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We previously showed that l-[3-(3-pyridyl)-acryloyl]-2-pyrrolidinone hydrochloride
(N2733) inhibits lipopolysaccharide (LPS)-induced tumour necrosis factor (TNF)-a
secretion and improves the survival of endotoxemic mice. Since overproduction of nitric
oxide (NO) by inducible NO synthase (iNOS) in vascular smooth muscle cells (VSMCs) is
largely responsible for the development of endotoxemic shock, and iNOS gene expres-
sion is mainly regulated by LPS and inflammatory cytokines, we studied whether or not
N2733 affects interleukin (IL)-ip-4nduced iNOS gene expression, NF-KB activation, and
NF-KB inhibitor (IitB)-a degradation in cultured rat VSMCs. N2733 dose-dependently
(10-100 fi.M) inhibited IL-lf5-stimulated NO production, and decreased IL-ip—induced
iNOS mRNA and protein expression, as found on Northern and Western blot analyses,
respectively. Gel shift assay and an immunocytochemical study showed that N2733 in-
hibited IL-ip—induced NF-KB activation and its nuclear translocation. Western blot anal-
yses involving anti-lKB-a and anti-phospho IKB-CK antibodies showed that EL-lp induced
transient degradation of IKB-C* preceded by the rapid appearance of phosphorylated
IKB-C*, both of which were markedly blocked by N2733. N2733 blocked IL-ip-induced
phosphorylated IKB-C* even in the presence of a proteasome inhibitor (MG115).
Immunoblot analysis involving anti-lKB kinase (IKK)-a and anti-phosphoserine antibod-
ies revealed that N2733 inhibited IL-ip-4nduced IKK-a phosphorylation, whereas N2733
had no inhibitory effect on IL-l(J-stimulated p42/p44 MAP kinase or p38 MAP kinase
activity. Our results suggest that the inhibitory action of N2733 toward IL-ip—induced
NF-KB activation and iNOS expression is due to its blockade of the upstream signal(s)
leading to IKK-a activation, and subsequent phosphorylation and degradation of IKB-CX
in rat VSMCs.
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NO has diverse physiological roles, including in vasodila- vascular tonus, elucidation of iNOS gene regulation in
tion, neurotransmission, and mediation of immune re- VSMCs is critical for understanding the pathogenesis of en-
sponses (2). NO production from L-arginine and molecular dotoxin shock.
oxygen is catalyzed by NO synthases (NOS). Three iso- IL-ip is one of the key proinflammatory cytokines in-
forms exist; namely two constitutive NOS isoforms which volved in the inflammation process (4, 5). When it binds to
are expressed mainly in neurons (2) and the endothelium its cell-surface receptor, IL-ip initiates a cascade of signal-
(3), and an inducible NOS (iNOS), which can be induced by ing events, including activation of p42/p44 mitogen-acti-
bacterial lipopolysaccharides (LPS) and certain Mamma- vated protein (MAP) kinase, p38 MAP kinase, Jun N-ter-
tory cytokines in a variety of cells. NO production in vascu- minal kinase (JNK), and nuclear factor-kappa B (NF-KB),
lar smooth muscle cells (VSMCs) is not detectable under a key transcription factor responsible for the expression of
normal conditions. However, following stimulation with in- many proinflammatory genes (6).
flammatory cytokines and LPS, excessive formation of NO NF-KB is an inducible transcription factor that mediates
after the induction of iNOS largely contributes to profound signal transduction between the cytoplasm and nucleus in
and intractable hypotension, a hallmark of endotoxin a variety of cells. In unstimulated cells, NF-KB is located in
shock. Since VSMCs play a pivotal role in the regulation of the cytoplasm as an inactive form complexed with an inhib-

itory protein, IKB-O. The conversion of NF-KB into the ac-
tive nuclear form, composed of p50 and p65 (Rel-A) sub-

'This study was supported in part by Grants-in-Aid from the Minis- ^ ^ ^ ^ b L p g o r ^ ^ j ^ T ^ stimulants
try of Education, Science, Sports and Culture of Japan. , , x,i-i n i_ • J • n. i. 1- 1 i-
* To whom correspondence should be addressed. Phone: +81-492- s e e m to a c t l v a t e *&*& *V educing the phosphorylation
67-3966, Fax: +81-492-67-3967 and degradation of L<B-a, thereby allowing the rapid trans-

location of NF-KB from the cytoplasm to the nucleus. Re-
© 2001 by The Japanese Biochemical Society. cently, cytokine-responsive IKB kinase (IKK)-a, which acti-
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vates NF-KB through phosphorylation of Ser32 and Ser36

residues in IKB-OL, has been identified (7-11). Following
translocation into the nucleus, NF-KB binds to KB sites of
DNA and activates gene expression.

We previously reported that a pyrrolidinone derivative,
N2733, is a potent inhibitor of the immune response, in-
flammation, and endotoxic shock (12). N2733 inhibits LPS-
induced tumour necrosis factor (TNF)-a gene expression in
human myeloid THP-1 cells in vitro, and the administra-
tion of N2733 inhibits LPS-induced TNF-a production and
improves the survival of endotoxemic mice in vivo (12).
However, it remains undetermined whether or not N2733
affects cytokine-induced NF-KB activation and whether or
not it modulates iNOS expression. These observations led
us to examine whether or not N2733 affects IL-ip-induced
iNOS expression and NO production via the NF-KB-depen-
dent pathway in VSMCs.

MATERIALS AND METHODS

Materials—Human recombinant IL-lp was purchased
from Cistron (Pine Brook, NJ). Dulbecco's modified Eagle's
medium (DMEM) was obtained from Gibco BRL (Grand
Island, NY), sodium dodecyl sulfate (SDS), ethylenedi-
aminetetraacetic acid (EDTA), and the Alamar Blue assay
kit from Wako Pure Chemical (Osaka), phenylmethylsul-
phonyl fluoride (PMSF), dithiothreitol (DTT), poly (dl-dC),
leupeptin, pepstatin, and aprotinin from Sigma Chemical
(St. Louis, MO), MG115 and PD98059 from Calbiochem
(San Diego, CA), SB203580 from Alexis Biochemicals (San
Diego, CA), [3H]leucine and [a-32P]dCTP from Amersham
International (Tokyo), and dNTP and a Klenow fragment of
DNA polymerase I from Takara Shuzo (Shiga), and N2733
was synthesized in our laboratory.

Cell Culture—VSMCs from the thoracic aortae of 12-
week-old Wistar rats were prepared by the explant method,
and then cultured in Dulbecco's modified Eagle's medium
(DMEM) containing 10% fetal calf serum at 37°C under a
humidified atmosphere of 95% air—5% CO2 as described
previously (13). Subcultured VSMCs (15-25th passages)
were used in the experiments.

Determination of Nitrite INitrate (NOJ—Confluent
VSMCs (106 cells/well) were preincubated with serum-free
DMEM in the absence or presence of N2733 for 60 min and
then stimulated with IL-lp (10 ng/ml) for 15 h; the NOX

concentrations in the conditioned media were measured
with an autoanalyser (TCI-NOX 100; Tokyo Kasei Kogyo,
Tokyo) as described (14). In brief, samples premixed with
the carrier solution (0.07% EDTA and 0.3% NH4C1) were
passed through a copperized cadmium reduction column to
reduce NO3" to NO2~, which reacts with Griess reagent (1%
sulfonamide/0.1% iV-1-naphtylethylenediamine dihydro-
chloride/5% HC1). The absorbance at 540 nm was measured
with a flow-through visible spectrophotometer (Model S/
3250; Soma-Kogaku, Tokyo). NO3~ was used as a standard.

Measurement of Cell Viability and Protein Synthesis—
Cell viability was assessed by means of the Alamar Blue
assay kit (12). Confluent VSMCs (1 X 106 cells/mlAvell)
were incubated with or without N2733 for 24 h, and then
100 (JLI of the Alamar Blue solution was added. After 3 h
treatment, supernatants were measured at 570/600 nm.
Protein synthesis was assessed as the incorporation of
PHJleucine into cells (15). In brief, confluent VSMCs (1 X

106 cells/well) were pretreated with or without N2733 for
60 min and then stimulated with IL-1(3 (10 ng/ml) for 2 h.
After stimulation, 1.5 jiCi [3H]leucine was added and the
cells were further incubated for 6 h. After incubation, tri-
chloroacetic acid-insoluble radioactivity was measured
with a liquid scintillation counter.

Electrophoretic Mobility Shift Assay (EMSA)—Cell stim-
ulation with IL-lp and EMSA was carried out as we previ-
ously described (16,17). Briefly, confluent VSMCs (5 x 106

cells/dish) pretreated with or without N2733 for 60 min
were stimulated with IL-lp for 2 h, washed with ice-cold
phosphate-buffered saline (PBS), and harvested in 0.4 ml
ice-cold hypotonic lysis buffer (10 mM HEPES, pH 7.8, 10
mM KC1, 2 mM MgCL,, 1 mM DTT, 0.1 mM EDTA, 0.1 mM
PMSF, and 5 jJLg/ml leupeptin). After 15 min incubation at
0°C, 25 (jd 10% Nonidet P-40 was added, followed by cen-
trifugation at 10,000 Xg for 1 min. The nuclei pellets were
collected, resuspended in 30 JJLI hypertonic extraction buffer
(50 mM HEPES, pH 7.8, 50 mM KC1, 300 mM NaCl, 0.1
mM EDTA, 1 mM DTT, 10% glycerol, and 0.1 mM PMSF),
and then centrifuged at 10,000 Xg for 10 min, and the re-
sulting supernatant was subjected to EMSA. The single-
stranded oligonucleotides (forward: 5'-TGGGGACTCTCC-
rv 1 i_. rrr A A /~i/~i/~» A /~\ A n m n n n ' \ Jl i_-
o , cumpiemeiiu o -.rtrtvjvivxnvjrrtijriv_/\^-o ; uuiiespunuiiig uu

the NF-KB binding sequence of a downstream region (—107
to —97) of the rat iNOS gene promoter (18) were annealed
at 65°C for 15 min, and then filled with [<x-32P]dCTP (111
TBq/mmol), dNTP, and a Klenow fragment of DNA poly-
merase I. Nuclear proteins (10 jig) were incubated with
20,000 cpm 32P-labeled NF-KB double-stranded oligonucle-
otide and 1 |xg poly (dl-dC) in EMSA buffer (10 mM Tris-
HC1, pH 7.5, 2% glycerol, 0.2 mM EDTA, 0.5 mM DTT, and
50 mM NaCl) for 30 min and then subjected to polyacryl-
amide gel electrophoresis. The gel was then dried and auto-
radiographed. To examine the specificity of the NF-KB bind-
ing protein, the gel shift assay was performed in parallel
with the same samples in the presence of a 100-fold excess
of unlabeled oligonucleotide as a competitor. For the gel
supershift assay, the nuclear protein was preincubated for
30 min with goat polyclonal antibodies against the human
NF-KB p50 or p65 subunit (Santa Cruz Biotechnology,
Santa Cruz, CA).

Northern Blot Analysis—Confluent VSMCs (5 X 106 cells/
dish) pretreated with or without N2733 for 60 min were
stimulated with IL-ip for 6 h and then total RNAs were
extracted by the acid guanidinium thiocyanate-phenol-chlo-
roform method (19). The total RNAs (20 |xg) separated by
formaldehyde/1.1% agarose gel electrophoresis were trans-
ferred to a Magna Graph nylon membrane (Micron Separa-
tions, Minnetonka, MN). The cDNA probe for rat iNOS
recently cloned from rat endothelial cells (20) was labeled
with [a-32P]dCTP (111 TBq/mmol) by the random-primed
labeling method. RNA immobilized on the membrane was
hybridized with the labeled probes. The membrane was
washed finally in O.lx SSPE (15 mM NaCl, 1 mM
NaHjjPO,,, and 0.1 mM EDTA)-0.5% SDS and autoradio-
graphed.

Western Blot and Immunoblot Analyses—Western blot
analyses were performed essentially as described (16, 17).
Confluent VSMCs (5 X 106 cells/dish) were pretreated with
or without N2733, MG115, PD98059, or'SB203580 for 60
min, stimulated with EL-lp for the indicated times for IKB-
a, phospho IKB-C*, IKK-a, phospho p42/p44 MAP kinase,
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phospho p38 MAP kinase, and iNOS. Cells were lysed in
62.5 mM Tris-HCl, pH 6.8 (10% glycerol, 2% SDS, 1 tig/ml
pepstatin, 2 u,g/ml leupeptin, 2 u,g/ml aprotinin, and 1 mM
PMSF). The cell lysates were boiled, and the extracted pro-
teins were separated on a 12.5% (for IKB-C*, phospho IKB-O,
IKK-a, phospho p42/p44 MAP kinase, and phospho p38
MAP kinase) or 7.5% (for iNOS) SDS-polyacrylamide gel
and then transferred to Hybond ECL nitrocellulose mem-
branes (Amersham), which were incubated with rabbit
polyclonal antibodies for human IKB-O (1:1,000; Santa Cruz
Biotechnology), rabbit polyclonal antibodies for human
phospho IKB-O (Ser32) (1:1,000; New England Biolabs., Bev-
erly, MA), rabbit polyclonal antibodies for murine IKK-a
(1:500; Santa Cruz Biotechnology), rabbit polyclonal anti-
bodies for human phospho p42/p44 MAP kinase (1:1,000;
New England Biolabs.), rabbit polyclonal antibodies for hu-
man phospho p38 MAP kinase (1:1,000; New England Bio-
labs.), or mouse monoclonal antibodies for murine iNOS
(1:1,000; Transduction Laboratories, Lexington, KY) at 4°C
overnight. After extensive washing, the secondary antibody
(donkey anti-rabbit IgG or sheep anti-mouse IgG horse-
radish peroxidase, Amersham) was applied for 1 h, and
then exposure was performed with an Enhanced Chemilu-
minescence (ECL) kit (Amersham).

For immunoblot analysis of phospho IKK-a, confluent
VSMCs (5 X 106 cells/dish) were pretreated with or without
N2733, stimulated with IL-ip for 5 min, and then lysed in
0.4 ml lysis buffer (pH 7.4, containing 20 mM Tris-HCl, 150
mM NaCl, 2.5 mM EDTA, 1.0% Triton-X, 0.1% SDS, 0.1%
deoxycholic acid, 1 |xg/ml pepstatin, 2 |a.g/ml leupeptin, 2
(jig/ml aprotinin, and 1 mM PMSF) (15, 21). Lysates were
centrifuged at 10,000 Xg for 10 min, and the supernatants
were incubated with mouse monoclonal anti-phosphoserine
antibodies (3 ^g, Alexis Biochemicals) at 4°C for 2 h. The
reaction mixture was subsequently incubated with 10% im-
mobilized protein G (Pierce, Rockford, IL) at 4°C overnight
and then centrifuged at 10,000 Xg for 1 min. The immuno-
complex pellet was washed 4 times with the lysis buffer,
and then resuspended in 62.5 mM Tris-HCl, pH 6.8 (10%
glycerol, 4% SDS, 1 ^gAm pepstatin, 2 u.g/ml leupeptin, 2
u.g/ml aprotinin, and 1 mM PMSF) and boiled for 10 min.
After centrifugation at 10,000 Xg for 5 min, the extracted
immunocomplex was separated on a 12.5% SDS-polyacryl-
amide gel and then transferred to Hybond ECL nitrocellu-
lose membranes, which were incubated with rabbit poly-
clonal antibodies for murine IKK-a (1:500; Santa Cruz Bio-
technology) at 4°C overnight. After extensive washing, the
secondary antibody (donkey anti-rabbit IgG horseradish
peroxidase) was applied for 1 h, and exposure was per-
formed with an ECL kit.

Immunocytochemical Staining—Immunocytochemical
staining was performed as we previously described (16,22).
Briefly, subconfluent cells grown on a LAB-TEK Chamber
Slide (Nalge Nunc Int., Tokyo) were treated with IL-ip in
the absence or presence of N2733 for 2 h, fixed with 3.7%
formaldehyde-PBS for 10 min at room temperature, and
then washed with PBS for 2 min. Goat polyclonal antibod-
ies specific for the NF-KB p50 and p65 subunits were used.
Immunostaining was visualized with an indirect immuno-
peroxidase avidin-biotin-peroxidase kit (Vector Lab., Burl-
ingame, CA).

RESULTS

N2733 Inhibits IL-1 ̂ -Induced NOX Production and
iNOS Expression—We studied whether or not N2733
affects cytokine-stimulated NO production in rat VSMCs.
As shown in Fig. 1A, IL-ip (10 ng/ml) increased NOX pro-
duction during 15 h incubation by 13-fold compared with
control cells, this effect being suppressed by N2733 in a
dose-dependent manner (10-100 u.M). N2733 (50-100 JJLM)
affected neither the cell morphology, viability, nor protein
synthesis (data not shown).

We next examined whether or not N2733 affects iNOS
mRMA and protein expression induced by IL-ip in rat
VSMCs (Fig. IB). Northern blot analysis with rat iNOS
cDNA as a probe revealed that IL-ip (10 ng/ml) induced
iNOS mRNA expression (4.5 kb), this effect being sup-
pressed by N2733 (100 u.M) (Fig. IB, upper panel). Western
blot analysis with specific anti-murine iNOS antibodies
gave a distinct band of 130 kDa-NOS protein after stimula-
tion with IL-ip, this band also being decreased by N2733
(100 uM) (Fig. IB, bottom panel). These data indicate that
N2733 blocks IL-ip-induced iNOS mRNA and protein
expression, and subsequent NO production.

N2733 Blocks IL-lfi-Induced NF-KB Activation—TO de-
termine whether or not N2733 affects NF-KB activation
induced by IL-ip in rat VSMCs, EMSA was performed with
synthetic oligonucleotides corresponding to the down-
stream NF-KB site of the rat iNOS promoter as a probe.
The addition of IL-lp (10 ng/ml) induced NF-KB activation
at 30 min, which peaked at 1-2 h, as observed on EMSA
(16, 17). IL-ip caused a distinct shifted band, while there
was no distinct band for the control cells (Fig. 2A). The
specificity of the NF-KB binding gel shift assay was exam-
ined by means of coincubation with excess unlabeled probe
as a competitor. These bands were completely eliminated
with the presence of a 100-fold molar excess of unlabeled
oligomers. For the characterization of NF-KB subunits, spe-

IL-ip
N2733

iNOS mRNA

28S rRNA

p (-) (+) (+) (+) (+) iNOS Protein • •
N2733(|iM) (-) (-) 10 30 100

Fig. 1. Effect of N2733 on IL-ip-mduced NO production, iNOS
mRNA and protein expression in rat VSMCs. (A) Confluent
cells pretreated with N2733 at the indicated concentrations were
stimulated with or without IL-lf5 (10 ng/ml) at 37"C for 15 h; the
concentrations of NO, released into media were measured. Each col-
umn represents the mean ± SE (n = 3). (B) Cells treated with
N2733 (100 JJLM) were stimulated with IL-ip (10 ng/ml) for 6 h for
Northern blotting and 15 h for Western blotting, respectively. North-
ern blot analysis for iNOS mRNA (upper panel), and 28S ribosomal
RNA (second panel); Western blot analysis for iNOS protein (lower
panel).
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cific antibodies for the human p50 and p65 subunits were
examined. The EL-1(3—induced NF-KB protein-DNA com-
plexes were supershifbed by the anti-p50 antibody, while
the anti-p65 antibody caused a supershifted band in addi-
tion to a decrease in the shifted band (Fig. 2A). The IL-ip-
induced NF-KB activation levels in N2733 (100 ^M)-treated
cells were markedly reduced by about 80% compared with
those in nontreated cells (Fig. 2B).

Immunohistochemical staining with anti-p50 and p65
antibodies demonstrated that nonstimulated cells exhibited
diffuse but faint distribution of immunoreactivity of both

A

NF-KB N F - K B

I L - l p ( - ) ( + ) ( + ) ( + ) ( + ) I L - l p ( - ) (+ ) (+ )
pSO Ant ibody ( - ) ( - ) (+) ( - ) ( - ) N2733 ( - ) ( - ) ( + )
p65 Ant ibody ( - ) ( - ) ( - ) ( + ) ( - )
Compet i to r ( - ) ( - ) ( - ) ( - ) ( + )

Fig. 2. Effect of N2733 on IL-l(i-induced NF-KB activation in
rat VSMCs. (A) Cells were stimulated with IL-ip (10 ng/ml) for 2 h
for EMSA. Nuclear proteins (10 |xg) were pretreated without (-) or
with (+) antibodies against the NF-KB p50 or p65 subunit, or a 100-
fold excess of unlabeled probe prior to EMSA. (B) Cells pretreated
with or without N2733 (100 (xM) were stimulated with IL-ip (10 ng/
ml) for 2 h.

Fig. 3. Effect of N2733 on IL-lB-induced nuclear transloca-
tion of NF-KB, examined by an immunohistochemical meth-
od. Cells pretreated with or without N2733 (100 \tM) were stimu-
lated with IL-ip (10 ng/ml) for 2 h, fixed with 3.7% formaldehyde-
PBS, and then stained with anti-p50 antibodies (A, B, C) or anti-p65
antibodies (D, E, F). A, D, control; B, E, IL-IP; C, F, IL-1B plus
N2733.

p50 and p65 within the cytoplasm (Fig. 3, A and D),
whereas exposure of rat VSMCs to EL-ip (10 ng/ml) re-
sulted in extensive accumulation of immunoreactive p50
and p65 within the nucleus (Fig. 3, B and E), these effects
being prevented by pretreatment with N2733 (100 u.M)
(Fig. 3, C and F). These data confirmed that N2733 indeed
blocks IL-lp-induced nuclear translocation of NF-KB.

N2733 Prevents IL-lfi-Induced inB-a Degradation and
Phosphorylation—To determine whether or not IL-lp
causes IKB-O: degradation in rat VSMCs, Western blot anal-
ysis with anti-lKB-a antibodies was performed (Fig. 4). The
addition of IL-lp (10 ng/ml) resulted in a rapid (within 15
to 30 min) decrease in the IKB-O: protein level, which then
returned to the baseline level within 60 min (Fig. 4A). Pre-
treatment with N2733 (100 (xM) completely prevented the

Time 0 51 10

IKB-a

I L - l p (-) (+) (+) (+)
N2733 ('-) (-) (+) (-)
MG1 15 (-) (-) (-) (+)
IKB-a —

Fig. 4. Effect of N2733 on degradation of IKB-O: by IL-lp in rat
VSMCs. Confluent cells were incubated with IL-1S (10 ng/ml) (A)
for the indicated times, or (B) for 15 min with (+) or without (-)
N2733 (100 M.M). Cell lysates were subjected to Western blot analy-
sis with anti-lKB-a antibodies.

IL - ip 0 5' 10 ' 1 5' 30 '

Phospho IKB-a « •

IL- 1P+MG1 15 0 5' 10 ' 15' 30 '

Phospho IKB- a —» • • fgp « «

D

IL- ip ( - ) ( + ) ( + ) ( + ) ( + )
NZ733 ( - ) ( - ) ( + ) ( - ) ( + )
MG115 ( - ) ( - ) ( - ) ( + ) ( + )

Phospho IKB-a

Fig. 5. Effect of N2733 on phosphorylation of LtB-a by IL-ip in
rat VSMCs. Confluent cells were incubated with IL-ip (10 ng/ml)
(A) for the indicated times, or (B) for 5 min with (+) or without (-)
N2733 (100 M.M). Cell lysates were subjected to Western blot analy-
sis with anti—phospho IKB-OI antibodies.

I L - i p ( - ) ( + ) ( + )
N2733 ( - ) ( - ) ( + )

Phospho IKK-a

IKK-a - ^

Fig. 6. Effect of N2733 on phosphorylation of IKK-a by IL-lp
in rat VSMCs. Confluent cells were incubated with IL-ip (10 ng/ml)
for 5 min with (+) or without (-) N2733 (100 jiM). Cell lysates were
subjected to immunoprecipitation with anti-phosphoserine antibod-
ies and then to Western blotting with anti—IKK-a antibodies (upper
panel). For total IKK-a detection, cell lysates were subjected to
Western blot analysis with anti-IKK-a antibodies (bottom panel).
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Time 0 5' 10 15 '30 '1h 2h

Phospho p42/p44
MAP kinase

D IL- 1 p
N2733

PD98059
Phospho p42/p44
MAP kinase

( -X + K + X + 1
( - X - X + X - )
( - X - K - X + )

Time

Phospho p38
MAP kinase

0 1 5 ' 3 0 ' l h 2 h

' I L - I P ( - :
N 2 7 3 3 ( - l

S B 2 0 3 5 8 0 ( - :
Phospho p38
MAP kinase

Fig. 7. Effect of N2733 on phosphorylation of MAP
kinases by IL-ip in rat VSMCs. Confluent cells
were incubated with IL-lp (10 ng/ml) (A, C) for the in-
dicated times, or (B) for 15 min for phospho p42/p44
MAP kinase or (D) 30 min for phospho p38 MAP ki-
nase with (+) or without (-) N2733 (100 JJLM). Cell ly-
sates were subjected to Western blot analyses with
anti-phospho p42/p44 MAP kinase and anti-phospho
p38 MAP kinase antibodies.

IL-ip-induced decrease in the IKB-<X level in a similar
manner to in the case of MG115 (10 (JLM), a proteasome
inhibitor. These data suggest that N2733 inhibits the cyto-
kine-stimulated degradation of IKB-CX.

To determine whether or not IL-ip causes IKB-CX phos-
phorylation in rat VSMCs, Western blot analysis with anti-
phospho Ser32 of IKB-O antibodies was performed (Fig. 5, A
and B). The addition of IL-lp (10 ng/ml) resulted in rapid
phosphorylation of Ser32 of iKB-a, which peaked at 5-10
min and then decreased by 30 min (Fig. 5A, upper panel).
Pretreatment with MG115 (10 u.M) stabilized the IL-ip-
induced phosphorylation of IKB-a (Fig. 5A, bottom panel).
In contrast, N2733 (100 |xM) blocked the IL-ip-induced in-
crease in the phosphorylated IKB-<X level with or without
MG115 (Fig. 5B). These data suggest that N2733 inhibits
cytokine-stimulated rapid phosphorylation of IKB-CX prior to
its degradation.

N2733 Prevents IL-IB-Induced IKK-a Phosphorylation—
To determine whether or not N2733 affects IL-lp-activated
IKK-a in rat VSMCs, immunoblot analyses with anti-IKK-
a and anti-phosphoserine antibodies were performed (Fig.
6). IL-ip (10 ng/ml) caused rapid (within 5 min) phosphory-
lation of Ser residue(s) of IKK-a, this effect being inhibited
in the presence of N2733 (100 \xM); the total IKK-a level
remained unchanged with or without N2733. These data
suggest that N2733 inhibits cytokine-activated IKK-a.

N2733 Did Not Affect Cytokine-Stimulated p42/p44
MAP Kinase orp38 MAP Kinase—To determine whether or
not p42/p44 MAP kinase and p38 MAP kinase are involved
in the cytokine-stimulated IKB-O phosphorylation, Western
blot analyses with anti-phospho p42/p44 MAP kinase and
anti-phospho p38 MAP kinase antibodies were performed,
respectively (Fig. 7). The addition of IL-ip (10 ng/ml) re-
sulted in marked phosphorylation of Thr^/Tyr204 of p42/
p44 MAP kinase, which peaked at 10-60 min and then
decreased by 2 h (Fig. 7A). Pretreatment with a MEK in-
hibitor, PD98059 (50 \>M), completely blocked the IL-ip-
induced phosphorylation of p42/p44 MAP kinase, whereas
N2733 (100 p.M) had no effect (Fig. 7B). IL-ip also induced
transient phosphorylation of Thr180/Tyr182 of p38 MAP ki-
nase, which peaked at 15-30 min and then decreased by 2
h (Fig. 7C). Pretreatment with a p38 MAP kinase inhibitor,
SB203580 (10 \xM), completely inhibited the IL-ip-induced
phosphorylation of p38 MAP kinase, whereas N2733 (100
JJLM) had no effect (Fig. 7D). These data suggest that N2733
does not affect cytokine-stimulated p42/p44 or p38 MAP
kinases.

DISCUSSION

IL-lp is one of the key cytokines involved in the inflamma-

tion and immune responses (4, 5, 23). After binding to the
IL-1 receptor (IL-1R), IL-ip initiates signaling cascades
leading to the activation of several protein kinases, such as
ceramide-activated protein kinase, p42/p44 MAP kinase,
p38 MAP kinase, and Jun N-terminal kinase, and ulti-
mately NF-KB activation, a pivotal transcription factor that
regulates many proinflammatory genes including iNOS (6,
24, 25). However, little information is available as to how
immediate signaling by IL-ip cause NF-KB activation and
iNOS expression in VSMCs. The present experiments in-
volving cultured rat VSMCs demonstrated that stimulation
with IL-ip caused transient and rapid phosphorylation and
degradation of Ii<B-a, followed by NF-KB activation and its
nuclear translocation. Cytokine-responsive IKK-a, recently
identified, phosphorylates two serine residues of IKB-OI, i.e.
Ser32 and Ser36 (7-11). Phosphorylation of these residues is
a prerequisite for polyubiquitination and subsequent degra-
dation of IKB-a by the 26S proteasome (26). TNF-a rapidly
activates IKK-a, peaking at 5-10 min in HeLa cells (27). In
the present study, IL-ip induced rapid (5-10 min) phospho-
rylation of the Ser32 residue of IKB-a, followed by transient
(15-30 min) degradation and subsequent resynthesis of
IKB-O in rat VSMCs. Furthermore, we demonstrated that
IL-lp induced rapid (within 5 min) phosphorylation of Ser
residue(s) of IKK-a. These data are consistent with our pre-
vious studies (16,17), suggesting that IL-ip rapidly stimu-
lates IKK-a to phosphorylate the Ser32 residue of IKB-O,
which is degraded by proteasome, thereby leading to N F -
KB activation in rat VSMCs.

In our previous study, N2733, a pyrrolidinone derivative,
was shown to have an anti-inflammatory action and to
increase the survival rate of endotoxic shock mice (12),
although the mechanism by which it acts remains un-
known. Since several NSATDs were recently shown to in-
hibit NF-KB activation and iNOS expression in a variety of
cells (28-32), we investigated the effects of N2733 on cyto-
kine-induced iNOS expression in rat VSMCs. The present
study has clearly shown that N2733 dose-dependently
blocked the IL-ip-induced NO production by inhibiting the
expression of iNOS mRNA and protein, as determined by
Northern and Western blot analyses, respectively. These
data suggest that N2733 inhibits iNOS expression at the
transcriptional level. The apparently discrepant inhibitory
effects of N2733 on NO production and iNOS expression
may be accounted for by the different experimental condi-
tions (incubation times, sample collection, and extraction
methods) employed.

The present study has further shown that N2733 mark-
edly blocked cytokine-induced NF-KB activation and its
nuclear translocation, as determined by EMSA and an im-
munocytochemical study, respectively. The apparent dis-
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crepancy between the incomplete inhibition of NF-KB acti-
vation by N2733 and iNOS expression may be due to the
different experimental conditions, as discussed above. Fur-
thermore, N2733 prevented the rapid phosphorylation of
IKB-O induced by IL-ip and the subsequent decrease in
iKB-a, as determined by Western blot analyses with anti-
IxB-a and anti-phospho IKB-O antibodies, respectively.
Antioxidants have been reported to stabilize the NF-KB/
IKB-O complex by scavengering reactive oxygen species in-
cluding the superoxide anion (33). This reactive oxygen spe-
cies generated by a variety of stimuli is postulated to medi-
ate NF-KB activation via a redox-sensitive mechanism.
N2733 is a pyrrolidinone derivative which may act as an
antioxidant. However, antioxidants such as pyrrolidine-
dithiocarbamate (PDTC) and iV-acetylcysteine failed to pre-
vent EL-ip-induced NF-KB activation (16). Furthermore,
N2733 exhibits no radical scavengering activity, as assess-
ed by the l-diphenyl-2-picrylhydrazyl radical method (data
not shown). The inhibitory effect of N2733 on the cytokine-
induced NF-KB activation and iNOS expression is most
likely due to inhibition of IKB-CX phosphorylation rather
than the proteasome-mediated IKB-<X degradation.

The present study has shown that IL-ip induced rapid
phosphorylation of the Ser resiuue(s) of IKK-tx. Our data
are consistent with those of a previous study (34) showing
that IKK-a is phosphorylated at Ser176 by NF-icB-inducing
kinase (NIK). In the present study, N2733 inhibited IL-ip-
induced IKK-a phosphorylation. Therefore, the inhibitory
effect of N2733 on the cytokine-induced NF-KB activation is
most likely due to suppression of the upstream signal(s)
leading to IKK-a phosphorylation rather than direct inhibi-
tion of IKK-a activity.

IL-ip has been shown to stimulate p42/p44 and p38
MAP kinases, thereby leading to the phosphorylation of
several key transcription factors, such as AP-1, Elk-1, and
ATF-2 (35, 36). In the present study, however, N2733 failed
to affect the IL-lp-induced activation of both p42/p44 and
p38 MAP kinases. Furthermore, N2733 did not affect LL-
1(3—induced c-Fos expression (unpublished observation).
Taken together, it is suggested that N2733 may preferen-
tially act on an NF-KB pathway distinct from the MAP ki-
nase pathways.

Macrophages and monocytes stimulated with LPS pro-
duce high amounts of proinflammatory cytokines, such as
IL-ip, IL-6, and TNF-a (37, 38), whose genes are mainly
regulated by NF-KB (5, 39). We previously reported that
N2733 dose-dependently inhibited LPS-stimulated TNF-a
mRNA and protein expression in human myeloid THP-1
cells (12). N2733 (30-100 mg/kg) also improved the sur-
vival of LPS-induced endotoxemic mice. Thus, our present
data support the assumption that the beneficial effect of
N2733 on the septic shock model is due to inhibition of the
NF-KB activation pathway linked to proinflammatory
genes including the iNOS gene.

In conclusion, we have demonstrated that the inhibitory
effect of N2733 on IL-ip-stimulated NO production and
iNOS expression in rat VSMCs is mediated through inhibi-
tion of the phosphorylation of IKK-« to decrease the phos-
phorylation and degradation of I^B-a, thereby leading to
inhibition of NF-KB activation. N2733 may have therapeu-
tic potential as to use for the treatment of endotoxic shock
by inhibiting NF-KB activation and subsequent blockade on
iNOS expression.
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