fig. 10). Further investi-

gation is required to identify the molecular target(s) of LCY-2-

CHO in the AP-1 and C/EBP signaling pathways. It is worth

noting that C/EBPb contributes to the stimulation of transcrip-

tion in conjunction with transcription factors of other families

[45]. It is reasonable to propose that inhibition of both C/EBP and

AP-1 by LCY-2-CHO represents a potential therapeutic strategy

for the treatment of neurological disorders in which activated

microglia contributes to neurodegeneration.
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