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Falcarindiol impairs the expression of inducible nitric oxide
synthase by abrogating the activation of IKK and JAK
in rat primary astrocytes
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1 The effects of falcarindiol on the expression of inducible nitric oxide synthase (iNOS) induced
by lipopolysaccharide/interferon-y (LPS/IFN-y) in rat primary astrocytes were investigated. The
molecular mechanisms underlying falcarindiol that confers its effect on iNOS expression were also
elucidated.

2 Falcarindiol abrogated the LPS/IFN-y-mediated induction of iNOS by about 80%. Falcarindiol
attenuated the induction of iNOS in a concentration-dependent manner.

3 The inhibitory effect of falcarindiol on iNOS induction was attributable to decrease in the protein
content and the mRNA level of iNOS.

4 Treatment with 50 uM of falcarindiol for 30 min decreased LPS/IFN-y-induced nuclear factor-xB
(NF-xB) activation by 32%.

5 Treatment with 50 uM of falcarindiol for 60 min diminished the LPS/IFN-y-mediated activation of
IxB kinase-o (IKK-o) and IKK-f by 28.2 and 29.7%, respectively.

6 Falcarindiol modulated the nuclear translocation of signal transducer and activator of
transcription 1 (Statl) in a time-dependent manner. Falcarindiol (50 uM) decreased the tyrosine
phosphorylation of janus kinase 1 (JAK1) by 84.8% at 5 min. Falcarindiol also abrogated the tyrosine
phoshorylation of JAK?2 by 82.3% at 10 min.

7 The present study demonstrates that falcarindiol attenuated the activation of IKK and JAK
contributing to the blockade of activation of NF-xB and Statl, thereby leading to the suppression of
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iNOS expression.
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necrosis factor; TRAF, TNF receptor-associated factor; UTR, untranslated region

Introduction

Nitric oxide (NO) is a free radical gas involved in a wide
range of physiological and pathophysiological mechanisms.
Inducible NO synthase (iNOS) is induced by a variety of
proinflammatory cytokines and bacterial lipopolysaccharide
(LPS) (Dawson & Dawson, 1996). In the central nervous
system (CNS), iNOS is expressed mainly in activated astro-
cytes and microglia. High levels of NO produced via iNOS
in CNS are implicated in oligodendrocyte degeneration in
demyelinating diseases and neuronal death during trauma and
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ischemic injury (Lipton et al., 1993; Merrill et al., 1993;
Mitrovic et al., 1994; Hobbs et al., 1999).

The expression of iNOS is predominantly regulated at the
transcriptional level. The promoter region of murine iNOS
gene contains at least 22 elements for the binding of
transcription factors. These include 10 copies of interferon-y
(IFN-y) response element (IRE); three copies of y-activated site
(GAS); two copies of nuclear factor-xB (NF-xB), IFN-
stimulated response element (ISRE), activating protein-1
(AP-1), and tumor necrosis factor (TNF) response element;
and one X box (Xie et al., 1993). Evidences have shown that
NF-xB, signal transducer and activator of transcription 1
(Statl), and AP-1 are important for the expression of iNOS
(Marks-Konczalik et al., 1998; Israel, 2000; Karin & Delhase,
2000; Dell’ Albani et al., 2001).
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Figure 1 Structure of falcarindiol.

NF-kB is sequestered in the cytoplasm by association with
a member of the inhibitor family of NF-xB (IxB) (Baeuerle &
Henkel, 1994; Thanos & Maniatis, 1995). The phosphorylation
of IxB-a and IkB-f by IxB kinase-a (IKK-x) and IKK-f
induce degradation of IxB and the translocation of NF-xB
into the nucleus. NF-xB binds to the binding motif in the
promoters of target genes and so regulates their transcription
(Israel, 2000; Karin & Delhase, 2000). IFN-y induces Statl
into nucleus and binding to GAS, through tyrosine phosphor-
ylation, by janus kinase (JAK) (Gao et al., 1997; Kovarik et al.,
1998). The activation of protein kinases are also involved in
the expression of iNOS. These include protein kinase C-¢
(PKC¢), PKCpy, PKCJS, mitogen-activated protein kinase
(MAPK), and p38 (Diaz-Guerra et al., 1996; Bhat et al.,
1998; Chen et al., 1998; Carpenter et al., 2001).

Falcarindiol, one kind of polyacetylene, was isolated from
either Saposhnikovia divaricata or Panax quinquefolium
(Figure 1). Both S. divaricata and P. quinquefolium are widely
used in Chinese medicine for anti-inflammatory purpose.
Previous report has indicated that furanocoumarins, deltoin
and imperatorin, are the major components contributing to the
inhibitory effect of S. divaricata on NO production in RAW
264.7 macrophages (Wang et al., 1999a). However, our
previous result has shown falcarindiol inhibits the nitrite
production more potent than furanocoumarins (Wang et al.,
2000). In an attempt to clarify the action mechanisms of
falcarindiol, we therefore evaluated the effects of falcarindiol
on the expression of iNOS induced by LPS/IFN-y in rat
primary astrocytes. The mechanisms by which falcarindiol
confers its effect on iNOS expression have also been examined.

Methods
Materials

All reagents for electrophoresis were from Bio-Rad Labora-
tories (Hercules, CA, U.S.A.). Medium and materials for cell
culture were from Invitrogen (Carlsbad, CA, U.S.A.). Radio-
isotope, enhanced chemiluminescence (ECL) detection re-
agents, and anti-rabbit IgG antibody conjugated with
horseradish peroxidase were obtained from Amersham Bios-
ciences (Buckinghamshire, England). The recombinant rat
IFN-y was obtained from PeproTech (London, U.K.). Rabbit
polyclonal antibody for iNOS was obtained from BD
Biosciences (San Jose, CA, U.S.A.). Consensus oligonucleotide
(for NF-kB, AP-1, and ISRE/GSA), rabbit polyclonal anti-
bodies (for IxB-a, IxB-f, IKK-o, and IKK-f), and GST-1xB-a
fusion protein were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, U.S.A.). Rabbit anti-phospho-JAK1, JAK1,
and JAK?2 polyclonal antibody were obtained from BioSource
(Nivelles, Belgium). Rabbit anti-phospho-JAK2, phospho-
Statl, and Statl antibodies were purchased from Cell
Signaling Technology (Beverly, MA, U.S.A.). RNA isolation

kit was obtained from Roche (Mannheim, Germany). Primer
sets for iNOS and glyceraldehyde-3-phosphate dehydrogenase
(G3PDH) were obtained from MWG Biotech (Ebersberg,
Germany). Fluorogenic probes for iNOS and G3PDH and
reagents for real-time reverse transcriptase—polymerase chain
reaction (RT-PCR) were purchased from Applied Biosystems
(Foster City, CA, U.S.A.). All other reagents were purchased
from Sigma (St Louis, MO, U.S.A.), or Merck (Darmstadst,
Germany).

Cell culture

Neonatal 6 days Sprague—Dawley rats were anaesthetized with
ether and killed by decapitation. The Animal Care and Use
Committee at the National Research Institute of Chinese
Medicine had approved the animal protocol. Primary culture
of astrocytes were prepared from the cerebral cortices and
maintained in DMEM/F12 medium containing 10% fetal
bovine serum (FBS) (Wang er al., 1999b). After confluence,
contaminated microglia and oligodendrocytes were removed
by shaking at 200 r.p.m. with an orbital shaker. Thereafter, the
cells were subcultured in culture dishes and the medium was
changed every 2-3 days. After confluence, cells were cultured
in DMEM/F12 medium containing 1% FBS and all the
experiments were performed under this condition.

Measurement of nitrite and iNOS in vitro enzymatic
activity

Cells were incubated with 5 ugml™" LPS and 10 ngml~' IFN-y
to induce the expression of iNOS. The induction of iNOS was
assessed by measuring the accumulation of nitrite in the
culture medium by using Griess reagent with NaNO, as
standard. For the assay of iNOS in vitro enzymatic activity,
cells were washed twice with ice-cold phosphate-buffered
saline (PBS) and harvested in hypotonic buffer (50 mM Hepes
pH 7.5, 1mM EDTA, ImM DTT, ImM PMSF, 5ugml’
aprotinin, and 10 ugml™" leupeptin). Cellular lysates were
prepared by freezing and thawing, then incubated with iNOS
reaction buffer (50 mM Hepes pH 7.5, 0.2mM NADPH, 10 um
FAD, 10uM FMN, 100 uM tetrahydrobiopterin, 1 mM DTT,
0.lmM arginine containing 0.5uCi [*H]arginine, with or
without 2mM No-nitro-L-arginine) at 37°C for 30 min. The
reaction was terminated by addition of 0.8 ml Hepes buffer
(20mM Hepes pH 5.5, 10mM EDTA, 0.2mM citrulline).
[PH]Arginine and [*H]citrulline were separated over Dowex
AG50W-X8 columns (sodium form). The radioactivity of
citrulline was measured by liquid scintillation counting. The
enzymatic activity of iNOS was presented as pmol of citrulline
formed min~'mg' cellular protein (Wang et al., 1999b).
Falcarindiol was included in the reaction mixture to verify the
direct effect of falcarindiol on the activity of iNOS.

Assay of cell viability

Primary astrocytes were treated with 0-50 uM of falcarindiol
for 24h. The cell viability was measured by the ability to
reduce  3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium
bromide (MTT) as described previously (Wang et al., 1999b).
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Immunoprecipitation and immunoblotting

Treated cells were harvested in lysis buffer (50 mM Hepes pH
7.5, 2.5mM EDTA, 150 mM NaCl, 1% NP-40, 1 mM PMSF,
5ugml~! aprotinin, and 10 ugml~! leupeptin). Total cellular
lysates were prepared and subjected to immunoprecipitation
using anti-iNOS antibody. The immunoprecipitates were
separated by SDS—polyacrylamide gel electrophoresis (SDS—
PAGE). Immunoreactive proteins were detected by using anti-
rabbit IgG antibodies conjugated with horseradish peroxidase
and ECL detection reagents.

For detection of protein phosphorylation, cells were
harvested in lysis buffer (50 mM Hepes pH 7.5, 2.5mM EDTA,
150mM NaCl, 1% NP-40, 100mM NaF, 10mM Na,P,O-,
2mM Na;VO,, ImM PMSF, 5ugml™' aprotinin, and
10 ugml~" leupeptin). The immunoblotting was performed to
investigate the activation of JAK1, JAK2, and Statl by using
anti-phospho-JAK1  (Tyr1022/1023), anti-phospho-JAK2
(Tyr1007/1008), and anti-phospho-Statl (Tyr701) antibodies,
respectively.

Estimate of the mRNA level of iNOS by quantitative
real-time RT-PCR

Cells were treated with iNOS inducers or inducers plus
falcarindiol for 4h. Total RNA was isolated and subjected
to real time quantitative RT-PCR by using ABI PRISM 7700
sequence detection system. The detailed experiments were
performed according to the manufacturer’s protocol. The
design of primer sets and probe was according to the sequence
of iNOS gene (GenBank, accession from No. AJ230463 to No.
AJ230487). For real-time quantitative RT-PCR, two primers
(forward primer: YGGCAGGATTCAGTGGTCCAA3Z, re-
verse primer: 5YTGCTGGAACATTTCTGATGCA3') and
sequence-specific probe (FAM-CAGGTCTTCGATGCCCG
GAGCT-TAMRA) were used to specifically amplify the
cDNA of iNOS. To amplify the cDNA of G3PDH, the
forward primer (TGAAGGTCGGTGTCAACGGATTT
GGC3'), reverse primer (SCATGTAGGCCATGAGGTCCA
CCAC3’), and sequence-specific probe (FAM-CGGATTT
GGCCGTATCGGACGA-TAMRA) were used. The end
products were analyzed on 2% agarose gel electrophoresis.

Fluorescent signal of each cycle is collected and plotted as
amplification plot (plot of fluorescence signal versus cycle
number). The parameter Cr (threshold cycle) is defined as the
fraction cycle number at which the fluorescence passes the
fixed threshold above baseline. The log of initial target copy
number for a set of standards versus Cr is a straight line.
Therefore, Cr and a relative standard curve with known
amounts of total RNA were used to determine the relative
amount of iNOS or G3PDH in unknown samples.

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

Treated cells were washed twice with ice-cold PBS and
harvested. The cells were used to prepare nuclear extracts.
The nuclear extracts (5pug for AP-1, 10 ug for NF-xB, or
ISRE/GAS) were incubated with 1ng of 5-end-labeled
consensus oligonucleotide for AP-1, NF-«B, or ISRE/GAS
in binding solution (10 mM Tris pH 7.5, 1 mM MgCl,, 140 mM
NaCl, 0.5mM DTT, 0.5mM EDTA, 12% glycerol, and 1 ug

poly(dI-dC)) at room temperature for 30 min. The mixtures
were subjected to 5% of nondenatured PAGE by using 1 x
TBE as electrophoresis buffer. The gels were dried and
radioactive oligonucleotides were detected and quantified by
storage phosphor autoradiography.

In vitro kinase assay of IKK-o. and IKK-f

Treated cells were washed twice with ice-cold PBS and
solubilized by kinase lysis buffer (40mM Tris pH 8.0,
250mMm NaCl, 1% NP-40, 5mMm EDTA, 5mM EGTA,
10mM f-glycerophosphate, 20mM NaF, 1mM Na;VO,,
ImM DTT, 10mM p-nitrophenylphosphate, 1 mM PMSF,
5ugml~! aprotinin, 10 ygml~! leupeptin, and 1 mM benzami-
dine). Total cellular lysates were prepared and subjected to
immunoprecipitation using either anti-IKK-a or anti-IKK-f
antibody. After incubation with antibodies at 4°C overnight,
sepharose CL-4B beads conjugated with protein A were added
into mixture and incubated for another 2h. The beads were
washed three times with kinase lysis buffer (containing 500 mM
NaCl and 10mM NaF), and twice with kinase buffer (20 mMm
Hepes pH 8.0, 10mM MgCl,, 100 uM Nas;VO,, 20mM
p-glycerophosphate, 50mM NaCl, 2mM DTT, 10mM p-
nitrophenylphosphate, 1mM PMSF, 5ugml™' aprotinin,
10 ugml~! leupeptin, and 5ugml~! antipain). The in vitro
kinase assay was performed by incubating beads with 20 ul of
kinase buffer containing 0.5 ug of GST-IkB-a fusion protein.
The reaction was started by adding radioactive ATP to a final
concentration of 50 uM with 5 uCi [y-**p]ATP and incubated at
30°C for 30 min. The reaction was stopped by adding sample
buffer, the mixture was subjected to 10% SDS-PAGE. The gel
was dried and radioactive IxB-o fusion protein was detected
and quantified by storage phosphor autoradiography.

Statistical analysis

Results are expressed as means+s.d., and were analyzed by
ANOVA with post hoc multiple comparison using a Bonferro-
ni test.

Results
Falcarindiol inhibited the induction of iNOS

Treatment of primary culture of astrocytes with 5 ugml~' LPS
plus 10ngml~! IFN-y for 24h elicited a significant increase
of iNOS induction as determined by nitrite accumulation
in the culture medium (n=15) (Figure 2a). The accumulation
of nitrite in culture medium was elevated from 5.7 to
96.4nmolmg~" cellular protein. Treatment with falcarindiol
blocked the LPS/IFN-y-stimulated accumulation of nitrite in a
concentration-dependent manner. The LPS/IFN-y-stimulated
accumulation of nitrite was decreased to 20.7% of control by
treatment with 50 uM falcarindiol.

The in vitro enzymatic activity of iNOS was also verified by
the formation of citrulline. Treatment of astrocytes with LPS/
IFN-y increased the enzyme activity of iNOS from 2.4 to
42.6pmol citrilline min~'mg~! cellular protein (n=3)
(Figure 2b). Falcarindiol at 20 and 50 uM decreased the
enzyme activity of iNOS by 51.9 and 77.4%, respectively. The
1Cs5, of falcarindiol was 21.1 uM for both nitrite accumulation
and enzyme activity. Neither the basal level of nitrite
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Figure 2 Effect of falcarindiol on the induction of iNOS. Primary
astrocytes were preincubated with various concentrations of
falcarindiol for 30 min. Thereafter, cells were exposed to 5ugml™'
LPS plus 10ngml~" IFN-y (LPS/IFN-y) in the presence or absence
of falcarindiol for 24 h. The culture media were collected for nitrite
determination (a). To assay the in vitro enzymatic activity of iNOS
(b), cells were treated with falcarindiol as described above. Treated
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 five independent experiments. Significant differ-
ences between cells treated with LPS/IFN-y alone and cells treated
with vehicle or inducers plus falcarindiol are indicated by
**xP<0.001.

accumulation nor the basal level of in vitro enzymatic activity
was altered by treatment with falcarindiol alone (data not
shown). The result from experiment that falcarindiol was
introduced in the reaction mixture showed that falcarindiol did
not directly affect the activity of iNOS. Falcarindiol had no
effect on the cell viability at 10-50 uM as determined by the
ability of MTT reduction (100% for control cells versus 91.4%
for cells treated with 50 uM falcarindiol for 24 h, n=4).

Falcarindiol reduced the protein content and mRNA level
of iINOS

iNOS protein was barely detected in control cells. LPS/
IFN-y significantly increased the content of iNOS in primary
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Figure 3 Effect of falcarindiol on the protein content of iNOS.
Primary astrocytes were preincubated with falcarindiol at the
concentration indicated for 30min. After incubation, astrocytes
were challenged with LPS/IFN-y plus or minus falcarindiol for 24 h.
After incubation for 24h, cells were harvested and iNOS was
immunoprecipited and analyzed by immunoblotting. The top part is
the immunoblot of iNOS. The bottom part is the relative level of
iNOS in control cells and cells treated with falcarindiol. Results are
means +s.d. from four independent experiments, and are expressed
relative to cells treated with LPS/IFN-y alone. Significant differences
between control and falcarindiol-treated cells are indicated by
*#%P<0.001.

astrocytes (n=4) (Figure 3). The protein content of iNOS
induced by LPS/IFN-y was abolished in a concentration-
dependent manner by falcarindiol. Falcarindiol at 20 and
50 uMm reduced the iINOS content by 47.2 and 71.8%,
respectively.

iNOS mRNA was greatly elevated by exposure to LPS/IFN-
y. Falcarindiol, 20 and 50 uM, diminished the level of iNOS
mRNA by 53.2 and 73.8%, respectively (n=4) (Figure 4).
Therefore, the attenuation of iNOS induction was attributable
mainly to the decrease in protein content and mRNA level.

The effects of falcarindiol on the nuclear translocation
of AP-1, NF-xB, and Statl induced by LPS|IFN-y

LPS/IFN-y treatment elevated the AP-1 association with
consensus oligonucleotide by 1.5-fold at 3h (n=4)
(Figure 5a). Falcarindiol alone significantly increased the
association of AP-1 with consensus oligonucleotide by 1.6-
fold. LPS/IFN-y significantly elevated the association of NF-
kB with consensus oligonucleotide by 6.4- and 12.6-fold for 30
and 60 min, respectively (Figure 5b). Treatment with 50 uM
falcarindiol attenuated the LPS/IFN-y-induced activation of
NF-xB by 32% after 30 min treatment. Falcarindiol (50 um)
also inhibited the nuclear tanslocation of Statl by 22.5, 33.6,
and 20.7% for 1, 2, and 3 h treatment, respectively (Figure 5c).

Falcarindiol modulated the degradation of Ix B-o. and Ik B-§

LPS/IFN-y provoked the degradation of IxB-o by 40.6% at
60 min in primary astrocytes (n=135) (Figure 6a). In all, 50 uM
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Figure 4 Quantitative real-time RT-PCR analysis of the iNOS
mRNA level in primary astrocytes. Primary astrocytes were
preincubated with various concentrations of falcarindiol for
30 min. Thereafter, cells were exposed to LPS/IFN-y in the presence
or absence of falcarindiol for 4 h. After incubation, total RNA was
isolated and subjected to real-time RT-PCR analysis. The level of
iNOS mRNA of each sample had been normalized with that of
G3PDH. The top part is a photograph of agarose gel electrophoresis
of iNOS and G3PDH. The bottom part is the relative level of iNOS.
Results are means +s.d. (where large enough to be shown) from four
independent experiments, and are expressed relative to cells treated
with LPS/IFN-y alone. Significant differences between cells treated
with LPS/IFN-y alone and cells treated with vehicle or falcarindiol
plus inducers are indicated by ***P <0.001.

of falcarindiol completely abolished the degradation of IxkB-o
at 30 min, and attenuated the degradation from 48.3 to 18.2%
at 180 min. Falcarindiol did not affect the resynthesis of IxB-c.
The degradation of IxB-f induced by LPS/IFN-y showed
similar pattern to that of IxB-a except without resynthesis
(Figure 6b). Falcarindiol (50 uM) eliminated the degradation of
IxB-f from 59.2 to 27.0% at 180 min.

Falcarindiol abrogated the activation of IKK-o and IKK-3
induced by LPS|IFN-y

Treatment of primary astrocytes with LPS/IFN-y for 30 and
60 min significantly increased the activity of IKK-« to 2.2- and
2.5-fold of control, respectively, by using GST-IxB-a fusion
protein as substrate (n =4) (Figure 7a, b). Falcarindiol (50 uM)
significantly diminished the LPS/IFN-y-mediated activation of
IKK-0 by =30% for 0-60min. LPS/IFN-y elevated the
activity of IKK-f to 2.1- and 3.2-fold of control for 30 and
60 min, respectively (Figure 7c). Falcarindiol attenuated the
activation of IKK-f similarly to that of IKK-a. Falcarindiol
(50 um) abrogated the activation of IKK-f by 29.7 and 21.5%
for 30 and 60 min, respectively.

The effects of falcarindiol on tyrosine phosphorylation
of Statl, JAKI, and JAK2

LPS/IFN-y elicited significantly tyrosine phosphorylation of
Statl in residue 701 as determined by using specific anti-
phospho-Statl antibody. The tyrosine phosphorylation ap-
peared at Smin and reached the maximum at 30-60 min, after
which the level of phosphorylation was decreased (n=75)
(Figure 8). Treatment with 50 uM falcarindiol remarkably
attenuated the level of tyrosine phosphorylation of Statl.
Falcarindiol decreased the tyrosine phosphorylation of Statl
by 26.6% at 60 min.

The activation of JAK1 and JAK2 was also evaluated by
immunoblotting (Figure 9). Treatment with LPS/IFN-y for 5
and 180 min significantly increased the tyrosine phosphoryla-
tion of JAK1 at residue 1022 and 1023 to 122 and 197% of
control, respectively (n=4) (Figure 9a). Falcarindiol (50 uM)
decreased the tyrosine phosphorylation of JAK1 by 84.8% at
Smin, whereas it did not affect the level of JAK1 tyrosine
phosphorylation after 5-180min. LPS/IFN-y elevated the
tyrosine phosphorylation of JAK2 at residue 1007 and 1008
by 27.7% at 10min (Figure 9b). The level of tyrosine
phosphorylation was reached maximum at 30 min and then
slightly decreased. A 50 uM volume of falcarindiol inhibited the
tyrosine phoshorylation of JAK2 by 82.3% at 10 min. Similar
results were also observed at 30, 60, and 180 min.

Discussion

Falcarindiol elicited significant inhibition on the LPS/IFN-y-
stimulated accumulation of nitrite in culture medium and
elevation of iNOS in vitro enzymatic activity. The inhibition
was in parallel to the decrease in protein content and mRNA
level of iNOS. Falcarindiol conferred its effect by impairing
IKK and JAK activation consequently attenuating the nuclear
translocation of NF-xB and Statl, thereby leading to the
abrogation of LPS/IFN-y-mediated induction of iNOS.

Falcarindiol has been studied focusing on the cytotoxic
activity against tumor cells (Bernart er al., 1996). In this
manuscript, falcarindiol exerted inhibitory effect on the LPS/
IFN-y-mediated iNOS expression. Some studies also showed
that falcarindiol reduced iNOS-mediated NO production
induced by LPS in BV-2 cells, microglia, mouse peritoneal
macrophags, and C6 glioma cells (Matsuda et al., 1998; Wang
et al., 1999b; Min Kim ez al., 2003). Our previous results
suggest that the structure of polyacetylenes are involved in
their inhibitory potencies on the induction of iNOS (Wang
et al., 1999b). Falcarinone failed to block the expression of
iNOS indicating that the hydroxyallylic moiety is essential for
the inhibition.

In present study, we attempted to explore the mechanisms
underlying falcarindiol that abrogated the LPS/IFN-y-stimu-
lated induction of iNOS. The signaling of LPS is mediated by
its receptor membrane-bound CD14 and Toll-like receptor 4
(TLR4) (Wright et al., 1990). TLR4 serves as a cell surface
coreceptor with CD14 to mediate transmembrane signaling.
The signaling of LPS is mediated by the activation of Rip/TNF
receptor-associated factor 6 (TRAF6)— NF-xB-inducing ki-
nase (NIK)—- IKK-o/IKK-f pathway, leading to subsequent
cellular events (Cao et al., 1996; Woronicz et al., 1997; Chow
et al., 1999; Poltorak et al., 2000).
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Figure 5 Time-course effect of falcarindiol on the EMSA for AP-1, NF-xB, and Statl binding. Primary astrocytes were
preincubated without (opened column) or with (closed column) 50 uM of falcarindiol for 30 min. Thereafter, cells were exposed to
LPS/IFN-y in the presence or absence of falcarindiol for 0180 min. After incubation, nuclear extracts were isolated and subjected to
binding with 5'-end-labeled consensus oligonucleotides. The AP-1 (a), NF-kB (b), and Statl(c) binding were quantified by storage
phosphor autoradiography. The top part of each panel is a representative autoradiograph of AP-1, NF-«B, or Statl binding. The
bottom part of each panel is the relative level of AP-1, NF-xB, or Statl binding. Results are means +s.d. (where large enough to be
shown) from four independent experiments, and are expressed relative to the control cells treated with LPS/IFN-y for 3h.
Significant differences between cells treated with LPS/TFN-y alone and cells treated with inducers plus falcarindiol are indicated by

*P<0.05; **P<0.01; and ***P<0.001.

Treatment with LPS/IFN-y elicits the serine phosphoryla-
tion of IxB-a and IxB-f by IKK-o or IKK-f, which provokes
the degradation of IkB and the dissociation of NF-xB from
IxkB. NF-«B subsequently translocates into the nucleus and
interacts with the NF-xB binding motif in the promoters of
target genes (DiDonato et al., 1997; Mercurio et al., 1997;
Régnier et al., 1997; Woronicz et al., 1997; Li & Stark, 2002).
NF-xB activation has been shown to be important for the
expression of iNOS. Our results showed that falcarindiol
inhibited the activation of NF-«xB during 30-120 min. There-
fore, the inhibition of NF-xB activation may account partly
for the suppression of iNOS expression by falcarindiol. Result
of IkB-o degradation showed a resynthesis of IxB-a following
the degradation. Studies on the promoter analysis of the gene
encoding IxB-x have demonstrated that there are three
NF-«B-binding sites located in promoter region (Ito et al.,
1994). This explains that there was a resynthesis of IxkB-o
following the degradation.

Multiple evidences indicate that IKK-f is primarily respon-
sible for the activation of NF-xB in response to proinflamma-
tory stimuli, whereas IKK-o is essential for epidermal
differentiation and B-cell maturation (Hu et al., 1999; Li
et al., 1999; Takeda et al., 1999; DiDonato, 2001; Senftleben
et al., 2001). The present study showed that falcarindiol
exerted similar inhibitory extent for both IKK-« and IKK-pf.
The rate and extent of IxB-o degradation were more significant
than that of IkB-p, indicating IxB-« is the preferable substrate
for IKK comparing to IxB-f5. The autophosphorylation of a

serine cluster located between the LHL motif of IKK-f and its
COOH terminus decreases IKK activity (Delhase et al., 1999).
This feedback inhibition contributes to the transient activation
of IKK by strong stimulation such as TNF. Our results
showed that the activation of IKK was sustained up to 60 min
in contrast to the transient activation of IKK in response to
TNF-o (Mercurio et al., 1997; Zandi et al., 1997). Our results
reflect that the feedback inhibition of IKK activity is much
slower in response to LPS/IFN-y than that of TNF-a. The
sustained activity of IKK may also provide explanation for the
degradation of IxB after 3h treatment.

Binding of IFN-y to its receptor, composing of two subunits
IFN-y receptor 1 (IFNGR1) and IFNGR2, induces oligomer-
ization and activation of the receptor-associated JAK1 and
JAK2 by trans-phosphorylation. JAK-mediating tyrosine
phosphorylation of Statl triggers the dimerization through
the interaction of phosphorylated tyrosine residue and Src-
homology-2 domain. Dimerized Statl translocates into the
nucleus and regulates gene expression by binding to ISRE or
GAS (Gao et al., 1997; Kovarik et al., 1998; Ohmori &
Hamilton, 2001; Ramana et al., 2002; Schroder et al., 2004).
Our results showed falcarindiol significantly attenuated the
activation of JAK and Statl. These results indicate that JAK/
Statl pathway played a pivotal role for falarindiol to confer its
inhibitory effect on iNOS expression. The 5'-flanking region of
the murine iNOS gene contains at least 10 copies of IRE, three
copies of the GAS and two copies of the ISRE (Xie et al.,
1993). Piles of evidences have demonstrated that Statl
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Figure 6 Time-course effect of falcarindiol on the degradation of
IxkB-o0 and IxB-f. Primary astrocytes were preincubated without
(circle) or with (triangle) 50 uM of falcarindiol for 30 min. There-
after, cells were exposed to LPS/IFN-y in the presence or absence of
falcarindiol for 0-180min. After the incubation periods, cellular
lysates were prepared and subjected to immunoblotting. The top
parts of panels (a) and (b) are representative immunoblots of
intracellular IxB-o and 1xB-f, respectively. The bottom parts are the
relative levels of intracellular IxkB-az and IxB-f. Results are
means+s.d. (where large enough to be shown) from five indepen-
dent experiments, and expressed relative to the cells at zero time.
Significant differences between control and falcarindiol-treated cells
are indicated by *P<0.05; and **P<0.01.

functions as the crucial regulator for iNOS expression. Statl
knockout mice are defective for induction of NO production
by LPS or LPS/IFN-y (Meraz et al., 1996; Ohmori &
Hamilton, 2001). JAK/Statl pathway is essential for the
cytokine-mediated iNOS expression in either human or murine
cell cultures (Dell’Albani et al., 2001; Chen et al., 2002;
Tedeschi et al., 2003; 2004; Yao et al., 2003).

In the present study, we showed falcarindiol blocked the
activation of JAK1 and JAK2. Falcarindiol elicited inhibitory

a control 50 pM falcarindiol
0 30 60 0 30 60 min
IP:
— — — — 2
phospho- KiS-a
GST-lkB-a IKK-B
b (IKK-ar)
gl i D control
B talcarindiol
3+
°
° 5 &
. S
% 2r s T
° T
e *
X : &
0
0 30 60
Time (min)
c (IKK-B)
% O control
. falcarindiol T
3+ #
T T
2
=
25 :
s T
1]
o T
1
0
0 30 60
Time (min)

Figure 7 Effect of falcarindiol on the activity of IKK-o and IKK-f.
Primary astrocytes were preincubated without (opened column) or
with (closed column) 50 uM of falcarindiol for 30 min. Thereafter,
cells were exposed to LPS/IFN-y in the presence or absence of
falcarindiol for 30 or 60 min. After incubation, cells were collected
and subjected to immunoprecipitation using anti-IKK-a (b) or anti-
IKK-f (c) antibody. The in vitro kinase assay was performed using
GST-IxB-a fusion protein as substrate. The radioactivity of GST-
IxB-a fusion protein was quantified by storage phosphor auto-
radiography. Panel (a) is representative autoradiograph of GST-
IxB-o fusion protein. Panels (b) and (c) are the relative kinase
activity of IKK-« and IKK-f, respectively. Results are means =+ s.d.
from four independent experiments, and expressed relative to the
control cells at zero time. Significant differences between control and
falcarindiol-treated cells are indicated by *P<0.05; and **P<0.01.

effect on JAK1 only at Smin time point. The appearance of
tyrosine phosphorylation of Statl occurred early at 5min.
Therefore, the inhibition at Smin is not only statistically
significant but may also be biologically relevant. The high level
of basal tyrosine phosporylation of JAK1 and JAK2 were
observed in the present study. The confluent cells we used in
this study may explain the high level activity of JAK.
Nevertheless, the question emerged that why high level activity
of JAK did not coincide with the appearance of phosphorylated
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Statl. The formation of docking sites for Statl is requisite for
the generation of phosphorylated Statl by the kinase activity
of JAK. This event is a paired ligand-induced process.
Functionally active IFN-y is a homodimer that binds to two
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Figure 8 Effects of falcarindiol on the tyrosine phosphorylation of
Statl. Primary astrocytes were preincubated without (circle) or with
(triangle) 50 uM of falcarindiol for 30 min. Thereafter, cells were
exposed to LPS/IFN-y in the presence or absence of falcarindiol for
0-180 min. After the incubation periods, cellular lysates were
prepared. The immunoblotitng was performed using anti-phsohpo-
Statl antibodies to determine the tyrosine phosphorylation and
using anti-Statl antibody to measure the protein content. The top
part is immunoblots of tyrosine phosphorylation and protein
content of Statl. The bottom part is the relative level of tyrosine
phosphorylation of Statl. The extent of tyrosine phosphorylation of
Stat]l had been normalized with the protein content of Statl. Results
are means+s.d. (where large enough to be shown) from five
independent experiments, and are expressed relative to the control
cells treated with LPS/IFN-y for 60min. Significant differences
between cells treated with LPS/IFN-y alone and cells treated with
inducers plus falcarindiol are indicated by *P<0.05; and
***P<0.001.

>

Figure 9 Effects of falcarindiol on the tyrosine phosphorylation of
JAKI1 and JAK2. Primary astrocytes were preincubated without
(circle) or with (triangle) 50 uM of falcarindiol for 30 min. There-
after, cells were exposed to LPS/IFN-y in the presence or absence of
falcarindiol for 0-180 min. After the incubation periods, cellular
lysates were prepared and subjected to immunoblotting. The
immunoblotting was performed using anti-phsohpo-JAK1 (a) or
anti-phospho-JAK2 (b) antibodies to determine the tyrosine
phosphorylation and using anti-JAK1 or anti-JAK2 antibody to
measure the protein content. The top parts of each panel are
immunoblots of tyrosine phosphorylation and protein content of
JAKI1 or JAK2. The bottom parts are the relative level of tyrosine
phosphorylation of JAKI1 or JAK2. The level of tyrosine
phosphorylation of JAK1 and JAK2 had been normalized with
the protein amount of JAK1 or JAK2. Results are means+s.d.
(where large enough to be shown) from four independent experi-
ments, and are expressed relative to the cells at zero time. Significant
differences between cells treated with LPS/IFN-y alone and cells
treated with inducers plus falcarindiol are indicated by *P<0.05;
and **P<0.01.

IFNGRI subunits, thereby generating binding site for two
IFNGRI1 subunits (Stark et al., 1998; Levy & Darnell, 2002;
Shuai & Liu, 2003). The assembly of receptor complex leads to
the activation of JAK and the formation of Statl docking site.
Therefore, this explains the event that in spite of the high basal
activity of JAK kinase there was no phosphorylated Statl
formation in the absence of IFN-y.

The main AP-1 proteins in mammalian cell are c-fos and
c-jun. AP-1 activity has been described being implicated in the
expression of iNOS (Marks-Konczalik ef al., 1998; Pahan et al.,
2002). The activity AP-1 is regulated at both transcriptional
and post-transcriptional levels. Cytokines stress activates
various transcription factors (ternary-complex factors (TCFs),
myocyte-enhancer factor 2C (MEF2C), activating transcription
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factor 2 (ATF2), and jun) that induce the expression of fos and
jun. Post-translational phosphorylation of jun by JNK also
activates the AP-1 activity (Eferl & Wagner, 2003). In the
present study, results showed that falcarindiol itself promoted
the binding of AP-1 with the consensus oligonucleotide. The
stimulation of falcarindiol on AP-1 activity may mediate by
elevating the expression of fos/jun or the phosphorylation of
jun. It is worthwhile to note that several reports have shown
that AP-1 may also function as a negative regulator of iNOS
expression (Kleinert er al., 1998; Pance et al., 2002; Zhang
et al., 2004). Therefore, we speculate that whether there was
possibility that the overstimulation of AP-1 activity induced by
falcarindiol might relate to its inhibition of iNOS expression.

Besides transcriptional activation, mRNA stability also
controls the mRNA level of iNOS. The AU-rich element
(ARE) containing one or more AUUUA sequences confers
instability on the mRNA (Chen & Shyu, 1995). AUUUA
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