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Abstract

Excess nitric oxide (NO) in the brain released by microglial cells contributes to neuronal damage in various pathologies of the

central nervous system (CNS) including neurodegenerative diseases and multiple sclerosis. N-[3,4-Dimethoxycinnamoyl]-anthranilic

acid (tranilast, TNL) is an anti-allergic compound which suppresses the activation of monocytes. We show that inducible nitric oxide

synthase (iNOS) mRNA and protein expression and the release of NO from N9 microglial cells stimulated with the bacterial

endotoxin lipopolysaccharide (LPS) are inhibited when the cells are exposed to TNL. TNL fails to modulate LPS-stimulated nuclear

factor-kB (NF-kB) reporter gene activity and phosphorylation of inhibitory kB (IkB), indicating that NF-kB is not involved in the

TNL-mediated suppression of LPS-induced iNOS expression. Moreover, TNL inhibits LPS-induced phosphorylation of extracellular

signal-regulated kinase 2 (ERK-2). Finally, TNL abolishes translocation of protein kinase Cd (PKCd) to the nucleus and suppresses

the phosphorylation of the PKCd substrate, myristoylated alanin-rich C kinase substrate (MARCKS). We conclude that the anti-

allergic compound TNL suppresses microglial iNOS induction by LPS via inhibition of a signalling pathway involving PKCd and

ERK-2.

# 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Microglial cells constitute a unique cell population

within the central nervous system (CNS) ensuring brain

homeostasis. With respect to morphology and function

microglia closely resemble the phenotype of macrophages.

Reactive microglial cells play a role in many CNS pathol-

ogies including ischemia, neurodegeneration, infection,

tumorigenesis and autoimmunity [1]. Microglial cells

may serve various functions including phagocytosis, anti-

gen presentation and the release of pro- and anti-inflam-

matory cytokines in response to stress stimuli [2]. One of

the central mediators of the microglial stress response is

nitric oxide (NO). NO has been implied in the regulation of

vascular integrity, neurotransmission and inflammation

[3]. NO is synthesized from L-arginine by nitric oxide

synthase (NOS). Of the three NOS isoforms, inducible

NOS (iNOS) is expressed in glial cells as a response to

bacterial endotoxins or pro-inflammatory cytokines [4].

Excess NO released by microglial cells as a consequence of

iNOS induction may contribute to immunomodulation and

neuronal damage in neurodegenerative disorders such as

Parkinson’s and Alzheimer’s disease [5] and inflammatory
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diseases such as multiple sclerosis [6,7]. Consequently,

recent studies have focused on the development of phar-

macological inhibitors of iNOS to attenuate neuronal

damage [8] and to attenuate the course of autoimmune

encephalomyelitis [9,10].

N-[3,4-dimethoxycinnamoyl]-anthranilic acid (tranilast,

TNL) is an anti-allergic agent originally identified as an

inhibitor of mast cell degranulation [11]. TNL has subse-

quently been identified as a potent inhibitor of migration,

proliferation and release of transforming growth factor-b
(TGF-b) from various cell types including malignant

glioma cells [12]. Previous studies have attributed the

suppressive effects of TNL on pulmonary fibrosis to an

inhibition of macrophage activation [13]. Based on these

studies, we recently showed that TNL prevents the induc-

tion of iNOS by interferon-g (IFN-g) via a nuclear factor-

kB (NF-kB)-dependent pathway [14]. The bacterial wall

component lipopolysaccharide (LPS) is a potent stimulator

of iNOS in microglial cells. This study investigated the

effects of TNL on LPS-mediated induction of iNOS in

microglial cells and identified the signalling events

involved in TNL-mediated inhibition of iNOS induced

by LPS.

2. Methods

2.1. Reagents and cell culture

TNL was a generous gift of Kissei Pharmaceuticals.

LPS (Escherichia coli, 0127:B8), phorbol 12-myristate 13-

acetate (PMA) and dexamethasone (DEX) were obtained

from Sigma. BAY 11-7082 (BAY), NF-kB SN50 inhibitory

peptide (SN50), GF 109203X (GFX) and rottlerin (ROT)

were purchased from Biomol. PD098059 (PD) was

obtained from Calbiochem. Purified murine interferon-g
(IFN-g) was purchased from Roche Diagnostics. N9 murine

microglial cells were a kind gift from P. Ricciardi-Castag-

noli [15]. Cells were cultured in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% fetal

calf serum (FCS), 2 mM glutamine, penicillin (100 unit/mL)

and streptomycin (100 mg/mL) and maintained at 378 in an

atmosphere of 5% CO2. Viability was assessed by crystal

violet staining.

2.2. iNOS activity

iNOS activity was assessed by the Griess assay [14].

Briefly, conditioned supernatant was incubated with an

equal volume of Griess reagent containing 1% sulphani-

lamide, 0.1% naphthylethylenediamine dihydrochloride

and 2.5% H3PO4 [16] for 5 min at room temperature.

The absorbance was measured at 546 nm. NaNO2 diluted

in DMEM served as a standard. To control for cell number,

the cells were stained with crystal violet. iNOS activity is

expressed as nitrite accumulated in 48 hr/105 cells.

2.3. Immunoblot analysis

For the preparation of whole cell lysates, the cells were

lysed in 0.1 M Tris–HCl (pH 7.2) containing 0.1% NP40,

0.1 mM EDTA and 5 mg/mL phenylmethylsulphonyl fluo-

ride. Twenty micrograms protein was separated by 10–12%

SDS–PAGE and electroblotted on nitrocellulose membrane.

Equal loading was controlled by Ponceau S staining. Immu-

nodetection was performed using the following antibodies:

anti-iNOS rabbit polyclonal antibody (1:1000, Cayman),

antiphospo-IkBa mouse monoclonal antibody (1:1000),

anti-PKCd mouse monoclonal antibody (1:2000), antipho-

spho-MARCKS rabbit polyclonal antibody (1:1000), anti-

phospho-ERK-1/2, antiphospho-AKT, antiphospho-p38

mouse monoclonal antibodies (1:2000), anti-ERK-1/2,

anti-AKT mouse monoclonal antibodies (1:500, all from

Signal Transduction Laboratories). Bands were visualized

using horseraddish peroxidase-conjugated anti-rabbit IgG

(1:4000SantaCruz)oranti-mouse IgG(1:4000,Amersham).

2.4. Northern blot analysis

RNA was isolated using the RNeasyTM kit (Qiagen).

Total RNA (10 mg) was separated on 1.2% agarose gels and

blotted onto nylon membranes (Amersham). The filters

were hybridized according to standard procedures with a
32P-labeled murine cDNA probe for iNOS. For the genera-

tion of the iNOS probe, N9 cells were stimulated with IFN-

g (200 unit/mL) for 24 hr. Total RNA was subjected to

reverse transcription using SuperScript II (Gibco-BRL) and

oligo-dT priming (Amersham Pharmacia Biotech). iNOS

fragments were PCR-amplified using primers 50-AAGCTG-

CATGTGACATCGAC-30 and 50-ATGTGTCTGCAGATG-

TGCTG-30 corresponding to nucleotides 386–405 and

839–858 of murine iNOS cDNA. Equal loading was con-

trolled by ethidium bromide staining.

2.5. NF-kB reporter assay

NF-kB reporter gene activity was assayed as previously

described [14]. Briefly, 8 � 103 cells/well were seeded in a

96-well plate and transfected with an NF-kB cis reporter

gene plasmid (PathDetectTM No. 219077, Stratagene)

encoding firefly luciferase using FuGeneTM transfection

reagent (Roche). pFC-MEKK (Stratagene) and pcDNA3

plasmids cotransfected with the reporter plasmid served as

positive and negative controls. After freezing and thawing,

the cells were lysed in 40 mM Tricine (pH 7.8) containing

50 mM NaCl, 2 mM EDTA, 1 mM MgSO4, 5 mM DTT

and 1% Triton X-100. Lysates were assayed using Luci-

ferase assay reagent (40 mM Tricine, pH 7.8, containing

10 mM MgSO4, 0.5 mM EDTA, 10 mM DTT, 0.5 mM

coenzyme A, 0.5 M ATP and 0.5 mM beetle luciferine).

Luminescence was measured in LumiNuncTM plates

(Nunc) in a LumimatPlusTM (EG&G Berthold). Values

are expressed as relative light units (RLU).
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2.6. Immunocytochemistry

Cells grown on glass coverslips were serum-starved

for 16 hr, kept in Krebs Ringer HEPES buffer (125 mM

NaCl, 5 mM KCl, 1.2 mM MgSO4, 2 mM CaCl2, 1.2 mM

KH2PO4, 6 mM glucose, 25 mM HEPES, pH 7�4) for 1 hr

and left untreated or treated with PMA (100 nM) without or

with pre-incubation (1 hr) with TNL (300 mM). After fixa-

tion in ice-cold (�208) methanol for 20 min, the cells were

washed with PBS and incubated for 15 min with 0.1%

NaBH4 and 0.1 M glycine in PBS to block autofluorescence.

Nonspecific antibody binding was blocked for 45 min with

PBG (PBS with 0.045% fish gelatin) containing 5% normal

goat serum and 1% bovine serum albumin. Incubation with

anti-PKCd antibody was carried out for 24 hr at 48 after

dilution in PBG containing 5% normal goat serum. After

four washes with PBG, primary antibody binding was

detected with an isotype-specific secondary antibody con-

jugated with AlexaTM546 fluorescent dye. The coverslips

were mounted in PermaFluor (Immunotech). Localization

of the proteins was examined using confocal laser micro-

scopy (Leica).

2.7. Statistical analyses

Experiments were usually performed in triplicate and

repeated three times. The significance was evaluated by

t-test or ANOVA at P < 0:05, 0.01 or 0.001.

3. Results

3.1. Inhibition of LPS-induced iNOS expression

and nitrite formation in N9 microglial

cells by TNL

N9 microglial cells were stimulated with LPS in the

absence or presence of TNL and Northern Blot was

performed to analyse iNOS mRNA expression. Fig. 1A

shows that the 4 kb iNOS mRNA species was equally

induced at 4 and 8 hr after LPS stimulation. This induction

was unaffected by the pretreatment (1 hr) with TNL. In

contrast, 16 hr after activation with LPS, there was no

further increase of iNOS mRNA in TNL-treated cells as

opposed to vehicle-treated cells (Fig. 1B). Immunoblot

analysis showed a time-dependent accumulation of the

130 kDa iNOS protein in N9 microglial cells after stimula-

tion with LPS which was suppressed by TNL. DEX, a

known inhibitor of iNOS expression [17], was used as a

positive control (Fig. 1C). Next, nitrite formation from NO

was assayed in the supernatant of LPS-stimulated N9 cells.

While unstimulated N9 cells did not release NO (not

shown), stimulation with LPS led to the production of

nitrite. Treatment with TNL and DEX resulted in a con-

centration-dependent decrease in nitrite formation

(Fig. 1D).

Fig. 1. TNL inhibits microglial iNOS expression and NO release. (A) N9

cells were pretreated with vehicle (�TNL) or TNL (þTNL, 300 mM) for

1 hr and stimulated with LPS (10 mg/mL) for the time indicated. iNOS

mRNA expression was examined by Northern blot of total RNA (5 mg per

lane). Equal loading was ascertained by ethidium bromide staining of the

28S ribosomal fractions. (B) Densitometry of iNOS mRNA and 28S

ribosomal RNA signals. Values are given as ratios of the densities of iNOS

and 28S signals. Data are representative of two independent experiments.

(C) N9 cells were exposed to vehicle or DEX (500 nM) or TNL (300 mM)

and stimulated with LPS (10 mg/mL) for the time indicated. iNOS

protein expression was examined by immunoblot of whole cell protein

(20 mg per lane). Data are representative of three independent experi-

ments. (D) N9 cells were stimulated with LPS alone (10 mg/mL) or in

combination with TNL or DEX. Supernatant was collected after 48 hr

and nitrite was measured using the Griess assay. Values are expressed as

NO2 accumulated per 104 cells (mean and SEM, N ¼ 3, ��P < 0:01,
���P < 0:001, ANOVA).
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3.2. No interference with LPS-induced activation

of NF-kB in N9 microglial cells by TNL

NF-kB is a major transcriptional activator of iNOS in

microglial cells [18]. In contrast to IFN-g-stimulated N9

cells [14], TNL did not suppress the LPS-mediated phos-

phorylation of inhibitory-kB (I-kB) (Fig. 2A) and the

subsequent generation of NF-kB reporter gene activity

in N9 cells (Fig. 2B). When N9 cells were exposed to

the NF-kB inhibitor BAY, a decrease of LPS-stimulated

NO release was observed at 20 mM (11:1 � 0:7 mM/104

cells/48 hr vs. 14:6 � 1:0 mM/104 cells/48 hr in vehicle-

treated cells).

3.3. TNL inhibits the phosphorylation of ERK-1/2,

but not p38 MAPK in N9 microglial cells

The mitogen-activated protein kinase (MAPK) signal-

ling cascade—in particular p38MAPK and p44/42MAPK/

extracellular signal-regulated kinase-1/2 (ERK-1/2)—has

been implicated in the regulation of iNOS in LPS-activated

microglial cells [19]. Therefore, we sought to investigate

whether TNL interferes with the MAPK signalling path-

way. Immunoblot analysis using phospho-specific antibo-

dies demonstrated that the activation of N9 cells with LPS

for 10 min resulted in the phosphorylation of p38 MAPK

and p44/p42 (ERK-1/2). Treatment with TNL led to a

concentration-dependent inhibition of ERK-2 phosphory-

lation while phospho-ERK-1 and unphosphorylated ERK-

1/2 protein levels remained unchanged (Fig. 3A). Densi-

tometry revealed that phospho-ERK-2 was reduced by

80% after exposure to 300 mM TNL (Fig. 3B).TNL did

Fig. 2. TNL does not interfere with LPS-induced activation of NF-kB. (A)

N9 cells were left untreated or incubated with LPS (10 mg/mL) with or

without pre-incubation (1 hr) with TNL at the concentrations indicated.

Whole cell protein was prepared 1 hr after stimulation and subjected to

immunoblot using an antiphospho IkBa antibody revealing a band at the

predicted size (40 kDa). Equal IkBa-expression was ascertained by re-

hybridizing the membrane using a nonphospho-specific anti-IkBa anti-

body. Data are representative of two independent experiments. (B) In

parallel, N9 cells were transiently transfected with an NF-kB reporter

plasmid. At 24 hr after transfection cells were stimulated with LPS (10 mg/

mL) for 4 hr with or without pre-incubation (1 hr) with NF-kB SN50

inhibitory peptide (SN50, 10 mg/mL) or TNL at the concentrations

indicated. Transfection with a MEKK plasmid served as positive control

for NF-kB activation. Luciferase activity was determined by luminometry.

Values are expressed as relative light units (RLU, mean and SEM, N ¼ 3,
��P < 0:01, t-test).

Fig. 3. TNL suppresses LPS-stimulated phosphorylation of ERK-2. (A)

N9 cells were stimulated with LPS (10 mg/mL) for 10 min with or without

pre-incubation (1 hr) with TNL. Whole cell protein was subjected to

immunoblot using antiphospho-p38 or antiphospho-ERK-1/2 antibodies.

Equal ERK-1/2-expression was ascertained by re-hybridizing the mem-

brane using a nonphospho-specific anti-ERK-1/2 antibody. Data are

representative of three independent experiments. (B) Densitometry of the

phospho-ERK-1/2 protein signals. Values are given as arbitrary units. (C)

For depletion of PKC, N9 cells were long-term exposed to PMA (100 nM)

for 24 hr and stimulated with LPS (10 mg/mL) for the time indicated.

Whole cell protein was subjected to immunoblot using antiphospho-ERK-

1/2 antibody. Equal ERK-1/2-expression was ascertained by re-hybridizing

the membrane with a nonphospho-specific anti-ERK-1/2-antibody. Data

are representative of three independent experiments.
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not alter cellular phospho-p38 levels after LPS stimulation

indicating that TNL specifically suppresses iNOS activa-

tion via inhibition of ERK-2 phosphorylation (Fig. 3A).

Exposure of N9 cells to the MAPK/ERK kinase-1/2 (MEK-

1/2) inhibitor PD which acts upstream of ERK-1/2 resulted

in a significant inhibition of LPS-mediated nitrite for-

mation (10:7 � 0:4 mM/104 cells/48 hr at 40 mM PD vs.

16:6 � 0:3 mM/104 cells/48 hr compared to vehicle-treated

cells). Since PKC phosphorylates Raf, which acts directly

upstream of MEK [20] and since LPS-induced ERK-1/2

activation may be mediated by PKC [21], we reasoned that

PKC may be involved in LPS-mediated phosphorylation of

ERK-1/2 in N9 cells. Long-term treatment (24 hr) with

PMA depletes PKC in various cell types including microglia

[22]. Immunoblot analysis demonstrated that PKCd was

effectively depleted in N9 cells after 24 hr treatment with

PMA (100 nM, data not shown). While stimulation with LPS

resulted in a rapid (10 min) phosphorylation of ERK-1/2,

LPS failed to induce ERK-1/2 phosphorylation in N9 cells

after prolonged pretreatment with PMA, indicating that

PKC is required for LPS-mediated phosphorylation of

ERK-1/2 in N9 microglial cells (Fig. 3C).

3.4. Promotion of LPS-induced iNOS expression and

nitrite formation in N9 microglial cells by PKC

We next analysed the role of PKC in LPS-mediated

activation of N9 cells. Pretreatment (15 min) of N9 cells

with PMA led to a superinduction of LPS-mediated iNOS

protein expression and nitrite formation. Activation of PKC

by PMA in the absence of LPS, however, did not induce

iNOS protein expression (Fig. 4A). The depletion of PKC

after 24-hr exposure to PMA (100 nM) resulted in a reduc-

tion of iNOS protein expression in response to LPS for 24 hr

(Fig. 4B). Densitometry revealed that iNOS protein was

reduced by 80% after 24-hr exposure to PMA (Fig. 4C).

3.5. Inhibition of PKCd-activation in

N9 microglial cells by TNL

We then tested the hypothesis that TNL inhibits LPS-

induced iNOS activation by inhibition of PKC. Immuno-

blot analysis using a phospho-specific antibody demon-

strated that the phosphorylation of the PKCd substrate,

MARCKS, is induced by short-term treatment with LPS.

MARCKS phosphorylation was inhibited when PMA-acti-

vated N9 cells were co-exposed to TNL, supporting the

notion that TNL inhibits PKC in N9 cells (Fig. 5A).

Moreover, while short-term treatment with PMA super-

induced iNOS protein levels in LPS-stimulated N9 cells,

this superinduction was abolished by co-exposure to either

the PKC inhibitor GFX or TNL (Fig. 5B). Since PKCd
appears to be a specific kinase of ERK-1/2 [23], we tested

the hypothesis that PKCd is involved in LPS-mediated

iNOS activation in N9 cells. PKCd is confined to the

cytosol in resting cells but rapidly translocates to particu-

late fractions after activation by short-term treatment with

PMA [24]. Immunocytochemistry showed that PKCd
translocates from the cytosol primarily to the nucleus

following exposure to PMA (100 nM) for 15 min. Co-

exposure to TNL abolished this translocation of PKCd
(Fig. 5C). In addition, ROT which at low micromolar

concentrations primarily inhibits the nonclassical d-iso-

form of PKC [25], strongly inhibited iNOS protein accu-

mulation in LPS-stimulated N9 cells at concentrations as

low as 5 mM (Fig. 5D).

4. Discussion

The present study shows that TNL inhibits NO release

from N9 microglial cells activated with LPS. Inhibition of

Fig. 4. PKC promotes LPS-induced iNOS expression and nitrite forma-

tion. (A) N9 cells were untreated or stimulated with LPS (10 mg/mL)

without or with short-term pre-incubation (15 min) with PMA (100 nM).

Supernatant was collected after 48 hr and nitrite was measured using the

Griess assay (upper panel). Values are expressed as NO2 accumulated per

104 cells (mean and SEM, N ¼ 3, �P < 0:05, t-test). In parallel, iNOS

protein levels were examined 24 hr after stimulation (lower panel). Data

are representative of three independent experiments. (B) N9 cells were

stimulated with LPS (10 mg/mL) without or with pre-exposure to PMA

(100 nM) for 24 hr. iNOS protein levels were examined at the indicated

time points by immunoblot. (C) Densitometry of the iNOS protein signals.

Values are given as arbitrary units. Data are representative of three

independent experiments.
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NO release from LPS-stimulated N9 cells is associated

with a suppressed induction of iNOS mRNA expression

and iNOS protein accumulation (Fig. 1A–D). Rapid tran-

scriptional activation of iNOS is tightly regulated by the

transcription factor NF-kB [26]. After translocation to the

nucleus and degradation of IkB, NF-kB targets the pro-

moter of specific genes including iNOS to activate their

transcription. Surprisingly, we found that TNL does not

inhibit the activation of NF-kB or degradation of IkB in N9

cell following stimulation of N9 cells (Fig. 2A and B).

LPS and cytokines may thus utilize different pathways to

activate NF-kB since TNL-mediated inhibition of cytokine

signalling may involve NF-kB [27]. Several lines of evi-

dence suggest that LPS-mediated cellular effects cannot be

attributed to activation of NF-kB alone. For instance, C3H/

HeJ LPS-hyporesponsive mice fail to produce TNF-a, but

activate normal levels of NF-kB in response to LPS [28].

Hence, TNL may interfere with the activation of other

transcription factors activated by LPS, including activator

protein-1 (AP-1) complex, activating transcription factor-2

(ATF-2) and tenary complex factor (TCF) [29]. Moreover,

there is considerable post-transcriptional regulation of

iNOS including mRNA stabilization [30]. Finally, NO

release was only weakly inhibited by the NF-kB inhibitor

BAY (11.1�0.7 mM/104 cells/48 hr at 20 mM vs. 14:6�
1:0 mM/104 cells/48 hr in vehicle-treated cells), further

indicating that transcriptional activation of iNOS does

not solely depend on NF-kB.

We also investigated the upstream-targets that are

involved in the inhibition of LPS-mediated iNOS induction

by TNL. Both p38MAPK and ERK-1/2 have been identified

as intracellular targets of LPS in microglial cells [19]. While

studies on mesangial and smooth muscle cells demonstrated

that TNL inhibits the activation of MAPK [31,32], we

observed that TNL specifically inhibited the phosphoryla-

tion of ERK-2. In contrast, the phosphorylation of ERK-1

and p38 was unchanged in LPS-stimulated N9 cells (Fig. 3A

and B), indicating that TNL differentially targets MAPK in

these cells. Consistent with these findings, the MAPK/ERK

kinase-1/2 (MEK-1/2) inhibitor PD which acts upstream

of ERK-1/2 resulted in a significant inhibition of LPS-

mediated nitrite formation (10:7 � 0:4 mM/104 cells/48 hr

at 40 mM PD vs. 16:6 � 0:3 mM/104 cells/48 hr compared

to vehicle-treated cells). Interestingly, p38MAPK, but not

ERK-1/2, is involved in LPS-mediated activation of NF-kB

[21], consistent with our observation that TNL does not

inhibit LPS-induced NF-kB activation (Fig. 2B).

Several lines of evidence indicate that ERK-1/2 is

phosphorylated by PKC [23,33]. Moreover, LPS-induced

ERK-1/2 phosphorylation may be specifically mediated by

PKC [21]. Here, the depletion of PKC by PMA precluded

the activation of ERK-1/2 (Fig. 3C) and suppressed the

induction of iNOS mediated by LPS (Fig. 4B and C),

indicating that conventional and novel PKC isoforms are

involved in LPS-mediated activation of ERK-1/2 and

induction of iNOS. Moreover, activation of conventional

and novel PKC isoforms by short-term treatment with

PMA superinduces iNOS protein induction and nitrite

formation by LPS (Fig. 4A), further supporting the hypoth-

esis that PMA-sensitive PKC isoforms are involved in

LPS-mediated iNOS activation in N9 cells. The observa-

tion that, after initial induction, iNOS protein levels

decreased after stimulation with LPS in TNL-treated N9

cells (Fig. 4B and C) may again imply that TNL reduces

iNOS mRNA stability.

Fig. 5. TNL inhibits the activation of PKCd. (A) N9 cells were stimulated

with LPS (10 mg/mL) for 1 hr without or with pre-incubation (1 hr) with

TNL at the concentrations indicated. MARCKS phosphorylation was

examined by immunoblot using a phospho-specific anti-MARCKS anti-

body. Data are representative of three independent experiments. (B) N9

cells were untreated or stimulated with LPS (10 mg/mL) for 24 hr without

or with prior activation of PKC by short-term exposure to PMA (100 nM)

for 15 min in the absence or presence of TNL (300 mM) or GFX (2 mM).

iNOS protein levels were assessed by immunoblot 24 hr after treatment.

Data are representative of three independent experiments. (C) N9 cells

were grown on coverslips and stimulated with PMA (100 nM) for 25 min

without or with pre-incubation with TNL (300 mM). Cellular distribution

of PKCd was examined by immunocytochemistry. Data are representative

of three independent experiments. (D) N9 cells were stimulated with LPS

(10 mg/mL) for 24 hr without or with co-incubation with ROT at the

concentrations indicated. iNOS protein levels were examined by

immunoblot. Data are representative of three independent experiments.
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Since there is indirect evidence that TNL inhibits PKC in

endothelial cells [34], we asked whether TNL interferes

with PKC activation in LPS-stimulated N9 cells. We find

that TNL inhibits phosphorylation of MARCKS (Fig. 5A)

and suppresses PMA-mediated superinduction of iNOS

after stimulation with LPS, as does the pan-specific

PKC inhibitor GFX (Fig. 5B). Of the PMA-sensitive

PKC isoforms PKCd, but not PKCa or PKCe, appears

to specifically target ERK-1/2 [23]. Immunocytochemistry

and confocal laser microscopy indeed showed that TNL

targets PKCd in N9 cells to inhibit its translocation from

the cytosol to the nucleus following activation by PMA

(Fig. 5C). While activation of PKC is classically associated

with translocation from cytosol to plasma membrane,

translocation, particularly of the d-isoform of PKC, from

cytosol to nucleus has been observed as a result of activa-

tion depending on the concentration of the stimulus

[24,35,36]. Of note, PKCd has been identified as a critical

molecule mediating stabilization of iNOS mRNA [37].

Finally, treatment with ROT at concentrations specifically

inhibiting PKCd (5 mM) blocked iNOS expression induced

by LPS (Fig. 5D), indicating that PKCd is indeed involved

in LPS-mediated induction of iNOS in microglial cells.

In summary, we show that TNL inhibits LPS-induced

activation of iNOS by inhibiting the activation of PKCd
and ERK-2, thus possibly affecting post-translational mod-

ification of iNOS mRNA. Our result may have further

implications for the use of TNL as a novel therapeutic

agent in neurological disorders associated with activation

of microglia and increased NO release, including multiple

sclerosis.
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