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1 The e�ects of nepalolide A on the expression of inducible nitric oxide synthase (iNOS) caused by
incubation with lipopolysaccharide/interferon-g (LPS/IFN-g) or tumour necrosis factor-a/inter-
leukin-1b/IFN-g (TNF-a/IL-1b/IFN-g, mixed cytokines) in C6 glioma cells and primary astrocytes
of rat were investigated. The mechanisms by which nepalolide A confers its e�ect on iNOS
expression were also elucidated.

2 Treatment with LPS/IFN-g and mixed cytokines for 24 h elicited the induction of iNOS activity
as determined by nitrite accumulation in the culture medium and assay of enzyme activity.
Nepalolide A at 10 mM abrogated the LPS/IFN-g- and mixed cytokines-mediated induction of iNOS
by more than 90% in C6 glioma cells, and by 80% for mixed cytokines-induced induction of iNOS
in primary astrocytes. The e�ect of nepalolide A (2 ± 10 mM) was concentration-dependent.

3 The inhibition of iNOS induction by nepalolide A was attributed to decreases in the content of
iNOS protein and the level of iNOS mRNA, as measured by immunoblotting and reverse
transcriptase-polymerase chain reaction.

4 Electrophoretic mobility shift assay was used to evaluate the e�ect of nepalolide A on the
activation of nuclear factor-kB (NF-kB). Results showed that nepalolide A diminished the LPS/
IFN-g-mediated association of NF-kB with consensus oligonucleotide in a concentration-dependent
manner. The activation of NF-kB by mixed cytokines was modulated both in the extent of
activation and in its time-course by nepalolide A.

5 The ability of nepalolide A to inhibit NF-kB activation was further con®rmed by studies on the
degradation of the inhibitor of NF-kB, IkB, as measured by immunoblotting.

6 The present study demonstrates that the attenuation of NF-kB activation by nepalolide A was
mediated by blockade of the degradation of IkB, leading to suppression of the expression of iNOS.
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transducer and activator of transcription 1; TNF-a, tumor necrosis factor-a; TRAF, TNF receptor-associated
factor

Introduction

Nitric oxide (NO) is a free radical gas involved in a wide range

of physiological and pathophysiological mechanisms, includ-
ing the control of the cardiovascular, immune, central and
peripheral nervous systems, as well as cellular toxicity
(Dawson & Snyder, 1994). Nitric oxide is synthesized from

L-arginine by the enzyme nitric oxide synthase (NOS), which
oxidatively removes the terminal guanidino-nitrogen from L-
arginine to form L-citrulline and nitric oxide (Knowles &

Moncada, 1994). Three isoforms of NOS have been identi®ed
including neuronal NOS (nNOS), endothelial NOS (eNOS)
and inducible NOS (iNOS). nNOS and eNOS are regulated

predominantly at the post-transcriptional level by calmodulin
in a calcium-dependent manner. In contrast, iNOS is an
inducible calmodulin containing but calcium-independent
enzyme (Dawson & Dawson, 1996).

In the central nervous system (CNS), iNOS is expressed

mainly in activated astrocytes and microglia. High levels of
nitric oxide produced via iNOS in CNS are implicated in
oligodendrocyte degeneration in demyelinating diseases and
neuronal death during trauma (Mitrovic et al., 1994; Merrill

et al., 1993; Lipton et al., 1993). iNOS is induced in
response to a series of proin¯ammatory cytokines including
interleukin-1b (IL-1b), tumour necrosis factor-a (TNF-a),
interferon-g (IFN-g), and bacterial lipopolysaccharide (LPS).
The recently cloned promoter of murine iNOS contains at
least 22 elements homologous to consensus sequences for the

binding of transcription factors. Among these are two
nuclear factor-kB (NF-kB) binding sites, two activator
protein 1 (AP-1) binding sites and one IFN-g-activated site
(GAS). The activation of NF-kB has been shown to be

essential for the induction of iNOS. In most cell types, NF-
kB is present as a heterodimer composed of p50 (NF-kB1)
and p65 (RelA) subunits. NF-kB is sequestered in the

cytoplasm by association with a member of the inhibitor
family of NF-kB (IkB) (Baeuerle & Henkel, 1994; Thanos &

*Author for correspondence.
2 The ®rst two authors contributed equally to this work.

British Journal of Pharmacology (1999) 128, 345 ± 356 ã 1999 Stockton Press All rights reserved 0007 ± 1188/99 $15.00

http://www.stockton-press.co.uk/bjp



Maniatis, 1995). IkB proteins mask the nuclear localization
signal of NF-kB, thereby preventing the NF-kB nuclear
translocation. The phosphorylation of serine residues 32 and

36 in IkB-a and residues 19 and 23 in IkB-b by IkB kinase-a
(IKK-a) and IKK-b induce degradation of IkB and the
dissociation of NF-kB from IkB. Following this NF-kB
translocates into the nucleus and interacts with the NF-kB
binding motif in the promoters of target genes and so
regulates their transcription (Mercurio et al., 1997;
DiDonato et al., 1997; Woronicz et al., 1997; ReÂ gnier et

al., 1997). The activations of protein kinases and other
transcription factors are also involved in the regulation of
iNOS expression. These include protein kinase C-e (PKCe),
PKCZ, mitogen-activated protein kinase (MAPK), p38,
signal transducer and activator of transcription 1 (Stat1),
and AP-1 (DõÂ az-Guerra et al., 1996; Chen et al., 1998; Bhat

et al., 1998; Gao et al., 1997; Marks-Konczalik et al., 1998).
Nepalolide A (4b-hydroxy-9-oxo-5b-senecioyloxy-11(13)en-

germacran-6a, 12-olide; Figure 1), one kind of a sesquiterpene
lactones, has recently been isolated from Carpesium nepalense,

a substance used in Chinese traditional medicine for the
treatment of hepatitis (Lin et al., 1996). Since our preliminary
screening has shown nepalolide A potently inhibits nitrite

production. We have investigated the e�ects of nepalolide A
on the expression of iNOS induced by LPS/IFN-g or TNF-a/
IL-1b/IFN-g (mixed cytokines) in C6 glioma cells and primary

astrocytes. The mechanisms by which nepalolide A exerts its
e�ect on iNOS expression have also been examined. Our
results show that nepalolide A inhibits the accumulation of

nitrite in the culture medium and decreases the enzyme activity
of iNOS induced by LPS/IFN-g and mixed cytokines in C6
glioma cells and by mixed cytokines in primary astrocytes. The
inhibitory e�ects of nepalolide A coincide with a decrease in

cellular content of iNOS protein and the mRNA level of iNOS.
Nepalolide A abolishes the LPS/IFN-g-stimulated association
of NF-kB with consensus oligonucleotide due to a reduction in

the degradation of IkB. Nepalolide A both retards the mixed
cytokines-mediated activation of NF-kB and decreases the
maximal level of activation by delaying the degradation of IkB.

Methods

Cell culture

C6 glioma cells were cultured in F-12K medium supplemented

with 15% horse serum and 2.5% foetal bovine serum.
Newborn Sprague-Dawley rats were anaesthetized with ether
and sacri®ced by decapitation. Primary culture of astrocytes

were prepared from the cerebral cortices and maintained in
DMEM/F12 medium containing 10% foetal bovine serum
(Cole & de Vellis, 1992). After con¯uence, contaminated

microglia and oligodendrocytes cells were removed by shaking
at 200 r.p.m. with an orbital shaker. Thereafter, the cells were
subcultured into culture dishes for experiments.

Measurement of nitrite

Cells were incubated with medium containing 0.2% (w v71)

bovine serum albumin (BSA) plus 5 mg ml71 LPS/100
units ml71 IFN-g or 5 ng ml71 TNF-a/5 ng ml71 IL-1b/100
units ml71 IFN-g to induce expression of iNOS. iNOS activity

was assessed by measuring the accumulation of nitrite in the
culture medium. The amount of nitrite in medium was
determined by using Griess reagent with NaNO2 as standard
(Chiou et al., 1997).

Measurement of iNOS activity

Cells were incubated with iNOS inducers or inducers plus

nepalolide A for 24 h. After washing twice with ice-cold
phosphate bu�ered saline (PBS), cells were harvested in
hypotonic bu�er (in mM): HEPES pH 7.5 50, EDTA 1, DTT
1, PMSF 1, aprotinin 5 mg ml71 and leupeptin 10 mg ml71 and

disrupted by freezing and thawing. Cellular lysates were
incubated with iNOS reaction bu�er (HEPES pH 7.5 50 mM,
NADPH 0.2 mM, FAD 10 mM, FMN 10 mM, tetrahydrobiop-

terin 100 mM, DTT 1 mM, arginine containing 0.5 mCi [3H]-
arginine 0.1 mM, with or without 2 mM No-nitro-L-arginine
methyl ester) at 378C for 30 min. The reaction was terminated

by addition of 0.8 ml HEPES bu�er (in mM): HEPES pH 5.5
20, EDTA 10, citrulline 0.2. [3H]-Arginine and [3H]-citrulline
were separated over Dowex AG50W-X8 columns (sodium

form). The radioactivity of citrulline was measured by liquid
scintillation counting. iNOS activity was presented as pmol of
citrulline formed min71 mg71 cellular protein.

Assay of cell viability

The reduction of (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-

tetrazolium bromide (MTT) was used to evaluate the cytotoxic
e�ect of nepalolide A on cultured cells. Cells were incubated
with medium containing various concentrations of nepalolide

A for 24 h before MTT solution was added to the culture
medium at a ®nal concentration of 0.5 mg ml71. After 1 h
incubation, the medium was aspirated and the formazan

particles dissolved with lysis bu�er (10% SDS, 3.3 mM HCl,
50% dimethyl formamide). OD600nm was measured by using a
96-well plate reader.

Immunoprecipitation and immunoblotting

Cells treated with inducers in the presence or absence of

nepalolide A were harvested in lysis bu�er (in mM): HEPES
pH 7.5 50, EDTA 1, NaCl 150, NP-40 1%, PMSF 1, aprotinin
5 mg ml71 and leupeptin 10 mg ml71. iNOS was immunopre-

cipitated from total cellular lysate by using anti-iNOS
antibodies. The immunoprecipitates were fractionated by
SDS-polyacrylamide gel electrophoresis (SDS ±PAGE) and
then electrotransferred onto PVDF membrane. Immunoreac-

tive proteins were detected by using anti-rabbit IgG antibodies
conjugated with horseradish peroxidase and enhanced
chemiluminescence detection reagents. For the immunoblot-

ting of IkB-a and IkB-b, cells were harvested in hypotonic
bu�er (in mM): HEPES pH 7.5 50, EDTA 1, PMSF 1,
aprotinin 5 mg ml71, leupeptin 10 mg ml71 and antipain

10 mg ml71). The total cellular lysates were subjected to
SDS ±PAGE and immunoblotting.

Estimate of the level of iNOS mRNA

Cells were treated with iNOS inducers plus nepalolide A for
5 h. Total RNA was isolated and reverse transcriptase-

polymerase chain reaction (RT ±PCR) was employed to
determine the mRNA level of iNOS. The detailed experiments
were performed according to the manufacturer's protocol. For

RT±PCR, two primers, 5' primer (5'-CCCTTCCGAA-
GTTTCTGGCAGCAGC-3') and 3' primer (5'-GGCTGTCA-
GAGCCTCGTGGCTTTGG-3'), were used to speci®cally

amplify the cDNA of iNOS. To amplify the cDNA of
glyceraldehyde 3-phosphate dehydrogenase (G3PDH), the 5'
primer (5'-TGAAGGTCGGTGTCAACGGATTTGGC-3')
and 3' primer (5'-CATGTAGGCCATGAGGTCCACCAC-

Nepalolide A inhibits iNOS expression346 C.-N. Wang et al



3') were used. A thermal cycle of 30 s at 948C, 30 s at 658C,
and 45 s at 688C for 40 cycles was used for iNOS. For
G3PDH, a thermal cycle of 30 s at 948C, 30 s at 658C, and 45 s

at 688C for 25 cycles was performed. PCR products were
analysed on 2% agarose gel electrophoresis.

Preparation of nuclear extracts and electrophoretic
mobility shift assay (EMSA)

Treated cells were washed twice with ice-cold PBS and

harvested. The residual PBS bu�er was removed and cells
used to prepare nuclear extracts (Pahan et al., 1997). The
nuclear extracts (10 mg for NF-kB and 5 mg for AP-1) were

incubated with 1 ng of 5'-end-labelled consensus (or mutant)
oligonucleotide for NF-kB or AP-1 in binding solution (in
mM): Tris pH 7.5 10, MgCl2 1, NaCl 140, DTT 0.5, EDTA 0.5,

12% glycerol and 1 mg poly(dl-dC) at room temperature for

Figure 2 E�ects of nepalolide A on the induction of iNOS. C6 glioma cells (a) and primary astrocytes (c) were preincubated with
nepalolide A (2 ± 10 mM) for 30 min. After 30 min incubation, cells were challenged with 5 mg ml71 LPS/100 units ml71 INF-g
(LPS/IFN-g) or 5 ng ml71 TNF-a/5 ng ml71 IL-1b/100 units ml71 INF-g (mixed cytokines) plus or minus nepalolide A for 24 h.
The culture media were collected for nitrite determination. To assay iNOS activity, C6 glioma cells (b) and primary astrocytes (d)
were treated with LPS/IFN-g or mixed cytokines in the presence or absence of nepalolide A as described above. After incubation for
24 h, cells were harvested and the activity of iNOS was determined by citrulline formation. Results are means+s.d. (where large
enough to be shown) from ®ve independent experiments. Signi®cant di�erences between control and nepalolide A-treated cells are
indicated by *P50.05; **P50.01; and ***P50.001.

Figure 1 Structure of nepalolide A.
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30 min. The mixtures were subjected to 5% of nondenatured
polyacrylamide gel electrophoresis by using 16TBE as
electrophoresis bu�er. The gels were dried and radioactive

oligonucleotides were detected by autoradiography.

Materials

C6 glioma cells were from Culture Collection and Research
Center (Taiwan, R.O.C.). Human TNF-a and rat IL-1b were
from R&D Systems (Minneapolis, MN, U.S.A.). Dowex

AG50W-X8 resin and all reagents for electrophoresis were from
Bio-Rad Laboratories (Hercules, CA, U.S.A.). Medium for cell
culture and rat IFN-gwere fromGibco Laboratories (Gaithers-

burg, MD, U.S.A.). Radioisotopes, enhanced chemilumines-
cence detection reagents and conjugated anti-rabbit IgG-
horseradish peroxidase were obtained from Amersham Phar-

macia Biotech (Buckinghamshire, U.K.). Rabbit polyclonal
antibodies for iNOS were obtained from Transduction
Laboratories (Lexington, KY, U.S.A.). Rabbit polyclonal
antibodies against IkB-a, IkB-b, consensus or mutant oligonu-

cleotide for NF-kB and AP-1 were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, U.S.A.). Primer sets for iNOS
and G3PDH were obtained from CLONTECH Laboratories

(Palo Alto, CA, U.S.A.). RNA isolation and RT±PCR kits
were obtained from Boehringer Mannheim (Mannheim,
Germany). All other reagents were purchased from Sigma (St.

Louis, MO, U.S.A.), or Merck (Darmstadt, Germany).

Statistical analysis

Results are expressed as means+s.d., and were analysed by
ANOVA with post hoc multiple comparison using a
Bonferroni test.

Results

Nepalolide A inhibited the induction of iNOS

Treatment of C6 glioma cells with 5 mg ml71 LPS/100
units ml71 IFN-g or mixed cytokines (5 ng ml71 TNF-a/
5 ng ml71 IL-1b/100 units ml71 IFN-g) for 24 h caused a
signi®cant increase in the accumulation of nitrite in medium

from 5.96+3.86 to 127.63+9.62 and 229.98+16.32 nmol
(24 h)71 mg71 cell protein for LPS/IFN-g and mixed cytokines
treatment, respectively (n=5). These increases were signi®-

cantly reduced by 1 mM dexamethasone to 35.24+1.97 and
41.99+1.06% of control for LPS/IFN-g and mixed cytokines,
respectively (n=4). Treatment with nepalolide A decreased the

accumulation of nitrite in a concentration-dependent manner
(Figure 2a). For example, the LPS/IFN-g- and mixed
cytokines-stimulated accumulation of nitrite was decreased to

3.47+2.49 and 14.5+5.9% of control at 10 mM nepalolide A,
respectively (n=5). The IC50 of nepalolide A for nitrite
accumulation induced by LPS/IFN-g and mixed cytokines
was 1.95 and 4.92 mM, respectively. The e�ect of nepalolide A

on iNOS activity was veri®ed by the formation of citrulline.
These experiments showed that 10 mM nepalolide A inhibited
the activity of iNOS induced by LPS/IFN-g and mixed

cytokines by 99.08+1.95 and 94.18+4.27%, respectively
(n=5) (Figure 2b).

Primary astrocytes were also used to investigate the e�ect

of nepalolide A on the induction of iNOS. Nepalolide A
showed a similar e�ect on the nitrite accumulation and
iNOS activity induced by mixed cytokines in primary
astrocytes as in C6 glioma cells (Figure 2c and d). Mixed

cytokines treatment increased nitrite accumulation from
6.35+3.21 to 48.79+4.44 nmol (24 h)71 mg71 cell protein
(n=5), and elevated iNOS activity from 5.06+2.1 to

28.40+3.84 pmol citrulline min71 mg71. The nitrite accumu-
lation and iNOS activity were reduced to 21.58+6.56 and
22.18+17.67% of control by 10 mM nepalolide A, respec-
tively. However, the e�ect for LPS/IFN-g was more variable

and not consistent with the results from treatment with
mixed cytokines. Therefore, iNOS induction by mixed
cytokines was used for further studies in primary astrocytes.

Nepalolide A had no e�ect on the cell viability at
concentrations of 2 ± 10 mM (data not shown). Nitrite
accumulation increased in a time-dependent manner from

8 to 24 h following exposure to LPS/IFN-g or mixed
cytokines of C6 glioma cells (Figure 3). Ten mM nepalolide
A diminished the level of nitrite accumulated in the culture

medium during the time periods.

Figure 3 Time-course of the e�ects of nepalolide A on the
accumulation of nitrite in C6 glioma cells. C6 glioma cells were
incubated with or without 10 mM nepalolide A for 30 min. After
30 min incubation, cells were challenged with 5 mg ml71 LPS/
100 units ml71 IFN-g (a) or 5 ng ml71 TNF-a/5 ng ml71 IL-1b/
100 units ml71 IFN-g (b) in the presence or absence of nepalolide A
for the times indicated. After these incubation periods, the culture
media were collected for nitrite determination. Results are
means+s.d. (where large enough to be shown) from four
independent experiments. Signi®cant di�erences between control
and nepalolide A-treated cells are indicated by *P50.05; and
***P50.001.
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Nepalolide A decreased the level of iNOS protein and
mRNA

LPS/IFN-g signi®cantly increased the content of iNOS in C6
glioma cells (Figure 4a). Similarly, mixed cytokines also
signi®cantly elevated the level of iNOS in both C6 glioma
cells and primary astrocytes (Figure 4a and b). The protein

content of iNOS induced by mixed cytokines was decreased in
a concentration-dependent manner by nepalolide A. For
example, at 10 mM nepalolide A reduced the iNOS content

by 81.86+2.18 and 54.87+4.69% in C6 glioma cells and
primary astrocytes, respectively (n=4). Nepalolide A also
drastically diminished the level of iNOS induced by LPS/IFN-g
in C6 glioma cells such that at 6 mM nepalolide A reduced the
level of iNOS by 87.48+10.51%.

iNOS mRNA was undetectable in control cells but this was

greatly increasedbyexposure toLPS/IFN-gandmixedcytokines
in C6 glioma cells (Figure 5). Similarly mixed cytokines induced
elevation of iNOS mRNA in primary astrocytes. Nepalolide A
decreasedthelevelof iNOSmRNAinaconcentration-dependent

manner. For example, 10 mM nepalolide A inhibited the
appearance of iNOS mRNA by 99 and 96% in C6 glioma cells
treated with LPS/IFN-g and mixed cytokines, respectively. In

primary astrocytes, 10 mM nepalolide A inhibited the mixed
cytokines-induced increase in iNOSmRNA by 97%.

Relationship between the inhibition by nepalolide A of
iNOS expression and the activation of NF-kB

Figure 6 showed that the addition of 10 mM nepalolide A from
70.5 to 4 h posterior to the challenge of iNOS inducers

completely abolished the accumulation of nitrite in C6 glioma
cells, indicating that nepalolide A acts at the early events of
iNOS expression.

Either LPS/IFN-g or mixed cytokines signi®cantly in-
creased the association of NF-kB with consensus oligonucleo-
tide but not mutant oligonucleotide, demonstrating the speci®c
interaction of NF-kB with the oligonucleotide (Figure 7a).

Nepalolide A blocked the association of NF-kB with
oligonucleotide triggered by LPS/IFN-g in a concentration-
dependent manner (Figure 7a and c), such that 10 mM
nepalolide A decreased the association to 7.45+6.8% of
control (n=5). However, nepalolide A failed to a�ect the
association induced by mixed cytokines in both C6 glioma cells

and primary astrocytes at 2 ± 10 mM. For AP-1, treatment with
mixed cytokines increased the association of AP-1 with
consensus oligonucleotide by 37 and 172% in C6 glioma cells

and primary astrocytes, respectively (Figure 7b). Neither LPS/
IFN-g nor nepalolide A a�ected the association of AP-1 with
consensus oligonucleotide.

NF-kB activation induced by mixed cytokines was not

a�ected by nepalolide A at 3 h. Thus, the time course e�ect
of nepalolide A on NF-kB activation was studied. Results
showed that mixed cytokines signi®cantly elevated the

association of NF-kB with consensus oligonucleotide at
10 min in both C6 glioma cells and primary astrocytes
(Figure 8a and b). The association reached a maximum at

10 ± 30 min. Thereafter, the activation of NF-kB was
decreased from 1 to 3 h. Treatment with 10 mM nepalolide
A attenuated the association of NF-kB with oligonucleotide

at 10 min by 54.9+12 and 51.3+5.1% in C6 glioma cells and
primary astrocytes, respectively (n=4). The association

Figure 4 E�ect of nepalolide A on the level of iNOS. C6 glioma cells (a) and astrocytes (b) were preincubated with nepalolide A
(2 ± 10 mM) for 30 min. After 30 min incubation, C6 glioma cells were challenged with 5 mg ml71 LPS/100 units ml71 IFN-g (LPS/
IFN-g) or 5 ng ml71 TNF-a/5 ng ml71 IL-1b/100 units ml71 IFN-g (mixed cytokines) plus or minus nepalolide A for 24 h. For
astrocytes, cells were challenged with 5 ng ml71 TNF-a/5 ng ml71 IL-1b/100 units ml71 IFN-g in the presence or absence of
nepalolide A for 24 h. After incubation for 24 h, cells were harvested and iNOS was immunoprecipitated and analysed by
immunoblotting. The top parts of (a) and (b) are immunoblots of iNOS. The bottom parts are the relative levels of iNOS in
untreated cells and cells treated with nepalolide A. Results are means+s.d. (where large enough to be shown) from four independent
experiments, and are expressed relative to cells treated with iNOS inducers alone. Signi®cant di�erences between control and
nepalolide A-treated cells are indicates by *P50.05; **P50.01; and ***P50.001.
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increased with time, reaching a plateau at 1 h in cells treated
with 10 mM nepalolide A. Consequently, there was no
signi®cant di�erence in the mixed cytokines-induced activa-

tion of NF-kB between control and nepalolide A-treated cells
at 3 h. These results established that nepalolide A suppressed
NF-kB activation and modulated the time-course pro®le of
activation.

Nepalolide A modulated the degradation of IkB-a and
IkB-b

LPS/IFN-g induced the degradation of IkB-a by
43.67+14.14% at 60 min in C6 glioma cells an e�ect that was

signi®cantly suppressed by treatment with 10 mM nepalolide A
(n=3) (Figure 9a). Mixed cytokines decreased IkB-a by
74.45+18.5% at 10 min and 76.1+6.6% at 5 min in C6

glioma cells and primary astrocytes, respectively (n=3) (Figure
9b and c). Nepalolide A retarded the mixed cytokines-induced
degradation and suppressed the resynthesis of IkB-a. Never-
theless, nepalolide A did not alter the maximum extent of

degradation.
Nepalolide A blocked the degradation of IkB-a in a

concentration-dependent manner in C6 glioma cells and

primary astrocytes (Figure 10). In C6 glioma cells treated
with LPS/IFN-g for 60 min, the intracellular level of IkB-a
was increased from 53.1+10.7 to 73.2+9.6 and 92.1+2.9%

by 2 and 4 mM nepalolide A, respectively (n=3) (Figure
10a). Nepalolide A at 4 and 6 mM elevated the level of IkB-a
retained in cells treated with mixed cytokines for 10 min

from 32.7+9.3 to 55.2+3.0 and 67.5+4.5%, respectively.
For primary astrocytes, the intracellular level of IkB-a in
cells incubated with mixed cytokines for 5 min was increased

from 54.6+12.3 to 83.8+2.2 and 93.0+13.5% by 2 and
4 mM nepalolide A, respectively (n=3) (Figure 10b).

LPS/IFN-g and mixed cytokines had similar e�ects on the
degradation of IkB-b as they did on IkB-a (Figure 11).

However, there was no obvious resynthesis of IkB-b
following treatment with mixed cytokines. Nepalolide A at
10 mM completely inhibited the degradation of IkB-b
induced by LPS/INF-g (Figure 11a). The extent of
degradation of IkB-b induced by mixed cytokines was
signi®cantly decreased by nepalolide A at 60 ± 120 min and

30 ± 120 min in C6 glioma cells and astrocytes, respectively
(Figure 11b and c). These results demonstrate that the

Figure 5 RT±PCR analysis of the level of iNOS mRNA. C6 glioma
cells (a) were treated with 5 mg ml71 LPS/100 units ml71 IFN-g
(LPS/IFN-g) or 5 ng ml71 TNF-a/5 ng ml71 IL-1b/100 units ml71

IFN-g (mixed cytokines) in the presence or absence of various
concentrations of nepalolide A for 5 h. For astrocytes (b), cells were
treated with mixed cytokines plus or minus nepalolide A for 5 h.
After incubation, total RNA was isolated and subjected to RT±PCR
analysis. This experiment was repeated three times with similar
results. G3PDH, glyceraldehyde-3-phosphate dehydrogenase.

Figure 6 E�ects of nepalolide A pretreatment, cotreatment, or post
treatment on C6 glioma cells. C6 glioma cells were treated with
5 mg ml71 LPS/100 units ml71 IFN-g (a) or 5 ng ml71 TNF-a/
5 ng ml71 IL-1b/100 units ml71 IFN-g (b) for 24 h. Nepalolide A
(10 mM) was added prior to (70.5 h), during (0 h), or following (1 ±
20 h) exposure to inducers of iNOS. After incubation, the culture
media were collected for nitrite determination. Results are
means+s.d. (where large enough to be shown) from four
independent experiments. Signi®cant di�erences between control
and nepalolide A-treated cells are indicated by ***P50.001.
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Figure 8 Time-course e�ect of nepalolide A on the electrophoretic mobility shift assay (EMSA) for NF-kB binding. C6 glioma cells
(a) and astrocytes (b) were incubated with 5 ng ml71 TNF-a/5 ng ml71 IL-1b/100 units ml71 IFN-g in the presence or absence of
10 mM nepalolide A for 0 ± 180 min. After these times, nuclear extracts were isolated and EMSA for NF-kB binding was performed
by using 5'-end-labelled consensus oligonucleotide. The top parts of (a and b) are representative autoradiographs of NF-kB binding.
The bottom parts are the relative levels of NF-kB binding in untreated cells or cells treated with nepalolide A. Results are
means+s.d. (where large enough to be shown) from four independent experiments, and expressed relative to the control cells treated
with mixed cytokines for 3 h. Signi®cant di�erences between control and nepalolide A-treated cells are indicated by *P50.05;
**P50.01; and ***P50.001.

Figure 7 E�ect of nepalolide A on the electrophoretic mobility shift assay (EMSA) for NF-kB and AP-1 binding. C6 glioma cells
and astrocytes were preincubated with nepalolide A (2 ± 10 mM) for 30 min. After 30 min incubation, cells were challenged with
5 mg ml71 LPS/100 units ml71 IFN-g (LPS/IFN-g) or 5 ng ml71 TNF-a/5 ng ml71 IL-1b/100 units ml71 IFN-g (mixed cytokines)
plus or minus nepalolide A for 3 h. After incubation, nuclear extracts were isolated. The EMSA of NF-kB and AP-1 binding was
performed by using 5'-end-labelled consensus or mutant oligonucleotides. (a and b) are representative autoradiographs of NF-kB
and AP-1 binding, respectively. (c) is the relative level of NF-kB binding in untreated cells and cells treated with nepalolide A.
Results are means+s.d. (where large enough to be shown) from ®ve independent experiments, and are expressed relative to cells
treated with iNOS inducers alone. Signi®cant di�erences between control and nepalolide A-treated cells are indicated by **P50.01;
and ***P50.001.

Nepalolide A inhibits iNOS expression 351C.-N. Wang et al



attenuation of NF-kB activation by nepalolide A was
mediated by blockade of the degradation of IkB, thereby
suppressing the expression of iNOS.

Discussion

Nepalolide A inhibited the LPS/IFN-g- and mixed cytokines-
stimulated accumulation of nitrite in culture medium and the
elevation in iNOS activity. The inhibition was in parallel to the

decreases in iNOS protein content, the level of iNOS mRNA,
the assocation of NF-kB with consensus oligonucleotide and
the degradation of IkB.

The structure of nepalolide A consists of an isoprenoide
ring system and a lactone ring containing a conjugated
exomethylene group (Lin et al., 1996). Both the lactone ring

and exomethylene group form a reactive Michael system,
which may account for the inhibitory e�ect of nepalolide A on
the induction of iNOS. The present study aimed to investigate
the mechanisms by which nepalolide A abrogated the

induction of iNOS. The data from Figure 6 showed that the
addition of 10 mM nepalolide A following exposure to iNOS
inducers for 4 h completely abolished the induction of iNOS.

This result excluded the possibility that the inhibitory e�ect of
nepalolide A was due to it interfering with the binding of
inducers to their receptors. We could not obtain consistent

Figure 9 Time-course e�ect of nepalolide A on the degradation of IkB-a. C6 glioma cells were treated with 5 mg ml71 LPS/
100 units ml71 IFN-g (a) or 5 ng ml71 TNF-a/5 ng ml71 IL-1b/100 units ml71 IFN-g (b) in the presence or absence of 10 mM
nepalolide A for 0 ± 3 h. Astrocytes were treated with 5 ng ml71 TNF-a/5 ng ml71 IL-1b/100 units ml71 INF-g (c) plus or minus
10 mM nepalolide A for 0 ± 3 h. After incubation periods, cellular lysates were prepared and immunoblotting performed. The left
parts of (a, b and c) are representative immunoblots of intracellular IkB-a. The right parts are the relative levels of intracellular IkB-
a in untreated cells or cells treated with nepalolide A. In each, the top left parts are cells treated with iNOS inducers in the absence
of nepalolide A, the bottom left parts are cells treated with iNOS inducers in the presence of nepalolide A. Results are means+ s.d.
(where large enough to be shown) from three independent experiments, and expressed relative to the cells at zero time. Signi®cant
di�erences between control and nepalolide A-treated cells are indicated by *P50.05; **P50.01; and ***P50.001.
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results for the accumulation of nitrite in primary astrocytes
treated with LPS/IFN-g. The signalling of LPS is mediated by
its receptor, membrane-bound CD14 or soluble CD14.

Furthermore, recent studies have demonstrated that activation
of CD14-negative cells including endothelial cells or primary
astrocytes require the presence of soluble CD14 (Galea et al.,
1996). The induction of iNOS in astrocytes was performed in

medium without serum in this study. Therefore, LPS may well
not have been able to exert its e�ect through soluble CD14,
explaining the variable results observed in these studies.

NF-kB activation has been shown to be essential for the
expression of iNOS (Xie et al., 1994; Feinstein et al., 1996;

Muller et al., 1993). The phosphorylation of serine residues 32
and 36 in IkB-a and residues 19 and 23 in IkB-b by IKK-a and
IKK-b trigger the degradation of IkB and the dissociation of

NF-kB from IkB. This causes NF-kB to translocate into the
nucleus and interact with the NF-kB binding motif in the
promoters of target genes (Mercurio et al., 1997; DiDonato et
al., 1997; Woronicz et al., 1997; ReÂ gnier et al., 1997). The

present study demonstrated that the block of NF-kB
activation caused by nepalolide A accounted for the inhibition
of the induction of iNOS. These results are consistent with the

reports that NF-kB plays a critical role in the expression of
iNOS. Nepalolide A blocked the LPS/IFN-g-induced but not
mixed cytokines-mediated association of NF-kB with con-

sensus oligonucleotide in a concentration-dependent manner
after 3 h incubation. However, nepalolide A did modify the
time course pro®le of mixed cytokines-mediated NF-kB
activation, delaying the interaction of NF-kB with consensus
oligonucleotide, and reduce the maximal level of association.
These results indicate that the time-course of NF-kB activation
may be as important as the level of activation. Nevertheless,

10 mM nepalolide A only suppressed the association of NF-kB
with consensus oligonucleotide induced by mixed cytokines by
about 50% after 10 min induction. If the activation of NF-kB
is su�cient for the expression of iNOS, these results imply that
there is a threshold concentration for NF-kB associating with
the promoter to trigger the transcription of iNOS. Recently,

studies by Bergmann et al. (1998) have shown that IkB-a
degradation and NF-kB DNA binding are insu�cient for IL-
1b and TNF-a-induced NF-kB-dependent transcription. From
these results they have proposed the existence of a second
pathway triggered by TNF-a and IL-1b in parallel to IkB-a
degradation, which confers NF-kB transcriptional compe-
tency. This hypothesis may provide an explanation for the

results obtained in our study. Nepalolide A may interfere with
the unknown pathway, in combination with the suppression of
NF-kB activation, thereby completely abrogating the mixed

cytokines-induced expression of iNOS. Moreover, p38 has
been suggested to regulate the induction of iNOS (Bhat et al.,
1998). Inhibition of p38 does not a�ect the localization of NF-

kB to nucleus or its DNA binding (Bergmann et al., 1998). It is
also possible, therefore, that interference with p38 activation
by nepalolide A may also contribute partially to the inhibition
of NF-kB-mediated transcription of iNOS.

LPS/IFN-g and mixed cytokines had di�erential e�ects on
the degradation of IkB-a and IkB-b, indicating that these
iNOS inducers activate NF-kB by di�erent signalling path-

ways. LPS associates with CD14 thereby eliciting tyrosine
phosphorylation, activation of PKCZ, c-Raf, extracellular
signal-regulated kinase 1 and 2 (Erk1/Erk2), p38, c-jun N-

terminal kinase (JNK) and IkB kinase (Chen et al., 1998;
Hambleton et al., 1996; Reimann et al., 1994; Schumann et al.,
1998). IFN-g induces the localization of Stat1 into nucleus and

binding to GAS, through tyrosine phosphorylation, by janus
kinase (JAK) (Kovarik et al., 1998; Gao et al., 1997).
Therefore, LPS is the major factor accounting for the
activation of NF-kB in LPS/IFN-g treatment. PKCZ and

p38 have been implicated in the regulation of iNOS induction
(Chen et al., 1998; Bhat et al., 1998). However, the activation
of Erk1/Erk2 has been shown to be dissociated from the

expression of iNOS following LPS/IFN-g treatment of C6
glioma cells (Nishiya et al., 1997). Multiple lines of evidence
have demonstrated that Erk kinase kinase 1 (MEKK1), an

activator of JNK, is involved in the activation of IKK-a and
IKK-b (Karin & Delhase, 1998; Lee et al., 1998; Hirano et al.,
1996; Nakano et al., 1998). It is conceivable, therefore, that
LPS may induce the activation of NF-kB by MEKK1

Figure 10 The e�ect of nepalolide A on the degradation of IkB-a.
C6 glioma cells were treated with 5 mg ml71 LPS/100 units ml71

IFN-g (LPS/IFN-g) or 5 ng ml71 TNF-a/5 ng ml71 IL-1b/
100 units ml71 IFN-g (mixed cytokines) in the presence or absence
of nepalolide A (2 ± 10 mM) for 60 and 10 min, respectively (a).
Astrocytes were treated with mixed cytokines plus or minus
nepalolide A (2 ± 10 mM) for 5 min (b). After treatment, cellular
lysates were prepared and immunoblotting of intracellular IkB-a was
performed. Results are means+s.d. (where large enough to be
shown) from three independent experiments, and expressed relative to
the cells at zero time. Signi®cant di�erences between control and
nepalolide A-treated cells are indicated by *P50.05; **P50.01; and
***P50.001.
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pathway; the activation of IKK-a/IKK-b by TNF-a and IL-1b
are mediated by the Rip/TNF receptor-associated factor
(TRAF2, TRAF6)?NF-kB-inducing kinase (NIK)?IKK-a/
IKKb pathway (Cao et al., 1996; Hsu et al., 1995; 1996;
Woronicz et al., 1997). Since TNF-a and IL-1b also elicit the
activation of JNK, we cannot completely rule out the
possibility that MEKK1 may also play a marginal role in the

activation of NF-kB by mixed cytokines treatment. Two
di�erent signalling pathways of LPS/IFN-g and mixed
cytokines converge in the activation of NF-kB. Nepalolide A

may act on di�erent (or same) targets within these signalling
pathways and so exert di�erential e�ects on the degradation of
IkB and activation of NF-kB.

Studies into IkB degradation showed a resynthesis of IkB-a
following the degradation promoted by LPS/IFN-g or mixed
cytokines. It has been reported that both IKK-a and IKK-b
phosphorylate IkB bound to NF-kB more e�ciently than they
phosphorylate free IkB. This result explains how free IkB can
accumulate in cells in which IKK is still active and thus can
contribute to the termination of NF-kB activation (Zandi et

al., 1998). Studies on the promoter analysis of the gene
encoding IkB-a have demonstrated that there are three NF-kB
binding sites located in promoter region (Ito et al., 1994).

Therefore, the delayed resynthesis of IkB-a observed in the
present study further supports the idea of nepalolide A having
inhibitory e�ects on NF-kB transcriptional competency.

Figure 11 Time-course e�ect of nepalolide A on the degradation of IkB-b. C6 glioma cells were treated with 5 mg ml71 LPS/
100 units ml71 IFN-g (a) or 5 ng ml71 TNF-a/5 ng ml71 IL-1b/100 units ml71 IFN-g (b) in the presence or absence of 10 mM
nepalolide A for 0 ± 3 h. Astrocytes were treated with 5 ng ml71 TNF-a/5 ng ml71 IL-1b/100 units ml71 IFN-g (c) plus or minus
10 mM nepalolide A for 0 ± 3 h. After the incubation periods, cellular lysates were prepared and immunoblotting was performed. The
left parts of (a, b and c) are representative immunoblots of intracellular IkB-b. The right parts are the relative levels of intracellular
IkB-b in untreated cells or cells treated with nepalolide A. In each, the top left parts are cells treated with iNOS inducers in the
absence of nepalolide A, the bottom left parts are cells treated with iNOS inducer in the presence of nepalolide A. Results are
means+s.d. (where large enough to be shown) from three independent experiments, and expressed relative to the cells at zero time.
Signi®cant di�erences between control and nepalolide A-treated cells are indicated by * P50.05; and **P50.01.
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In summary, nepalolide A inhibited the LPS/IFN-g- and
mixed cytokines-stimulated accumulation of nitrite and
increased activity of iNOS in a concentration-dependent

manner in C6 glioma cells. Similar results were obtained in
studies employing primary astrocytes treated with mixed
cytokines. The inhibitory e�ect of nepalolide A on the activity
of iNOS occurred as a result of suppression of iNOS

expression. Nepalolide A suppressed the activation of NF-kB

by modulating the degradation of IkB-a and IkB-b triggered
by iNOS inducers, thereby attenuating the expression of iNOS.

This study was supported by National Science Council Grant
NSC87-2811-B-077-0001, NSC87-2314-B-077-017 and NSC88-
2314-B-077-011, Taiwan, Republic of China.
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