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Abstract

Reactive oxygen species (ROS) has been impli-
cated as an inducer of NF-xB activity in numbers
of cell types where exposure of cells to ROS such
as H,O, leads to NF-«xB activation. In contrast,
exposure to oxidative stress in certain cell types
induced reduction of tumor necrosis factor (TNF)-
induced NF«B activation. And various thiol-modi-
fying agents including gold compounds and cy-
clopentenone prostaglandins inhibit NF-xB activa-
tion by blocking IkB kinase (IKK). To understand
such conflicting effect of oxidative stress on NF-
kB activation, HelLa cells were incubated with H,O»
or diamide and TNF-induced expression of NF-xB
reporter gene was measured. NF-xB activation
was significantly blocked by these oxidizing
agents, and the inhibition was accompanied with
reduced nuclear NFxB and inappropriate cyto-
solic IkB degradation. H,O, and diamide also in-
hibited IKK activation in HeLa and RAW 264.7 cells
stimulated with TNF and lipopolysaccharide, re-
spectively, and directly blocked IKK activity in
vitro. In cells treated with H,O, alone, nuclear
NF-xB was induced after 2 h without detectible de-
gradation of cytosolic IkBa or activation of IKK.
Our results suggest that ROS has a dual effect on
NF-«xB activation in the same HelLa cells: it inhi-
bits acute IKK-mediated NF-«xB activation induced
by inflammatory signals, while longer-term expo-
sure to ROS induces NF-«xB activity through an
IKK-independent pathway.
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Introduction

Modulation of proteins and enzyme activities by cel-
lular reduction/oxidation (redox) status is one of the
major mechanisms that cells employ to overcome
oxidative stress. Although intracellular redox balance
is tightly controlled in most cell types, it can be al-
tered by reactive oxygen species (ROS) produced by
environmental toxins or in pathologic conditions such
as chronic inflammatory diseases and ischemia-reper-
fusion injury (Halliwell and Gutteridge, 1999). Expo-
sure of cells to oxidative stress can induce alterations
in various signal transduction cascades that lead to
changes in the activity of related transcription factors
(Adler et al., 1999; Thannickal and Fanburg, 2000).

The transcription factor NF-xB regulates expression
of a wide range of cellular and viral genes and plays
important roles in immune and inflammatory respon-
ses (Baeuerle and Henkel, 1994). In resting cells,
NF-«xB proteins are sequestered in the cytosol through
interaction with a class of inhibitory proteins called
IkBs (IxBo, B, and €). In response to proinflammatory
cytokines such as tumor necrosis factor (TNF) and
interleukin-1 (IL-1), bacterial lipopolysaccharide (LPS),
or viral double-stranded RNA, the IkBs are rapidly
phosphorylated at two specific serine residues located
at their N-terminal regions. Phosphorylated 1kBs then
undergo ubiquitination and proteolysis by the 26S pro-
teasome, resulting in release and translocation of
NF-xB to the nucleus to induce expression of specific
target genes. In the signal pathway for NF-xB activa-
tion, phosphorylation of 1kBs is likely to be the central
point of regulation at which signals from diverse
stimuli converge (Barnes and Karin, 1997; May and
Ghosh, 1998). Previous studies have identified an IkB
kinase (IKK) complex with a molecular mass of 500-
900 kDa, which is induced by inflammatory signals
and able to phosphorylate the N-terminal serine resi-
dues of IkBa and IkBp involved in NF-kB activation
in vivo (Chen et al., 1996; DiDonato et al, 1997).
Two subunits of IKK, called IKKa (or IKK1) and IKKB
(IKK2), were shown to play a catalytic role in IkB
phosphorylation (DiDonato et al, 1997; Mercurio et
al., 1997; Regnier et al., 1997; Woronicz ef al., 1997;
Zandi et al., 1997), whereas another subunit IKKy/ NE
MO/IKKAP1 is regulatory and involved in trans-
mission of upstream signals to IKKa and IKKB (Ya-
maoka ef al, 1998; Rothwarf et al, 1998; Mercurio



et al, 1999).

It has been suggested that intracellular ROS levels
regulate NF-xB activation, in that H,O, can induce
NF-xB activation in lymphocytes and monocytes (Sch-
reck et al, 1991; Meyer ef al, 1993; Manna et al,
1998). In these cells, NF-kB activation by diverse sig-
nals such as TNF, IL-1, LPS, and phorbol esters was
inhibited by various structurally unrelated antioxidants
(Schreck et al., 1992), and by overexpression of anti-
oxidant enzymes (Schreck et al, 1991; Kretz-Remy
et al, 1996; Jin et al, 1997; Manna et al, 1998).
Many NF-kB-activating signals also induce increase of
intracellular ROS levels, further supporting the invol-
vement of ROS in the pathway for NF-xB activation
(Schreck et al, 1992). Although molecular mecha-
nisms involved in ROS-induced NF-xB activation is
still largely unknown, recent studies with lymphocytes
exposed to oxidative stress suggested that NF-«B is
activated through a pathway that involves phosphoryl-
ation of Tyr-42 on IkBa instead of IKK-mediated se-
rine phosphorylation (Koong et al., 1994; Imbert et al.,
1996; Mukhopadhyay et al, 2000; Schoonbroodt et
al, 2000). These results suggest that a shift in the
cellular redox equilibrium to an oxidized state accom-
panies and promotes NF-xB activation through an IKK-
independent mode in certain types of cells. However,
it was also shown that pre-exposure of various types
of cells to H,O, or thiol-oxidizing agents, including
phenylarsine oxide, pervanadate, and diamide, sup-
pressed TNF-induced NF-xB activation and blocked
phosphorylation and degradation of IkBa (Singh et al.,
1996; Lahdenpohja et al., 1998; Zahler et al., 2000).
Our previous study showed that thiol-binding metal
compounds such as gold, zinc, and copper inhibit NF-
kB activation in LPS-stimulated macrophages by block-
ing IkBa degradation and IKK activation (Jeon et al.,
2000). In vitro IKK activity was also suppressed by
these metal compounds as well as other thiol-reactive
agents, and required the presence of reducing agent
dithiothreitol in the reaction mixture. Recently other
thiol-reactive compounds such as cyclopentenone pros-
taglandins (prostaglandin A; and 15-deoxy-A""-pros-
taglandin J), arsenite, and lipid peroxidation product,
4-hydroxy-2-nonenal, were also shown to inhibit NF-
kB and IKK activation in cells stimulated with TNF,
IL-1, or phorbol esters (Kapahi et al., 2000; Rossi ef
al, 2000; Straus et al, 2000; Ji et al, 2001). Ex-
periments with mutant IKK protein showed that cy-
clopentenone prostaglandins and arsenite block IKK
activity by covalently modifying Cys-179 on the acti-
vation loop of IKKB (Kapahi et al,, 2000; Rossi et al.,
2000). Taken together, these observations suggest
that oxidative stress has opposite effects on NF-xB
activity depending on the signaling pathway employed
for NF-xB activation.

Here we examined the effect of an oxidative stress
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elicited by addition of exogenous H;O, and thiol-oxi-
dizing agent diamide on NF-kB activation in TNF-
stimulated HelLa cells. Our results show that both
agents suppressed TNF-induced NF-«xB transcriptional
activity, increase of nuclear NF-xB, and degradation
of cytosolic IkBa. H,O, and diamide also inhibited IKK
activation in TNF-stimulated Hela cells, and prein-
cubation with these oxidizing agents suppressed IKK
activity in vitro. In cells treated with H,O, alone, nu-
clear NF-xB was induced after 2 h without detectible
degradation of IkBa or IKK activation. Our data imply
that oxidative stress suppresses NF-xB activation in
TNF-stimulated Hela cells by blocking IKK activity,
while H,O, on its own induces NF-xB activity through
an IKK-independent mechanism.

Materials and Methods

Materials

Antibodies to IkBa (C-21), p65/RelA (SC-109), IKK
(M-280), IKK (H-4), and hemagglutinin (HA) tag (Y-11)
were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-Flag (M2) and anti-B-actin antibodies
were from Stratagene (La Jolla, CA) and Sigma (St.
Louis, MO), respectively. H,O, was purchased from
Junsei Chemical (Tokyo, Japan) and diluted to a 400
mM stock before use. Diamide was from Sigma and
dissolved in phosphate-buffered saline (PBS) at a 1
M stock. Recombinant GST-lkBa containing N-ter-
minal 54 residues of IkBa and recombinant human
TNF were prepared by expression in Escherichia coli
as described previously (Jeon ef al, 2000). HelLa
human epithelial cells and RAW 264.7 murine ma-
crophages were obtained from the American Type
Culture Collection (ATCC, Manassa, MD). HelLa cells
were grown and maintained in Dulbecco's modified
Eagle's medium supplemented with 10% heat-inac-
tivated fetal calf serum, penicillin (100 U/ml) and stre-
ptomycin (100 pg/ml). RAW 264.7 cells were grown
in the RPMI 1640 medium supplemented with 5%
fetal calf serum, 20 mM Hepes and gentamicin (50

pg/ml).

NF-«xB reporter gene assay

A reporter plasmid IgkB-Luc containing a kB se-
quence upstream of a minimal interleukin-8 promoter
and a luciferase gene was kindly provided by Dr. T.
H. Lee (Yonsei University, Seoul, Korea). HelLa cells
grown in a 12-well culture plate (2 X10° cells/well)
were transfected with 120 ng of IgkB-Luc, together
with 200 ng of B-actin promoter-driven B-galactosi-
dase expression plasmid. Transfected cells were incu-
bated in the presence or absence of oxidizing agents
and stimulated with TNF (10 ng/ml). After 4 h, the
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cells were washed with PBS and lysed in reporter
lysis buffer (Promega, Madison, WI) by freezing and
thawing. Luciferase assays were performed with a
luminometer (Turner Designs, Sunnyvale, CA), and
activity was normalized to B-galactosidase activity.

Electrophoretic mobility shift assay (EMSA) and
immunoblot analysis

Nuclear and cytoplasmic extracts were prepared from
HelLa cells as described previously (Jeong and Jue,
1997). The oligonucleotide containing consensus re-
cognition sequence for NF-xB or C/EBP were ob-
tained from Santa Cruz Biotechnology, and end-la-
beled with T4 polynucleotide kinase and [y->-PJATP.
Binding reaction was performed with 5 ug of nuclear
extract as described (Jeong and Jue, 1997) and the
reaction products were analyzed by electrophoresis
on a 4% polyacrylamide gel in 0.25 XTBE buffer
(22.5 mM Tris-HCI, pH 8.5, 22.5 mM borate, 0.5 mM
EDTA). Immunoblot analyses of IkBo. and other pro-
teins were performed with corresponding antibodies
and visualized by ECL detection kit (Amersham, Buc-
kinghamshire, UK) (Jeong and Jue, 2000).

In vitro IKK assay

HelLa and RAW 264.7 cells grown in 100-mm plates
were treated with various agents and washed 3 times
with ice-cold PBS containing 1 mM NazVO4, and 5
mM EDTA. The cells were scraped and suspended
in lysis buffer (0.75 ml) containing 20 mM Tris-HCI,
0.5 M NaCl, 0.25% Triton X-100, 1 mM EDTA, 1 mM
EGTA, 10 mM B-glycerophosphate, 10 mM NaF, 10
mM 4-nitrophenylphosphate, 300 uM NazVO;, 1 mM
benzamidine, 2 uM PMSF, complete EDTA-free pro-
tease inhibitor cocktail (Roche Molecular Biochemi-
cals, Mannheim, Germany), and 1 mM dithiothreitol
(Jeon et al., 2000). After incubation for 20 min on
ice, the lysate was cleared by centrifugation at 20,000
g for 15 min. The supernatant fraction was analyzed
for protein with bicinchoninic acid reagent (Pierce,
Rockford, IL). An aliquot (120 pg protein) of the lysate
was immunoprecipitated with anti-IKKa antibody. /n
vifro kinase assay was performed with immune
complexes and bacterially synthesized GST-lIkBa
proteins (1 ug) in 15 ul of kinase buffer containing
20 mM Hepes (pH 7.7), 2 mM MgCl,, 2 mM MnCly,
10 uM ATP, 1-5 puCi of [y-?PJATP, 10 mM B-
glycerophosphate, 10 mM NaF, 300 uM NazVOq, 1
mM benzamidine, 2 uM PMSF, complete EDTA-free
protease inhibitor cocktail, and 1 mM dithiothreitol at
30°C for 30-60 min. Samples were analyzed by 12.5%
SDS-PAGE and autoradiography. Phosphorylation of
GST-IkBa. was quantitated in a phosphorimage ana-
lyzer (BAS-2500, Fuijifilm, Tokyo, Japan).

Results

Inhibition of TNF-induced NF-xB activation by H,O;
and diamide

To determine the effect of oxidative stress on TNF-
induced NF-xB activation, we measured expression of
NF-«xB reporter gene in Hela cells treated with H,O,
and diamide (Figure 1). TNF induced about 6-fold in-
crease of reporter gene expression, whereas incuba-
tion of cells with oxidizing agents resulted in a dose-
dependent suppression of NF-xB activation. The inhi-
biton was observed at 0.1 and 0.3 mM concen-
trations of H,O, and diamide, respectively. In cells
treated with 3 mM H,O, or 1 mM diamide, NF-xB acti-
vity was completely suppressed in both TNF-sti-
mulated and unstimulated cells. The inhibitory effect
of oxidizing agents was also observed when cells
were washed after preincubation with oxidizing agents
and then stimulated with TNF (data not shown). The
expression level of control B-galactosidase was not
significantly different between cells incubated in the
presence or absence of oxidizing agents, indicating
that the decrease of reporter gene expression in cells
exposed to oxidative stress was not caused by gen-
eral cytotoxicity (Figure 1B).
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Figure 1. H,0, and diamide inhibit TNF-induced NF-«B reporter gene
expression. HelLa cells were cotransfected with NF-xB reporter con-
struct (lgxB-Luc) and control B-galactosidase expression plasmid and
incubated for 44 h. The cells were treated with various doses of H,0,
or diamide for 10 min, and incubated in the presence (solid bar) or
absence (blank bar) of TNF (20 ng/ml) for 4 h before cell lysis.
Relative luciferase activity, determined using (-galactosidase activity
as a normalizing factor, is shown in (A), and B-galactosidase activity
in (B). The data are presented as mean = SD of triplicate cultures.
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Figure 2. Oxidizing agents block TNF-induced increase in nuclear «B-
binding activity, while suppressing degradation of cytosolic IkBo.. HeLa
cells were treated with H,O, or diamide as described in Figure 1,
stimulated with TNF for 15 min, and nuclear and cytosolic extracts
were prepared. Nuclear extracts were incubated with ¥p_Jabeled NF-
kB (first panel) or C/EBP probes (second panel), and analyzed by
EMSA. Immunoblotting analysis of p65/RelA in the nuclear extract and
IxBo and B-actin in the cytosolic extract was performed with specific
antibodies by chemiluminescence reaction. The data represent three
experiments.

Since TNF-induced NF-xB activation is known to
depend on phosphorylation and degradation of inhibi-
tory IkB proteins and translocation of NF-«xB to the
nucleus, we tested the effect of oxidizing agents on
the level of these proteins in TNF-stimulated HelLa
cells. Determination of nuclear kB-binding activity by
EMSA showed low level of NF-kB in unstimulated
cells, while it was induced remarkably by TNF (Figure
2, first panel). H,O, or diamide suppressed TNF-in-
duced «B-binding activity in a dose-dependent man-
ner. Supershift analysis with specific antibodies de-
monstrated that the «B-binding protein induced by
TNF was heterodimer of p50/NFKB1 and p65/RelA
subunits (data not shown). TNF and oxidizing agents
did not alter the level of nuclear C/EBP, demons-
trating a specific effect of these agents on NF-xB
activity (Figure 2, second panel). Immunoblot analysis
of nuclear p65/RelA protein also showed suppression
of TNF-induced increase of this protein by H,O, or
diamide, indicating that the decrease of nuclear «B-
binding activity was caused by reduced translocation
of NF-«xB protein to the nucleus (Figure 2, third panel).
The decrease of nuclear NF-xB in cells treated with
oxidizing agents was accompanied by reduced de-
gradation of IkBa in the cytosol (Figure 2, fourth
panel), while B-actin level remained constant (Figure
2, fifth panel).

Oxidizing agents inhibit signal-induced IKK acti-
vation and in vitro IKK activity

Degradation of IkBa protein occurs after signal-in-
duced phosphorylation at specific serine residues by
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Figure 3. Oxidizing agents inhibit signal-induced IKK activation and
in vitro KK activity. (A) Hela cells pretreated with various doses of
H,0, or diamide for 10 min were incubated in the presence or
absence of TNF (20 ng/ml) for 5 min before cell lysis. IKK was im-
munoprecipitated with anti-IKKo. antibody and used in in vitro kinase
reactions with 1 pg of GST-lkBo. (aa 1-54) and [y-szP]ATP in a buffer
containing 1 mM dithiothreitol. The reaction products were separated
by SDS-PAGE, transferred to polyvinylidone fluoride membranes, and
subjected to autoradiography. The levels of IKKo in each reaction
mixture were determined by immunoblotting analysis with anti-IKKow
antibody. (B) RAW 264.7 macrophages were freated with various
doses of H,0, or diamide for 10 min and stimulated with LPS (1 g/
ml) for 15 min. IKK assay and immunoblotting analysis were
performed as described in (A). (C) IKK complex was obtained by
immunoprecipitation from HelLa cells treated with TNF (20 ng/ml) for
5 min. The immune complex was incubated with various doses of
H,0, or diamide for 10 min in kinase buffer without reducing agent.
The IKK immune complex was washed once in kinase buffer con-
taining 1 mM dithiothreitol and kinase reactions were conducted. The
data represent two experiments.

IKK (Barnes and Karin, 1997; May and Ghosh, 1998).
To determine whether H,O, and diamide inhibit signal
pathway leading to IKK activation, HelLa cells, with or
without pretreatment with oxidizing agents, were sti-
mulated with TNF. The cell lysate was immunopre-
cipitated with anti-IKKo antibody and incubated with
GST-IkBa and [y-32P]ATP to evaluate incorporation of
%P into the fusion protein. IKK activity was not de-
tected in unstimulated cells, and H,O, and diamide
alone did not induce IKK activation (Figure 3A and
data not shown; see also Figure 5). IKK activity was
induced in TNF-stimulated cells, and pretreatment of
cells with H,O, and diamide inhibited TNF-induced
IKK activation. To determine whether these oxidizing
agents also block IKK activation induced by other
signal in other type of cell, IKK activity was measured
in RAW 264.7 macrophages stimulated with LPS.
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Figure 4. Time-dependent inhibition of TNF-induced NF-«kB activation
and induction of NF-kB by H,0,. HelLa cells were cotransfected with
lgkB-Luc and control B-galactosidase expression plasmid and in-
cubated for 48 h. The cells were added with H,O, (1 mM) at the
times indicated before or after addition of TNF (20 ng/ml). After
incubation in the presence (solid bar) or absence (blank bar) of TNF
for 4 h, the cells were lysed and relative luciferase activity was
determined using B-galactosidase activity as a normalizing factor. The
data shown in the left are obtained from cells incubated in the
absence of H,0, (wo Hy0,). The data are presented as mean =+
SD of triplicate cultures.

RAW 264.7 cells showed low basal IKK activity even
when they were not stimulated, and stimulation of
cells with LPS induced significant IKK activity (Figure
3B). Preincubation of cells with H,O, or diamide sup-
pressed LPS-induced IKK activation. Our results de-
monstrate that oxidizing agents inhibit NF-xB activa-
tion by blocking IKK activation, and their inhibitory
effect appears in different signal pathways of IKK
activation.

To test whether inhibition of IKK activation by H,O,
and diamide occurs through direct inhibition of IKK
activity, IKK complex was isolated from TNF-stimul-
ated Hela cells and incubated with various doses of
oxidizing agents for 10 min. The IKK complex was
then washed in the kinase buffer containing 1 mM
dithiothreitol and kinase activity was measured. Our
result shown in Figure 3C revealed that IKK complex
isolated from TNF-stimulated HelLa cells was inhibited
by both H,O, and diamide in a dose-dependent man-
ner. Inhibitory effect of both oxidizing agents ap-
peared over 3-100 uM concentration range and higher
doses of H;O, and diamide completely blocked IKK
activity (data not shown).

H,O, on its own induces NF-xB activation in de-
layed time

To understand time-dependent effect of oxidative
stress on TNF-induced NF-xB activation, H,O, was
added to Hela cells at different time intervals before
or after addition of TNF, and expression of NF-«xB re-
porter gene was measured 4 h after TNF treatment.
Another group of cells was incubated only with H,O,
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Figure 5. H,0, induces NF-xB activation in the absence of IkBao
degradation. Hela cells were incubated with H,0, (1 mM) (lanes 2-8)
or TNF (20 ng/ml) (lane 9) for times indicated and the nuclear and
cytosolic extracts were prepared. The nuclear extracts were incubated
with *?P-labeled NF-«B probe, and analyzed by EMSA (first panel).
The cytosolic extracts were used to measure the levels of lkBa and
B-actin by immunoblotting with specific antibodies (second and third
panels). IKK was immunoprecipitated with anti-lKKow antibody and
used in kinase reactions with GST-lkBo. and [y-sZP] ATP, and phos-
phorylated GST-IxBa. was detected by autoradiography (fourth panel).
The levels of IKK in each reaction mixture were determined by
immunoblotting analysis with anti-IKKa. antibody (fitth panel). The data
represent three experiments.

in the absence of TNF stimulation. Suppressive effect
of H;O, on TNF-induced NF-xB activation appeared
when it was added to the cells simultaneously with
TNF or within 2 h before TNF addition (Figure 4). In-
hibition of reporter gene expression by H,O, detected
was no more detected when the cells were exposed
to H,O, for more than 6 h or H,O, was added 45
min after addition of TNF. On the contrary, H,O, on
its own induced significant reporter gene expression
after 10 h (-6 h in Figure 4), and the level returned
to basal level after 28 h (-24 h in Figure 4).

EMSA was performed to determine whether the
induction of NF-xB reporter gene in H,O,-treated HelLa
cells is associated with increase in nuclear kB-binding
activity. H,O.-induced nuclear kB-binding activity de-
tected after 2 h peaked at 4 h, and then gradually
decreased up to 24 h (Figure 5). However, even in
cells treated with H,O, for 4 h, the level of NF-«xB
in the nucleus was far lower than cells induced with
TNF for 15 min (compare lane 4 with lane 9 in Figure
5). Immunoblot analysis showed that H,O, did not
induce significant degradation of cytosolic IkBa, wher-
eas it was degraded almost completely in TNF-treated
cells (Figure 5). Control B-actin level was not changed
by either H,O, or TNF. IKK activation was also not
detected in H,O,-treated cells, indicating that H,O,-
induced NF-xB activation is not mediated by IKK ac-
tivation.



Discussion

In this study, an oxidative stress elicited by addition
of H,O, or diamide was found to inhibit NF-xB re-
porter gene expression in TNF-stimulated HelLa cells.
The inhibitory effect of oxidizing agents was associ-
ated with suppression of TNF-induced increase in
nuclear kB-binding activity and p65/RelA protein, and
degradation of cytosolic lkBa. At similar concentration
ranges, H,O, and diamide also blocked IKK activation
in TNF-induced Hela cells and also in LPS-stimulated
macrophages. In previous studies, pre-exposure of
Jurkat T cells or endothelial cells to H,O, suppressed
TNF-induced activation of NF-xB, and expression of
NF-kxB-dependent genes by these cells (Lahdenpohja
et al., 1998; Zahler et al., 2000). Recently, H,O, was
also shown to inhibit IKK activation in transformed
alveolar epithelial cells stimulated with TNF or IL-1p
(Korn et al., 2001). These results indicate that oxidiz-
ing agents inhibit NF-xB activation by blocking activa-
tion of IKK induced by TNF or other inflammatory
stimuli. However, when higher doses of H,O;, (3 mM)
or diamide (1 mM) were added to the cells, basal
NF-xB activity in unstimulated cells as well as that
induced by TNF was suppressed. The inhibition did
not seem to be caused by cytotoxic effect of high-
dose oxidizing agents, because expression of control
B-galactosidase was similar to other cells. Although
the underlying mode of suppression of basal NF-xB
activity is not clear from our result, it is possible that
treatment of cells with excess oxidizing agents leads
to inactivation of other mediator of NF-xB-dependent
gene expression in addition to IKK. In this regard, it
was shown that reduced cysteine residue of p50/
NFKB1 subunit of NF-xB is required for its binding
to DNA (Toledano and Leonard, 1991; Matthews et
al., 1992; Toledano et al, 1993), and expression of
an NF-xB target gene (Hayashi et al, 1993). Oxida-
tion of this cysteine might be responsible for sup-
pression of basal NF-xB activity in cells treated with
high doses of H,O, or diamide.

Our result showed that H,O, and diamide inhibit
activation of IKK in both TNF-stimulated Hela cells
and LPS-induced RAW 264.7 macrophages, indicating
that oxidizing agents target a common step in both
signaling pathways for NF-«xB activation. When IKK
complex purified from TNF-stimulated HelLa cells was
incubated with H,O, and diamide, both agents directly
blocked enzyme activity. A similar effect of H,O, was
shown in a previous study, employing IKK complex
isolated from alveolar epithelial cells (Korn et al,
2001). These results suggested that the inhibitory
effect of oxidizing agents on IKK induction appears
through oxidative inactivation of IKK. In our previous
study, in vitro IKK activity was shown to require the
presence of reducing agent dithiothreitol in the reac-
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tion buffer (Jeon et al., 2000). Moreover, various thiol-
binding metal compounds, such as gold, zinc, copper
and arsenite, and thiol-modifying agents, including
N-ethylmaleimide, p-hydroxymercuribenzoate, cyclopen-
tenone prostaglandins, and 4-hydroxy-2-nonenal, com-
monly blocked in vitro IKK activity (Jeon et al., 2000;
Kapahi et al., 2000; Rossi et al., 2000; Straus et al.,
2000; Ji et al, 2001). It is not clear whether all of
these thiol-oxidizing and thiol-reactive agents inhibit
IKK by modifying the same residue in IKK. However,
these results indicate that IKK has a cysteine sulf-
hydryl group, which is critical for enzyme activity and
susceptible to oxidative stress or thiol-reactive agents.

In HeLa cells treated with H,O, alone, nuclear kB-
binding activity was induced after 2 h and increased
expression of NF-kB reporter gene was detected after
10 h. Several groups have reported that H,O, can
induce NF-xB activation in HeLa cells (Meyer et al.,
1993; Wang et al., 1998), while it was not confirmed
in other study (Li and Karin, 1999), suggesting that
other factors such as intracellular redox status is im-
portant for H,Oz-induced NF-xB response. Our result
shows that induction of NF-kB occurs at delayed time
and the level was much lower compared with that
induced by TNF (Figure 5). Moreover, degradation of
IkBa and activation of IKK were not detected in
H,O,-treated cells, while TNF induced both IkBo de-
gradation and IKK activation. In previous studies, H;O--
induced NF-xB activation in various cell types includ-
ing endothelial cells and epithelial cells was also
shown to occur in the absence of IkBa degradation
(Milligan et al., 1998; Canty et al, 1999). These re-
sults suggest that oxidative stress in Hela cells ac-
tivate NF-«<B through an alternative pathway indepen-
dent of IkBo. degradation and IKK activation. In pre-
vious studies with Jurkat T cells and U937 cells, NF-
B activation after hypoxia-reoxygenation or pervana-
date treatment was shown to occur through phos-
phorylation of IkBa at Tyr-42, instead of phosphor-
ylation at serine residues mediated by IKK (Imbert et
al., 1996; Mukhopadhyay et al., 2000). Recently, H,Oo-
induced NF-xB activation in murine T lymphocytes was
also shown to depend on phosphorylation of Tyr-42,
but not on serine residues of IkBa (Schoonbroodt et
al., 2000). These results suggest that NF-xB activation
in HyO-treated Hela cells also rely on Tyr-42 phos-
phorylation of IkBa. However, we could not detect
increase in IkBa tyrosine phosphorylation in H,Oo-
treated Hela cells, and the signaling pathway for
NF-xB activation by oxidizing agents in these cells is
not understood (data not shown).

In summary, our results showed a dual effect of
oxidative stress on NF-xB activation in HelLa cells.
Acute exposure of cells to oxidizing agents inactivates
IKK, thus suppressing acute NF-xB activation induced
by inflammatory cytokines or bacterial LPS. However,
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oxidative stress on its own induces NF-xB activation
in delayed time through an IKK-independent mode.
These results indicate that ROS produced in various
pathologic conditions, such as ischemia-reperfusion
and chronic inflammatory diseases, might play a com-
plex role in regulation of NF-kB-dependent gene ex-
pression.
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