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Thioredoxin Inhibits Tumor Necrosis Factor- or
Interleukin-1-Induced NF-«B Activation at a Level
Upstream of NF-«B-Inducing Kinase

JUNKO TAKEUCHI,! KIICHI HIROTA, > TATSUYA ITOH,! REIKO SHINKURA 2
KAZUHIRO KITADA,? JUNJI YODOL* TSUNEHISA NAMBA,! and KAZUHIKO FUKUDA!

ABSTRACT

Gene induction by tumor necrosis factor-a (TNFa) or interleukin-1p (IL-1p) is mediated in part by activation of
the transcription factor nuclear factor kB (NF-kB), and requires signal adaptor molecules such as TNF receptor-as-
sociated factor (TRAFs). The latter interact with the NF-«B-inducing kinase (NIK), which is believed to be part of
the IkB kinase complex. Although the precise mechanism is to be elucidated, it is well-known that antioxidant
treatments inhibit the inflammatory cytokine-induced NF-«B activation. Thioredoxin (TRX) is a 12-kDa endoge-
nous protein that regulates various cellular functions by modulating the redox state of proteins, overexpression
of this molecule inhibits NF-«xB activation. To elucidate the roles of TRX in the signal transduction of the cy-
tokines, we investigated the effects of TRX on NF-«B activation induced by cytokine treatment or by overexpres-
sion of the signaling molecules. Our data show that TRX treatment inhibits NF-«B-dependent transcription at the
level of downstream of TRAFs and upstream of NIK: TRX inhibited TRAF2-, TRAF5-, and TRAF6-induced NF-
kB activation but does not inhibit NIK-, IKKa-, and MEKK-induced activation. In addition, we show that TRX
inhibits NF-xB activation in a manner different from that for SAPK (stress activated protein kinase) inhibition.
Antiox. Redox Signal. 2, 83-92.

INTRODUCTION transducers that regulate activity by phospho-

rylation and dephosphorylation. Oxidants and

CELLS HAVE MULTIPLE PATHWAYS to transduce
extracellular signals into the nuclear com-
partment. These pathways are complex net-
works that ultimately modulate gene expres-
sion. Intermediary proteins in the transmission
of signals from the cell surface to the nucleus
are numerous and incompletely understood.
Kinases and phosphatases represent signal

antioxidants represent a different set of signal-
ing molecules that modify function through re-
dox (Pahl and Baeuerle, 1994; Sen and Packer,
1996; Suzuki et al., 1997; Dalton et al., 1999). Sim-
ilar to phosphorylation, redox can serve as the
critical switch in many processes. Biologically
relevant oxidants: hydrogen peroxide (H,O,)
and nitric oxide (NO), that serve as pleiotropic
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signaling molecules have been well documented
(Meyer et al., 1993; Sundaresan et al., 1995; Irani
et al., 1997). Balancing these oxidants are an-
tioxidants such as glutathione, glutaredoxin,
and thioredoxin (TRX) (Tagaya et al., 1989;
Nakamura et al., 1997). The delicate interplay in-
side cells between oxidants and antioxidants ul-
timately determines the activity profile for many
transcription factors (Pahl and Baeuerle, 1994).
The transcription factor NF-«B, a ubiquitously
expressed transcription factor comprising a
homo- or heterodimer of DNA-binding proteins
related to the proto-oncogene c-rel, controls the
expression of many immune- and inflamma-
tory-response genes (Baeuerle and Henkel, 1994;
Baeuerle and Baltimore, 1996). In most cells NF-
kB exists in a latent state in the cytoplasm bound
to inhibitory proteins (collectively called IxB)
that mask its nuclear localization signal (Bald-
win, 1996; Baeuerle, 1998). The latent form can
be activated by inducing agents, including sev-
eral cytokines that signal for phosphorylation
and subsequent degradation of I«B.

Several adaptor proteins are involved in the
events associated with this cytokine-induced
effect, including the tumor necrosis factor re-
ceptor-associated factors (TRAF proteins)
(Rothe et al., 1994, 1995). One of them, TRAF2,
binds to the p55 and p75 TNF receptors, as well
as to several other receptors of the TNF/NGF
receptor family, either directly or through other
adaptor proteins. TRAF?2 is crucial for the acti-
vation of NF-«kB by these receptors, whereas
TRAF®6 is required for the induction of NF-xB
by interleukin-1 (IL-1), a cytokine with activi-
ties similar to TNFq, although it used a struc-
turally unrelated receptor. TRAFS5 is involved
in NF-«B activation by members of the TNF re-
ceptor family similar to TRAF2 (Akiba et al.,
1998). In contrast, TRAF6 participates in NF-«B
activation by IL-18 (Liu et al., 1996). TRAF6 as-
sociates with the serine-threonine kinase IRAK
after the IL-1-induced activation of IRAK in the
IL-1 receptor complex. The TRAF domain is in-
volved in receptor association and homo- and
hetero-oligomerization of TRAFs and serves as
a docking site for a number of other signaling
proteins (Takeuchi et al., 1996). The NF-«B-in-
ducing kinase (NIK) is one of such signaling
proteins (Malinin et al.,, 1997). NIK interacts
with and activates the IkB kinases 1KK-1/¢q,
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IKK-2/8, and IKK-3/v/NEMO, which are part
of a multiprotein IkB kinase complex, leading
to the phosphorylation, ubiquitination, and
subsequent degradation of the I«B (DiDionate
et al., 1997; Mercurio et al., 1997; Zandi et al.,
1997; Yamaoka et al., 1998).

Previously, antioxidant treatment or overex-
pression of endogenous redox molecule TRX
was shown to block TNFa-mediated NF-«B ac-
tivation by an unknown mechanism (Meyer et
al., 1993; Schenk et al., 1994; Los et al., 1995). To
understand better how and at which level of
the signaling cascades TRX interferes with the
inflammatory cytokine-induced signal trans-
duction leading to NF-«B activation, we used
specific signaling proteins involved in this cy-
tokine-induced NF-«B activation. Our results
clearly demonstrate that TRX blocks TNFa or
IL-1B-induced NF-«B activation at a step up-
stream of NIK.

MATERIALS AND METHODS

Cell lines and reagents

HEK293 and HeLa cells were cultured in
DMEM (Dulbecco’s Modified Eagle Medium)
(Gibco BRL Life Technologies Inc., Grand Is-
land, NY) supplemented with 10% fetal calf
serum (FCS), penicillin (100 U/ml), and strep-
tomycin (100 ug/ml) at 37°C under a humidi-
fied atmosphere of 5% CO,.

Recombinant human TNFa and human IL-
18 was from Boehringer Mannheim GmbH
(Mannheim, Germany). The anti-human TRX
monoclonal antibody, 11-mAb, was established
and provided by FujiRebio, Inc. (Tokyo, Japan).
Anti-p38 MAPK phospho-specific (Thr183/
Tyr185) rabbit polyclonal antibody raised
against a synthetic phospho-peptide (KLH cou-
pled) corresponding to residues 172-186 of
human p38 MAPK was purchased from New
England Biolabs (Beverly, MA). Anti-p-JNK an-
tibody (G-7) was from Santa Cruz Biotechnol-
ogy Inc. (Santa Cruz, CA). N-acetyl-L-cysteine
(NAC) and diphenyleneiodonium (DPI) were
from Sigma (St. Louis, MI).

Expression plasmids

Mutagenesis of human TRX was performed
by a PCR-based technique (Hirota et al., 1997)
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and subcloned into BamHI/ Sall-cut pBluescript
II SK+ plasmid (pBSII-TRX). Expression vec-
tors for TRX, pcDNA3-TRX-wt and pcDNA3-
TRX-C32/355, were made by inserting a
BamHI-Xhol fragment from pBSII-TRX plas-
mids into BamHI/Xhol-cut pcDNA3 (Invitro-
gen Corp., San Diego, CA). pcDNA3-anti-TRX
was made by inserting a BamHI-Hindlll frag-
ment from pcdSRaTRX plasmid into
BamHI/Hindlll-cut pcDNA3. HA-tagged-
TRAF2, TRAFS5, TRAF6, and FLAG-tagged NIK
were described elsewhere (Shinkura et al.,
1999). Active mitogen-activated protein ki-
nase/ERK kinase kinase-1 (MEKK) (amino
acids 360-672), pFC-MEKK, was from Strata-
gene. Hemagglutinin (HA)-tagged expression
plasmids pBOS-HA-Rac1-V12(Gly12 to Vall2)
and -N17 (Thrl7 to Asnl7) were kindly pro-
vided by K. Kaibuchi (NAIST) and are
described elsewhere (Kuroda et al., 1996). Ex-
pression vectors of human ASKI1, pcDNA3-
ASK1K709R and pcDNA3-ASK1AN, were
kindly provided by H. Ichijo (Saito ef al., 1998).

NF-«B reporter gene assay

A phagemid vector pNF«B-Luc, which con-
tains five copies of the NF-kB-binding motif of
the murine immunoglobulin « light chain en-
hancer controlling luciferase expression, was
purchased from Stratagene (La Jolla, CA).
HEK293 cells were plated in 12-well plates at a
density of 1 X 10° cells per well. The expres-
sion plasmids were introduced into the cells us-
ing Fugene 6 reagent (Boehringer Mannheim
GmbH). In each transfection, expression plas-
mids, 0.5 ug of pNF-«kB-Luc and 0.25 ug of pSV-
B-galactosidase (Promega Corp., Madison, WI)
as an internal control, were used. The total
amount of DNA was adjusted equally with
pcDNA3. After incubation for 16 hr, cells were
stimulated with recombinant human TNFa or
IL-1B for 6 hr. Then the cells were harvested
and the luciferase activity was determined us-
ing a commercial assay system (Promega) with
a luminometer, Lumat LB9507 (Berthold,
GmbH & Co. KG, Bad Wildbad, Germany) (Hi-
rota et al., 1997). The relative fold induction of
luciferase activity was calculated after normal-
ization dividing the luciferase activity by p-
galactosidase activity.

Western blotting

Each lysate was applied to a 15% SDS-
PAGE and electrophoresed. After electroblot-
ting, the PVDF membrane (Millipore, Bed-
ford, MA) was treated with 5% (wt/vol) skim
milk in TBS-T (20 mM Tris-HC], pH 7.6, 137
mM NaCl, 0.5% Tween 20), and incubated
with antigen-specific antibodies, followed
by incubation with peroxidase-conjugated
anti-immunoglobulin G (IgG) (Amersham
Pharmacia Biotech, Uppsala, Sweden). The
epitope was detected with an enhanced
chemiluminescence (ECL) Western blot de-
tection kit according to the manufacturer’s in-
struction (Amersham Pharmacia Biotech).

RESULTS

Effects of TRX or antioxidant treatment on the
NF-«B activation elicited by cytokines

In an attempt to explore redox regulation
of NF-«kB activation, we co-transfected
HEK?293 cells with an expression plasmid har-
boring various types of human TRX and a NF-
kB reporter plasmid. As shown in Fig. 1, A
and B, expression of wild-type TRX sup-
pressed TNFa- or IL-1B-elicited NF-«B-de-
pendent luciferase activity. This inhibition
was a pcDNA3-TRX-wt-plasmid-dose depen-
dent. In contrast, pcDNA3-TRX-C32/35S,
lacking reducing activity (Hirota et al., 1997),
had no such suppressive effect at low dose
(Fig. 1C). We found that higher level of ex-
pression of pcDNA3-TRX-C32/35S partially
inhibited NF-«B activation by TNFa. Treat-
ment with a cell-permeant thiol-based an-
tioxidant NAC or DPI (Sundaresan et al.,
1996), a potent flavoprotein such as NADPH
oxidase inhibitor suppressed luciferase activ-
ity as well as wild type TRX (Fig. 1B). Figure
1D showed that expression of the dominant-
negative Racl mutant, Rac1-N17, inhibited
TNFa- or IL-1B-stimulated NF-«B activities.
Furthermore, transient expression of a con-
stitutively active mutant of Racl, Racl-V12,
induced NF-kB-dependent luciferase activity,
and this stimulation was inhibited by co-ex-
pression of TRX-wt (Fig. 1E).
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FIG.1. Effects of TRX or antioxidant treatment on the NF-xB activation elicited by cytokines. HEK293 cells grown
on 12-well plates were allowed to recover for 8-12 hr. After transfection, cells were incubated for 12 hr and then
treated by TNFa (10 ng/ml) or IL-18 (20 ng/ml). After 6 hr, cells were harvested and subjected to the luciferase as-
say. In the case of NAC (10 mM) or DPI (5 uM) treatment, cells were treated for 30 min before cytokine treatment.
The dominant negative form (Rac1-N17 or Cdc42-N17) (D) or constitutively active form (Rac1-V12) (E) of the small
G protein were cotransfected. The amounts of total plasmid were kept at 1.25 ug (A and B), 2.75 ug (C) or 1.75 pg
(D and E). Cells were treated with 10 ng/ml of TNFa (A, B, C, and D) or 20 ng/ml of IL-183 (A, B, and D). The re-
sults are the means of three experiments (A, B, and C) or two (E and D) (each done in duplicate) and presented as
fold-increases in luciferase activity over the baseline seen with the mock transfectant without treatment. The SDs were
within not more than =10% of the mean.

Effects of TNFa or IL-1B on the expression level ~ lated NF-«B activation. Previously, we re-

of TRX

ported that various oxidative stresses such as
H>O, (Taniguchi et al., 1996), and UV irradia-

We further investigated a possible physio- tion (Sachi et al., 1995) markedly induced TRX
logical involvement of TRX in cytokine-stimu- expression in cells. Expression levels of TRX in



REDOX-SENSITIVE STEP IN THE SIGNALING PATHWAY TO NF-«B 87

HelLa cells 8 hr after treatment with TNFa or
IL-1B8 were examined. In Fig. 2, TNFa or IL-18
significantly induced expression of TRX. This
induction level is almost equal to that of intro-
duction of pcDNA3-TRX-wt (Fig. 2; lanes 2, 3,
and 4).

Transient overexpression of TRX or NAC
treatment inhibited TRAF2, TRAF5, and
TRAF6- but not NIK, MEKK, and IKKa-induced
NF-kB activation in HEK293 cells

We next examined which molecules through
the signaling cascade from the TNF« or IL-13
receptor to NF-«B activation are redox-sensi-
tive. To explore this issue, we examined the ef-
fect of TRX expression or treatment with an an-
tioxidant, NAC, on NF-«B activation by forced
expression of the signaling molecules TRAF2,
TRAF5, TRAF6, NIK, and IKKa (CHUK).
Expression of TRAFs, NIK, or IKKa were suf-
ficient to induce NF-«B-dependent gene ex-
pression (Fig. 3A). Reporter gene assays
demonstrated that TRX inhibited NF-«B acti-
vation by all the tested TRAF molecules
(TRAF2, TRAF5, and TRAF6), although the ex-
tents of inhibition were different from each
other (Fig. 3B). NAC treatment (10 mM) also
inhibited activation of the reporter gene by the
TRAFs to a similar extent. Interestingly, in con-
trast to the TRAFs, neither TRX nor NAC in-

blot:

13kDa =P .@easa® 11-mAb

12345

FIG.2. Effects of TNFa or IL-18 on the expression level
of TRX. HeLa cells were plated at a density of 3 X 10°
cells per well onto multicluster (6 % 35-mm/well) plastic
culture plates (IWAKI, Tokyo, Japan) and allowed to re-
cover for 812 hr. Then, cells were treated with TNFa (100
ng/ml) (lane 2) or IL-18 (100 ng/ml) (lane 3) and incu-
bated for 8 hr. In lanes 4 and 5, cells were transfected with
pcDNA3-TRX-wt (lane 4, 0.5 ug, and lane 5, 2 ug), re-
spectively, and incubated for 12 hr. Lane 1 is from the
control sample. After treatment, cells were washed three
times with ice-cold PBS and placed on ice. Cell lysates
were prepared in SDS-sample buffer and quantified. A
total of 5 ug of the lysates were subjected to Western blot
analysis using the 11-mAb, anti-human TRX mouse mon-
oclonal antibody as described in Materials and Methods.
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FIG.3. Transient overexpression of TRX or NAC treat-
ment inhibited TRAF2, TRAF5, and TRAF6- but not
NIK, MEKK, and IKKa-induced NF-xB activation in
HEK293 cells. HEK293 cells were transfected with ex-
pression plasmids of TRAF2, TRAF5 TRAF6, NIK,
MEKK, and IKKa in pcDNA3 (A) or pcDNA3-TRX-wj (A
and B). At 6 hr after transfection, NAC (10 mM) was
added (B, right-most columns). At 12 hr after transfec-
tion, cells were harvested and subjected to the luciferase
assay. The results are the means of three experiments
(each done in duplicate) and presented as fold-increases
in luciferase activity over the baseline seen with the mock
transfectant without treatment. The SDs were within not
more than *10% of the mean.

hibited NIK- or IKKa-induced NF-«B activa-
tion. MEKKI1 is another MAPK kinase kinase
(MAP3K) that induces the degradation of IkBa
and activates NF-«B reporter gene (Lee et al.,
1998). NF-«B activation by a constitutively ac-
tive form of MEKK1 was not blocked by either
TRX or NAC (Fig. 3B).

TRX inhibited cytokine-induced NF-«kB and p38
MAPK activation in a different manner

As shown in Fig. 4A, overexpression of wild-
type TRX inhibited TNFa or IL-18-induced p38
MAPK and SAPK/JNK phosphorylation in
HEK293. In contrast, TRX-C32/35S, lacking re-
ducing activity, had no inhibitory effect. To
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know more regarding the molecular mecha-
nism of inhibition of NF-«B activation by TRX,
we examined the effects of ASK1 on NF-«B ac-
tivation elicited by TNFa and IL-1B. Transient
overexpression of ASK1AN (Saito et al., 1998),
the constitutively kinase-active mutant form,
did not affect NF-«B activation by itself nor

A blot

s Sah 5

- = = oPhospho-p38
W% " . == 0Phospho-JNK
123 456

N
=3

o)

~
<@

Relative luciferase activity
(fold-increase)
-
~)

“«

mock ASK1K709R ASK1AN

FIG. 4. TRX inhibited cytokine-induced NF-xB and
p38 MAPK activation in different manners. A. HEK293
cells were transfected with pcDNA3 (lanes 1, 3, 4, and 6)
or pcDNA3-TRX-wt (lanes 2 and 5) and were incubated
for 24 hr. Next, cells were subjected to serum starvation.
Six hours after, the cells were treated with 100 ng/ml
TNFa (lanes 2 and 3) or 20 ng/ml IL-18 (lanes 5 and 6).
Inlanes 1 and 4, cells were not treated with any cytokines.
After 15 min, cells were lysed and 20 ug of lysate was
subjected to Western blot analysis. Phosphorylation of
p38 MAPK was detected using phospho-specific p38
MAPK antibody (upper panel); phosphorylation of
JNK/SAPK was detected using phospho-specific JNK an-
tibody (lower panel), as described in Materials and Meth-
ods. B. HEK293 cells grown on 12-well plates were al-
lowed to recover for 8-12 hr. After transfection with
pcDNA3, or pcDNA3-ASK1(K709R), or pcDNA3-
ASK1AN, cells were incubated for 12 hr and then treated
with TNFe (10 ng/ml) or IL-18 (20 ng/ml). After 6 hr,
cells were harvested and subjected to the luciferase assay.
The results are the means of two experiments (each done
in duplicate) and presented as fold-increases in luciferase
activity over the baseline seen with the mock transfectant
without treatment. The SDs were within not more than
+10% of the mean.
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the cytokines-induced activation. ASK1K709R
(Saito et al., 1998), a kinase-inactive mutant
form, did not influence cytokines-induced NF-
kB activation.

DISCUSSION

The transcription factor NF-«B becomes ac-
tivated in several cell lines upon stimulation
with the inflammatory cytokines TNFa and IL-
18, and is responsible for the transcription of
many proinflammatory genes. Involvement of
reactive oxygen intermediates (ROI) in its acti-
vation is suggested by many reports (Pahl and
Baeuerle, 1994; Sen and Packer, 1996). Indeed,
treatment with various antioxidants such as
NAC or expression of TRX suppressed TNFa-
and IL-1B-induced activation (Fig. 1A).

A variety of evidence suggests that non-
phagocytic cells are capable of producing
ligand-stimulated ROI. In fact, many of the
components of the NADPH oxidase system ap-
pear to exist in a variety of cell types, and it is
suggested that these systems are activated by
the small guanosine triphosphate-binding pro-
tein Racl in nonphagocytic cells (Diekmann et
al., 1994; Prigmore et al., 1995). Moreover, both
growth factor- and cytokine-stimulated ROI
production occurs through Racl-dependent
pathways (Sundaresan et al., 1995; Sulciner et
al., 1996). The result shown in Fig. 1C, using a
NADPH oxidase inhibitor, DP], and in Fig. 1D,
using a Racl mutant, suggests deep involve-
ment of Racl in TNFa-elicited NF-«kB activa-
tion. Results from experiments using a redox-
inactive mutant suggest that the activity of TRX
as an oxidoreductase may play an important
role in this suppression. In fact, we and others
have shown that TRX by itself (Mitsui et al.,
1992) or via other proteins such as peroxire-
doxin (Prx) (Kang et al, 1998a,b) and glu-
tathione (GSH) peroxidase (GSH-Px) can re-
duce H,O; as an essential intracellular second
messenger. An alternative explanation could be
that TRX influences the NADPH oxidase ac-
tivity. Recently, using the yeast two-hybrid
screening method, we identified p40phox,
which is one of the proteins of the NADPH ox-
idase complex, as a TRX binding protein
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(Nishiyama et al., 1999). Although the involve-
ment of p40phox in the NADPH oxidase system
remains to be elucidated, TRX may play a reg-
ulatory role in this oxidase system via p40phox.

In Fig. 2, we showed that TNFa significantly
induced TRX protein expression in HeLa cells.
Taken together with the result of the experi-
ment of forced expression of TRX, endogenous
TRX induced by the cytokines may modulate
the redox state in the cytoplasm and could
work as an effector of negative feedback of NF-
B transcription in the physiological or patho-
physiological circumstance.

Recently, the signal transduction pathways
leading to NF-«B activation by TNFa and IL-
18 have been largely elucidated (Baeuerle,
1998; Cohen et al., 1998). Whereas the upstream
proteins involved in these signaling pathways
are different in the case of TNFa and IL-18,
both pathways converge at the NIK, a molecule
of the MAP3K class. Expression of these sig-
naling intermediates was sufficient to induce
NF-kB-dependent gene expression (Fig. 3A).
Taken together with the result from MEKK, it
is suggested that MAP3K-induced NF-«B acti-
vation is not TRX sensitive. Our results clearly
indicate that TRX interferes with the TNFa- or
IL-1B-signal transduction pathway to NF-«B
activation at steps upstream of NIK and IKKa,
presumably at the level or immediate down-
stream of TRAFs. TRAF proteins consist of a
conserved carboxy-terminal TRAF domain and
an amino-terminal region containing a RING-
finger motif and an additional array of zinc-fin-
ger-like structures (Takeuchi et al., 1996). These
zinc fingers are shown to be involved in self-
association and interaction with other mole-
cules in the TNF signaling cascade and contain
reactive cysteines. These may be potential tar-
gets for redox regulation.

Apoptosis signal-regulating kinase (ASK)
1/MAPKKKS5 was identified as one of the TRX-
binding cellular proteins (Ichijo et al., 1997).
ASK1 was shown to be essential for signal
transduction from the TNFa or the IL-18 re-
ceptor to SAPK/JNK (N ishitoh et al., 1998), and
mammalian TRX is reported to be a physio-
logical inhibitor of ASK1 (Saito et al., 1998). Our
data presented here and described previously
(Hashimoto et al., 1999) are consistent with

their reports. TRX and NAC is able to block
TNF- and TRAF2-induced activation of JNK,
suggesting that JNK activation by TNF and
TRAF2 may be dependent on thiols/disulfides
exchanging reactions. In this respect, it should
be of particular importance that TRX inhibits
TNF-induced activation of ASKI1. It is sug-
gested that the activation of ASK1 by TRAF2
might be regulated by the inactivation and sub-
sequent dissociation of TRX from ASK1 (Saito
et al., 1998). However, in sharp contrast to the
case of redox regulation of SAPK/JNK and p38,
our results from the reporter assay clearly sug-
gest that TRX inhibits cytokines-induced NF-
kB activation by quite a different mechanism
from that of MAPKSs suppression. Interestingly,
a high dose of pcDNA3-TRX-C32/35S partially
suppressed NF-«B activation. It is reported that
TRX-C32/35S is lack of reducing activity as
radical scavenger and oxidoreductase. The in-
hibitory effect of high-dose expression may be
a result of the dominant negative effect against
oxidoreductase activity, as reported previously
(Gallegos et al., 1996), although we could not
observe this effect in MAPK suppression. In
fact, we recently demonstrated that TRX plays
distinct roles in the cytoplasm and nucleus re-
garding NF-«B activation (Hirota et al., 1999).
Expression of TRX-C32/35S at high levels
might inhibit the DNA-binding activity of NF-
kB in HEK293 cells. The same molecule, TRX,
and the same principle, redox, regulate very
similar signal transduction systems differen-
tially, although we cannot determine the un-
derlying molecular mechanism exactly. Indeed,
TRAF is the bifurcation point of two kinase cas-
cades leading to activation of NF-«B and
SAPK/]JNK, respectively.

In summary, we have shown that TRX ex-
pression and antioxidant treatment suppress
the inflammatory cytokines-induced NF-«B-
mediated gene induction at the level of or
downstream of TRAFs and upstream of the
MAP3Ks; the redox activity of TRX is required
for this inhibitory effect. Moreover, the results
using mutant forms of ASK1 indicated that
ASK1 is not involved in TRX-mediated NF-«B
inhibition. This is in sharp contrast to the case
of SAPK/JNK, in which ASK1 plays an essen-
tial role. TRAF2, TRAF5, and TRAF6 not only
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link the TNF and IL-1 receptor to the NF-«B ac-
tivation cascade, but have also been suggested
to be involved in the NF-«B activation by CD40,
the human Toll-like receptor, and some other
members of the TNF and IL-1 receptor super-
family. TRX may play an important role in
these signaling cascades.
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ASK, Apoptosis signal-regulating kinase;
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mitogen-activated protein kinase/ERK kinase
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