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Hydrogen peroxide-mediated inhibition of lipopolysaccharide-
stimulated inhibitory kappa B kinase activity in rat
aortic smooth muscle cells
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1 In rat aortic smooth muscle cells (RASMC), exposure to lipopolysaccharide (LPS) resulted in
NF-kB-DNA binding, degradation of IxB-«, -f and -¢ and increased activity of both o and f
isoforms of inhibitory kappa B kinase (IKK).

2 Expression of dominant-negative (DN)-IKK-z, IKK-f and NF-xB-inducing kinase (NIK)
abolished LPS-stimulated NF-xB reporter activity, suggesting that activation of a NIK/IKK-
dependent pathway is indispensable for NF-«B activation by LPS in this cell type.

3 The tyrosine phosphatase inhibitor, pervanadate, abolished LPS-stimulated NF-xB-DNA-
binding activity. However, the effect of pervanadate was shown to be mediated by excess hydrogen
peroxide (H-O,) present in the reaction mix. Preincubation of RASMC with H,O, inhibited LPS-
stimulated IKK kinase activity and downstream NF-kB-DNA binding activity.

4 H,0, also strongly stimulated p38 MAP kinase activity in RASMCs. Effective inhibition of this
pathway using SB203580 did not reverse the effects of H,O, on LPS-stimulated IKK/NF-xB
signalling.

5 These studies show that hydrogen peroxide-mediated inhibition of LPS-stimulated NF-«xB
activation in RASMC occurs upstream of IKK. The inhibitory effect of H,O, is not due to tyrosine
phosphatase inhibition, it is mediated by H,O, through a mechanism which is independent of any
cross-talk involving MAP kinase homologues.
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Introduction

Cellular exposure to lipopolysaccharide (LPS), the active
component of bacterial endotoxin, stimulates systemic
shock, manifest as profound hypotension and organ failure
(Julou-Schaeffer et al., 1990; Loegering et al., 1995). This
occurs through release of inflammatory mediators from
both macrophages and vascular smooth muscle cells and
the induction of a number of proteins such as inducible
nitric oxide synthase (iNOS) and cyclo-oxygenase-2 (COX-
2) (Meng et al., 1996; Akarasereenont et al., 1994; Xie et
al., 1992; Lyons et al., 1992). Studies using pharmacolo-
gical or molecular approaches have implicated a number
of important signal transduction cascades in the cellular
actions of LPS including the classical mitogen-activated
protein kinases (MAP kinases) or extracellular signal
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related kinases (ERK kinases) and the stress-activated
protein kinases, c-Jun N terminal kinase (JNK) and p38
MAP kinase (Feng et al., 1999, Caivano & Cohen, 2000).

In addition to these signalling pathways evidence has
accumulated recently indicating an important role for the
NF-kB transcription factor pathway in the cellular effects
of LPS (Lenardo & Baltimore, 1989; Bacuerle & Baltimore,
1991; Cordle et al., 1993; Hawiger et al., 1999; Fischer et
al., 1999; Shimada et al., 1999). Nuclear factor kappa B
(NF-kB) comprises a family of homo- and heterodimeric
transcription factors that are activated in response to stress
or inflammatory mediators (Baeuerle & Baltimore, 1996).
At rest NF-xB is held within the cytosol bound to isoforms
of inhibitory kappa B (IkB). Upon activation of the cell,
IkB proteins are phosphorylated on critical serine residues
facilitating their ubiquitination and subsequent 26S proteo-
somal degradation (Beg & Baltimore, 1996; Baldwin, 1996).
Freed NF-xB can then translocate to the nucleus and bind
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to the promoter region of its target genes (DiDonato et al.,
1997). Phosphorylation of IxB is in turn regulated by both
o and f isoforms of inhibitory kappa B kinase (IKK).
Recent studies have indicated that these kinases and
additional upstream intermediates such as NF-xB-inducing
kinase (NIK) may represent a novel site for pharmacolo-
gical intervention in a number of inflammatory conditions
(Regnier et al., 1997; Karin & Delhase, 1998; Medzhitov et
al., 1998; Muzio et al., 1998; Irie et al., 2000).

Protein tyrosine phosphatases (PTPases) have also been
implicated as having a role in NF-«xB signalling. Evidence
shows that IxB-o contains a tyrosine phosphorylation site
(Devi Menon et al., 1995) and recently a PTPase called
PTP-BAS has also been shown to associate with the ankyrin
repeats of IxkB-a (Maekawa et al., 1999). This putative
phosphatase may thus represent a novel site of pharmaco-
logical intervention. However, controversy has surrounded
the evidence presented utilizing the PTPase inhibitors which
have been shown to inhibit activation of NF-«kB depending
on the cell type involved (Devi Menon et al., 1995)
suggesting different sites and mechanisms of action of these
compounds. In addition, since tyrosine phosphatase inhibi-
tion can activate a number of tyrosine kinase-dependent
signalling pathways, it is possible that cross-talk between
these pathways and NF-xB can occur. This has been
described for p38 MAP kinase which has been shown to
mediate an inhibition of NF-xB signalling in HT-29 human
colon adenocarcinoma cells and FS-4 fibroblasts (Alpert et
al., 1999).

In this study, we sought to provide evidence for the
presence of a tyrosine phosphatase in the regulation of
LPS-stimulated NF-xB signalling pathway in rat aortic
smooth muscle cells (RASMC) and to determine the site of
action. LPS stimulated an increase in NF-xB-DNA binding
and transcriptional activity as well as the degradation of
IxB-o -f and -¢ which were dependent upon activation of
IKK-o and -f kinase activity and the upstream kinase
NIK. However, we found that the effect of the tyrosine
phosphatase inhibitor pervanadate was mediated via excess
H,0O, which also inhibits LPS-stimulated NF-xkB activation
at the level or upstream of IKK. Whilst H,O, was found
to be able to strongly activate p38 MAP kinase this was
shown not to mediate the inhibitory effect on NF-xB
signalling.

Methods
Materials

The plasmids used in this study were kindly donated as
follows: the plasmid containing the ¢cDNA encoding the
GST-tagged truncated N-terminus of c-Jun (GST-c-Juns_gg)
was donated by Prof J.R. Woodgett (Ontario Cancer
Institute, Princess Margaret Hospital, Toronto, Canada).
The GST-tagged MAPKAP kinase-2 vector was donated by
Prof C.J. Marshall (Chester Beatty Laboratories, Institute of
Cancer Research, London, U.K.) and the MAPKAP kinase-2
antibody and the KKLNRTSSVA peptide substrate were
gifts from Prof P. Cohen (MRC Protein Phosphorylation
Unit, University of Dundee, U.K.). The dominant negative
IKK-o and -ff plasmids and that for dominant negative NIK

were kind gifts from Dr D. Goeddel (Tularik Inc., CA,
U.S.A.). The 3 x NF-xB.enh.luciferase reporter plasmid was a
gift from Prof R.T. Hay, (University of St. Andrews, U.K.)
as was the plasmid containing the cDNA encoding the GST-
tagged truncated N-terminus of IxB (GST-IkBN). The
lipofect AMINE used in all transfections was purchased
from Life Technologies (Paisley, U.K.). The antibodies for
IxB-o, -f and -¢, IKK-o and -5, p42/44 MAP kinase were
purchased from Insight Biotechnology (Santa Cruz, Wemb-
ley, UK), SB203580 and PDO098059 from Calbiochem-
Novabiochem (Nottinghamshire, U.K.), LPS from Sigma
Aldrich (Dorset, U.K.) and [y-**P]-ATP (3000 Ci/mmol) from
NEN Du-Pont (Hertfordshire, U.K.). All other chemicals
were of the highest commercial grade available.

Cell culture

Rat Aortic Smooth Muscle primary cell cultures (RASMC)
were established from thoracic aortae from 180—200 g Wistar
rats by the method of Berk et al. (1989).

Preparation of nuclear extracts

Cells were stimulated with vehicle or agonist as required,
harvested in ice-cold PBS (centrifugation 13,000 x g, 1 min),
and resuspended in 400 pl buffer 1 (in mm): HEPES 10,
pH 7.9, KCI1 10, EDTA 0.1, EGTA 0.1, DTT 1, PMSF 0.5;
(in pug ml~'): leupeptin 10, aprotinin 10, pepstatin 10, then
incubated on ice (15 min). Samples were then vortexed at full
speed for 10 s following the addition of 25 ul of 10% (v v")
NP-40 in buffer 1 and cells pelleted by centrifugation
(13,000 x g, 30s). The crude nuclear material was then
resuspended in 50 ul buffer 2 (in mm): HEPES 20, pH 7.9,
(25% (v v7") glycerol, 0.4 M NaCl), EDTA 1, EGTA 1, DTT
I, PMSF 0.5; (in wug ml™"): leupeptin 10, aprotinin 10,
pepstatin 10. Following incubation on ice (15 min) tubes
were sonicated (2x30s) in a bath-type sonicator and
extracted nuclear proteins recovered by centrifugation
(13,000 x g, 15 min at 4°C). The soluble nuclear extract was
collected and stored at —80°C until use.

Electrophoretic mobility shift assay

Protein concentrations in the nuclear extracts were determined
by the Bradford method and 5 ug incubated with 2 ul of gel-
shift binding buffer (5 x) (in mMm): Tris-HCI 50, pH 7.5, (20%
(v v7') glycerol) MgCl, 5, EDTA 2.5, DTT 2.5, NaCl 250
(0.25 mg/ml poly(dI-dC).poly(dI-dC)), for 15 min at room
temperature prior to the addition of 1 ul [p-**P]-labelled
consensus oligonucleotide (approx. 50,000 c.p.m.). Samples
were incubated for a further 20 min at room temperature
before the addition of 1 ul 10 x gel loading buffer (250 mMm
Tris-HCI, pH 7.5, 0.2% (w v~') bromophenol blue, 40%
(vv!' glycerol). Samples were subject to non-denaturing
electrophoresis on pre-run 5% polyacrylamide gels, dried and
protein-DNA complexes detected by autoradiography.

Western-blot analysis
Western blotting of IxB proteins using SDS—PAGE was

performed as outlined previously (Paul er al., 1995). All
antibodies were titred for optimum conditions.
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IKK immunocomplex kinase assay

Cells were incubated with wvehicle or agonist as
appropriate, washed twice in ice-cold PBS and then
lysed with solubilization buffer (in mwm): Tris-HCl 20

(pH 7.6), EDTA 1, EGTA 0.5, NaCl 150, (0.1% (w v")
Brij 35, 1% (wv~") Triton X-100) sodium fluoride 20,
sodium orthovanadate 0.5, pf-glycerophosphate 20; (in
ug ml~"): aprotinin 10, pepstatin A 10, leupeptin 10, and
PMSF 1). Clarified extracts were incubated with 1.5 ug
of either IKK-o or IKKpg-specific antisera (Insight
Biotechnology, U.S.A.) pre-coupled to protein G agarose
(2h, 4°C) with rotation. Immunocomplexes were col-
lected by centrifugation (13,000 x g, 1 min), washed once
with solubilization buffer and once with HEPES buffer
25 mM, pH 7.6 containing (mM): p-glycerophosphate 25,
NaF 25, MgCl, 15 and DTT 1, before incubation in the
same buffer containing 25 umM/5 uCi [y-*P] ATP and 1 ug
of a recombinant GST-fusion protein of the N-terminus
of IxkB-a (final volume 30 ul, 30 min) at 30°C. Samples
were boiled with 4 xsample buffer (5 min). Aliquots of
each sample were then subjected to electrophoresis on
10% SDS-PAGE gels and fixed in 20% (vv')
methanol/10% (v v™') acetic acid for 30 min. After
drying phosphorylated IxB was visualized by autoradio-
graphy.

JNK, p38 M AP kinase and MAPKAP kinase-2
activity assay

Measurement of JNK p38 MAP kinase and MAPKAP
kinase-2 activity was determined by measuring incorporation
of [y-**P]-phosphate into the respective substrates (c-Jun,
MAPKAP kinase-2 and substrate peptide KKLNRTLSVA)
as outlined previously (Paul ez al., 2000).

Luciferase reporter assay

RASMC were transiently transfected according to Gibco
manufacturers instructions using lipofectAMINE, with
1 ug well™' luciferase reporter plasmid (containing three
NF-xB binding sites) either alone or co-transfected with
dominant negative (DN) IKK-o, -f or NIK. Amounts of
DNA were normalized with pRK plasmid. Cells were
then serum-starved for 24 h prior to stimulation with
either vehicle or 100 ug ml~' LPS for 8 h. Cells were
washed twice with ice-cold PBS and harvested in 200 pl
lysis buffer (25 mMm Tris phosphate, pH 7.8, 8 mM
magnesium chloride, 1 mm DTT, 1% (vv~') Triton X-
100, 15% (v v~"') glycerol). Clarified extracts were then
subject to Bradford protein assay and stored at —80°C.
Lysis buffer (100 ul) containing 1 mM ATP, 0.25 mMm
luciferin substrate and 1% (w v~') BSA was then added
to an equal volume of cell lysate and relative light units
were measured by a Berthold luminometer over 60 s with
a 1s delay.

Statistical analysis
Graphical data was analysed using a one-way ANOVA

followed by a Dunnets post test. *Significantly different from
control value (P <0.05).

Results
LPS-stimulated IKK/NF-kB signalling in RASMC

RASMC were exposed to 100 ug ml~!' LPS and NF-xB-DNA
binding measured by EMSA (Figure 1A). An increase in
DNA-binding was apparent 15 min after LPS stimulation,
reaching a maximum by 1 h that was sustained up to 6 h.
The expression of the inhibitory proteins IxB-a and - were
also examined over a similar time frame (Figure 1B,C).
Results showed that IxB-o was degraded to 38.2+20.3% of
control (n=3) at 15 min and maximally by 30 min to
9.6+8.3% of control (n=3), returning to basal values by
90 min. In contrast to this transient loss, IxB-f degradation
was not apparent until 30 min post LPS stimulation and did
not return fully to basal levels by 8 h. High expression of the
¢ isoform of IxkB was also observed in RASMCs (Figure 1D)
and examination of the kinetics of degradation in response to
LPS showed initial degradation at 30 min, maximal by 2 h
with a return to basal levels by 8 h.

The role of IKK and NIK in the regulation of LPS-
stimulated NF-xB activation was also assessed. We found
that in response to LPS, both IKK-« and -f kinase activities
were substantially increased (Figure 2A,B). Both kinases were
activated within 15 min of LPS treatment, observed to be
maximal activation at 30 min, for IKK-«, and 1 h for IKK-f.
Correspondingly, over-expression of DN forms of IKK
inhibited LPS-stimulated NF-xB reporter activity (Figure
3A). Alone LPS stimulated a 30-40 fold increase in
luciferase activity in control transfected cells, however, this

- b

C02505 115 2 4 6

A

NF-xB-DNA
Complex

100ugml” LPS (h)

e Qbi;-;a'

C 5§ 15 30 60 90 120240

—36kDa

100pgml! LPS (h)
T

eESBR=gzs

—  48kDa
KB-p >

cC 05 1 15 2 4 6 8

100pgmi' LPS (h)

D _ w — 48kDa
-

- - - ¥
IkB-g > ..“u- ...

C 026051 2 4 6 8

100ug/ml! LPS (h)

Figure 1 Time course of LPS-stimulated NFxB-DNA binding and
IxB degradation in RASMC. Serum starved RASMC were exposed
to vehicle (C) or 100 ug ml~' LPS (L) for the times indicated. NF-
kB-DNA binding (A), IxB-a, (B), IkB-f (C) and IxB-¢ (D) protein
expression were measured as described in the Methods section. The
autoradiographs and blots shown are representative of three
individual experiments.
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A (~80%) following transfection of 10 pug of construct.
2P-labelled Similarly, TNF-a-stimulated luciferase activity was also
GS:T?IKeBhT > y _ inhibited confirming that the effects of NIK are independent
15 30 60 90 120 C120 of receptor. Taken together these results suggest that in
RASMC, LPS stimulates NF-xB activity through an IKK/
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Figure 2 LPS-stimulated kinase activity of IKK-o and -f in
RASMC. Serum starved cells were incubated with vehicle (C) or
100 ug ml~! LPS (L) for the times indicated. IKK-x kinase activity
(A) or IKK-f kinase activity (B) was assayed as described in the
Methods section. The autoradiographs shown are representative of
three individual experiments.

A —— -
40+ [ (+DN-IKK-c: (K44A)
'3
8 PDN—IKK-[} (K448)
&, 301 T
[
22
R
2®
5
Q
o
0 0110 0 0103 1 3 10
Vehicle +LPS
B Transfected DNA (ug)
15 -
_ aLps|
£ 10 Lﬁﬁ
@
=
) * *
3 5
m [E] f@
0 - , —L= .
Control 0 3 5 10

DN-NIK(,.g)

Figure 3 Effect of DN-IKK-z and -f and DN-NIK on LPS-
stimulated NF-«B reporter activity. RASMC were co-transfected
with 1 pg luciferase reporter plasmid with increasing concentrations
of DN-IKK-o or DN-IKK-f (A) or DN-NIK (B) made up to 10 ug
total DNA with pRK plasmid as described in the Methods section.
Serum starved cells were then incubated with vehicle (C),
100 ug ml~' LPS (L) or 30 ng ml~™' TNF-o for 8 h. and NF-«xB
reporter activity measured as described in the Methods section. Data
is representative of three individual experiments+s.e.mean. *Statis-
tically significant from stimulation with no DN-DNA P <0.05.

stimulation was reduced in a dose dependent manner by (1—
10 ug) of either DN-IKK-o or DN-IKK-f but not control
pRK plasmid. Indeed, LPS stimulated activity was almost
completely abolished following co-transfection with 10 ug of
either construct. A similar effect was also observed following
transfection with DN-NIK (Figure 3B). LPS-stimulated NF-
kB reporter activity was inhibited by transfection of
increasing amounts of DN-NIK and substantially inhibited

In order to confirm the role of a PTPase in the NF-xB
pathway cells were preincubated for 30 min with 100 uM of
the PTPase inhibitor pervanadate prior to stimulation with
LPS (Figure 4). Pervanadate in a manner similar to
pretreatment with PAO, another PTPase inhibitor, reversed
LPS-stimulated NF-xB-DNA binding. However, when each
component of pervanadate H,O, (1 mM) and orthovanadate
(1 mm) was tested alone, H,O, also reversed LPS-stimulated
NF-xB-DNA binding. To investigate whether excess H,O,
present in the reaction mix may have been responsible for the
reversal effect of pervanadate, 100 ug ml~' catalase was
added to the orthovanadate and H,O, mix to degrade any
excess H,O,. Preincubation with catalase alone did not have
any effect but when added to pervanadate the reversal of
LPS-stimulated NF-xB-DNA binding was abrogated (Figure
4).

H>0; reverses LPS-stimulated NF-xB signalling at the
level of IKK

The site and mechanism of H,O,-mediated inhibition of LPS-
stimulated NF-xB-DNA binding was further examined in
Figure 5. Approximately 50% (56.2+8.16%, n=3) reversal
of LPS-stimulated DNA-binding was observed at 0.5 mMm
H,0, with full reversal of DNA-binding apparent following
pre-treatment with 1 mM (Figure 5A). Preincubation of
RASMC with 0.5 mMm H,O, also reversed LPS-stimulated
IxB-o, - and -¢ degradation by 45.2+26.69%,
16.67+16.12% and 90.6+46.5% respectively, with full
reversal observed following pre-treatment with 1 mmM H,O,
(Figure 5B and C for IxB-o, and -e¢ IkB-f not shown).
Similar effects were observed when IKK-o and -f kinase

NF-xB-DNA
Complex >

e

P P+ L L+ L+ L+
cat cat P P+cat
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Figure 4 Effect of pervanadate and catalase on LPS-stimulated NF-
kB-DNA binding in RASMC. Serum starved cells were incubated
with vehicle (C), 100 um catalase (cat), pervanadate (P) or
pervanadate in combination with 100 ug ml~' catalase (P+ cat)
alone or 30 min prior to stimulation with 100 ug ml—' LPS (L).
NF-kB-DNA binding was measured as described in the Methods
section. The autoradiograph shown represents three separate
experiments.
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Figure 5 Effect of H,O, on LPS-stimulated IKK/NF-kB signalling Serum starved cells were pretreated with vehicle (C) or
increasing concentrations (as indicated) of H>O, (H) for 30 min prior to exposure to 100 ug ml~' LPS (L). NF-xB-DNA binding
(A), protein expression of IkB-u (B), and IxB-¢ (C) and kinase activity of IKK-o (D) and IKK-f (E) were measured as described in
the Methods section. The autoradiographs and blots shown are representative of three individual experiments.

activities were assayed in vitro. Pre-incubation with 0.3 mM
or 1 mM H,0,; for 30 min resulted in complete inhibition of
LPS-stimulated IKK-o or -f kinase activity (Figure 5D,E).

Inhibitory effects of H,0; are independent of JNK,
p38 and p42/44 M AP kinases

Previously, H,O, has been shown to activate MAP kinase
homologues in a number of cell types (Yoshizumi ez al., 2000;
Abe et al., 2000; Yin et al., 2000). We therefore examined the
potential of these kinase cascades to participate in the
negative regulation of LPS-stimulated IKK/NF-xB signalling.
Figure 6 shows that H,O, stimulated a rapid increase in p38
MAP kinase activity. A maximal, 10.154+1.62 fold increase
(n=3) in kinase activity was observed 30 min post-H,O,
stimulation returning towards basal levels by 2 h H,O,
(Figure 6A). This activity was concentration dependent
reaching a maximum between 0.5—1 mM (result not shown).
In contrast, H>O,-stimulated JNK kinase activity was weak
and comparatively slow in onset, with activation only
observed at concentrations of 1 mM or above (Figure 6B).
Activation of p42/44 MAP kinase by H,O, was moderate in
comparison to 10% (vv~') foetal calf serum (FCS),
generating a partial electrophoretic mobility shift in the
retention of either isoform on SDS—PAGE (Figure 6C).
However, activation of this signalling pathway was delayed
relative to p38 MAP kinase, reaching a peak between 30 and
60 min.

H,0, also stimulated activity of the downstream substrate
of p38 MAP kinase, MAPKAP kinase-2 (Figure 7) giving
maximum 14.69+46.7 fold increase (n=3) in kinase activity at
I mM. This response was completely inhibited by pre-
incubation with 10 or 20 um of SB203580, a p38 MAP
kinase inhibitor, for 30 min (Figure 8). However, this
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Figure 6 Effect of H>,O, on p38, JNK and p42/44 MAP kinases
Serum-starved RASMC were exposed to vehicle (C), FCS (10%
vv~! 5min) or 1 mmM H,0, for the times indicated. p38 MAP
kinase (A) and JNK (B) kinase activities and phosphorylation of p42/
44 MAP kinases (C) were determined as outlined in the Methods
section. The autoradiographs and blots shown represent three

individual experiments.

intervention failed to prevent the inhibitory effects of H,O,
at the level of NF-«kB-DNA binding (Figure 8A), IxB
degradation (Figure 8B,C) or IKK activity (Figure 8D).
Similarly, pre-incubation with the MEK kinase inhibitor
PD098059 abolished H,O,-stimulated MAP kinase activity
but did not reverse LPS-stimulated NF-xB activation (results
not shown).
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Discussion

In this study we investigated the site and mechanism of
action of the PTPase inhibitor pervanadate on LPS-
stimulated NF-xB activation in rat aortic smooth muscle
cells. In initial experiments, LPS was found to stimulate a
time-dependent increase in NF-xB-DNA binding and a
corresponding increase in NF-xB transcriptional activity.
LPS also induced the degradation of both IxkB-o and -f8
proteins. The kinetics of these activities are consistent with
that observed in other cytokine receptor systems (Ghosh &
Baltimore, 1990; Beg & Baldwin, 1993; Hoshi et al., 2000).
Interestingly, we found, for the first time, high expression of
the ¢ isoform of IxkB in RASMC and this isoform was
observed to be degraded also following LPS stimulation, with
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Figure 7 Effect of SB203580 on H,O,-stimulated MAPKAP kinase-
2 activity. Serum-starved cells were pre-incubated with vehicle (C) or
increasing concentrations of SB203580 (SB) (as indicated in um) for
30 min prior to exposure to vehicle (C) or 1 mm H,0,. MAPKAP
kinase-2 kinase activity was then determined as described in the
Methods section. Data shown is representative of three individual
experiments and expressed as mean+s.e.mean *Statistically signifi-
cant from control P<0.05.
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kinetics similar to that of IxB-f degradation. These data
concur with the functional characterisation of IxB-¢ which has
reported its upregulation by known activators of NF-xB, in a
manner similar to that of IxkB-a. In contrast to IxkB-o and -3,
the functional activity of IkB-¢ has previously been thought to
be restricted to the cytoplasm due to its inefficiency in entering
the nucleus and is, therefore, thought to mainly sequester p65
homodimers. Therefore, IxkB-¢ degradation may indicate
activation of p65 homodimers of the NF-xB family in
addition to p50/p65 (Simeonidis et al., 1997). Indeed,
preliminary experiments using supershift analysis show the
presence of p65 but not p50 subunits within the nucleus of
LPS-stimulated RASMCs, despite p50 and p65 members of
the Rel family being expressed in vascular smooth muscle cells
(Bellas et al., 1995; Bourcier et al., 1997).

Activation of signalling events upstream of IxB have not
been assessed in RASMC in response to LPS. This study
revealed activation of both IKK-o and -f kinase activities
upon LPS stimulation in a concentration and time-dependant
manner. Commonly, characterization of NF-xB in other cell
types has revealed IKK isoforms, in particular -« and -f5, to
be responsible for catalysing phosphorylation of the IxB
proteins (Mercurio et al., 1997; Zandi et al., 1997; Geleziunas
et al., 1998; Li et al., 1998; O’Connell et al., 1998). Recent
studies have shown that IKK does not always mediate NF-
kB activation. For example, in the case of short-wavelength
UV (UV-C), IxB degradation is observed in the absence of
IKK activation (Bender ef al., 1998; Li & Karin, 1999). An
IKK-independent mechanism has also been shown for the
opportunistic pathogen Pseudomonas aeruginosa, which
utilises a c-Src-Ras-MEK1/2-MAP kinase-pp90™* pathway
to activate NF-kB (Li er al., 1998). However, in this study,
co-transfection with DN-IKK-o and DN-IKK-f alone or in

L H H+SB SB

+LPS
C
__48kDa
—— — —
e N e—

C SB H L H H+SB
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L H H+SB

+LPS

Figure 8 Effect of SB203580 on H,0, inhibition of LPS-stimulated NF-xB signalling Serum starved cells were exposed to vehicle,
(C), 20 um SB203580, 1 mm hydrogen peroxide (H), 100 ug ml—' LPS (L) or pre-incubated for 30 min with SB203580 at the
concentrations indicated (um) prior to exposure to vehicle (C), 1 mM hydrogen peroxide (H), 100 ug ml~' LPS (L). NF-xB-DNA
binding (A), IxB-o (B) and -¢ (C) degradation and kinase activity of IKK-o (D) were determined as described in the Methods
section. The autoradiographs shown are representative of three individual experiments.
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combination (data not shown) reduced LPS-stimulated NF-
kB reporter activity in a concentration-dependant manner
showing for the first time that LPS-stimulated NF-xB
activation in RASMC is mediated via IKK-¢ and -f.
Although 0.1 ug IKK-f DNA showed a significant increase
in reporter activity this could be due to the mechanisms by
which IKK is regulated. The IKKs form both homo and
heterodimers and in unstimulated cells IKK-z inhibits
constitutive IKK-f activity and in activated cells IKK-a
kinase activity must be present to induce IKK-f kinase
activity (O’Mahony et al., 2000). Thus it is possible that an
imbalance in the o/f ratio by addition of 0.1 ug IKK-f DNA
may have resulted in enhanced activation of the complex and
hence activation of NF-xB-dependent luciferase reporter
activity. Furthermore, we also confirmed that LPS is likely
to stimulate IKK activity via a NIK-dependent cascade as
LPS-stimulated NF-kB reporter activity was abolished by
transfection with increasing concentrations of DN-NIK
(Figure 3). This suggests that the receptor for LPS in
RASMC is also likely to involve similar intermediates to
those observed in macrophages such as IRAK, MyD88 and
TRAFs, which link cytokine receptors to IKK through
intermediate kinases such as NIK (Hultmark, 1994; Muzio et
al., 1998; Yang et al., 1998). These possibilities are currently
being examined in our laboratory.

The tyrosine phosphatase inhibitor, pervanadate, which
prevents conversion of an essential cysteine residue at the
catalytic site of PTPases to a thiol phosphate intermediate
within the PTPase (Guan & Dixon, 1991) was also found to
cause inhibition of LPS-stimulated NF-xB activity. This is in
agreement with a number of recent studies. However, as the
inhibitory effect of pervanadate was abolished by increasing
concentrations of catalase it would appear that the effect
could be attributed to excess H,O, in the reaction mixture.
Many studies have neglected to investigate this H,O»-
mediated action of pervanadate with only a few studies using
catalase (Huyer et al., 1997), however, our studies suggest
major limitations in it’s use as a PTPase inhibitor in
RASMC. Combining orthovanadate and H,O, forms a mix
containing not only various peroxovanadium complexes
which are themselves potent oxidizing agents but also
unreacted vanadate and H,0,. It is likely that these
components can mediate both stimulatory and inhibitory
effects upon NF-xB signalling independent of any effects
upon tyrosine phosphatase activity.

Despite the complexities of using pervanadate our present
study clearly demonstrates for the first time, in vascular
smooth muscle cells, H>O,-mediated inhibition of LPS-
stimulated NF-xB activation, manifest at the level of IKK
or further upstream. Furthermore, as TNF-a-stimulated
NF-kB signalling was affected in a similar manner by
pervanadate, this may indicate its mode of action at a site
upstream of IKK that is common to both receptors. These
findings contrast with a large number of studies which show
H,O, to induce NF-kB activation in several cell lines
including HeLa cells, cardiac myocytes and Jurkat T-
lymphocytes (Schreck et al., 1991; Meyer et al., 1993; Peng
et al., 1995; Manna & Aggarwal, 1999; Bowie & O’Neill,
2000). More recent evidence has however, suggested that the
effect of H,O, may be cell-type specific; H,O, does not
activate NF-xB in thyoma, epidermal or various bronchial
epithelial cell types (Das et al., 1995; Brennan & O’Neill,

1995; Warner et al., 1996), whilst studies in mouse mesangial
cells have shown that O,~ but not H,O, stimulates NF-xB
activation (Satriano & Schlondroff, 1994). Reasons for this
emerging cell-type specificity of H,O, may be varying levels
of intracellular catalase or other ROI scavengers such as
GSH or NAC (Meister & Anderson, 1983; Aruoma et al.,
1989). Alternatively, it may suggest the presence of diverse
H,0,-sensitive signalling components between cell types.

An important consideration regarding the effects of H,O,
was the potential for cross-talk with other pathways which
can regulate NF-xB activity. In a number of cell types H,O,
is a strong activator of the classical MAP kinase homologues
p42/p44 as well as the stress-activated protein kinases, p38
MAP kinase and JNK (Clerk et al., 1998; Bae et al., 1999;
Abe et al., 2000). Additionally, it is well recognized that JNK
and p38 MAP kinases are activated in response to a variety
of cellular stresses including LPS. It is, therefore, conceivable
that MAP kinase homologues may be involved in mediating
the H,O-induced inhibition of the LPS response. This
concept has been investigated in a recent study showing that
H,0, inhibited TNF-induced IxB phosphorylation and
degradation in HT-29 cells via p38 MAP kinase activation
(Alpert et al., 1999).

Our data did not, however, support such a proposal.
Whilst H,O, strongly activated the kinase activity of p38
MAP kinase and correspondingly MAPKAP kinase-2,
abrogation of this pathway using SB203580 failed to
modulate the inhibitory effects of H,O, on LPS-stimulated
IKK/IkB/NF-«kB signalling. Furthermore, other agents
which have been shown previously to activate p38 MAP
kinase, such as PDGF and angiotensin-II (A-II) (Ushio-
Fukai et al., 1998; Meloche et al., 2000), did not mimic this
inhibition, despite A-II also being able to cause the
generation of reactive oxygen intermediates. Whilst H,O,
stimulated JNK activation, this was very weak and as such
was unlikely to mediate the effects of these agents. In
addition, whilst we also found that H,O, activated p42/44
MAP kinase the response was moderate and somewhat
delayed relative to the rapid effects upon NF-xB signalling.
Finally, pharmacological inhibition of MAP kinase activa-
tion using PD098059 did not result in the reversal of the
inhibitory effects of H,O, (results not shown). This clearly
excludes a role for any homologues of MAP kinase in this
effect and indicates a role for another pathway or indeed a
direct pharmacological effect upon one of the components
higher upstream in the cascade.

The data presented in this study may have some pathophy-
siological relevance as in a variety of disease states reactive
oxygen species are generated. It has been proposed that these
types of intermediate act as second messengers to induce
proinflammatory or growth-stimulatory signals. This has led to
the current dogma suggesting oxidative stress to be linked to
chronic inflammation which underlies a number of disease
states including atherosclerosis (Speir et al., 1996; Fei et al.,
2000), renal toxicity (Zhang et al., 2000) and septic shock. Our
studies suggest that in certain cases, for example in RASMC,
ROS may inhibit the expression of inflammatory genes thus
aiding in the recovery of an inflammatory-based disease.

In conclusion we have demonstrated for the first time a
role for both IKK and NIK in the regulation of NF-xB
activation in response to LPS in cultures of rat aortic smooth
muscle cells (RASMCs). We have also established a novel
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mechanism of inhibition of this pathway by hydrogen
peroxide which involves a direct pharmacological effect
rather than any cross-talk mechanism involving other signal
transduction pathways.
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