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Ergolide, sesquiterpene lactone from Inula britannica, inhibits
inducible nitric oxide synthase and cyclo-oxygenase-2 expression in
RAW 264.7 macrophages through the inactivation of NF-xB
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1 We investigated the mechanism of suppression of inducible nitric oxide synthase (iNOS) and
cyclo-oxygenase-2 (COX-2) by ergolide, sesquiterpene lactone from Inula britannica.

2 iINOS activity in cell-free extract of LPS/IFN-y-stimulated RAW 264.7 macrophages was
markedly attenuated by the treatment with ergolide. Its inhibitory effect on iNOS was paralleled by
decrease in nitrite accumulation in culture medium of LPS/IFN-y-stimulated RAW 264.7
macrophages in a concentration-dependent manner. However, its inhibitory effect does not result
from direct inhibition of the catalytic activity of NOS.

3 Ergolide markedly decreased the production of prostaglandin E, (PGE,) in cell-free extract of
LPS/IFN-y-stimulated RAW 264.7 macrophages in a concentration-dependent manner, without
alteration of the catalytic activity of COX-2 itself.

4 Ergolide decreased the level of iINOS and COX-2 protein, and iNOS mRNA caused by
stimulation of LPS/IFN-y in a concentration-dependent manner, as measured by Western blot and
Northern blot analysis, respectively.

5 Ergolide inhibited nuclear factor-kxB (NF-xB) activation, a transcription factor necessary for
iNOS and COX-2 expression in response to LPS/TFN-y. This effect was accompanied by the parallel
reduction of nuclear translocation of subunit p65 of NF-«kB as well as IxB-a degradation. In
addition, these effects were completely blocked by treatment of cysteine, indicating that this
inhibitory effect of ergolide could be mediated by alkylation of NF-xB itself or an upstream
molecule of NF-xB.

6 Ergolide also directly inhibited the DNA-binding activity of active NF-xB in LPS/IFN-y-
pretreated RAW 264.7 macrophages.

7 These results demonstrate that the suppression of NF-xB activation by ergolide might be
attributed to the inhibition of nuclear translocation of NF-xB resulted from blockade of the
degradation of IxB and the direct modification of active NF-kB, leading to the suppression of the
expression of iNOS and COX-2, which play important roles in inflammatory signalling pathway.
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Introduction

Both nitric oxide (NO) and prostaglandins (PG), and their
associated enzymes nitric oxide synthases (NOS) and cyclo-
oxygenases (COX) (specifically COX-2) have been implicated
in the development of inflammation (Nathan, 1997; Sautebin,
2000). Three isoforms of NOS exist, constitutively expressed
neuronal NOS (nNOS) and endothelial NOS (eNOS), which
are both Ca®" calmodulin-dependent, and an inducible
isoform (iNOS), which is Ca?* calmodulin-independent
(Michel et al, 1995). Two isoforms of COX exist,
constitutively expressed COX-1 and an inducible isoform
COX-2 (Smith et al, 1996). iNOS and COX-2 are up-
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regulated in response to inflammatory and proinflammatory
mediators (Fu ef al., 1990; Moncada et al., 1991; Macmicking
et al., 1997; Sautebin et al., 1998), and their products are
known to be an important mediator of acute and chronic
inflammation.

Numerous reports focused on the interaction between NO
and PG pathway in inflammatory process. It has been
reported that NO stimulates the production of PG by two
mechanisms: NO has been shown to stimulate COX-2 activity
via reaction with the haeme component, which binds to the
active site of the COX-2 enzyme (Salvemini et al., 1993; 1994;
Corbett et al., 1993; Franchi et al, 1994), and low
concentration of NO promotes COX-2 expression in RAW
264.7 macrophages (Von Knethen & Brune, 1997; Von
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Knethen et al., 1999), although its mechanism remains
elusive. In contrast to the stimulatory effect of NO on PG
production, it has been reported that endogenous NO inhibits
PG synthesis in LPS-stimulated macrophages (Habib ez al.,
1997), and PG downregulates iNOS induction (Tetsuka et al.,
1994), thus demonstrating cross-talk between the COX-2 and
NOS pathways.

Nuclear factor-xB (NF-kB) is a transcriptional factor that
acts as a central mediator of the human immune response
and regulates the transcription of various inflammatory
cytokines such as IL-1, IL-2, IL-6, IL-8 and tumour necrosis
factor-o as well as genes encoding cell adhesion molecules,
immunoreceptors, hematopoetic growth factors and growth
factor receptors (Baeuerle & Henkel, 1994; Baeuerle &
Baltimore, 1996; May & Ghosh, 1998). There are indications
that activation of NF-xB is involved in iNOS and COX-2
expression because there is an NF-xkB consensus site in the
upstream promotor region of the iNOS and COX-2 gene
(Yamamoto et al., 1995; Kim et al., 1997; Barnes & Karin,
1997; Crofford et al., 1997). Therefore, iNOS and COX-2
expression, and NF-xB activation have been used as tools for
the screening of anti-inflammatory activity.

Using iNOS and COX-2 expression, and NF-xB activation
as a molecular target, we screened active compounds from
many traditional herbal medicines, which had been used as
traditional remedies for inflammatory diseases, and found that
ergolide (Figure 1) isolated from the dried flowers of Inula
britannica inhibited iNOS activity in RAW 264.7 macrophages
in preliminary experiment. Although ergolide was isolated
from Inula species (Wang et al., 1996; Park & Kim, 1998),
there is little information available on the biological activities
of ergolide. Here, in order to elucidate the mechanism of anti-
inflammatory effect of ergolide, we investigated ergolide for its
ability to inhibit iNOS and COX-2 expression, and NF-xB
activation in RAW 264.7 macrophages.

Methods
Reagents

Ergolide (Figure 1) was isolated from dried flowers of Inula
britannica L. var chinensis Regel and structural identity of
ergolide was determined spectroscopically (‘"H and “C NMR,
IR, MS) as described previously (Wang et al., 1996).
Dulbecco’s modified Eagle’s medium (DMEM) with high
glucose and other reagents for cell culture were obtained
from Gibco—BRL Life Biotechnologies (Grand Island,
NY, U.S.A). [2,3,4,5-H]-L-arginine monohydrochloride
(57 Ci mmol~') was obtained from Amersham International
(Amersham, Bucks.,, U.K.) and [*P]-labelled dATP
(3000 Ci mmol~') was from NEN (NEN Life Science
Products, Boston, MA, U.S.A.). Mouse anti-mouse iNOS
monoclonal antibody and mouse anti-rat COX-2 antibody
were obtained from Transduction Laboratories (Lexington,
KY, U.S.A.). Rabbit polyclonal p65 (RelA) antibody was
obtained from Calbiochem (U.S.A.), and rabbit polyclonal
IxkB-o antibody was from New England BioLabs (U.S.A.).
LPS (from Escherichia coli, 011:B4), IFN-y (recombinant
mouse, expressed in E. coli), N-(1-naphthyl) ethylenediamine
hydrochloride,  sulphanilamide,  (6R)-5,6,7,8-tetrahydro-
biopterin (6R-H4B), aprotinin, leupeptin, pepstatin A,
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Figure 1 Chemical structure of ergolide isolated from Inula
britannica.

phenylmethylsulphonylfluoride, S-NADPH, dithiothreitol,
calmodulin, L-citrulline, Dowex 50WX8-200 resin, FAD,
FMN, Igepal CA-630, and L-N“-monomethylarginine (L-
NMMA) were purchased from Sigma Chemical Co. (St.
Louis, MO, U.S.A.).

Cell culture

The murine macrophage/monocyte cell line RAW 264.7
macrophages (from ATCC) were maintained at 37°C and
5% CO, in DMEM containing 10% heat-inactivated foetal
bovine serum, 2 mM glutamine, 100 4 ml~' penicillin and
100 ug ml~" streptomycin. Cells were plated at a density of
1.0 x 10° cells ml~', and allowed to attach for 2 h. For
stimulation, the medium was replaced with fresh DMEM,
and the cells were then stimulated with 1 ug ml~" of LPS and
10 units ml~' of IFN-y in the presence or absence of ergolide
for the indicated periods.

Measurement of nitrite production using Griess reagent

NO production in culture supernatant was spectrophotome-
trically evaluated by measuring nitrite, an oxidative product
of NO. Nitrite was determined with the Griess reaction
(Green et al., 1982) by mixing 100 ul of culture supernatant
with 100 ul of Griess reagent containing equal volumes of
1% (w v~ ') sulphanilamide in 5% (w v~') phosphoric acid
and 0.1% (w v~') of N-(1-naphthyl)ethylenediamine solution.
Absorbance was measured in a microplate reader (Bio-Tek
EL x 800, Bio-Tek Instrument Inc., U.S.A.)) at 540 nm
against a calibration curve with sodium nitrite standards.

Measurement of NOS activity using [>H ]-L-citrulline

formation assay

Cell-free extracts as enzyme sources were prepared from the
RAW 264.7 macrophages cultured for 16—18 h in the
presence of ergolide and stimulators, LPS (1 ug ml~') and
IFN-y (10 unit ml™"), using Hayashi’s method with minor
modifications (Hayashi ez al., 1997). Specific activity of iNOS
was measured in cell-free extracts by monitoring the
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conversion of [*H]-L-arginine to [*H]-L-citrulline (Vodovotz et
al., 1993). After preincubation of reaction mixtures which
contained 50 mM Tris buffer (pH 7.4), | mM NADPH, 20 um
H4B, 5 um FAD, 5 um FMN, 1 mM dithiothreitol and 20—
40 pg of cell lysate protein for 3—5 min at 37°C, 10 ul of
500 um  arginine  containing  [*H]-L-arginine  (about
200,000 c.p.m.) was added to the mixture (at a final
concentration of 25 uM in 200 ul of total reaction mixture),
and was further incubated for 10—15 min. The reaction was
stopped by the addition of 1 ml ice-cold 20 mM sodium
acetate stop buffer (pH 5.5) containing 1 mM citrulline, 2 mM
EDTA and 2 mM EGTA. Then the reaction mixtures were
applied onto columns (1 cm diameter) containing 1 ml
DOWEX 50W-X8 (Na* form) cation exchange resin, and
each column was eluted with 2 ml of water. The radioactivity
of [PH]-L-citrulline in the eluates was measured on a liquid
scintillation counter (LKB, RackBeta, Finland). For the
nNOS assay, fresh rat brain extract as an enzyme source was
prepared as previously published (Chan er al., 1997) and
10 ug ml~" of calmodulin and 1.5 mMm of CaCl, were used in
addition to the above reaction mixture described for the
iNOS assay.

Western blot analysis

Whole cell extracts containing equal quantities of proteins
(30—50 ug) were electrophoresed in 10% polyacrylamide gel.
Subsequently, the separated proteins were transferred to
PVDF membrane using Semi-Dry Transfer Cell (TRANS-
BLOT, BIO-RAD, U.S.A.). Briefly, the membrane was
blocked for 30 min with blocking buffer (5% skim milk in
50 mM Tris-HCI, 200 mM NaCl, and 0.05% Tween 20,
pH 7.5), and was incubated with appropriate dilutions of
primary antibodies (against iNOS, COX-2, p65 or IxB-a) for
overnight at 4°C. After washing twice with the above buffer,
the membrane was further incubated for 2 h with a 1:1000
dilution of alkaline phosphatase-conjugated goat anti-rabbit
or anti-mouse antibody, and were developed with BCIP (5-
bromo-4-chloro-3-indoyl phosphate)/NBT (nitroblue tetrazo-
lium) colour developing solution. In the case of COX-2, an
enhanced chemiluminescence (ECL) method was used as
Western blot detection system (ECL Plus®, Amersham). As a
primary antibody, murine anti-rat COX-2 polyclonal anti-
body (Transduction Lab) was used at a 1:500 dilution. The
secondary antibody, horseradish peroxidase-conjugated sheep
anti-mouse IgG (Amersham), was diluted 1:2000 and the
immunoblot was visualized using Amersham ECL-film.

Northern blot analysis

Total cellular RNA was extracted with TRIzo.® reagent
(Gibco) according to the manufacturer’s instructions. Twenty
micrograms of total RNA were separated on 1.0% (w v~')
agarose gels containing 1.8% formaldehyde and were
transferred to a positively charged-nylon membrane (Boeh-
ringer Mannheim GmbH, Mannheim, Germany) via down-
ward capillary action. After u.v. cross-linking and
prehybridization for 3 h at 45°C in 20 ml of hybridization
solution (DIG Easy Hyb®™, BM), the filters were hybridized
to a digoxigenin-dUTP-labelled iNOS probe and digoxigenin-
dUTP-labelled glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) probe overnight at 45°C in hybridization

incubator. Purified PCR products of iNOS (ca 500 bps) and
GAPDH (ca 1000 bps) were used as DNA probes after
labelling with digoxigenin-11-dUTP by random priming using
a Dig-DNA labelling kit (BM). RNA blots hybridized with
digoxigenin-labelled DNA probes were detected by EIA with
luminescence using Dig-luminescent detection kit (BM)
according to the manufacturer’s instructions. Briefly, after
hybridization and thorough washing, the membrane was
blocked with non-fat milk for 30 min and then incubated for
30 min in 20 ml of antibody solution containing polyclonal
sheep anti-digoxigenin Fab fragments conjugated to alkaline
phosphatase (BM). Alkaline phosphatase activity also was
detected by the ECL system (BM) using Amersham ECL-
film.

Measurement of COX-2 activity by enzyme immunoassay

PGE, production was measured in culture medium in order
to determine COX-2 activity. For the assay of COX-2
induction, RAW 264.7 macrophages were plated in 24-well
plates at a density of 5x 10° cells well™' in 1 ml of DMEM
and treated with 500 uM acetylsalicylic acid for COX
inactivation. After a 2-h incubation, culture media were
replaced with fresh DMEM containing 5% foetal bovine
serum. The cells were stimulated with LPS (1 ug ml~") and
IFN-y (10 units ml~"), and incubated in the presence of
ergolide for 16 h at 37°C. The culture supernatants were
immediately used for PGE, determination or stored at
—70°C until measurement. For the assay of intrinsic COX-
2 activity, the cells incubated and pretreated with acetylsa-
licylic acid by the same protocol as for the induction were
stimulated with LPS (1 ug ml~") and IFN-y (10 units ml~") in
the absence of ergolide. After a 16-h incubation and wash,
the media were replaced with 0.9 ml of fresh media with or
without ergolide. The cells were incubated for 20 min, and
100 ul of 100 uM arachidonic acid (final concentration,
10 uMm) was then added to each well and the incubation
was continued for another 12—13 min. The culture super-
natants were used immediately or stored at —70°C until
PGE, determination. PGE, concentration was measured
using a commercial competitive enzyme immunoassay kit
(EIA, Caymann Chem., Co., Ann Arbor, MI, U.S.A)
according to the manufacturer’s protocol.

Electrophoretic mobility shift assay (EMSA) of NF-xB

Nuclear proteins were extracted by using a modification of
Andrew’s method (Andrews & Faller, 1991). All the
procedures for nuclear protein extraction were performed at
0°C to 4°C with ice-cold reagents. Scrapped and pelleted cells
were resuspended in 1 ml of ice-cold lysis buffer (10 mM Tris-
HCI, pH 7.4, 3 mm CaCl,, 2 mM MgCl,, 1% Igepal CA-630,
0.5 mM phenylmethylsulphonylfluoride, and 5 pug ml=' of
leupeptin, pepstatin, aprotinin, respectively) and incubated
for 15 min on ice with occasional vortexing. After centrifuga-
tion and washing of the nuclei pellet, 30—50 ul of ice-cold
hypertonic extraction buffer [20 mmM HEPES-KOH, pH 7.9,
25% (w v~ ') glycerol, 420 mMm NaCl, 0.2 mm EDTA, 1.5 mM
MgCl,, 0.5 mM dithiothreitol and protease inhibitors] was
added and incubated at 4°C for 40 min with constant
shaking. Nuclear extracts were isolated by centrifugation at
14,000 r.p.m. for 30 min and the protein content in aliquots
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was determined by Bradford assay (Bradford, 1976). Nuclear
extracts were stored at —70° until use for EMSA. The
oligonucleotide probe used for EMSA contained the NF-xB
consensus sequence. Double-stranded NF-xB consensus
sequence was obtained from Bioneer Corp. (Chungbuk,
Korea) and used for radioactive labelling after annealing.
The sequences of probes used in this work are shown as
follows (binding site underlined).

NF-«BU 5-AGC-TTG-GGG-ACT-TTC-C-3'
NF-«kBL 3'-C-CCC-TGA-AAG-GTC-GGC-¥

One nanomole of each oligonucleotide was annealed by
heating at 95° for 5 min, cooled slowly to 30°C, and diluted
to 1.75 pmol ul='. Oligonucleotide probe was labelled with o-
[**P]dATP using Klenow fragment (BM). The total volume of
the labelling mixture was 25 ul and the composition of the
labelling mixture was as follows: 7 pmol oligomer (DNA
probe), 0.4 mMm dNTPs (w/o dATP), labelling buffer (50 mm
Tris-HCI, pH 8.0, 50 mM NaCl and 10 mm MgCl,), 4 ul of
o-[**P]dATP (>3000 Ci mmol~', 10 Ci ul7'), and 1 ul of
Klenow fragment (1 unit ul='). The labelling reaction was
performed for 40 min at 37°C and the labelled probes were
purified by Sephadex G-25 spin-column chromatography.

Binding reactions were performed at room temperature for
30 min with 5—-10 ug of nuclear protein in 20 ul of binding
buffer (10 mm HEPES-KOH, pH 7.7, 50 mm KCI, 2.5 mMm
MgCl,, 1 mm dithiothreitol, 10% glycerol, and 1 ug ml~" of
leupeptin, pepstatin and aprotinin) containing 1 ug of
Poly[dI-dC-dI-dC] and 100,000 c.p.m. [**P]-labelled probe.
The specificity of the binding reaction was confirmed by
competition assay with a 100 fold molar excess of unlabelled
oligonucleotide probe. DNA-protein complex was separated
from unbound probe on native 6% polyacrylamide gels in
0.25X-TBE running buffer. After electrophoresis, the gel was
vacuum-dried and analysed by Fluorescent Image Analyzer
FLA-2000 (Fujifilm, Japan).

Statistical analysis

Results are expressed means+s.d., and an analysis of
variance (ANOVA) with Bonferroni’s test was used for the
statistical analysis of multiple comparisons of data. P-values
less than 0.05 were considered statistically significant.

Results

Ergolide inhibits LPS|IFN-y-mediated production of
nitrite, but does not directly inhibit catalytic activity of
NOS

In order to evaluate the iNOS inhibitory capacity of ergolide,
nitrite accumulation and citrulline formation were examined
in LPS/IFN-y-stimulated RAW 264.7 macrophages. Ergolide
was added to the culture media immediately prior to
stimulation of RAW 264.7 macrophages with LPS/IFN-y
and the cells were incubated for 18 h. Thereafter, iNOS
activity in cell-free extract and nitrite accumulation in the
culture medium were determined. As shown in Figure 2,
ergolide inhibited nitrite accumulation and [*H]-L-citrulline
formation in a concentration-dependent manner. Further-
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Figure 2 Effects of ergolide on nitrite accumulation and iNOS
activity in RAW 264.7 macrophages stimulated with LPS/IFN-y.
Ergolide was added to RAW 264.7 cells in 100 mm-culture dishes
immediately prior to the addition of 1 ug ml~' LPS/10 units ml~"
IFN-y, and the cells were incubated for 18 h. Nitrite accumulation
(A) was determined by Griess reaction in culture medium, and iNOS
activity (B) was measured by [*H]-L-citrulline formation with cell-free
extracts. Data are expressed as meants.d. from three separate
experiments in duplicate. Significant differences between control and
ergolide-treated groups are indicated by *P<0.05.

more, the inhibitory capacity determined by citrulline
formation was a little higher than that determined by nitrite
accumulation (Figure 2B vs 2A). ICsy value of ergolide is
1.95 uM in nitrite accumulation and less than 1.5 uM in
citrulline formation assay. Ergolide had no effect on the cell
viability at concentration of 1.5—10 uM (data not shown),
assessed by MTT method. Thus, these inhibitory effects were
not the result of cytotoxicity.

Since the result described in Figure 2 reflects the
cumulative consequence of iNOS expression and its activity,
we investigated whether the inhibition by ergolide of iNOS
was due to a direct effect on the enzyme catalytic activity
itself or not. We, therefore, directly assayed NOS activity by
citrulline formation with cell-free extracts of RAW 264.7 cells
stimulated with LPS (1 ug ml~") and IFN-y (10 units ml~")
for 18 h in the absence of the inhibitors. Unlike L-NMMA
which is a well-known NOS inhibitor, ergolide did not show
any significant inhibitory effect on iNOS activity (Figure 3A).
Also, ergolide did not inhibit rat brain NOS activity as in the
case of iNOS (Figure 3B).
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Figure 3 Effects of ergolide on iNOS activity once expressed in
RAW 264.7 macrophages pretreated with LPS/IFN-y and on nNOS
from rat brain. (A) Cell lysates were prepared from RAW 264.7
macrophages stimulated with 1 ug ml~' LPS/10 units ml~' IFN-y for
18 h. iNOS activity in the lysates was measured using [*H]-L-citrulline
formation with or without the addition of L-NMMA or ergolide. (B)
nNOS from rat brain was prepared as described in ‘Methods.” nNOS
activity was measured using L-[3H]-citrulline formation with or
without the addition of L-NMMA or ergolide. Data are expressed as
mean+s.d. from three separate experiments in duplicate. Significant
differences between control and ergolide-treated groups are indicated
by *P<0.05.

Ergolide inhibits LPS|IFN-y-mediated iNOS protein and
mRNA expression

Since ergolide inhibited nitrite production when present
together with stimulants, but had no inhibitory effect on
iNOS or nNOS in vitro, we investigated its effect on iNOS
protein and mRNA expression in order to elucidate the
mechanism of inhibition of ergolide (Figure 4). Although
hardly detected in unstimulated RAW 264.7 macrophages by
Western blot analysis, iINOS protein was sufficiently
expressed after stimulation with LPS/IFN-y for 18 h, and
the presence of ergolide in LPS/IFN-y-stimulated cell cultures
markedly decreased iNOS expression in a concentration-
dependent manner (Figure 4A). We then performed Northern
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Figure 4 Effects of ergolide on the expression of iNOS. RAW 264.7
macrophages were stimulated with 1 ug ml=' LPS/10 units ml~"
IFN-y and incubated for 18 h in the presence or absence of ergolide.
Western blot analysis (A) and Northern blot analysis (B) were carried
out as described under ‘Methods’. Results show a representative blot
and the mean+s.d. of the corresponding band intensities from three
separate experiments. Significant differences between control and
ergolide-treated groups are indicated by *P<0.05.

blot analysis and found that ergolide decreased concentra-
tion-dependently the expression level of INOS mRNA (Figure
4B). These data demonstrate that the decreased activity of
iNOS by ergolide could have resulted from the inhibition of
iINOS protein and mRNA expression in RAW 264.7
macrophages treated with LPS/IFN-y.

Ergolide decreases LPS|/IFN-y-induced PGE, production
in RAW 264.7 macrophages, but does not inhibit COX-2
activity

PGE, in the supernatant of cultured RAW 264.7 macro-
phages stimulated with LPS (1 pug ml~') and IFN-y (10
units ml~') for 16 h in the presence of ergolide was
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measured. As shown in Figure SA, while unstimulated cells
synthesized 3.8 ng ml~' of PGE,, LPS/IFN-y-stimulated
cells had about 16 folds increased PGE, synthesis. Since
the cells had been pretreated with acetylsalicylic acid to
irreversibly inactivate COX by acetylation, this increased
PGE, production indicates increased de novo synthesis of
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Figure 5 Effects of ergolide on COX-2 activity and COX-2 protein
in RAW 264.7 macrophages treated with LPS/IFN-y. (A) The cells
were first treated with acetylsalicylic acid (500 uM) to inactivate COX
followed by replacement of the medium with fresh medium together
with 1 ug ml~' LPS/10 units ml~' IFN-y. The cells were further
incubated in the presence or absence of ergolide. Detailed procedures
for cell culture and COX-2 assay are described under ‘Methods’. (B)
To measure the level of COX-2 protein, the cells were stimulated with
1 ug ml~! LPS/10 units ml~" IFN-y for 18 h in the presence or
absence of ergolide and analysed by Western blot analysis as
described under ‘Methods’. Results show a representative blot and
the mean+s.d. of the corresponding band intensities from three
separate experiments. Significant differences between control and
ergolide-treated groups are indicated by *P<0.05.

COX-2 enzyme. However, ergolide inhibited PGE, synthesis
in LPS/IFN-y-stimulated RAW 264.7 macrophages concen-
tration-dependently, with ICsy value of 3 uM. Indomethacin,
a potent competitive inhibitor of COX at 0.03 uM, also
blocked the PGE, production in response to LPS/IFN-y.
To test whether inhibitory effect of ergolide on PGE,
production is due to its direct inhibition of catalytic activity
of COX-2, the cells were treated with ergolide after being
fully stimulated with LPS/IFN-y. Posttreatment with
ergolide did not cause any significant decrease in PGE,
produced by COX-2, while indomethacin inhibited PGE,
production in a concentration-dependent manner as ex-
pected (Figure 6). This result demonstrates that ergolide
does not inhibit COX-2 activity itself.

Ergolide inhibits COX-2 protein expression

To assess whether de novo protein synthesis is involved in the
inhibition of COX-2 by ergolide, Western blot analysis was
performed with RAW 264.7 macrophages treated with
ergolide together with LPS/IFN-y stimulation for 18 h.
Figure 5B shows that ergolide inhibits LPS/FN-y-induced
COX-2 protein expression in a concentration-dependent
manner. This result is in good agreement with the above
results that ergolide decreased PGE, production by LPS/
IFN-y, but did not inhibit COX-2 activity.

Ergolide inhibits LPS/IFN-y-mediated nuclear
translocation of NF-kB

Since the activation of NF-xB is critical for the induction of
iNOS or COX-2 by LPS or other inflammatory cytokines,
EMSA was performed in order to examine whether ergolide
may suppress NF-«B activation. Thus, nuclear binding assay
of NF-xB was carried out with nuclear extracts obtained
from RAW 2647 macrophages stimulated with LPS
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Figure 6 Effects of ergolide on COX-2 activity once expressed by
pretreatment with LPS/IFN-y in RAW 264.7 macrophages. RAW
264.7 macrophages were stimulated with 1 ug ml~' LPS/10 units
ml~! IFN-y for 16 h. After washing and replacement with fresh
medium, ergolide or indomethacin was added and equilibrated for
20 min. The cells were further incubated with 10 um arachidonic acid
for 13 min, and then PGE, content was determined in culture
medium. Data are expressed as mean+s.d. from three separate
experiments in duplicate. Significant differences between control and
treated groups are indicated by *P <0.05.
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Figure 7 Effects of ergolide on the activation of NF-kB in RAW 264.7 macrophages treated with LPS/IFN-y. The cells were
stimulated with 1 g ml~' LPS/10 units ml~' IFN-y for 1 h after 1 h-pretreatment of ergolide in the presence or absence of cysteine
I mM. (A) Nuclear extracts were prepared as described under ‘Methods’ and DNA-binding activity of NK-xB was determined by
EMSA. (B) The nuclear extracts prepared from the experiments in (A) were analysed by Western blotting with an anti-p65
polyclonal antibody. Results show a representative blot and the mean+s.d. of the corresponding band intensities from three
separate experiments. Significant differences between control and ergolide-treated groups are indicated by *P <0.05.

(1 ug mI=Y)/IFN-y (10 U ml™") for 1h in the presence or
absence of ergolide. Treatment with LPS/IFN-y for 1h
markedly increased the DNA binding activity of NF-xB
(Figure 7A). DNA binding of NF-xB was completely blocked
by the addition of 100 fold molar excess of unlabelled
oligonucleotide NF-«B DNA probes, which indicated the
specificity of the binding reaction (data not shown).
Treatment with ergolide, for 1 h before treatment with
LPS/IFN-y, inhibited the DNA binding of NF-xB. To prove
that NF-xB inhibition is due to irreversible alkylation of free
sulfhydryls on cysteine residues, an excess of thiol cysteine
(1 mM) was added 1h before LPS/IFN-y stimulation. If
ergolide modifies NF-xB by alkylation, an excess of cysteine
should prevent this reaction, since ergolide would react with
the large quantities of free sulfhydryls in the cysteine instead
of reacting with NF-«xB. Indeed, addition of cysteine
completely suppressed the inhibitory effect of ergolide on
the DNA binding activity of NF-xB. Cysteine itself did not
affect the binding activity of NF-«xB.

The inhibitory effect of ergolide on DNA binding activity
of NF-«xB might be due to either the direct modification of
NF-xB or the inhibition of upstream events leading to NF-
kB activation. We performed Western blot analysis to
determine whether the translocation of the subunit p65 of
heterodimer NF-«xB was associated with inhibition of DNA
binding of NF-xB by ergolide. As shown in Figure 7B, LPS/
IFN-y treatment caused the translocation of the subunit p65
into the nucleus. However, the amount of p65 translocated
into the nucleus in response to LPS/IFN-y was significantly
reduced in the presence of ergolide, and this effect was

blocked by the addition of excess of cysteine. We next
determined the effect of ergolide on LPS/IFN-y-mediated
degradation of IkB-az by Western blots analysis using
polyclonal antibody. Treatment with LPS/IFN-y led to a
rapid disappearance of immunoreactive IxB-o band within
30 min, which was returned to basal levels within 60 min
(Figure 8A). However, LPS/IFN-y-induced degradation of
IxB-o. was attenuated in the presence of ergolide, and this
effect was blocked by the addition of excess of cysteine
(Figure 8B). These results suggest that suppression of iNOS
and COX-2 gene expression by ergolide might be due to the
attenuation of nuclear translocation of NF-xB by inhibiting
degradation of IxB-a.

Ergolide directly interferes with DN A binding of activated
NF-xB

Next, we determined whether DNA binding activity of
active NF-xB could be directly modified by ergolide in vivo.
RAW 264.7 macrophages were pretreated with LPS/IFN-y
for 30 min. Subsequently, ergolide was added at 6 um
concentration. Cell extracts were prepared after indicated
times and analysed for NF-xB DNA binding by EMSA.
DNA binding of NF-«xB in response to LPS/IFN-y was
sustained until 120 min, but addition of ergolide caused
inhibition of DNA binding of NF-xB (Figure 9). This
result indicates that ergolide could inhibit the DNA binding
of NF-«kB resulted from a direct modification of active NF-
kB in the nucleus as in the case of helenalin (Lyss et al.,
1998).

British Journal of Pharmacology vol 133 (4)



510 JW. Han et al

Inhibition of iINOS and COX-2 expression by ergolide

e —  IkB-a
Time(min) ¢ &5 15 30 45 60
B
Cys (-) — P— IxB-o.
Cys (+) _—— |KB-(X.
120 — Cys (-) Cys (+)
100
80 *

Relative Band Intensity
[-2]
o

40

20

0
LPS/IFN-y - + + +
Ergolide(uM) - - 2 6

Figure 8 Effects of ergolide on the degradation of IxB-o in RAW
264.7 cells treated with LPS/IFN-y. (A) The cells were stimulated
with 1 gg ml=" LPS/10 units ml~' IFN-y for indicated times.
Cellular extracts were analysed by Western blotting with an anti-
IxB-o polyclonal antibody. (B) After treating with ergolide for 1 h in
the presence or absence of cysteine 1 mMm, cells were stimulated with
1 ug ml~" LPS/10 units ml~' IFN-y for 30 min. Cellular extracts
were analysed by Western blotting with an anti-IxB-o polyclonal
antibody. Results show a representative blot and the mean+s.d. of
the corresponding band intensities from three separate experiments.
Significant differences between control and ergolide-treated groups
are indicated by *P<0.05.

Discussion

Our study shows that ergolide, sesquiterpene lactone isolated
from dried flowers of I. britannica, does not directly influence
the catalytic activity of NOS and COX-2 that are responsible
for the synthesis of NO and PGE,, respectively. Neither NOS
nor COX-2 activity in RAW 264.7 macrophages was
inhibited at 100 uM or 20 uM concentrations. Nevertheless,
low concentrations (<10 uM) of ergolide inhibited the
production of NO and PGE, in LPS/IFN-y-stimulated
RAW 264.7 macrophages. These inhibitory effects of ergolide
were accompanied by the decrease in expression of iNOS and
COX-2 protein, and iNOS mRNA in a concentration-
dependent manner. The ICsy value (1.95 um) of ergolide for
nitrite accumulation in RAW 264.7 macrophages is compar-
able with that of dehydrocostus lactone (3 M) obtained in
LPS-activated RAW 264.7 macrophages (Lee et al., 1999),
and lower than that of andalusol, oroxylin A, pharthenolide
and isohelenalin (Chen et al., 2000; de las Heras et al., 1999;
Wong & Menendez, 1999). These data demonstrated that

SR
120 |
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8 1 TL L
£ 80 B
= N
N 60
(1]
o 40 4 *
2
8 29 ﬂ ﬁ
[}
4
0
6 uM Ergolide (min) - - - - 20 40 60 90

LPS/IFN-y (min) - 30 60 120 50 70 90 120

Figure 9 Effects of ergolide on the DNA-binding of NF-«xB in LPS/
IFN-y pretreated cells. RAW 264.7 macrophages were pretreated
with 1 ug ml~" LPS/10 units ml~' IFN-y for 30 min. Subsequently,
6 uM ergolide was added and nuclear extracts were prepared 20, 40,
60 and 90 min later, and DNA-binding activity of NK-xB was
determined by EMSA. Results show a representative blot and the
mean +s.d. of the corresponding band intensities from three separate
experiments. Significant differences between LPS/IFN-y-treatment
group (60 min) and ergolide-treated groups are indicated by
*P<0.05.

INOS and COX-2 gene expression in RAW 264.7 macro-
phages were suppressed by ergolide, and the inhibition of
iNOS and COX-2 gene expression was evident by reductions
of inducible NO and PGE,. This suppression was in parallel
to the decrease in the association of NF-xkB with consensus
oligonucleotide and the degradation of IxB.

The present study aimed to investigate the mechanisms by
which ergolide abrogated the induction of iNOS and COX-2.
Our data show an important effect of ergolide on the
inhibition of NF-xB activation. Since NF-xB participates in
the regulation of the expression of multiple immediate early
genes involved in the immune and inflammatory responses,
the effect of ergolide on this target might explain part of the
anti-inflammatory actions of this molecule (Ghosh er al.,
1998; Baeuerle & Baichwal, 1997).

NF-xB has been shown to be essential for the expression of
iNOS and COX-2 (Xie et al., 1994; Barnes & Karin, 1997;
Roshak et al., 1996). In the majority of cell types NF-xB is
composed of a pS0 and p65 subunit. It is retained in an
inactive cytoplasmic complex by binding to a group of
inhibitory proteins belonging to the IxB family (Baeuerle &
Baltimore, 1988). A large variety of inflammatory conditions,
such as bacterial and viral infections as well as inflammatory
cytokines, rapidly induce NF-xB activity. The phosphoryla-
tion of serine residues 32 and 36 in IxB-a and residues 19 and
23 in IkB-f by IKK-o and IKK-f trigger the degradation of
IxB and the dissociation of NF-«xB from IxB. This causes
NF-«B to translocate into the nucleus and interact with the
NF-xB binding motif in the promoters of target genes
(Baeuerle & Henkel, 1994; Mercurio et al., 1997; Didonato et
al., 1997). The present study demonstrated that the block of
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NF-kB activation caused by ergolide accounted for the
inhibition of the induction of iNOS and COX-2. The
inhibitory effect of ergolide on PGE, production, therefore,
might be mediated through interfering directly with expres-
sion of COX-2 rather than with cross-talk between NO and
COX-2 pathways (Salvemini ez al., 1993; Von Knethen &
Brune, 1997).

Regarding the mechanism of inhibition of NF-xB by
ergolide, two possibilities can be considered. First, ergolide
may inhibit the translocation of NF-«xB into the nucleus via
stabilizing the NF-xkB/IxB complex or interfering with the
degradation of IxB family. Second, ergolide may exert its
effect by directly modifying the active NF-«B as in the case of
helenalin (Lyss et al., 1998). Therefore, we first examined the
amount of p65 translocated into the nucleus and the
degradation of IxB-a by Western blot analysis. Our data
showed that the amount of p65 translocated into the nucleus
was significantly attenuated by treatment with ergolide in
RAW 264.7 macrophages. This result agrees with that
observed by Western blotting of IxB-«. Ergolide prevented
the degradation of IxkB-a from the cytosolic fraction
inhibiting the transcription of genes dependent on NF-xB
activity. Then, we determined whether DNA binding activity
of active NF-kB could be directly modified by ergolide in
vivo. Our data showed that ergolide directly inhibited the
DNA binding of active NF-xB, which is translocated into the
nucleus by treatment with LPS/IFN-y. This result is similar
to that of helenalin (Lyss et al., 1998). Taken together, these
results indicate that ergolide has a dual effect, the inhibition
of nuclear translocation and the direct modification of active
NF-xB, on the inhibition of NF-xB.

Exomethylene group in sesquiterpene lactones react with
nucleophiles, especially sulfhydryl groups of NF-xB, by a
Michael-type addition. Recently, based on computer mole-
cular modelling, Riingeler et al. (1999) proposed how
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