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ABSTRACT. Nuclear factor kappa B (NF-kB) is a potent and pleiotropic transcription factor that can be
activated by a wide variety of inducers, including interleukin-1 (IL-1). Although the detailed activation mecha-
nism of NF-kB is still under investigation, it requires both phosphorylation and degradation of its inhibitory
subunit IkB and the presence of an oxidative environment. In this study, we systematically evaluated the
influence of glutathione peroxidase, glutathione reductase and catalase on IL-1-induced NF-xB activation by
analysing the effect of specific inhibitors of these enzymes. For the three antioxidant enzymes mentioned, their
inhibition correlated with an overactivation of NF-kB, particularly for glutathione peroxidase. Inversely, we
tested the response of glutathione peroxidase-transfected cells on NF-kB activation, which was lower as com-
pared with the parental cells. Furthermore, interleukin-6 production also correlated perfectly with the reduced
level of NF-kB activation in these experiments. The results clearly show that NF-«kB activation is, strongly
dependent on the antioxidant potential of the cells, especially on the activity of reduced glutathione-dependent
enzymes such as glutathione peroxidase. The results support the hypothesis that the level of the oxidised
glutathione:reduced glutathione ratio and the activity of intracellular antioxidant enzymes play a major role in
NF-kB fine tuning. Copyright © 1996 Elsevier Science Inc. BIOCHEM PHARMACOL 53;2:149-160, 1997.
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In 1986, Sen and Baltimore discovered several nuclear fac-
tors that interact with the immunoglobulin-enhancer se-
quences. One factor, initially detected in B cells, was asso-
ciated with the kappa light chain enhancer [1] and was
therefore called NF-kB.! NF-kB was subsequently though
an ubiquitous transcription factor present in an inactive
form in many resting cells [2] and in a constitutively active
form in differentiated B cells [3], neurons [4] and vascular
smooth muscle cells [5].

The most frequent form of NF-kB is a dimer composed of
two DNA-binding proteins: p50 and RelA (formerly called
p65). In its cytoplasmic inactive form, NF-kB is bound to
one inhibitory subunit of the [kB family. These inhibitory
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subunits can be considered cytoplasmic anchors for the
transcription factor because they prevent nuclear uptake of
NF-kB, probably through the masking of the nuclear lo-
calisation sequence located on both p50 and RelA [2].

NF-kB can be activated by a wide variety of agents that
either signal or are themselves a threat to the organism:
e.g., TNFa, IL-1, lipopolysaccharides, several viruses and
double-stranded RNA (for a review, see [6]). These agents
induce a cascade of events leading to the phosphorylation
of IkB and its further degradation [7, 8]. As a consequence,
the p50-RelA heterodimer is released from its cytoplasmic
anchor and translocates into the nucleus, where it binds to
different gene promoters, thus inducing the transcription of
a large number of genes such as those encoding IL-6 and
several adhesion molecules (for a review, see [9]). NF-kB is
a privileged mediator of the immune and inflammatory re-
actions and of the acute phase response.

Polypeptides p50 and RelA belong to the Rel/dorsal fam-
ily [10], which presently includes RelA, RelB (or [-Rel), the
oncogene product of the avian virus REV-T (v-Rel), its
cellular counterpart c-Rel, the Drosophila factors dorsal and
dif, p50, and p52 [11]. The different subunits of the family
can form homo- or heterodimers and have different DNA-
binding affinities and different transactivating properties.
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Moreover, the inactivation of NF-kB is performed by dif-
ferent IkB proteins such as [kB-a, -8, -y, cactus, p100 and
pl05 (for reviews, see [12, 13]). These subunits also bind to
the Rel/dorsal proteins with different affinities. The pres-
ence of and possible interactions among all these proteins
make the system much more versatile than initially ex-
pected and account for, at partly, the variation in the cel-
lular responses observed with different stimuli and within
different tissues.

The activation mechanism of NF-kB is under intensive
investigation and probably requires both phosphorylation
and the presence of oxygen-derived species [14, 15]. NF-xB
has been reported to be activated in vitro through IkB phos-
phorylation by protein kinase C, protein kinase A and
heme-regulated kinase eIF-2 [16], by Raf-1 kinase [17] and
by a double-stranded RNA-dependent protein kinase [18].
In vivo, kinases involved in NF-kB activation apparently
depend on both the inducer used and the cell type consid-
ered. Kinases are currently the object of intensive research.
Phosphorylation of IkB is followed by its polyubiquitina-
tion, which tags the inhibitory subunit to the proteasome
26S degradative pathway [8, 19].

Besides the search for the 1kB kinase(s), reactive oxygen
intermediates have been proposed as second messengers
that could switch on a particular kinase cascade leading to
the activation of NF-kB [20]. This hypothesis is mainly
based on three observations. Firstly, oxidising conditions
such as incubations in the presence of low doses of perox-
ides (H,O, and tert-butyl-hydroperoxide for example}, ul-
traviolet light, ionising radiations or hyperoxia induce NF-
kB activation in several cell types [21]. Secondly, NF-kB
activation can be inhibited by many antioxidants, metal
chelators or oxygen scavengers (for a review, see [21]).
Thirdly, the presence of oxygen-derived species following
cell stimulation has been reported, even in noninflamma-
tory cells, for different NF-kB inducers, such as TNFa or
IL-1 [22-24].

The activity of NF-kB is clearly under the control of an
oxidant/antioxidant balance, even if the identity of the
reactive oxygen species involved and their mechanism of
action remain to be defined. Schutze-Osthoff et al. [25]
showed that, in the case of L929 fibrosarcoma cells stimu-
lated by TNFeq, the activation of NF-kB was clearly depen-
dent on the mitochondrial oxidative metabolism, although
this is not necessarily true for inducers other than TNFa.
There are many experimental data supporting the notion
that reactive oxygen species serve as second messengers at
low doses, even though at high or prolonged concentrations
they are undoubtedly toxic for mammalian cells [26]. The
level of free radicals withstood by a cell directly depends on
the level of the antioxidant defences and include nonen-
zymatic defenses (glutathione, vitamins E and C, etc.) and
three main antioxidant enzymes: superoxide dismutase (dis-
mutating two superoxide ions into H,0,), catalase-
destroying H,O, and glutathione peroxidase, which reduces
both hydrogen and organic peroxides. Glutathione reduc-
tase is also involved because it contributes to the recycling
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of glutathione that will again be used as a substrate by
glutathione peroxidase.

The involvement of reactive oxygen species in NF-kB
activation has been investigated mostly in human cell lines
such as Jurkat and HelLa cells [20] by incubating the cells
with antioxidising molecules such as metal chelators or
-SH-protecting molecules [21]. In contrast, there have
been fewer attempts to modulate the intracellular levels of
antioxidant enzymes. Firstly, the effect of Mn-SOD over-
expression on NF-kB DNA-binding activity was investi-
gated in human epithelial breast carcinoma cells MCF-7
[20]. Activation of NF-kB by PMA or IL-1 was not inhib-
ited in the Mn-SOD overexpressing cell line as compared
with the parental cell line, supporting the idea that super-
oxide anions were not directly involved in the activation.
TNFa-induced NF-kB activation was more important in
the cells transfected with Mn-SOD than in the nontrans-
fected cells. Secondly, TNFa-induced NF-kB activation
has been investigated in mouse epidermal JB6 cells over-
expressing either the human Cu/Zn-SOD or the human
catalase gene. NF-kB activation was lower in catalase-
overexpressing cells and increased in Cu/Zn-SOD-
transfected cells, again indicating that superoxide anions
are not directly involved in NF-kB activation, although
they may be a source for H,O,, which could then act as a
messenger molecule activating NF-kB {27]. Thirdly, the
construction of a chloramphenicol acetyltransferase re-
porter gene under the control of four cis-acting kB elements
showed a higher NF-kB transactivating activity in the pres-
ence of BCNU, a glutathione reductase inhibitor [28].

In the present study, using a model of SV40-transformed
human W1I-38 fibroblasts, we compared the NF-kB activa-
tion in cells treated with inhibitors that affect three major
antioxidant enzymes, glutathione peroxidase, glutathione
reductase and catalase. We then compared the IL-1B-
induced NF-kB activation in cells transfected with the
cDNA of glutathione peroxidase and in their untransfected
counterpart. Our data suggest that the modulation of GSH-
associated antioxidant enzymes strongly affects NF-«kB ac-
tivation.

MATERIALS AND METHODS
Cell Culture

The cell line WI-38 VA13, a SV40 virus-transformed hu-
man fibroblastic cell line, was purchased from the Ameri-
can Type Culture Collection and plated in 25 or 75 cm?
flasks at 60,000 cells/cm?. Cells were serially cultivated in
minimum essential medium (Gibco, UK) supplemented
with 1077 M Na,SeQ; in the presence of 10% fetal bovine
serum. For each experiment, cells were rinsed for at least 30
min and further cultured in the same medium without se-
rum but in the presence of 0.2% lactalbumin hydrolysate as
a serum substitute during stimulation in the presence (or
absence for the controls) of IL-1p.
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Vector Construction and Transfection

The WI1-38 VA13 cell line was transfected using the cal-
cium phosphate precipitation method as modified by Chen
and Okoyama [29], with the plasmid pML-MT-GPx-Hyg+.
This expression vector derives from the pML hygro plasmid
[30], a modified pBR322 enriched with the multiple clon-
ing sequence of pSPT19 and the gene coding for hygromy-
cin B phosphotransferase under the control of the SV40
early promoter. The hygromycin B phosphotransferase gene
is a positive marker for the selection of cell transfectants
[31]. In this plasmid, the cDNA-encoding human glutathi-
one peroxidase, flanked by 41 nucleotides of the 5'-
noncoding region and 126 nucleotides of the 3'-noncoding
region, was inserted under control of the human metallo-
thionein promoter. Among the 8 viable clones obtained
after transfection and selection, the clone expressing the
highest level of glutathione peroxidase, i.e. WI1-38 MTO08,

was selected and used for all experiments.

Enzymatic Assays

Aminotriazol was purchased from Janssen Chimica (Geel,
Belgium); and mercaptosuccinate and PDTC were pur-
chased from Sigma (St. Louis, MO, USA). Before use, these
inhibitors were dissolved in culture medium. BCNU, ob-
tained from Bristol-Myers {Paris, France) [32], was first dis-
solved in ethanol and then diluted at least 1000 times in
culture medium. Cells, grown to confluence, were incu-
bated for 30 min in these solutions at 37°C. Cells were then
rinsed twice with cold phosphate buffered saline, harvested
with a rubber policeman and homogenised with a Dounce
in cold phosphate buffered saline.

The enzymatic assay for glutathione reductase activity
was performed according to the method of Mbemba et al.
[33]. Briefly, cell homogenates in the presence of Triton
X-100 0.1% (Merck, Darmstad, Germany) were incubated
in the presence of 3 mM GSSG and 1.1 mM NADPH. The
disappearance of NADPH was measured at 340 nm.

Similarly, glutathione peroxidase was assayed by measur-
ing the disappearance of NADPH at 366 nm when tert-
butylhydroperoxide was added to a mixture containing cell
homogenates, 1.1 mM NADPH, 1.3 mM GSH and gluta-
thione reductase [33].

Catalase activity was determined by incubating the cell
homogenates with H,O, for 45 min at room temperature
before adding TiSO,, an acid that reacts with H,O, to
generate a coloured product measured at 420 nm [34].

The total protein content present in the homogenates
was determined according to the method of Bradford [35] to
express the results as specific activities, i.e. in units of en-
zymatic activity/mg total protein.

Electrophoretic Mobility Shift Assay

Confluent cells were stimulated for 30 min with 5 ng/mL
IL-1B {Bachem, Bubendorf, Switzerland} in the presence or
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absence of different inhibitors. In the case of aminotriazole,
mercaptosuccinate or BCNU, cells were preincubated for
30 min in the presence of the inhibitor alone, and PDTC
was given at the same time as [L-1B. After stimulation, cells
were rinsed twice with cold phosphate buffered saline be-
fore being scraped and centrifuged for 10 min at 1000 rpm.
The pellet was then resuspended in a 100 pL lysis buffer
(Hepes 20 mM, NaCl 0.35 M, glycerol 20%, NP-40 1%,
MgCL.6H,O 1 mM, EDTA 0.5 mM, EGTA 0.1 mM).
After 10 min on ice, the lysate was centrifuged for 20 min
at 14,000 rpm. The supernatant constitutes the total pro-
tein extract and can be kept frozen at -70°C. The binding
reaction occurs in a binding mixture of 20 wL containing 2
mM Hepes (pH 7.5), 5% glycerol, 75 mM KCl, 2.5 mM
dithiotreitol, 2 wg poly-dIC, 20 ug bovine serum albumin,
cell extract (25 pg protein determined according to the
Bradford assay) and a **P-labelled oligonucleotide (+1 ng or
20,000 cpm). The cold double-stranded probe (5'-
AGTTGAGGGGACTTTCCCAGGC) was purchased
from Promega (Madison, W1, USA), labelled with y->2P
using the T4 polynucleotide kinase and purified on a Se-
phacryl S-200 column. After 30 min of incubation, the
binding mixture was analysed on a native 4% acrylamide
gel in 0.5 x TBE (Tris 0.9 M, boric acid 0.9 M, EDTA 0.02
M). After autoradiography, the film was scanned by an
image analysis system (Visage 101, Millipore, USA) that
allows quantification of the integrated optical density
(IOD) contained in the shifted bands.

A similar procedure was followed for the supershift ex-
periments, except that 1 pL antisera raised against p50 or
p65 was added to the protein extracts on ice 30 min before
addition of the ?*P-labelled probe. The antisera were gen-
erously provided by Prof. Piette, Université de Liege, Bel-
gium.

IL-6 Assay

Cells were cultivated in 96-well plates at a density of 4000
cells/well in 200 pl. Minimum essential medium + 0.2%
lactalbumin hydrolysate. Cells were stimulated with 0.25 ng
[L-1B/mL in the presence or absence of PDTC. IL-6 was
assayed by ELISA (Eurogenetics, Tessenderlo, Belgium) in
the culture medium collected after a 6-hr stimulation.

RESULTS
Activation of NF-kB by IL-1B in
SV-40-transformed WI-38 Human Fibroblasts

First, we tested the effect of IL-1B on the activation of the
transcription factor NF-kB in the W1-38 VA13 cell line
and characterised the activated forms of NF-kB, because all
the data on human fibroblasts obtained so far had been
limited to non-virus-transformed cells [36]. NF-kB activa-
tion was followed with the electrophoretic mobility shift
assay. Different incubation times and IL-1B concentrations
were tested to optimise the working conditions for the vi-

rus-transformed WI1-38 VA13 cells. IL-18 clearly induced
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the retardation of the *2P-labelled double-stranded DNA
probe containing the NF-kB binding site in a dose- and
time-dependent manner. The shifted band only appeared in
lanes corresponding to protein extracts of cells stimulated
with [L-1B, indicating that unstimulated fibroblasts had no
constitutive NF-xB DNA-binding acrivity, unlike other
cell types [3, 4]. NF-kB DNA-binding activity slightly in-
creased with incubation time, reaching its maximal activity
after 60 min of incubation in the presence of 5 ng/mL of
[L-1. The intensity of the shifted bands was quantified by
an image analysis system and expressed as IOD. This quan-
titative analysis (Fig. 1B) confirmed that NF-kB activation
was induced by IL-1B in a time- and dose-dependent manner.

To characterise the subunits present in the NF-xB com-
plex activated by IL-1B in WI-38 VA13 cells, supershift
experiments were conducted. Figure 2 shows that the ad-
dition of anti-p50 (lanes 5-6) or anti-p65 (lanes 7-8) an-
tibodies induced a further shift of the specific complex,
indicating that the NF-«kB factor activated in this cellular
model was composed of the p50-p65 heterodimer. More-
over, addition of 50 pg/mlL cycloheximide during incuba-
tion with IL-1B did not affect the intensity of the specific
complex (Fig. 2, lanes 9-10), indicating that the IL-1B-
induced NF-kB activation was a posttranslational event.
Cycloheximide alone did not effect NF-kB activation in
this cell line (data not shown).

IL-1-induced NF-kB activation was a reactive oxygen
intermediates (ROI)-dependent mechanism in WI-38
VAI13 fibroblasts, because the antioxidant PDTC clearly
inhibited NF-kB activation in a dose-dependent manner
(Fig. 3A). Quantitative analysis (Fig. 3B) of the autoradi-
ography indicated that 107* M PDTC inhibited up to 66%
of the NF-kB activation as compared with cells stimulated
with IL-1 alone.

In the subsequent experiments, the antioxidant potential
of the cells was modulated either by reducing the activity of
three different antioxidant enzymes using specific inhibitors
or by using cells overexpressing glutathione peroxidase. To
follow the variations in the level of NF-kB activation under
these conditions, suboptimal stimulating conditions were
chosen, with stimulation for 30 min with 5 ng/mL 1L-18
(see Fig. 1).

Decrease in the Cellular Antioxidant Potential

A systematic study of different antioxidant enzyme inhibi-
tors on human WI-38 fibroblasts has already been per-
formed to evaluate the relative protection of the corre-
sponding enzymes in oxidative stress [37]. It turned out that
mercaptosuccinate, BCNU and aminotriazole inhibited
glutathione peroxidase and glutathione reductase in a
rather specific way. In contast, diethyldithiocarbamate,
considered a potent reversible inhibitor of superoxide dis-
mutase, also inhibited glutathione peroxidase and was thus
regarded as a more general and nonspecific inhibitor and
therefore not used in this section of our study.

The effect of three specific antioxidant enzyme inhibitors
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on their enzymatic activity and, correspondingly, on IL-1-
induced NF-kB activation as measured by electrophoretic
mobility shift assays was tested directly. The inhibitory ef-
fects obtained with mercaptosuccinate (Fig. 4), BCNU
(Fig. 5) and aminotriazole (Fig. 6) on the enzymatic activity
are shown in panel A of Figs. 4-6 and on NF-xB DNA-
binding activity in panel B of Figs. 4~6. The residual spe-
cific activity of the different enzymes is expressed in per-
centages vs. the enzymatic activity measured in cells incu-
bated without inhibitors arbitrarily set to 100%. NF-«kB
activity was tested by gel shift analysis and the autoradiog-
raphy quantitatively analysed, as described in Fig. 1. Results
are expressed as the percentage of the [OD compared with
the 1OD of cells stimulated with IL-1B without inhibitors,
arbitrarily set to 100%. The inhibitors had no effect on cell
viability or on basal NF-xB DNA-binding activity (data
not shown).

The three inhibitors tested reduced the catalytic activity
of the corresponding antioxidant enzymes in the WI-38
VA13 cell line, although the efficiency of inhibition was
lower than that obtained in the nontransformed cell line
[37], e.g. 107 M mercaptosuccinate inhibited 30% of the
glutathione peroxidase activity in WI-38 fibroblasts but
only 5% in the WI-38 VA13 cell line.

The results shown in Fig. 4 suggest that even a limited
inhibition of glutathione peroxidase by mercaptosuccinate
correlates with a significant increase in the activation of
NF-«B induced by IL-18: a 6% inhibition of glutathione
peroxidase activity after a 30-min incubation in the pres-
ence of 107> M mercaptosucciante corresponded to a 45%
overactivation of NF-kB in IL-1B-stimulated cells.

The importance of glutathione metabolism for NF-xB
activation was further confirmed by the effect of the gluta-
thione reductase inhibitor, BCNU, on NF-kB activation
(Fig. 5). BCNU is degraded into two metabolites, one of
which is a carbamylating agent that reacts with and inhibits
the reduced form of glutathione reductase [32]. At 107* M,
BCNU inhibits approximately 52% of glutathione reduc-
tase, with a corresponding overactivation of NF-kB (28%).

The first experiments suggesting a tole for reactive oxy-
gen intermediates in NF-kB activation, published by Bae-
uerle and Baltimore [2], showed that low concentrations of
H,O, could activarte the transcription factor NF-«B in Jur-
kat cells, and this observation was subsequently confirmed
[21, 38]. Therefore, an inhibition of catalase, the enzyme
responsible for H,O, degradation, was also expected to af-
fect NF-kB activation. Figure 6 shows that IL-1B-induced
NF-«kB activation increased concomitantly with the inhi-
bition of catalase. However, this effect was obtained in the
range of 102 to 5 x 107 M of aminotriazole, which is a
rather high concentration. We verified that aminotriazole,
glutathione peroxidase and reductase were not affected at
these concentrations (data not shown) but cannot exclude
some other side effects.

As highlighted by these results, the activity of different
antioxidant enzymes seems to influence IL-1B-mediated
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FIG. 1. Effect of IL-1 on NF-kB activation. (A) Gel shift
mobility assay of NF-kB extracted from WI-38 VA13 cells
stimulated or not stimulated with IL-1: cells were stimulated
for 30 min with 0, 1, 5 or 10 ng/mL IL-1 (dose dependance,
lanes 1-4) and for 15, 30, 45, 60 or 75 min in the presence
or absence of 5 ng/mL IL-1 (time dependence, lanes 5-14).
(B) Quantitative analysis of the gel shown in A. IOD rep-
resents the integrated optical density in arbitrary units of the
band shifted by the binding of NF-kB to the probe, as ana-
lysed by the Visage 101 system. The upper part of the figure
represents the dose-dependent activation of NF-kB by IL-1.
The bottom part shows the time-dependent activation of
NF-kB. Black circles and white triangles represent stimula-
tions in the presence or absence of IL-1, respectively.

NF-kB activation. The use of chemicals, in this case en-
zyme inhibitors, always has to be interpreted with caution,
because they may also react directly with other cell com-
ponents essential for NF-kB activation, which may be true
for mercaptosuccinate, even if it apparently does not affect
the activity of other antioxidant enzymes. To confirm fur-
ther the role of glutathione peroxidase in NF-kB activation,
we designed a direct experiment by transfecting the cell
line with a glutathione peroxidase gene expression vector
and analysed the effect of glutathione peroxidase overex-
pression on NF-kB activation under the same experimental
conditions.

Increase in the Intracellular Antioxidant Potential

WI-38 VA13 cells were transfected as described in Mate-
rials and Methods with a plasmid containing the human
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glutathione peroxidase cDNA under the control of the hu-
man metallothionein promoter [30]. Among the different
transfectants isolated, the best expressing clone, WI-38
MTO8, was selected and characterised for its antioxidant
enzyme activity in comparison with parental cells. No ma-
jor difference was observed between the two cell lines when
glutathione reductase and catalase specific activities were
considered; however, the transfected cells showed a higher
level of glutathione peroxidase specific activity, i.e. 0.097
units/mg protein compared with 0.058 for the parental WI-
38 VA13 cells, an increase of approximately 70% (Fig. 7).

We first compared the NF-xB DNA-binding activity in
the two cell lines stimulated with IL-1B (Fig. 8). Cells
overexpressing glutathione peroxidase (columns in black)
showed lower levels of NF-kB activation {70%) then did
the parental nontransfected cells (arbitrarily fixed to 100%)
(columns in white).
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FIG. 2. Identification of the NF-kB subunits bound to NF-
kB-binding site. Cells were stimulated for 30 min in the
absence (lanes 1-2) or presence (lanes 3-10) of 5 ng/mL
IL-1. Protein extracts were incubated either directly with
the 3?P.labelled probe (lanes 14, 9-10) or preincubated
with antisera against p65 (lanes 5-6) or p50 (lanes 7-8). In
lanes 9-10, cycloheximide was added at 50 pg/mL to the
solution containing IL-1. Lanes 1-2, 3—4, 5-6, 7-8, 9-10 are
duplicates.

The effect of PDTC on NF-kB activation was also tested.
PDTC is an antioxidant well known for inhibiting NF-kB
activation under different stimulatory conditions [12, 39,
40] and is probably one of the most potent inhibitors of
NF-kB activation [20]. This molecule did inhibit IL-1B-
induced NF-kB activation in the two cell variants WI-38
VA13 and WI-38 MTO8 in a dose-dependent manner (Fig.
8). However, there was a clear shift in the dose—response
curve, NF-kB activation being systematically lower in
transfected cells.

We also wondered whether this modulating effect of glu-
tathione peroxidase could be observed on the expression of
a gene under the control of NF-kB. NF-kB is a potent and
pleiotropic transcriptional activator that controls a large
number of genes, including the IL-6 gene. IL-6, a major
activator of the acute phase response, is synthesised by fi-
broblasts in response to IL-1B [36). Therefore, IL-6 produc-
tion was assayed in supernatants of WI-38 VA13 and WI-
38 MTO8 cells stimulated with IL-1B in the absence or the
presence of PDTC (Fig. 9). The influence of PDTC on IL-6
synthesis followed the pattern of NF-kB activation pre-
sented in Fig. 8, although the inhibitory effect of PDTC
appeared to be stronger on IL-6 release rhan on NF-xB
activation. The effect exerted by PDTC on the transcrip-
tion factor was amplified by the protein synthesis machin-
ery when considering the release of IL-6. IL-6 synthesis was
also lower in glutathione peroxidase overexpressing cells
than in nontransfected cells: a 6-hr stimulation with 5 ng/
mL IL-1B induced a release of 2.1 ng/mL of IL-6 in trans-
fected cells compared with 3.8 ng/mL in nontransfected
cells. In summary, PDTC inhibited not only NF-kB acti-
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vation but also IL-1B-induced IL-6 production in a dose-
dependent manner.

DISCUSSION

The implication of different oxygen-derived species in the
activation pathway of NF-kB has been studied by many
investigators and is now largely accepted [6, 20, 21, 41].
Experimental data supporting this hypothesis are, however,
essentially based on the addition into the culture medium
of different molecules that have either prooxidant effects,
such as H,0,, or antioxidant effects, such as PDTC. In this
paper, we have investigated the influence of the endog-
enous cell antioxidant defences by modulating antioxidant
enzyme activity. Cell antioxidant potential was first de-
creased by using specific enzyme inhibitors. A clear rela-
tionship was seen between the inhibition of different anti-
oxidant enzymes and the increased activation of NF-kB.
The overstimulation of NF-kB was especially pronounced
when glutathione peroxidase was inhibited with mercapto-
succinate, although direct effects of mercaptosuccinate on
the NF-kB activation pathway cannot be ruled out. There
was, however, no effect of mercaptosuccinate on the basal
level of NF-kB activation. We also increased the antioxi-
dant potential by expressing the glutathione peroxidase
cDNA. Correspondingly, NF-kB displayed lower activation
levels in cells overexpressing glutathione peroxidase.

H,0O, is a potent NF-kB activator in Jurkat cells [42],
HeLa cells [38] and in the lymphocytic ACH-2 cell line
[43]. The fact that we observed an enhancement of IL-1B-
induced NF-kB activation in the presence of aminotriazole
and mercaptosuccinate also argues in favour of the involve-
ment of H,O, in the WI-38 VA13 cells. Moreover, cells
that overexpress catalase are deficient in TNFa-induced
NF-kB activation [27]. Nevertheless, several investigators
have also shown that H,O, by itself fails to activate NF-kB
in many cell types, e.g. MRC-5 fibroblasts [15] or the lym-
phocytic cell line Molt-4 [28]. NF-kB responsiveness to
H,O, treatments obviously depends on the cell type stud-
ied; moreover, the composition of the culture medium is
also important because in the Molt-4 cell line NF-kB is not
generally activated in response to H;O, unless cells are
cultured in a modified medium containing more physiologi-
cal amino acid concentrations, including cystine but no
cysteine [44]. In the standard medium, the cell content in
GSSG was much higher than in the modified medium, and
consequently GSSG levels were barely increased in the
presence of H,0,, which suggests that variations in re-
sponses to H,O, in regard to NF-kB activation may simply
reflect differences in the endogenous redox status of the
cells investigated [15].

The results obtained with glutathione peroxidase and
reductase inhibitors (Figs. 4 and 5) are consistent with the
idea that glutathione metabolism plays a role in NF-xB
activation. Although mercaptosuccinate exerts only a lim-
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ited inhibition on glutathione peroxidase, its effect on NF-
kB activation is impressive (50%). We cannot rule out a
glutathione peroxidase-independent effect of mercaptosuc-
cinate, but the overall results presented in Fig. 8 and 9
confirm the importance of glutathione peroxidase in regu-
lating levels of NF-kB activation. Glutathione peroxidase-
overexpressing cells showed a lower level of NF-kB activa-
tion and of IL-6 release (Fig. 9) than did nontransfected
cells (Fig. 8). Our results on the whole are in agreement
with the data available in the literature, confirming that
glutathione peroxidase is a key enzyme in regulating the
cell redox status, hence influencing NF-kB activation.
Firstly, selenium supplementation of T-lymphocytic
ACH-2 cells can increase glutathione peroxidase activity
and decrease NF-kB activation induced by H,O,, TNFux or
PMA [45]. Secondly, ebselen, a peptide with glutathione
peroxidase activity, inhibits NF-kB activation [21]. In ad-
dition, small changes in glutathione peroxidase activity can
drastically affect cellular physiology. Raes and co-workers
compared the protective role of glutathione peroxidase, su-
peroxide dismutase and catalase in fibroblasts exposed to
oxidative stress by microinjecting the cells with these en-
zymes. Glutathione peroxidase was 7 times more efficient
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FIG. 3. Effects of PDTC on NF-kB-binding activity. (A) Gel
shift mobility assay of NF-kB extracted from WI-.38 VA13
cells, stimulated for 30 min without (lane 1) or with 5 ng/mL
IL-1 in the absence (lane 2) or presence of different con-
centrations of PDTC (lanes 3-5). (B) Quantitative analysis
of the gel shown in A. As analysed by the Visage 101 sys-
tem, IOD represents the integrated optical density of the
band shifted by binding of NF-kB to the probe expressed as
the percentage of the IOD of cells stimulated with IL-1
alone.

than catalase and 2000 times more efficient than superox-
ide dismutase in protecting cells against hyperoxia-induced
cell mortality {46, 47]. Moreover, glutathione peroxidase
overexpression confers remarkable oxidoresistance to
human T47D cells exposed to exogenous and intracellular
sources of H,O,, with lower levels of cytotoxicity and
DNA damage and enhancement of heat-shock gene induc-
tion [30].

The fact that glutathione metabolism influences NF-kB
activation is also shown by its overactivation when gluta-
thione reductase is inhibited by BCNU (Fig. 5). The in-
volvement of glutathione metabolism in NF-kB activation
has been suggested by several experimental results, such as
those obtained with N-acetyl-cystein, a precursor of gluta-
thione and an effective inhibitor of NF-kB activation [42,
48]. In contrast, buthionine sulfoximine, an inhibitor of
glutathione synthesis, leads to enhancement of NF-xB ac-
tivation [44]. In addition, TPA (12-O-tetradecanoyl-
phorbol 13 acetate) not only activates NF-kB but also in-
duces an increase in the GSSG level {49]. Taken together,
these observations suggest that NF-«kB activation is fa-
voured by a high level of GSSG or rather by an increase in
the GSSG:GSH ratio [28].
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FIG. 4. Effect of mercaptosuccinate on glutathione peroxi-
dase activity (A) and on NF-kB binding activity (B) in the
WI-38 VA13 cell line. (A) Enzymatic activity was assayed
after 30 min of incubation in the presence or absence of
different concentrations of mercaptosuccinate. Residual en-
zymatic activity is expressed as a percentage of the total
activity measured in cells incubated without inhibitor. Each
point represents the mean = standard deviation of experi-
ments performed in triplicate. (B) For the electrophoretic
mobility shift assay, cells were preincubated for 30 min in
the presence of mercaptosuccinate and then stimulated for
30 min with 5 ng/mL IL-1 in the continuous presence of the
inhibitor. The autoradiographs were quantified, and the
IOD data from the cells incubated in the presence of the
inhibitor are expressed as the percentage of the IOD of cells
stimulated with IL-1 alone. The bars represent the mean
values + standard deviation of experiments performed in
triplicate.

However, GSSG can have two antagonist effects towards
NEF-kB activation: very low levels of GSSG prevent cyto-
plasmic activation of NF-kB, whereas very high doses of
GSSG prevent the DNA-binding capacity of NF-«B in the
nucleus [44]. At the nuclear level, the transcription factor
NF-kB apparently has to be in a reduced form to present
full DNA-binding activity. For instance, diamide (a sulthy-
dryl oxidizing agent) inhibits its DNA-binding activity, a
phenomenon that can be reversed by the addition of mer-
captoethanol [48, 50, 51]. The free -SH group of the con-
served cystein 62 in the DNA-binding domain turned out
to be essential for DNA-binding activity of all the nuclear
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FIG. 5. Effect of BCNU on glutathione reductase activity
(A) and on NF-kB activation (B) in the WI-38 VA13 cell
line. (A) Enzymatic activity was assayed after 30 min of
incubation in the presence of different concentrations of
BCNU. Residual enzymatic activity is expressed as a per-
centage of the corresponding activity measured in cells in-
cubated without inhibitor and represents the mean value =
standard deviation of 3 experiments. {B) For the electropho-
retic mobility shift assay, cells were preincubated for 30 min
in the presence of BCNU and then stimulated for 30 min
with 5 ng/mL IL-1 in the continuous presence of the inhibi-
tor. The resulting autoradiographs were quantified, and the
10D data from the cells incubated in the presence of BCNU
are expressed as the percentage of the IOD value from cells
stimulated with IL-1 alone.

Rel/Dorsal family members [18, 28, 52], as shown by mu-
tational analysis [51, 53]. Under normal conditions, the
oxidation of this conserved cystein would be prevented by
a nuclear enzyme called Ref-1 {52}, which was confirmed by
Galter et al. [28] who found that BCNU could have two
different effects, depending on subcellular localisation.
They showed that cytoplasmic NF-kB activation was facili-
tated in the presence of H;O, or BCNU but that the same
molecules could inhibit the DNA-binding activity of the
transcription factor. This antagonist effect is not reflected
in our results, probably because we routinely used
dithiotreitol, a powerful reducing agent, in the gel shift
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FIG. 6. Effect of aminotriazole on catalase activity (A) and
on NF-kB binding activity (B) in the WI1-38 VA13 cell line.
(A) Enzymatic activity was assayed after 30 min of incuba-
tion in the presence of different concentrations of ami-
notriazole. The residual enzymatic activity is expressed as
the percentage of the corresponding activity measured in
cells incubated without inhibitor and represents the mean
value + standard deviation of 3 experiments. (B) For the
electrophoretic mobility shift assay, cells were preincubated
for 30 min in the presence of aminotriazole and then stimu-
lated for 30 min with 5 ng/mL IL-1 in the presence of the
inhibitor. The resulting autoradiographs were quantified
and the 10D data from the cells incubated in the presence of
aminotriazole are expressed as the percentage of the IOD
value from the cells stimulated with IL-1 alone.

assay, whereas Galter et al. used a dithiotreitol-free binding
assay to show the inhibitory effect of GSSG on DNA-
binding; this oxidative inhibition of DNA-binding activity
was reversed by dithiotreitol in our study.

At the cytoplasmic level, data have accumulated to pro-
vide an understanding of the importance of the GSH:
GSSG ratio on NF-kB activation and to lead to a hypo-
thetic mechanism of NF-«kB activation. Firstly, H,O,-
treated cells have increased levels of GSSG [54], which
could be the oxidant mediating the activation. Secondly,
the activity of several enzymes is sensitive to variations in

GSSG:GSH levels, as is the case for some phospholipase C
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FIG. 7. Comparison of the specific activities of antioxidant
enzymes in the stably transfected cell line WI-38 MTO08 and
in the parental cells WI-38 VA13. The enzymatic activity of
glutathione peroxidase (shaded columns), catalase (grey
columns) and glutathione reductase (black columns) was
assayed as described in Materials and Methods in both the
WI-38 VA13 and WI-38 MTO8 cell lines (WI-38 VA13 cells
were transfected with the glutathione peroxidase cDNA).
The values presented are the mean of experiments per-
formed in triplicate.

isozymes, thioredoxin or for a putative tyrosine kinase [44,
55). Thirdly, the pattern of protein phosphorylation in-
creases after H,O, treatment, because H,0O, can induce
protein tyrosine kinase activity and inhibit protein tyrosine
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FIG. 8. Effects of PDTC on IL-1-induced NF-kB binding
activity, in WI-38 VA13 cells (white columns) and in glu-
tathione peroxidase overexpressing WI-38 MTO8 cells
(black columns). Cells were stimulated for 30 min with IL-1
(5 ng/mL) in the presence or absence of PDTC and lysed for
the electrophoretic mobility shift assay. The gels (not
shown) were analyzed quantitatively, and the IOD values of
the shifted bands are expressed as the percentage of the IOD
value obtained for the active NF-kB complex induced by
IL-1 alone in WI-38 VA13 cells, arbitrarily set to 100%.
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FIG. 9. Effect of PDTC on IL-1-induced IL-6 release in the
nontransfected WI-38 VA13 cells (white columns) and in
the overexpressing WI-38 MTO8 cells (black columns).
Cells were stimulated for 6 hr with 5 ng/mL IL-1 in the
presence or absence of PDTC, and the secreted IL-6 was
quantified in the supernatant by ELISA.

phosphatase activity [14, 54, 56, 57]. Because many trans-
duction pathways contain tyrosine kinases located upstream
in the activation cascade, one of these kinase could be
redox sensitive, i.e. sensitive to H,O, or to the GSSG:GSH
level and could then trigger the NF-kB activation cascade.
Eventually, the GSSG level could induce disulfide bridge
formation, leading to protein dimerisation necessary for en-
zymatic activity [58]. High GSSG levels could also affect
proteases involved in IkB degradation. Chen et al. did not
rule out the possibility that oxidative conditions could
make proteins, e.g. IkB, more susceptible to the ubiquitine
degradative pathway [59]. Clearly, the expression of NF-
kB-dependent genes needs a well-balanced level of GSSG.

The link between reactive oxygen species and the phos-
phorylation of [kB has not yet been found. The kinases
involved in NF-«kB activation can be different according to
the stimulus and the cell type studied and have not yet been
clearly identified. One should not forget that the global
protein phosphorylation pattern is the result of both pro-
tein kinases and protein phosphatases [56, 60]. In this con-
text, Anderson et al. proposed an activation mechanism
composed of stimuli-specific signals followed by a common
pathway leading to IkB phosphorylation [41]. The different
pathways switched on by different inducers would converge
towards a common redox-sensitive pathway, triggering the
activation of kinase cascade(s) leading to the phosphoryla-
tion of IkB.

Other transcription factors have been reported to be sen-
sitive to redox changes in vitro and in vivo, which is the case
for AP-1 [38, 61], generally considered an antioxidant-
responsive transcription factor, and Spl [62].

P. Renard et al.

In conclusion, modulation of antioxidant cell defences
affects NF-«xB activation. The more protected the cells are
against oxygen species by their level of antioxidant enzyme
activity, the lower the NF-kB activation under an identical
IL-1B stimulating challenge. NF-«B activation is thus di-
rectly related to the intracellular and molecular mecha-
nisms that control in particular peroxide levels and the
GSSG:GSH ratio. Thus, the level of antioxidant enzyme
activity has to be considered to interpret accurately the
different (and sometimes contraditory) observations ob-
tained on the effect of oxidants on NF-kB activation in
different cell types.
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